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Abstract
Whey proteins are abundant in peptides that possess various biological activities. In order to enhance the biological properties 
of protein hydrolysates, it is essential to optimize the conditions of the hydrolysis process. In this study, optimal conditions 
for hydrolysis of whey protein concentrate (WPC) using filtered trypsin-like protease (FTLP) was determined in vitro. Fur-
ther, the ability of optimized whey protein hydrolysates to inhibit dipeptidyl peptidase-4 (DiPP4) in vitro was examined. An 
optimum degree of hydrolysis (DH 42.9%) was obtained with an E:S ratio of 5:100 (w/w), 8.6 h, and a temperature of 40 °C. 
The factual DH under ideal conditions was 42.04%, indicating the efficiency of the selected model (p ≤ 0.05). Hydrolysates 
of WPC generated by FTLP, including both the unfractionated section and the fractions obtained via ultrafiltration using 
10- and 5-kDa cut-off membranes, exhibited anti-diabetic characteristics. However, the fractions exhibited greater inhibi-
tory effects against the DiPP4 enzyme, with  IC50 values of 1.98, 1.19, and 0.9 mg/mL for the unfractionated, 10-kDa and 
5-kDa fractions, respectively. Moreover, the results indicated that probiotic L. plantarum subsp. plantarum PTCC 1896 or 
its components may provide opportunities for future management of type-II diabetes by inhibiting DiPP4.
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Introduction

Whey is a protein-rich liquid that is produced as a byproduct 
of the cheese and casein manufacturing process in the dairy 
industry. It is commonly sold in the commercial market as 
either whey protein isolate (WPI) or whey protein concen-
trate (WPC). Whey proteins probably make up 20% of all 

cow’s milk proteins (Lacroix and Chan, 2012). In recent 
years, whey proteins, a product rich in protein and peptides 
with biological activities, have been recognized as the essen-
tial food and medicine sources that have greatly impacted 
human health. Whey protein is composed of several major 
components, including α-lactalbumin, β-lactoglobulin, 
serum albumin, and immunoglobulin. These are all well-
known proteins that have been extensively studied for their 
nutritional and functional properties (Nilsson et al. 2007; Extended author information available on the last page of the article
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Mota et al. 2006). Due to the increasing number of cheese 
production factories in the world and on the other hand, due 
to the high nutritional value of whey protein, it is necessary 
to carry out extensive research on the use of this product in 
the formulation of various combinations and special diets. 
Production of hydrolysates from whey protein concentrate 
can be an exciting way to enhance its value (Mota et al. 
2006). These protein hydrolysates can be produced via enzy-
matic digestion, proteolysis with plant or microbial enzymes, 
or fermentation by proteolytic microorganisms. The vari-
ous protein hydrolysates obtained with proteases often 
show biological activities and functional properties. These 
hydrolysates are associated with bioactive components that 
can have several applications, including medical formulas 
and dietary supplements. Commercial proteases have shown 
promising results by producing bioactive peptides from both 
the casein and whey fractions of milk (O’Loughlin et al. 
2013; Brandelli et al. 2015; Morais et al. 2015). A bioactive 
peptide is a protein element that is inactive in the sequences 
of the original protein and exhibits some physicochemical 
roles after released through enzymatic hydrolysis. A signifi-
cant portion of the research conducted on bioactive peptides 
pertains to their physiological effects in vivo, including but 
not limited to antioxidant, immunomodulatory, antimicro-
bial, antihypertensive, and anti-diabetic activities (Brandelli 
et al. 2015). Moreover, whey protein hydrolysates exhibit a 
range of practical applications such as acting as emulsifiers, 
foaming agents, and gelling factors (Foegeding et al. 2002). 
Regarding the proteolysis of whey proteins by lactic acid 
bacteria, some LAB organisms have been investigated for 
their capability of degrading whey proteins in dairy prod-
ucts, such as Lactobacillus delbruekii ssp., bulgaricus, and 
Streptococcus thermophiles (Morr and Foegeding 1990; 
Bertrand-Harb et al. 2003; El-Zahar et al. 2003). Prioult 
et al. (2005) have suggested that Bifidobacterium lactis 
NCC362 could potentially serve as a probiotic for preventing 
bovine milk allergy by breaking down the allergenic portion 
of β-lactoglobulin. Pancreatic enzymes, especially trypsin 
and other enzymes from microorganism (such as Tricho-
derma and Bacillus), have been applied to identify numer-
ous known bioactive peptides (Pihlanto-Leppälä et al. 1998). 
Although non-GRAS protease products have potential uses 
in pharmaceuticals, they pose significant hazards. There-
fore, utilizing protease derived from GRAS probiotic lactic 
acid bacteria represents a safer and more viable option for 
developing bioactive peptides sourced from natural proteins 
(Mustafa et al. 2020). To date, no studies have explored the 
capacity of microbial proteases isolated from lactic acid bac-
teria to hydrolyze whey proteins. This study seeks to fill this 
gap by investigating the extent of whey protein concentrate 
degradation through the use of bacterial protease (Filtered 
Trypsin-Like Protease, or FTLP, derived from Lactobacillus 
plantarum subsp. plantarum PTCC 1896). Additionally, we 

