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A B S T R A C T   

The impact of enzymatic hydrolysis at 8ᵒC of liquid whey protein concentrate (WPC35) derived from acid casein 
manufacture using Prolyve 1000®, a microbial protease preparation, under free-fall pH conditions on the 
physicochemical and the thermal stability properties of the resultant hydrolysates was investigated. The hy
drolysis process was optimised using a design of experiments (DOE) approach. Eleven hydrolysates (H1–H11) 
were generated using 3 factors x 2 levels, i.e., enzyme:substrate (E:S) 0.25–1.00% (v/w), starting pH 7.5–9.0 and 
incubation time 10–96 h. Hydrolysate degree of hydrolysis (DH) values ranged from 0.75 (H10) to 4.74% (H6) 
which increased to 1.91 (H10) and 7.24% (H6) following subsequent thermal processing (mimicking the 
evaporation process) at 54ᵒC x 15 min and 64ᵒC x 10 min. The apparent viscosity (ηapp) of all hydrolysates was 
measured to assess their heat stability during heating at 85ᵒC for up to 20 min, this was shown to be E:S and pH- 
dependent. While the unhydrolysed samples formed a gel on heating at ~74-80ᵒC. Following DOE analysis, it 
was found that E:S had a significant impact on the DH, the extent of intact protein degradation (%Deg) and the 
thermal stability. The %Deg following processing at 64ᵒC showed a strong correlation (R2 = 0.924; p < 0.001) 
with ηapp, and thus this parameter may be used to predict the thermal stability of the hydrolysate samples. The 
optimised hydrolysis conditions for the generation of heat stable WPC35 hydrolysates during 8◦C incubation 
were achieved using an E:S = 0.625% at a starting pH = 8.65. Performance of protein hydrolysis reactions at low 
temperature has potential to enhance process sustainability.   

1. Introduction 

According to the Food and Agriculture Organisation (FAO), whey 
powder production is forecasted to grow by 1.1% in 2023 leading to 
>3.7 million tonnes of whey being produced (OECD/FAO, 2022). This is 
related to the growing applications of whey in functional and nutritional 
type products, e.g., as clinical supplements and in foods for the infant 
and elderly populations. Whey protein ingredients are generally man
ufactured using sweet whey, a co-product from cheese manufacture. The 
application of acid whey as a starting substrate for whey protein 
ingredient development appears to be limited, this may be linked to its 
poor thermal stability as previously outlined elsewhere (Chandrapala 
et al., 2015; Drapala et al., 2018). 

Acid whey is a co-product from acid casein manufacture. Following 
subsequent membrane processing using ultrafiltation, a whey protein 

concentrate can be obtained having a protein content of ~35%, i.e., a 
liquid acid whey protein concentrate 35 (WPC35). It is commonly used 
in a number of food applications, e.g., in infant milk formulae, fat-filled 
milk powder, yoghurt, etc., to increase the nitrogen/protein content, i. 
e., as a nutritional as well as a flavour enhancer and as a texture modifier 
(Ozel, McClements, Arikan, Kaner, & Oztop, 2022; Rocha-Mendoza 
et al., 2021). This particular product is generally of lower value 
compared to other whey protein ingredients which contain higher pro
tein contents, e.g., WPC80 or whey protein isolate (WPI). Therefore, 
significant interest exists in the development of new added-value in
gredients from this side-stream. 

Enzymatic hydrolysis has been used extensively to modify proteins 
by disrupting tertiary structure and to reduce molecular mass which can 
result in protein hydrolysate ingredients with enhanced/altered techno- 
and biofunctional properties (Kleekayai & FitzGerald, 2022). It is well 
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documented that enzymatic hydrolysis of milk protein substrates (e.g., 
sodium caseinate and milk protein isolate) and other protein sources 
(such as brewers’ spent grain) results in significant improvements in 
their solubility (Connolly, Piggott, & FitzGerald, 2014; Flanagan & 
FitzGerald, 2002a, 2002b, Ryan, Nongonierma, O’Regan, & FitzGerald, 
2018) and, more importantly, in their heat stability (Connolly et al., 
2014; Flanagan, Gunning, & FitzGerald, 2003; Mullally, Mehra, & 
FitzGerald, 1998; Ryan et al., 2008). However, acid whey derived 
WPC35 is not commonly used as a substrate for enzymatic hydrolysis. In 
addition, there appears to be no reports on the impact of hydrolysis with 
Prolyve 1000® on the technofunctional properties of WPC35. Apart 
from Dermiki and FitzGerald (2020), the impact of hydrolysis of whey 
proteins at low temperature on hydrolysate functional properties does 
not appear to have been reported in the literature. Furthermore, to the 
best of our knowledge, there is limited information regarding the 
application of enzymatic hydrolysis to modify the technofunctional 
properties of acid whey derived WPC35, in addition to its behaviour 
during enzymatically hydrolysis. One study reported the generation of 
angiotensin converting enzyme (ACE) inhibitory peptides during 
WPC35 hydrolysis using Protease N Amano from Bacillus subtilis (Ewert, 
Luz, Volk, Stressler, & Fischer, 2019). Another study demonstrated the 
application of various proteolytic enzymes (α-chymotrypsin, pepsin and 
trypsin) and enzyme preparations (Alcalase, Protenase M and Protease 
S) for the generation of bioactive peptides having antioxidant and ACE 
inhibitory activity from acid whey derived WPC35 (Jeewanthi, Kim, 
Lee, Yoon, & Paik, 2017). 

The properties of protein hydrolysate ingredients can be influenced 
by number of parameters during the enzymatic hydrolysis process. 
These include: 1) the choice of proteolytic enzyme which dictates it 
substrate cleavage specificity, 2) the enzyme to substrate ratio, 3) the pH 
employed during the hydrolysis reaction, 4) the hydrolysis temperature 
and duration, and 5) the total solids in the hydrolysis reaction (Klee
kayai & FitzGerald, 2022). During enzymatic hydrolysis, it is recom
mended to perform the reaction under the enzyme’s optimum 
conditions. Operating at a higher temperature than the optimum can 
lead to an irreversible denaturation of the enzyme (Gomes et al., 2020). 
While operating at low temperature (i.e., during storage of milk and 
liquid concentrate) may reduce the reaction rate, it may offer an energy 
efficient process compared to operating at a higher temperature which, 
e.g., require significant energy to heat liquid concentrate from cold 
storage (<10ᵒC) temperatures to 35-60ᵒC (Kleekayai & FitzGerald, 
2022). In some instances, low temperature hydrolysis can lead to similar 
hydrolysate properties as demonstrated previously in the case of WPC80 
hydrolysis using Neutrase at 5 and at 50ᵒC (Dermiki & FitzGerald, 
2020). Therefore, hydrolysis of acid whey derived WPC35 concentrate 
at low temperature merits further study in terms of efficiently devel
oping whey protein hydrolysate ingredients with functional properties 
applicable in a range of foods. 

Statistical tools can be employed to minimise the number of exper
imental runs while maximising the information obtained, i.e., the effect 
of factors/parameters on the response data, when optimising enzymatic 
hydrolysis conditions. Design of experiments (DOE) has been exten
sively used to optimise bioactive peptide release during enzymatic hy
drolysis of food proteins (FitzGerald, Cermeño, Khalesi, Kleekayai, & 
Amigo-Benavent, 2020). To date, there is limited information 
regarding the application of DOE for optimisation of hydrolysis process 
parameters with a view to enhancing technofunctional properties. 
Therefore, the objectives of this study were to investigate the role of 
enzymatic hydrolysis, when carried out at low temperature (8ᵒC), on the 
physicochemical and technofunctional characteristics of the WPC35 
hydrolysates, and to optimise the enzymatic hydrolysis conditions in 
order to enhance thermal stability during subsequent pasteurisation at 
85ᵒC. 

2. Materials and methods 

2.1. Materials 

Liquid acid whey derived WPC35 (containing approximately 10% 
(w/v) protein, pH 4.3) and food-grade KOH were kindly provided by 
Lakeland Dairies Group, Killeshandra, Co. Cavan, Ireland. A preserva
tive, 0.02% (w/v) sodium azide (Sigma-Aldrich, Dublin, Ireland), was 
added to the fresh liquid WPC35 upon receipt and it was stored at 4ᵒC for 
no more than 2 weeks during laboratory scale experimental trials. The 
microbial protease preparation, Prolyve 1000®, was obtained from 
Soufflet Biotechnologies (Caen, France). Trinitrobenzenesulfonic acid 
(TNBS; 5% (w/v)) was supplied by Thermo Fisher Scientific (Dublin, 
Ireland). All other reagents were supplied by Sigma-Aldrich (Dublin, 
Ireland). 

2.2. Enzymatic hydrolysis of WPC35 

For the performance of enzymatic hydrolysis of WPC35 with Prolyve 
1000®, a DOE approach using Minitab® software V19 (Coventry, UK) 
was employed to study 3 hydrolysis parameters, i.e., enzyme:substrate 
(E:S; parameter A), initial pH of the reaction (parameter B) and incu
bation time (parameter C). A two-level factorial design was employed 
where the low/high limits of each parameter were set as follow: E:S at 
0.25/1.00% (v/w, protein basis), initial pH at pH 7.5/9.0 and incubation 
time 10/96 h, respectively. A total of 11 experimental runs (H1–H11) 
were carried out in a randomised order including the DOE centre point 
as suggested by the software and as outlined in Table 1. 

Two L of WPC35 was transferred to a double jacketed bioreactor 
vessel equipped with an overhead stirrer (bbi-biotech GmbH, Berlin, 
Germany) and a WCR WisCircu cooling thermostat water bath (WITEG 
Labortechnik, Wertheim, Germany) for temperature control at 8ᵒC. The 
pH of the reaction was adjusted as recommended by the DOE using a 
food-grade 40% (w/w) KOH prior to enzyme addition (Table 1). The 
hydrolysis reaction was carried out at 8ᵒC at a stirring speed of 300 rpm. 
Eight hydrolysates were generated once with the exception of the centre 
point conditions which was generated in triplicate (H3, H8 and H9; n =
3). 

2.3. Thermal processing of the WPC35 hydrolysate and heat stability 
assessment 

In order to mimic the thermal processing regime encountered during 
the hydrolysis of WPC35, each hydrolysate sample was subjected to a 

Table 1 
Experimental design for the generation of acid whey derived whey protein 
concentrate 35 (WPC35) hydrolysates based on the design of experiments (DOE) 
and the gelling time during heat treatment at 85ᵒC.  

Parameter: A B C  

Run 
order 

Hydrolysate 
sample 

E:S 
(%) 

Initial 
reaction pH 

Incubation 
time (h) 

Gelling 
time 
(min)a 

1 H1 1.00 9.0 96 No 
2 H2 1.00 7.5 10 No 
3 H3 0.625 8.25 53 No 
4 H4 1.00 9.0 10 No 
5 H5 0.25 9.0 10 No 
6 H6 1.00 7.5 96 No 
7 H7 0.25 7.5 96 5 
8 H8 0.625 8.25 53 No 
9 H9 0.625 8.25 53 20 
10 H10 0.25 7.5 10 5 
11 H11 0.25 9.0 96 7.5  

a ‘No’ = no gel formation, i.e., an apparent viscosity value could be measured 
using the viscometer along with no visual indication of gel formation observed 
during heating at 85◦C for up to 20 min. 
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series of heat treatment steps as outlined in Fig. 1. The hydrolysate was 
transferred to a tubular heat exchanger (Armfield FT74XTS; Hampshire, 
UK) for preheating to 54ᵒC at a flow rate of 10 L/h. The preheated 
sample was subsequently incubated in Lauda circulating water baths 
(LAUDA Scientific GmbH, Lauda-Königshofen, Germany) heated at 54 
and 64ᵒC for 15 and 10 min, respectively, with gentle stirring using a 
Heidolph overhead stirrer (Schwabach, Germany). The sample was then 
heating at 85ᵒC for 20 min for thermal stability assessment. The interval 
samples were collected following 1, 5, 10, 15 and 20 min heating and 
viscosity measurement was performed using a Brookfield LVDV-II +
viscometer (Brookfield Engineering Laboratories, Middleboro, MA, 
USA) fitted with UL Adaptor (16 mL), which was connected to a 
Brookfield circulating water bath (model TC-500) for temperature 
control at 85ᵒC during the viscosity measurement. Measurement was 
conducted at a shear rate of 122 s− 1. The control (unhydrolysed) sam
ples of WPC35 were pre-adjusted to pH 7.5, 8.25 and 9.0 and were then 
subjected to the same thermal processing steps, while omitting the 
preheating step using the heat exchanger due to the high risk of gelation 
on heating the intact WPC35 samples. The occurrence of gelation in the 
samples was monitored/observed when the sample solidified and when 
it was not possible to remove a subsample of the control and hydrolysate 
samples for viscosity measurement. 