aim to optimize the hydrolysis conditions to produce bioac-
tive peptides that can serve as natural DiPP4 inhibitors for 
the treatment of type-II diabetes. The potential for dipeptidyl 
peptidase-4 (DiPP4) inhibitor activity has also been reported 
in lactic acid bacteria (Zeng et al. 2016), which makes the 
new discovery of Lactobacillus with DiPP4 inhibition poten-
tial an exciting development. This discovery could signifi-
cantly enhance research efforts aimed at detecting DiPP4 
inhibitors from probiotics. Thus, the second objective of 
this study was to evaluate the effectiveness of L. plantarum 
subsp. plantarum PTCC 1896 as a DiPP4 inhibitor and com-
pare its efficacy that of bioactive peptides produced by FTLP 
under in vitro conditions.

Materials and Methods

Chemicals and Equipment

Coomassie Brilliant Blue G-250, BSA, Amicon Ultra cen-
trifugal filters, protease inhibitors, and dialysis tubing, 
Ammonium Sulfate ((NH4)2SO4), and Tris (hydroxym-
ethyl) aminomethane hydrochloride (Tris–HCl) were pur-
chased from Sigma-Aldrich Merck. MRS agar (de MAN, 
ROGOSA, and SHARPE), Yeast Extract, Glucose, DiPP4 
(8 U/L, porcine kidney, ≥ 10 units/mg protein), Gly-Pro-
p-nitroanilide (GPpNA), Diprotin A tripeptide (TPDA: 
Ile-Pro-Ile), and Coomassie Brilliant Blue (CBB-G250) 
were also purchased from Sigma-Aldrich Merck. Skimmed 
milk powder and whey protein concentrate (WPC-80) were 
acquired from Zarrin-Shad Sepahan Co., Iran. The equip-
ment used in this study included an autoclave (80-HG, 
Japan), a spectrophotometer (UV-2100, Unico, Japan), a 
laboratory freezer (Danesh Pajoohesh Fajr Co, Iran), a cen-
trifuge (Hettich Zentrifugen Universal 320 R, Germany), a 
pH meter (Aratajhiz Co, Iran), Microplate reader (DANA-
3200, Iran), Amicon ultra-5 and 10 (kDa) centrifugal filter 
device (Millipore), a shaker incubator (SKIR-601, Korea), 
and a water bath (Memmert, Germany).

Experimental Bacterial Strains

The bacterial strain utilized for this study was L. plantarum 
subsp. plantarum PTCC 1896, which was initially isolated 
from a breastfeeding infant and has demonstrated probiotic 
properties in numerous investigations (Mirlohi et al. 2008). 
For the working inoculum, a 1:100 dilution of L. plantarum 
subsp. plantarum PTCC 1896 preculture was transferred to 
10 ml of MRS broth and incubated at 37 °C with shaking 
at 50 rpm for 18 h. The resulting bacterial suspension was 
centrifuged at 8000 g for 20 min at 4 °C, and the cell pellet 
was washed twice with sterile saline solution before being 
utilized as an inoculum for the culture medium.
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Culture Medium for TLP Production 
and Fermentation Conditions

To prepare TLP from L. plantarum subsp. plantarum PTCC 
1896, a Skimmed Milk Broth (SMB) medium was used. 
The SMB medium was prepared by dissolving 6% (w/v) 
skimmed milk powder in distilled water and adjusting the 
pH to 8. This mixture was then steam-sterilized at 110 °C for 
10 min. Next, 1.2% filtered glucose and 3% autoclaved yeast 
extract were added to the sterilized SMB medium. Fermen-
tation was carried out in Lab bottles with screw tops at 37 °C 
for 14 h with an agitation speed of 100 rpm. After fermenta-
tion, the mixture was centrifuged (8000 g at 4 °C for 20 min) 
to eliminate bacterial cells. The resulting supernatant was 
filtered using a 0.22 μm syringe filter and designated as a 
crude TLP substance. Next, ammonium sulfate precipitation 
was carried out on the supernatant, and the obtained precipi-
tate was collected through centrifugation (12,000 rpm at 4 
°C for 30 min). The pellet was then dissolved in Tris-HCl 
buffer (50 mM, pH 8) and dialyzed overnight with the same 
buffer at 4 °C using a dialysis bag with an 8 kDa molecular 
weight cut-off. Three changes of dialysis buffer were per-
formed during this process. The dialysate was filtered using 
an Amicon Ultra centrifugal filter with membranes having 
a molecular weight cut-off of 30 kDa and designated as fil-
tered TLP or FTLP (Mustafa et al. 2020).