2.4. Determination of the degree of hydrolysis (DH) 

The DH of all hydrolysate samples (H1–H11) was determined in 
triplicate (n = 3) using the TNBS method, as previously described 
elsewhere (Le Maux, Nongonierma, Barre, & FitzGerald, 2016). In brief, 
the sample was diluted to obtain a 0.1% (w/v) protein/protein equiv
alent suspension in 1% (w/v) SDS. The preheated (at 50◦C) sample was 
then mixed with 0.05% (w/v) TNBS solution in 0.2125 M sodium 
phosphate buffer pH 8.2. Absorbance values at 350 nm were measured 
after 1 h of incubation at 50ᵒC using a microplate reader (BioTek Syn
ergy HT, Waltham, MA, USA). The extent of primary amino groups 
released during the hydrolysis reaction was calculated by comparing 
with a Leu standard (0–56 mg N/L) curve. The DH value was calculated 
according the following formula: 

DH (%)=
(AN2 − AN1)

Npb
× 100  

where AN1 and AN2 represent the free amino group content of the 
unhydrolysed and hydrolysate samples, respectively; Npb is the nitrogen 
content of the peptide bonds in whey protein (123.3 mg/g) (Spellman, 
McEvoy, O’Cuinn, & FitzGerald, 2003). 

2.5. Turbidity and particle size distribution analysis 

The hydrolysate samples following heat treatment at 85ᵒC and their 
associated controls were diluted in distilled water to obtain a 0.2% (w/ 
v) protein/protein equivalent suspension. The absorbance at 550 nm 
(A550nm) was measured using a Thermo MultiskanGO microplate reader 
(Thermo Fisher Scientific, Dublin, Ireland) (O’Loughlin, Murray, Kelly, 
FitzGerald, & Brodkorb, 2012). 

The sample’s particle size distribution was measured by laser light 
scattering using a Mastersizer 2000 (Malvern Instruments, Worcester
shire, UK) equipped with an Hydro 2000s sample dispersion system. The 
sample was transferred to the sample dispersion system at a pre-set 
stirring speed of 1250 rpm to achieve ~6% obscuration. Distilled 
water was used as a dispersant and the refractive indices used for the 
measurements were 1.52 and 1.33 for the sample and water, respec
tively. All analyses were performed in triplicate and the particle size was 
expressed as the volume weighted mean diameter (D [4,3]). 

2.6. Native and non-reducing polyacrylamide gel electrophoresis (PAGE) 

The gel electrophoretic profiles of all hydrolysates and their corre
sponding samples collected throughout the thermal processing and heat 
treatment steps were carried out under native and non-reducing con
ditions as previously described by O’Loughlin et al. (2012). The samples 
were diluted in native and Laemmli sample buffers (Bio-Rad Labora
tories Inc., CA, USA) for native and non-reducing conditions, respec
tively, to obtain a final protein/protein equivalent content of 30 
μg/well. The samples were run on 4–20% polyacrylamide gradient 
Mini-PROTEAN® TGX™ precast gels (Bio-Rad Laboratories Inc.) with 
their respective running buffers (Bio-Rad Laboratories Inc.). For the 
native gel running conditions, the electrophoresis system was placed in 
an ice-bath for temperature control while running at 200 V for 55 min in 
pre-chilled running buffer. For the non-reducing conditions, the samples 
were run at 150 V for 1 h at ambient temperature. 

2.7. Reverse-phase ultrahigh performance liquid chromatography 

The peptide profile of all hydrolysates and their corresponding heat 
treated samples was analysed as described previously by Nongonierma 
and FitzGerald (2012). The sample was diluted to 0.5% (w/v) pro
tein/protein equivalent in mobile phase A (MS-grade water containing 
0.1% TFA) and filtered using 0.2 μm Whatman™ GD/X cellulose acetate 
syringe filters (Fisher Scientific, Cork, Ireland). The analysis was 

Fig. 1. Schematic representation of the enzymatic hydrolysis of acid whey 
derived whey protein concentrate 35 (WPC35) and the subsequent thermal 
processing conditions, along with the sample collection points. 

T. Kleekayai et al.                                                                                                                                                                                                                              



Food Hydrocolloids 147 (2024) 109351

4

performed using an Acquity UPLC system (Waters; Milford, MA, USA) 
equipped with an Acquity UPLC BEH C18 column (130 Å, 2.1 mm × 50 
mm × 1.7 mm; Waters) connected with an Acquity BEH C18 Vanguard 
pre-column (Waters). The detector response was monitored at 214 nm. 
Empower® 2 software (Waters) was used to control the chromato
graphic system, for the acquisition of data and the processing of chro
matograms to determine peak area. The extent of intact protein 
degradation (%Deg) of the hydrolysate samples (H1–H11) was calcu
lated as the difference between the corresponding peak areas of the 
hydrolysed and unhydrolysed control samples. 

2.8. Confirmatory study of the optimal hydrolysis conditions 

Confirmatory experiments were carried out based on the optimised 
hydrolysis conditions predicted from the model. The confirmatory hy
drolysis process and thermal processing conditions conducted were as 
outlined in Section 3.4 and Fig. 1. Samples were collected to assess their 
physicochemical properties and thermal stability using the methodology 
as already outlined in Section 2.3. 

2.9. Statistical analysis 

The DOE analysis was performed using Minitab® software (V19; 
Coventry, UK) to determine the impact of different experimental factors 
on the response data, where the significance level was defined as p ≤
0.10. Factorial analysis was also performed to determine the individual 
and interaction effects between factors on the responses studied, where 
the significance level was set at p ≤ 0.05. A one-sample T-test was 
employed to compare the experimental values to the predicted value at a 
95% confidence level. All values represent mean ± SD (n = 3), unless 
stated otherwise. 

3. Results and discussion 

3.1. Effect of pH and heat treatment on intact whey proteins 

A number of parameters can have an impact on the molecular 
properties, and thus the denaturation and aggregation mechanisms, of 
whey proteins as previously outlined elsewhere (Chandrapala et al., 
2015; Dissanayake, Ramchandran, Piyadasa, & Vasiljevic, 2013; 
Wijayanti, Brodkorb, Hogan, & Murphy, 2019). Both pH and tempera
ture can have a major impact on the denaturation of whey proteins, 
particularly when they are exposed to temperatures >60ᵒC at a high 
protein concentration. It can lead to irreversible denaturation causing 
aggregation and gel formation. Thermally induced denaturation of whey 
proteins is generally associated with changes in hydrophobic in
teractions and disulfide bonds between whey protein molecules 
(Wijayanti et al., 2019). While in the case of acid whey, a number of 
parameters have been reported to contribute to gel formation or solid
ification including salt content, pH, temperature and ash:protein ratio 
(Chandrapala et al., 2015; Drapala et al., 2018). Therefore, preliminary 
experiments were performed to investigate the impact of pH on WPC35 
sample behaviour during the heat treatment temperatures up to 85ᵒC. 
The unhydrolysed control samples were subjected to heat treatment 
without addition of the enzyme as outlined in Fig. 1, except for the 
pre-heating step at 54◦C using a heat exchanger which was omitting due 
to a high risk of gel formation. As already outlined, the occurrence of 
gelation in the samples was monitored/observed when the sample so
lidified and when it was not possible to remove a subsample for viscosity 
measurement. The temperature and time when an onset of gel formation 
occurred were recorded during the subsequent heat treatment of the 
samples between 64 and 85ᵒC. The result showed that the mean value 
for the gelling temperature of the WPC35 pH 9.0 sample was at 73.7ᵒC, 
while both the WPC35 pH 7.5 and 8.25 samples formed a gel on heating 
at 80ᵒC (Fig. 2). 

These results are in accordance with the protein profiles obtained 

during native and non-reducing PAGE, as displayed in Fig. 3. The 
WPC35 pH 9.0 sample showed evidence of denaturation during heating 
at 64ᵒC for 10 min (Lane 3; Fig. 3C), where a band corresponding to α-La 
disappeared with a corresponding accumulation of the sample on the top 
of the well as observed in both the native and non-reducing gels. Among 
all whey proteins, α-La and BSA are the most susceptible to thermal 
treatment having reported thermal denaturation temperatures of 65 and 
62ᵒC, respectively (Le, 2022; Singh & Havea, 2003; Wijayanti et al., 
2019). While the WPC35 pH 7.5 and 8.25 samples showed a noticeable 
loss in overall individual whey protein band intensity following heat 
treatment at 85ᵒC for 5 min as seen in the native and non-reducing PAGE 
profiles (Lane 5; Fig. 3A and B). This was attributed to the large ag
gregates formed as a result of heat treatment which subsequently cannot 
enter the gel (O’Loughlin et al., 2012). Thermally induced denaturation 
of whey proteins is generally associated with increased hydrophobic 
interactions and disulfide bond formation between whey protein mole
cules or between proteins-peptides and peptides-peptides in hydroly
sates (Creusot, Gruppen, van Koningsveld, de Kruif, & Voragen, 2006; 
Spotti, Tarhan, Schaffter, Corvalan, & Campanella, 2017). Nonetheless, 
the protein profiles in the non-reducing PAGE showed that whey protein 
aggregation was not entirely associated with non-covalent interactions 
(as SDS breaks hydrophobic bonds), but it was also due to disulfide 
bonds, as previously described elsewhere (O’Loughlin et al., 2012). 

3.2. WPC35 hydrolysate properties 

The change in pH and the extent of hydrolysis in the WPC35 hy
drolysates were monitored during the hydrolysis and thermal processing 
conditions. The overall hydrolysis profiles are displayed in Fig. 4. The 
pH of the reactions decreased from the initial pH of the reactions (be
tween pH 7.5–9.0) following incubation with the enzyme at 8ᵒC and 
subsequent thermal processing at 64ᵒC to pH 6.0–6.6, depending on the 
reaction conditions used (Fig. 4A). The reduction in pH during the non- 
pH controlled hydrolysis reaction was due to the release of protons (H+) 
during the cleavage of peptide bonds. While the overall DH values 
increased from 0.7-4.7% to 1.9–7.2% with increasing incubation tem
perature from 8 to 64ᵒC (Fig. 4B), respectively. According to the supplier 
specifications, Prolyve 1000® is a microbial serine protease preparation 
derived from Bacillus licheniformis having optimum hydrolysis condi
tions at 55ᵒC and pH 8.5 (with a working range between 50 and 65ᵒC 
and pH 6.5–11.5). It contains a board specificity subtilisin activity 
(Spellman, Kenny, O’Cuinn, & FitzGerald, 2005). Regarding the enzyme 
activity, it was found that the enzyme activity on incubation at 50ᵒC was 
22 times higher than the enzyme activity at 8ᵒC when determined at an 
E:S of 0.5% (v/w) in 50 mM phosphate buffer pH 8.25 using Azocasein 

Fig. 2. Gelation time and temperature as a function of pH for the unhydrolysed 
control sample during subsequent heat treatment from 64 to 85ᵒC. Different 
letters indicate significant differences at p < 0.05. Values represent mean ± SD, 
n = 3. 
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as a substrate (data not shown). This helps explain the higher DH values 
obtained during subsequent thermal processing between 54 and 64ᵒC. In 
addition, the impact of the E:S used on the DH values obtained was 
evidenced during hydrolysis at 8ᵒC and the subsequent thermal pro
cessing where 3 distinct DH profiles were observed as a result of the 
different E:S’s used. For instance, samples H1, H2, H4 and H6 which 
were generated using an E:S of 1% had DH values ranging between 6.2 
and 7.2% following incubation at 64ᵒC for 10 min. On the other hand, 
samples H5, H7, H10 and H11 generated using an E:S of 0.25%, had DH 
values ranging between 2.2 and 3.5% (Fig. 4B). In a previous study, 
Dermiki and FitzGerald (2020) reported that the DH values achieved for 
WPC80 hydrolysis using Neutrase® and Alcalase® at an E:S of 0.5% 
(v/w, protein) ranged between ~4 and ~5%, respectively, following 
incubation at 5ᵒC for 48 h. 