Evaluation of Total Protease Activity in the SMB 
Medium Supernatant

To determine the total protease activity in the fermenta-
tion medium supernatant (SMB), we followed the method 
described by Vijayaraghavan et al. (2013) using sterilized 
skimmed milk agar medium (SMA) which was steam-steri-
lized at 110 °C for 10 min. The SMA medium contained the 
following components per liter: 5.0 g skimmed milk powder, 
5.0 g casein enzymic hydrolysate, 2.5 g yeast extract, 1.0 
g dextrose, and 15 g agar, with a final pH of 8. The SMA 
medium-containing petri dish was solidified and six 6.4 mm 
diameter holes were then punched into the petri dish. To 
establish the standard curve, four different concentrations 
of commercial standard trypsin (namely, 400, 200, 100, 
and 50 µg/100µl) were utilized, while distilled water served 
as the negative control. Specifically, 100 µl of crude TLP 
compound, standard trypsin concentrations, and the negative 
control were loaded into the perforated holes, after which 
the petri dish was incubated at 37 °C for 24 h. The clear 
zone diameters corresponding to the standard trypsin con-
centrations were used for constructing the standard curve. 
The concentration of total protease in the supernatant of 
the examined medium was then estimated by the equation 
obtained from the standard curve.

The FTLP Inhibition Assay

The study evaluated the impact of different inhibitors 
on FTLP activity, using the method described by Klom-
klao et al. (2007). The FTLP was exposed to equivalent 
amounts of three different protease inhibitor solutions 
(E-64, SBTI, and TLCK) to achieve targeted final concen-
trations (0.1 mM E-64, 0.05 mM SBTI, 5 mM TLCK) and 
incubated at ambient temperature for 15 min. Following 
incubation, FTLP activity was measured. A control sample 
was included, where sterilized deionized water was used 
instead of inhibitors. The percent inhibition was calculated 
using the following equation (Eq. 1) :

Where I is the percent inhibition,  Ani and  Ai are the activity 
of FTLP in the control and inhibitor samples, respectively.

Enzymatic Hydrolysis of WPC Using FTLP

The 10% protein (w/v) Fresh WPC-80 solution in distilled 
water was pasteurized by heating to 90 °C for 10 min after 
adjusting the pH to 8.0 using 6 M NaOH. To adhere to 
the design conditions outlined in Table 1, hydrolysis was 
performed at their specified time and temperature while 
maintaining a constant pH of 8.0 through adjustments 
made every 20 min. To deactivate the FTLP, hydrolysis 
was halted by immersing the reaction mixture in boiling 
water for 10 min (Naik et al. 2013). The resulting hydro-
lysates were then subjected to centrifugation at ambient 
temperature for 10 min at 12,100 g. The supernatants 
were collected, stored at − 20 °C, and later analyzed for 
degree of hydrolysis (DH). The calculation formula of the 
hydrolysis was as follows (Eq. 2):

Where  Pb and  Ps were protein content of unhydrolyzed and 
hydrolyzed whey protein, respectively.
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Table 1  Zone of proteolysis and protease activity

*Each value in the table represents the mean ± SE (n = 3)

Sample Protease concentration 
(µg/100µl)

Zone of prote-
olysis (mm)*

Commercial trypsin 400 20.25 ± 0.02
200 17.81 ± 0.19
100 15.95 ± 0.28
50 11.38 ± 0.03

Crude TLP 83 14.38 ± 0.17
Distilled water 0 6.4 ± 0.00
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Design of Experiments