3.3. Peptide profiles using RP-UPLC 

RP-UPLC analysis was carried out to investigate the peptide profiles 
to assess the extent of intact protein degradation as a result of hydrolysis 
with Prolyve 1000®. The peptide profiles displayed 2 predominant 
peaks correspond to intact α-La and BSA in peak 1 and with β-Lg in peak 
2 (Fig. S1). These 2 main fractions account for >70% of the total protein 
in bovine whey protein (Fox, Uniacke-Lowe, McSweeney, & O’Mahony, 
2015; Layman, Lönnerdal, & Fernstrom, 2018). The chromatograms also 
showed the breakdown of the main intact whey proteins as evidenced by 
the extent of intact protein degradation during hydrolysis, as outlined in 
Table 2. A greater extent of intact protein degradation was obtained on 
incubation at 64ᵒC as opposed to incubation at 8ᵒC. These results agree 
with the DH values (Fig. 4B) which in turn may be linked with the op
timum operating temperature of Prolyve 1000®, as previously 

described. Nonetheless, the results clearly demonstrated that hydrolysis 
took place under the different conditions employed where the extent of 
digestion was hydrolysis conditions-dependent. To our knowledge, this 
appears to be the first study reporting on the ability of Prolyve 1000® to 
mediate acid whey derived WPC35 hydrolysis during incubation at low 
temperature, i.e., at 8ᵒC. 

It was also noted that the reaction and the subsequent processing 
temperatures influenced the rate of hydrolysis of the individual whey 
protein components. For instance, β-Lg (peak 2) appeared to be more 
susceptible to Prolyve 1000® hydrolysis during reaction at 8ᵒC, i.e., 
having an intact protein degradation of up to 16.1% (data not shown). 
While peak 1 (α-La and BSA) showed a greater rate of degradation 
during thermal processing at 64ᵒC, i.e., having an intact protein degra
dation ranging between 53 and 96% (data not shown). It is well docu
mented that native whey proteins are resistant to proteolysis due to their 
globular compact tertiary structure, particularly in the case of α-La 
(Cheison & Kulozik, 2017; Wijayanti et al., 2019). Therefore, 
pre-treatment of protein substrates, e.g., by thermal treatment, may be 
employed to unfold the native structure of globular proteins which can 
subsequently lead to improved substrate accessibility to proteolytic 
enzymes (Kleekayai & FitzGerald, 2022). In the case of WPC93 hydro
lysis with Proteinase K (Stănciuc, Hînţoiu, Stanciu, & Râpeanu, 2010) 
and WPI hydrolysis with Corolase PP (O’Loughlin et al., 2012), pre-heat 
treatment of the whey protein substrates between 60 and 80ᵒC resulted 
in a greater extent of hydrolysis compared to the non-preheated whey 
protein. However, preheat treatment of the whey protein substrate at 
temperatures greater than 80ᵒC reduced the extent of hydrolysis 
(Stănciuc et al., 2010). Furthermore, it was reported that the denatur
ation temperatures of α-La and BSA (at 65 and 62ᵒC, respectively) are 
lower than that of β-Lg at 75ᵒC (Rüegg, Moor, & Blanc, 1977; Wijayanti 

Fig. 3. Protein profiles of the unhydrolysed control samples at A) pH 7.5, B) pH 8.25 and C) pH 9.0 and D) standard proteins, acid casein and acid whey following 
electrophoresis on native (top panels) and non-reducing (bottom panels) polyacrylamide gels. Lane 1: WPC-T0, 2: WPC 54⁰C-15 min, 3: WPC 64⁰C-10 min, 4: WPC 
85⁰C-1 min, 5: WPC 85⁰C-5 min, 6: α-La (5 μg). 
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et al., 2019). This may explain the greater extent of degradation of α-La 
and BSA (in peak 1) during processing at 64ᵒC. 

3.4. Thermal stability of the hydrolysate samples 

Thermal stability is one of the most important technofunctional 
properties of protein ingredients as it is important from an application 
perspective. Thermal treatment, e.g., pasteurisation, is a common 
practice and considered as a crucial step to reduce the microbial load 
during manufacture as well as to extend the shelf-life of dairy protein 
ingredients. Ingredients/products with poor thermal stability may pre
vent their subjection to sufficient heat treatment and subsequent spray- 
drying. In the present study, the stability of hydrolysate samples 
H1–H11 during pasteurisation at 85ᵒC was assessed with respect to the 
change in ηapp as a function of heating time (viscosity slope: ηapp_slope), 
turbidity and particle size. Most of the whey protein hydrolysate (WPH) 
samples were stable during heat treatment at 85ᵒC for 20 min, except for 
4 WPH samples, i.e., H7, H9, H10 and H11, which formed a gel or 

aggregated during this treatment (Fig. S2). The H7, H10 and H11 sam
ples were obtained during hydrolysis with a low E:S (0.25%, v/w; 
Table 1). While one sample generated using the centre point hydrolysis 
conditions, H9, aggregated during heating 85ᵒC for 20 min. This may be 
linked to the extent of intact protein degradation in the H9 sample which 
had a lower extent of degradation (57% Deg @64ᵒC) compared to 
samples H3 and H8 (>60% Deg @64ᵒC; Table 2). 