To optimize the enzymatic activity for maximum WPC 
hydrolysis using FTLP produced by L. plantarum subsp. 
plantarum PTCC 1896, a statistical approach was employed. 
Central Composite Design (CCD) with response surface 
methodology (RSM) was utilized, with the independent vari-
ables being E:S (X1), hydrolysis time (X2), and temperature 
(X3). The aim was to optimize the response, which is WPC 
hydrolysis. A total of 20 fermentation tests were conducted, 
which included 14 unique combinations and 6 replications 
of the three variables at five levels (− α, − 1, 0, + 1, +α). 
Table 1 provides information on the range and levels of the 
variables examined, as well as the experimental RSM runs. 
Using a second-order polynomial equation, the relationships 
and interactions between the variables were determined. The 
equation takes into account linear, quadratic, and cross-prod-
uct terms to assess the impact of the variables (Eq. 3):

The estimated response variable, which is the Degree of 
hydrolysis (DH), is represented by Y. The constant terms are 
denoted by β°, the coefficient of linear terms by βi, the coeffi-
cient of quadratic terms by βii, and the coefficient of interac-
tion terms by βij. The independent variables are symbolized 
by  Xi and  Xj. The coefficient of determination,  R2, indicates 
the consistency and fitness of the model equation. All the 
calculations, including graphical analysis, were performed 
using the Minitab software package (version 16).

Protein Content Determination

In this experiment, protein content was assessed via the 
Bradford method (1976), using bovine serum albumin (BSA) 
as the reference standard. The standard used for calibration 
was 10, 20, 40, 60, 80, 100, 120, and 140 µg BSA/mL. To 
quantify the protein content, 20 µL of sample/blank was 
mixed with 1 mL of diluted Bradford reagent and incubated 
for 5 min. The resulting absorbance was then measured at a 
wavelength of 595 nm.

Preparation of WPC Hydrolysates

To assess the inhibitory effect of DiPP4, we conducted 
WPC hydrolysis via FTLP under optimal conditions with 
constant stirring. Following this, the resulting hydrolyzate 
was immersed in a boiling water bath for 10 min to inacti-
vate the FTLP. The mixture was then centrifuged (12,100 g 
at ambient temperature for 10 min), and the supernatant was 
separated using an ultrafiltration system equipped with 5 and 

(3)Y = �o +
∑

�iXi +
∑

�iiXi2i +
∑

�ijXiXj

10 KDa molecular weight cut-off membranes. The result-
ing permeates were collected and stored at − 20 °C prior to 
being tested for DiPP4 inhibitory activity.

Determination of DiPP4 Inhibitory Ability

The DiPP4 inhibitory activity assay was conducted using 
the Liu et al. (2017) method in a 96 well ELISA microplate. 
In brief, a 25 µL test sample was preincubated with 25 µL 
of GPpNA substrate (1.6 mM) at 37 °C for 10 min. Fol-
lowing this, 50 µL of DiPP4 was added, and the mixture 
was incubated at 37 °C for 60 min. The enzymatic reaction 
was halted by adding 100 µL of NaOAc buffer (1 M, pH 4), 
and the absorbance of the released p-nitroanilide (pNA) was 
measured at λ = 405 nm. The percentage of DiPP4 inhibition 
was calculated using the following equation (Eq. 4):

Where I is the percent of DiPP4 inhibition;  Ac and  Ai are 
absorbances of control and inhibitor, respectively.

The DiPP4 inhibitory activity was expressed as  IC50, 
which represents the hydrolysate concentration required to 
achieve a 50% inhibition of DiPP4 activity. The hydrolysate 
concentrations used for the assay ranged from 1.25 to 0.0125 
mg/mL. To serve as a reference inhibitor, TPDA (Ile-Pro-Ile) 
was diluted using Tris-HCl buffer (100 mM, pH 8) to vary-
ing concentrations (0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 µg/mL).

DiPP4 Inhibitory Activity of the Bacterium

L. plantarum subsp. plantarum PTCC 1896 (1%, v/v) was 
inoculated into a 200 mL MRSB medium and incubated 
with a 5%  CO2 injection at 37 °C for 12 h. Then 10 mL 
of the bacterial suspension was collected by centrifugation 
(12,000 g, 15 min), and the obtained cell pellet was used for 
the subsequent experiments (Zeng et al. 2016).

Preparation of Cell‑Free Culture Supernatant (CFCS)

To obtain the CFCS, the cell pellets (8 ×  109 CFU  mL−1) 
were washed thrice with PBS, resuspended in PBS, and fur-
ther incubated for 6 h. The mixture was then subjected to 
centrifugation (12,000 g for 15 min) to eliminate bacterial 
cells. The resulting CFCS was preserved at − 80 °C until 
testing. It has been demonstrated that the maximum DiPP4 
inhibitory activity is obtained when the cells are exposed to 
PBS for 6 h (Zeng et al. 2016).

Preparation of Cell‑Free Intracellular Extract (CFIE)

After PBS washing, the cell pellets (8 ×  109 CFU  mL−1) 
were resuspended in fresh PBS and subjected to ultrasonic 

(4)I =
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]

× 100



2263Waste and Biomass Valorization (2024) 15:2259–2271 

1 3

disruption. Sonication was carried out for 20 min in an ice 
bath. Following this, cell debris was removed through cen-
trifugation at 12,000 g for 15 min, and the resulting CFIE 
was stored at − 80 °C until required for further assays.

Statistical Analysis of Data

Data related to protease activity, enzyme inhibition, and 
DiPP4 inhibitory activity was expressed as a percentage 
(mean + SE, n = 3) in all assays. A probability value of 
p < 0.05 was considered statistically significant. The  IC50 
values were determined by fitting them to a sigmoidal dose-
response equation with variable slope, using nonlinear 
regression analysis.

Results and Discussion

Evaluation of Total Protease Activity

The total hydrolysis activity of L. plantarum secreted pro-
tease (Crude TLP) was qualitatively and quantitatively 
determined using a zone diffusion assay. The basis of this 
method is based on the hydrolysis of the protein contained 
in the SMA medium with the secreted protease (Crude TLP) 
in the SMB medium. When milk protein is hydrolyzed, an 
obvious protein hydrolysis circle appears around the hole 
punched into the SMA, indicating that the secreted protease 
has promising proteolytic activity. As is evident in Fig. 1; 
Table 2, the proteolytic activity was observed with protease 
produced in the SMB medium. The protease production in 
SMB medium may be attributed to the fact that milk is poor 
regarding free amino acids and peptides, thus lactobacilli 
have to utilize a complex system of proteases and peptidase 
to meet growth needs which results in more protease produc-
tion (Courtin and Rul 2004).

Effect of Different Protease Inhibitors on the FTLP 
Activity

The effects of different protease inhibitors on FTLP activity 
is shown in Table 3. Protease inhibitors are valuable tools for 
classifying the types of proteases (Kishimura, al., 2006). The 
results showed that the FTLP was remarkably inhibited by 
SBTI (a serine protease inhibitor) and a considerable inhibi-
tion was also observed with TLCK (a trypsin-specific inhibi-
tor). On the contrary, E-64 (a cysteine protease inhibitor) 
showed a small inhibitory effect. Therefore, it was concluded 
that the FTLP secreted by L. plantarum subsp. plantarum 
PTCC 1896 most probably belonged to the serine-type 
proteases.

Analysis of the Model

Table 1 displays the diverse range of DH values achieved 
through the use of the protein content method to assess 
the action of FTLP. As demonstrated in Table 1, the DH 
of WPC varied from 6.07 to 42.78%, depending on factors 
such as the E:S ratio, hydrolysis time, and temperature.
The maximum DH (42.78%) and the lowest absorption 
obtained at 595 nm using the method of measuring the 
insoluble protein concentration was in the fourth run. This 
result indicates that run # 4 has the highest amount of 
small peptides because it is known that, with Coomas-
sie dye reagents, free amino acids, peptides, and proteins 
of low molecular weight do not emit color. It should be 

Fig. 1  Degradation of SMA substrate using different commer-
cial trypsin concentrations and the protease secreted by L. plan-
tarum subsp. plantarum PTCC1896. (1). Commercial trypsin (400 
µg/100µl), (2). Commercial trypsin (200 µg/100µl), (3). Commercial 
trypsin (100 µg/100µl), (4). Commercial trypsin (50 µg/100µl), (5). 
L. plantarum protease (Crude TLP) in SMB medium, (6). Sterilized 
distillated water

Table 2  Effects of different protease inhibitors on the activity of the 
FTLP excreted by L. plantarum subsp. plantarum PTCC 1896

*Each value in the table represents the mean ± SE (n = 3)
Values with different letters are significantly different at p < 0.05