The gelation behaviour of the WPH samples concurred with the 
thermal stability parameters assessed during the heat treatment at 85ᵒC, 
as illustrated in Fig. 5. The onset of gelation during heating of the hy
drolysate at 85ᵒC was evidenced by a rapid increase in apparent vis
cosity during viscosity analysis at a constant shear rate of 122 s− 1 (see 
Fig. 5A). The occurrence of a gel was recorded when it was no longer 
possible to measure the apparent viscosity using the viscometer and this 
was also confirmed by visual observation. Significant increases in the 
viscosity of the H7, H10 and H11 samples were observed within the first 
10 min of heating, indicating poor thermal stability of these samples 
compared to the other samples. Nonetheless, the results showed that 
enzymatic hydrolysis enhanced the thermal stability of the WPC35 hy
drolysates during subsequent pasteurisation at 85ᵒC compared to the 
unhydrolysed control samples, as outlined in Section 3.1. Similarly, the 
particle size and turbidity profiles of the hydrolysate samples were 
found to be hydrolysis conditions-dependent (Fig. 5). Hydrolysate 
samples displaying low thermal stability were evidenced by a rapid 

Fig. 4. Profiles of changes in (A) pH and (B) degree of hydrolysis (DH) as a 
function of temperature of the hydrolysate samples (H1–H11) following 8ᵒC 
incubation (8) and the subsequent thermal treatment at 54ᵒC at 0–15 min (54–0 
and 54–15, respectively) and at 64ᵒC for 10 min (64–10), where □: pH 7.5, Δ: 
pH 8.25, ○: pH 9.0; – – –: 0.250% enzyme:substrate, – ⋅ –: 0.625% enzyme: 
substrate; ––––: 1.000% enzyme:substrate. 

Table 2 
Extent of intact protein degradation of the H1–H11 hydrolysate samples 
collected following 8ᵒC incubation (%Deg@8ᵒC) and following thermal pro
cessing at 64ᵒC (%Deg@64ᵒC).  

Sample %Deg@8ᵒC %Deg@64ᵒC 

H1 12.28 79.29 
H2 0.00 63.32 
H3 1.40 61.89 
H4 6.42 74.22 
H5 7.72 53.40 
H6 7.86 67.48 
H7 0.71 27.19 
H8 3.33 60.70 
H9 2.50 57.15 
H10 0.00 21.03 
H11 15.02 42.77  

Fig. 5. Apparent viscosity (ηapp; A), the volume weighted mean diameter (D 
[4,3]; B) and turbidity (C) and profiles of the hydrolysate samples (H1–H11) 
during heating at 85ᵒC as a function of incubation times of 1, 5, 10, 15 and 20 
min (85–1/5/10/15/20), where □: pH 7.5, Δ: pH 8.25, ○: pH 9.0; – – –: 0.250% 
enzyme:substrate, – ⋅ –: 0.625% enzyme:substrate; ––––: 1.000% 
enzyme:substrate. 
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increase in mean particle size (D [4,3]) and turbidity values (Fig. 5B and 
C). Hydrolysate samples H7, H10, H11 which were generated using an E: 
S of 0.25% contained large aggregates (with D [4,3] values > 100 μm) 
following 5 min heating at 85ᵒC (Fig. 5B). While minimal changes in 
these parameters were observed in the samples obtained during hy
drolysis using an E:S of 0.625 and 1.00% (v/w). The larger variation in D 
[4,3] values for some of the samples heated for 20 min as opposed to 15 
min may be related to larger and more heterogeneous aggregates being 
formed during the longer heating duration, i.e., 20 min heating at 85ᵒC. 

The gelation behaviour of the WPH samples may be linked to the 
extent of residual intact proteins present in the samples. The extent of 
residual intact protein in the samples is illustrated in the peptide profiles 
(Fig. S1). For instance, the chromatograms of the H7, H10 and H11 
samples displayed a relatively high content (~76.7–93.7%) of intact 
β-Lg as evidenced by the relatively high intensity of peak 2, compared to 
the other samples. These findings also concur with the results on intact 
protein degradation where these 3 samples (H7, H10, H11) had the least 
extent of intact protein degradation, i.e., between 21 and 42% (Table 2). 
Nonetheless, it should be noted that hydrolysis may lead to polypeptide 
interactions due to exposure of hydrophobic and sulfhydryl groups 
thereby leading to the heat-induced aggregation or gelation of these 
hydrolysate samples (Kleekayai & FitzGerald, 2022). Furthermore, in 
certain circumstances, gelation of protein hydrolysates may be attrib
uted to protease-induced peptide aggregation through the plastein re
action, as previously described (Gong, Mohan, Gibson, & Udenigwe, 
2015). In certain cases, specific enzyme preparations have been reported 
to promote aggregation which is a precursor of gel formation, e.g., in the 
case of Alcalase 2.4 L hydrolysis of WPC80 and WPI (Spellman et al., 
2005; Spotti et al., 2017). The hydrolysis induced aggregation of Alca
lase treated whey protein substrates was linked to the presence of a 
glutamyl endopeptidase side-activity in Alcalase. While Prolyve 1000® 
has been shown to not contain glutamyl endopeptidase activity (Spell
man et al., 2005). 

3.5. DOE and factorial analysis outcomes 

DOE and the factorial analysis were carried in order to investigate 

the impact of the different reaction parameters on the hydrolysis out
comes. It was found that most of the response data did not fit to the 
linear model, except for the extent of intact protein degradation 
following thermal processing at 64ᵒC (data not shown). In addition, the 
results confirmed the observation outlined previously that E:S had the 
most significant influence on overall hydrolysate properties (i.e., DH 
value and intact protein degradation) and the thermal stability at 85ᵒC 
(i.e., ηapp_slope) (Fig. 6 and Table 3). The impact of the other hydrolysis 
parameters (pH and duration of hydrolysis) and the interaction between 
these parameters on the hydrolysis outcomes were not as pronounced as 
the E:S, as illustrated in the Pareto charts (Fig. 6) and in Table S1 which 
outlines the coefficient values of the factorial analysis. It was noted that 
incubation time at 8ᵒC did not show a significant (p = 0.323) impact on 
the thermal stability on heating at 85ᵒC (Fig. 6E and Table 3E). 
Furthermore, Pearson’s correlation analysis showed that the thermal 
stability of the samples, as indicated by the change in ηapp as a function 
of heating time at 85ᵒC (ηapp_slope), had the highest significant correla
tion (R2 = − 0.924; p = 0.000) to the extent of intact protein degradation 
following thermal processing at 64ᵒC (Table S2). Therefore, this 
parameter may be used as a useful predictor for the thermal stability of 
the WPH samples. 