Inhibitors Concentration Inhibition (%)*

Control 0 0
SBTI 0.05 mM 72.2 ± 0.01a

TLCK 5 mM 53.8 ± 0.02b

E-64 0.1 mM 27.7 ± 0.06c
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noted that although measuring the intensity of proteoly-
sis with Ortho-phthalaldehyde (OPA) is a fast and widely 
used method, usually the presence of a large amount of 
free amino acid in the sample can increase the concentra-
tion of the measured peptide (Pripp et al. 2006). Often, 
as fermentation progresses, the concentration of peptides 
gradually decreases, which can be due to the breakdown of 
peptides into amino acids. Therefore, the results obtained 
from the OPA reagent do not mean the exact concentration 
of peptides but can be a set of peptides and amino acids. 
Run #19 was found to have the lowest hydrolysis rate. In 
a study conducted by da Silva et al. (2009) utilizing pro-
teases from B. subtilis and B. amyloquefaciens to hydro-
lyze WPC under different conditions than those employed 
in this study, DH values of 20 and 14%, respectively, were 
obtained, which is less than the maximum value achieved 
in our study (42.78%). Another study by Silva et al. (2013) 
investigated the hydrolysis of WPC using proteases from 
B. licheniformis and Aspergillus sojae. According to their 
results, the highest values obtained were 44.7 and 20.17%, 
respectively, which is higher than the maximum values 
obtained in our study. Differences in DH values obtained 
by the same research group may be attributed to variations 
in parameters used during hydrolyzate preparation (pH, 
temperature, and E:S ratio) as well as the use of diverse 
measurement methods. Table 4 shows that there was no 

significant difference (p > 0.05) between the maximum DH 
obtained (42.78%) and the predicted value (41.72%). For 
confirming the accuracy of the results obtained and opti-
mization of hydrolysis conditions, first, the model should 
be determined to describe the amount of hydrolysis. Then 
the accuracy of the determined model should be verified 
using the obtained data.

Table 3  CCD design and 
observed and predicted 
results of DH in hydrolyzed 
WPC samples under different 
hydrolysis conditions

Runs Independent variables code levels DH (%)

E:S (%, w/w) Hydrolysis 
time (h)

Temperature (°C)

X1 X2 X3 Experimental Predicted

1 5.68 6 37 35.29 35.02
2 4 6 37 18.83 20.51
3 4 2.64 37 12.32 14.38
4 4 9.36 37 42.78 41.72
5 2.32 6 37 14.41 15.69
6 5 8 39 38.99 39.71
7 3 8 35 17.18 16.81
8 5 4 35 19.22 18.19
9 4 6 40.36 20.05 20.04
10 3 8 39 29.93 30.25
11 5 8 35 35.48 36.02
12 5 4 39 19.68 19.34
13 3 4 39 16.77 15.53
14 4 6 37 18.76 20.51
15 4 6 37 21.99 20.51
16 4 6 37 20.14 20.51
17 4 6 37 22.54 20.51
18 4 6 33.64 6.77 7.79
19 3 4 35 6.07 4.64
20 4 6 37 20.97 20.51

Table 4  Results of regression analysis and related t and p-values of 
predicted model for optimization of WPC hydrolysis

a significant at p ≤ 0.05
b non-significant at p > 0.05

Terms Degree of 
freedom

Coefficients ß t-value p-value

Constant 1 20.509 30.910 0.000a

X1 1 9.665 13.062 0.000a

X2 1 13.668 18.472 0.000a

X3 1 6.123 8.275 0.000a

X1X1 1 4.844 3.998 0.003a

X2 X 2 1 7.544 6.227 0.000a

X3 X 3 1 − 6.596 -5.445 0.000a

X1  X2 1 3.987 2.456 0.034a

X1  X3 1 − 6.873 − 4.233 0.002a

X2  X3 1 1.799 1.108 0.294b
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Model Fitting and Statistical Analysis

In the present study, three important parameters, E:S ratio 
(X1), hydrolysis time (X2), and temperature (X3), were con-
sidered.The DH obtained from all experiments is reported in 
Table 1 based on the RSM design. Multiple regression coef-
ficients listed in Table 4 were used to predict a second-order 
polynomial model.The statistical significance of these coef-
ficients was evaluated through Fisher’s F test and p-value. 
The F-value is a test that compares the variance of curvature 
with residual variance, while the probability (p-value) is the 
likelihood of observing the F-value if the null hypothesis 
is valid (Bayraktar 2001). Among the tested variables, X1 
(E:S), X12 (E:S × E:S), X2 (hydrolysis time), X22 (hydroly-
sis time × hydrolysis time), X3 (temperature), X32 (tem-
perature × temperature), X1 × 2 (E:S × hydrolysis time), and 
X1 × 3 (E:S × temperature) are significant model terms with 
p ≤ 0.05, and they have a substantial effect on whey protein 
hydrolysis. On the other hand, the X2 × 3 (hydrolysis time × 
temperature) term is insignificant and has no notable effect 
on the hydrolysis process (p > 0.05). Based on these results, 
we propose a polynomial model for whey protein hydroly-
sis as a function of the most significant variables, which is 
shown in the following equation:

Y = 20.509 + 9.665 × 1 + 13.668 × 2 + 6.123 × 3 + 4.844 
×  12 + 7.544 ×  22 – 6.596 ×  32 + 3.987 × 1 × 2–6.873 × 1 × 3.