It was noted that the WPH samples having ≥60% degradation of 
intact protein did not form a gel and did not aggregate during heat 
treatment at 85ᵒC for up to 20 min (Table 2). Therefore, a key parameter 
associated with obtaining the optimised hydrolysis conditions for the 
generation of a thermally stable WPH during pasteurisation at 85ᵒC was 
to obtain ≥60% degradation of intact protein. Under these parameters, 
the optimal hydrolysis conditions were an E:S = 0.625% and an initial 
reaction pH = 8.64801. According to the DOE analysis, only 2 of the 
factors (E:S and pH) showed a significant (p < 0.01) impact on the extent 
of intact protein degradation at 64ᵒC and thus these parameters were 
included in the model (Fig. 6D). To the best of our knowledge, this is the 
first study reporting on the impact of the hydrolysis conditions during 
acid whey derived WPC35 at 8ᵒC on the thermal stability of the resultant 
WPHs. 

Fig. 6. Pareto charts of the standardised effects of the individual hydrolysis parameters (i.e., Factors A = E:S, B = initial pH of the reaction, C = incubation time at 
8ᵒC) and their interactions. Factors with longer bars have more influence on the response or hydrolysate properties. The red line represents the level of significance at 
p = 0.10. Grey bars represent non-significant factors that were removed from the model. 
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3.6. Hydrolysis outcomes under the optimised hydrolysis conditions 

A confirmatory study was carried out to validate the optimised set
tings obtained from the model, where three incubation times at, i.e., 16, 
48 and 72 h were selected to perform hydrolysis at 8ᵒC. In general, the 
incubation time at 8ᵒC did not show a significant impact on the overall 
hydrolysate properties (Fig. S3). The pH of the reaction decreased from 
pH 8.65 to pH 6.50 following subsequent thermal treatment at 64ᵒC 
(Fig. S3A). While the DH value increased from 3.5 to 6.1% on heating at 
64ᵒC (Fig. S3B), this was within a similar range as that previously 
observed in Fig. 4B. In terms of the thermal stability of the WPH samples 
during heat treatment at 85ᵒC, no gel formation occurred during heating 
for 20 min. This demonstrated the stability of the WPH samples during 
these heat treatment conditions thereby validating the model pre
dictions (Figs. S3C–D). The peptide profile of the optimised samples was 
assessed to determine the extent of intact protein degradation following 
thermal processing at 64ᵒC. The results are presented in Table 4. It was 
found that the experimental values for intact protein degradation were 
within the 95% prediction interval range, i.e., between 45.625 and 
74.375% (data not shown) and there was no significant difference be
tween the experimental and predicted values observed (p = 0.061) 
(Table 4). Furthermore, the extent of intact protein degradation was also 
used to predict a DH value based on an observed significant linear 
correlation between these parameters (Table S2). It was found that the 
experimental and predicted DH values did not show a significant dif
ference (p = 0.247), as outlined in Table 4. Therefore, the results 
demonstrated that hydrolysis conditions at an E:S of 0.625% and an 
initial pH = 8.65 were the optimum during incubation at 8ᵒC for the 
generation of thermally stable WPC35 hydrolysate ingredients following 
pasteurisation at 85ᵒC. 

Table 3 
Analysis of variance of the factorial analysis describing the impact of hydrolysis 
parameters on hydrolysate properties, including the degree of hydrolysis at 8 (A) 
and 64ᵒC (B), the extent of intact protein degradation at 8 (C) and 64ᵒC (D) and 
the apparent viscosity slope (ηapp_slope).  

A: DH@8ᵒC 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 17.9801 2.2475 21.74 0.045 
Linear 3 16.6692 5.5564 53.75 0.018 
E:S 1 14.8836 14.8836 143.97 0.007 
pH 1 0.0777 0.0777 0.75 0.477 
Time 1 1.7079 1.7079 16.52 0.056 
2-Way Interactions 3 0.2414 0.0805 0.78 0.605 
E:S*pH 1 0.0681 0.0681 0.66 0.502 
E:S*Time 1 0.1302 0.1302 1.26 0.378 
pH*Time 1 0.0431 0.0431 0.42 0.585 
3-Way Interactions 1 0.4301 0.4301 4.16 0.178 
E:S*pH*Time 1 0.4301 0.4301 4.16 0.178 
Curvature 1 0.6394 0.6394 6.19 0.131 
Error 2 0.2068 0.1034   
Total 10 18.1869     

B: DH@64ᵒC 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 41.9108 5.2389 18.76 0.052 
Linear 3 40.1202 13.3734 47.89 0.021 
E:S 1 39.6217 39.6217 141.90 0.007 
pH 1 0.3542 0.3542 1.27 0.377 
Time 1 0.1443 0.1443 0.52 0.547 
2-Way Interactions 3 0.4816 0.1605 0.57 0.685 
E:S*pH 1 0.4409 0.4409 1.58 0.336 
E:S*Time 1 0.0022 0.0022 0.01 0.937 
pH*Time 1 0.0385 0.0385 0.14 0.746 
3-Way Interactions 1 0.3104 0.3104 1.11 0.402 
E:S*pH*Time 1 0.3104 0.3104 1.11 0.402 
Curvature 1 0.9986 0.9986 3.58 0.199 
Error 2 0.5585 0.2792   
Total 10 42.4693     

C: %Deg@8ᵒC 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 259.065 32.383 34.55 0.028 
Linear 3 195.288 65.096 69.45 0.014 
E:S 1 1.209 1.209 1.29 0.374 
pH 1 135.055 135.055 144.09 0.007 
Time 1 59.024 59.024 62.97 0.016 
2-Way Interactions 3 22.361 7.454 7.95 0.114 
E:S*pH 1 15.652 15.652 16.7 0.055 
E:S*Time 1 4.076 4.076 4.35 0.172 
pH*Time 1 2.634 2.634 2.81 0.236 
3-Way Interactions 1 9.224 9.224 9.84 0.088 
E:S*pH*Time 1 9.224 9.224 9.84 0.088 
Curvature 1 32.193 32.193 34.35 0.028 
Error 2 1.875 0.937   
Total 10 260.94     

D: %Deg@64ᵒC 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 3335.22 416.9 68.56 0.014 
Linear 3 3074.14 1024.71 168.51 0.006 
E:S 1 2447.2 2447.2 402.43 0.002 
pH 1 624.1 624.1 102.63 0.010 
Time 1 2.83 2.83 0.47 0.565 
2-Way Interactions 3 134.62 44.87 7.38 0.122 
E:S*pH 1 79.63 79.63 13.1 0.069 
E:S*Time 1 23.46 23.46 3.86 0.188 
pH*Time 1 31.52 31.52 5.18 0.151 
3-Way Interactions 1 39.16 39.16 6.44 0.126 
E:S*pH*Time 1 39.16 39.16 6.44 0.126 
Curvature 1 87.31 87.31 14.36 0.063 
Error 2 12.16 6.08   
Total 10 3347.38     

E: ɳapp_slope  

Table 3 (continued ) 

E: ɳapp_slope 

Source DF Adj SS Adj MS F-Value P-Value 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 912.19 114.024 13.44 0.071 
Linear 3 626.33 208.777 24.61 0.039 
E:S 1 437 436.997 51.5 0.019 
pH 1 174.95 174.949 20.62 0.045 
Time 1 14.38 14.384 1.7 0.323 
2-Way Interactions 3 202.32 67.439 7.95 0.114 
E:S*pH 1 174.22 174.221 20.53 0.045 
E:S*Time 1 14.45 14.452 1.7 0.322 
pH*Time 1 13.64 13.643 1.61 0.332 
3-Way Interactions 1 13.4 13.397 1.58 0.336 
E:S*pH*Time 1 13.4 13.397 1.58 0.336 
Curvature 1 70.15 70.147 8.27 0.103 
Error 2 16.97 8.485   
Total 10 929.16    

DF = degree of freedom; Adj SS = adjusted sum of square; Adj MS = adjusted 
mean square. 

Table 4 
The degree of hydrolysis (DH@64ᵒC) and the extent of intact protein degrada
tion at 64ᵒC (%Deg@64ᵒC) of the whey protein hydrolysate samples obtained 
from the optimised hydrolysis conditions (E:S 0.625% and initial pH = 8.65) 
collected following thermal processing at 64ᵒC. Values represent mean ± SD, n 
= 3.  

Incubation time at 8ᵒC DH@64ᵒC (%) Deg@64ᵒC (%) 

16 h 5.71 ± 0.07 70.68 
48 h 5.35 ± 0.27 65.35 
72 h 6.10 ± 0.57 65.08 
Predicted value 5.37a 60 
Experimental vs predicted values p = 0.247 p = 0.061  

a The predicted DH value was obtained from the linear regression model: % 
Deg@64ᵒC = 16.71 + 8.055 DH@64ᵒC, where the %Deg@64ᵒC is set at 60 as per 
the optimum target goal. 
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To-date, limited information regarding the thermal stability of WPH 
ingredients has been reported. A heat stable hydrolysate ingredient 
having a DH < 10% prepared during WPI hydrolysis with Neutrase at 
50ᵒC for 2 h has been reported (Schlothauer et al., 2006). It was found 
that a 5% suspension of the hydrolysate retained 95% solubility 
following heating at 120ᵒC for 10 min. It was also reported that conju
gation of a 5% commercial WPH (having a DH = 9.3%) with 5% 
maltodextrin enhanced stability during heat treatment at 85ᵒC for 3 min 
in the presence of 50 mM NaCl (Mulcahy, Park, Drake, Mulvihill, & 
O’Mahony, 2016). In model infant milk formula emulsions, an 
enhancement of the heat stability on heating at 95-100ᵒC for 15 min has 
been reported following incorporation of a WPH (8% DH)-carbohydrate 
conjugate (Drapala, Auty, Mulvihill, & O’Mahony, 2016a; 2016b). 

4. Conclusion 

The findings herein demonstrated that enzymatic hydrolysis of 
WPC35 using Prolyve 1000® can be performed at low temperature, i.e., 
at 8ᵒC, which resulted in hydrolysates with enhanced thermal stability 
during subsequent pasteurisation at 85ᵒC. In general, the hydrolysate 
properties are found to be hydrolysis conditions-dependent, where E:S 
had the greatest influence on the extent of hydrolysis, the extent of intact 
protein degradation and the thermal stability at 85ᵒC. Incubation time at 
8ᵒC did not impact the overall hydrolysis outcomes or the thermal sta
bility of the hydrolysate samples. It was found that the extent of intact 
protein degradation was a good predictor for sample stability during 
subsequent pasteurisation at 85ᵒC. This was then used as a target 
parameter (i.e., ≥60% intact protein degradation) with a view to 
generating thermally stable WPH ingredients. The optimised hydrolysis 
conditions for the generation of thermally stable WPC35 hydrolysate 
ingredients were found to be an E:S = 0.625% and an initial reaction pH 
= 8.65. Based on the conditions predicted from the DOE, a confirmatory 
study revealed that the experimental values for intact protein degrada
tion were similar to the target value at 60%. Furthermore, the hydro
lysate generated using the optimised conditions did not form a gel 
during heat treatment at 85ᵒC for up to 20 min. Therefore, the present 
study demonstrated that thermally stable acid whey derived WPC35 
hydrolysate ingredients can be generated during enzymatic hydrolysis at 
low temperature (at 8ᵒC), e.g., during typical storage conditions of liquid 
whey concentrate. This represents an energy- and cost-efficient pro
cessing strategy for the generation of protein hydrolysate ingredients 
compared to conventional high temperature hydrolysis reactions (i.e., 
incubation at 50 ◦C). Nonetheless, the optimised hydrolysis conditions 
elucidated herein may require further validation during transfer to 
commercial scale manufacturing. 
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