The study utilized ANOVA to examine the significance 
ratio between mean square deviation and mean square 
residual error, as shown in Table 5. ANOVA is a statisti-
cal technique that subdivides the total variation in a data-
set into component parts associated with specific sources 
of variance, allowing for the analysis of hypotheses on 
model parameters (Torrades and García-Montaño 2014). 
The results indicate that the linear, square, and interaction 
terms are statistically significant at p ≤ 0.05, implying that 

these variables may have a considerable effect on the model. 
Additionally, the high F-values obtained for all regressions 
suggest that the regression equation can explain most vari-
ations in the response variable.

Evaluation of the Validity of the Selected Model

One of the methods to check the appropriateness of the 
method is the Lack of Fit testing coefficient. The Lack of 
Fit test involves comparing the residual error to the pure 
error from repeated design points, as described by Arslan-
Alaton et al. (2010). In this case, the lack of fit F-value is 
1.11 and the p-value is greater than 0.05, indicating that the 
lack of fit is not statistically significant. This suggests that 
the selected model is competent. The correlations between 
the actual data and the predicted data for DH have also been 
investigated.  R2 suggests a positive correlation between 
the expected values and the experimental data points, the 
top value of which demonstrates the validity of the recom-
mended model.  R2, with a value of 0.98 showed the validity 
of the proposed model.

Optimization of WPC Hydrolysis

The technique of pre-hydrolysis thermal processing can 
lead to structural reforms in the protein substrate, which 
can have an impact on the rate of the hydrolysis reaction. 
Kim stated that pre-hydrolysis heat treatment improves 
the enzymatic (peptic and tryptic) hydrolysis of WPC. 
Therefore, in the study, WPC also was exposed to heat 
treatment before hydrolysis (90 °C) (Kim et al. 2007). 
The present study was performed to investigate whether 
the degradation of whey proteins was influenced by envi-
ronmental conditions such as temperature and hydrolysis 
time, or if it solely depended on the E:S ratio. The opti-
mum E:S ratio, hydrolysis time, and incubation tempera-
ture for hydrolysis of WPC were determined to be 5:100, 
8.6 h, and 40 °C, respectively, with an expected optimal 
DH level (42.9%). A test was conducted based on RSM to 
validate the measured values. The optimized level of the 
parameters was used to replicate the run. The factual DH 
under ideal conditions was 42.04%, which was following 
the predicted value. The optimum temperature for hydrol-
ysis of WPC substrate is almost in line with our obser-
vations shown in a previous study (Mustafa et al. 2020) 
that the optimum temperature for hydrolysis of BAPNA 
substrate by the same enzyme (FTLP) was 39 °C. There-
fore, it can be concluded that a temperature above 40 °C 
is probably unsuitable for WPC hydrolysis like BAPNA. 
The temperature does not affect the release of peptides, 
but rather the enzyme activity. Indeed, at very high tem-
peratures from the optimal point of enzyme activity, 
much fewer small peptide fragments are produced; this is 

Table 5  Analysis of the variance (ANOVA) for the fitted quadratic 
polynomial model for optimization of WPC hydrolysis

a significant at p ≤ 0.05
b non-significant at p > 0.05

Source Degree 
of free-
dom

Adjusted 
sum of 
squares

Adjusted 
mean 
squares

F-value p-value

Regression 9 1844.94 204.993 77.44 0.000a

Linear 3 1536.04 512.013 193.43 0.000a

Square 3 242.25 80.750 30.51 0.000a

Interaction 3 66.65 22.215 8.39 0.004a

Residual 
error

10 26.47 2.647

Lack-of-fit 5 13.93 2.786 1.11 0.455b

Pure error 5 12.54 2.508 – –
Total 19 – – – –
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because very high temperatures lead to rapid denaturation 
of the enzyme (Cheison et al. 2011). Several reports in the 
literature deal with the optimization of WPC hydrolysis. 
However, the optimal hydrolysis conditions vary depend-
ing on the type of whey and enzyme used, in addition, the 
hydrolysis conditions (temperature, pH, E:S ratio, and 
hydrerolysis time). In a study performed by da Silva et al. 
(2009), the best conditions obtained for WPC hydrolysis 
by Aspergillus oryza protease were E:S 1:100, pH 7, 50 
°C, 5 h. In another study for Silva et al. (2010) outstand-
ing hydrolysis conditions for hydrolyzing WPC by using 
papain and pancreatin were (E:S 2:100, pH 7, 55 °C, 5 
h) and (3:100; pH 7, 50 °C, 5 h) respectively. Also, in 
another study carried out by Mota et al. (2006), the best 
conditions for β-lg hydrolysis for five h by pancreatic 
trypsin with an activity of 1020 BAEE units/mg protein 
were pH 8, 50 °C.

Effects of the Enzyme: Substrate Ratio

The study of the effect of the E:S ratio is one of the most 
critical factors affecting the hydrolysis of the WPC process. 
In this study, the effect of FTLP on the hydrolysis of WPC 
with different E:S ratios was considered. The surface plots 
presented in Fig. 2A–B illustrate the correlation between 
the E:S ratio, hydrolysis time, and incubation temperature, 
and how they collectively affect the hydrolysis of WPC. 
When the E:S ratio is increased from 4:100 to 5:100, the 
rate of hydrolysis also increases. However, as the E:S ratio 
continues to increase beyond 5:100, the hydrolysis process 
approaches a stationary phase. In previous studies on pro-
ducing bioactive peptides DPP-IV inhibitors using whey 
protein substrate, the enzyme ratio used was around 4:100 
to 5:100 (w/w) for either pepsin or trypsin (Lacroix and Li-
Chan 2012; Silveira et al. 2013). Therefore, in this study, the 
observed rate of FTLP did not exceed 5:100. Nonetheless, 

Fig. 2  The surface plots of DH 
of whey protein concentrate 
by FTLP: A E:S, temperature 
(time: 6 h), B E:S, time (tem-
perature:37 °C)
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it has been suggested that using a lower E:S ratio can be 
beneficial for generating protein hydrolysates with higher 
levels of small peptides and free amino acids and fewer 
large peptides (Silvestre et al. 2012). It is important to note, 
however, that our findings conflict with this conclusion. The 
beneficial use of a lower E:S ratio was noticed in some cases 
for the three enzymes (Aspergillus oryzae, Aspergillus sojae, 
and pancreatin), while the same state did not show for the 
protease from Bacillus licheniformis, which produced the 
lowest amount of large peptides using the highest of E: S 
ratio (E:S 8:100) (Morais et al. 2015).

Effect of the Temperature

Besides E:S ratio, incubation temperature is one of the most 
important factors affecting the hydrolysis process. As shown 
in the curve of the simultaneous effect of E:S ratio and tem-
perature (Fig. 2A), with increasing temperature from 34 to 
37 °C, the rate of hydrolysis increases due to the break-
down of the peptide chain. With the advancement of the 
reaction up to 39 °C, the hydrolysis rate curve reaches the 
phase of stationary, until, at a temperature above 39 °C, the 
hydrolysis process is significantly reduced. One of the rea-
sons for the decrease in the DH at higher temperatures can 
be explained by the reduction of intact peptide bands and 
decreasing enzyme activity at higher temperatures (Kristin-
sson and Rasco, 2000). The highest DH rate was observed 
at 37 °C. This result is relevant to the general knowledge 
that the optimum temperature for trypsin activity is 37 °C 
(Koutsopoulos et al. 2007).

Effect of the Hydrolysis Time

The simultaneous effect of concentration of E:S and time 
(Fig. 2B), clearly shows that there is no significant change in 
the DH during initial reaction times of up to 4 h and 30 min. 
This result is consistent with a study performed by Custódio 
et al. (2009), whose electrophoretic analysis showed that nei-
ther trypsin nor chymotrypsin alone could hydrolyze whey 
proteins in less than 3 h. The change in the DH intensified 
after about 5 h and reached its maximum after about 9 h, so 
the highest rate observed in long-term hydrolysis may be 
due to the increase in the content of small peptides (da Costa 
et al. 2007). The rate of hydrolysis in whey proteins, whether 
heated or native, increases with increasing hydrolysis time. 
Kim et al. (2007) reported that with increasing hydrolysis 
time and increasing the level of hydrolysis enzyme, the rate 
of hydrolysis in heated whey proteins increases.

DiPP4 Inhibitory Activity of WPC Hydrolysates

According to the results, WPC did not show any inhibitory 
activity of DiPP4 without hydrolysis. In contrast, hydrolyzed 

WPC and 10 and 5 kDa permeates had  IC50 values equal to 
1.98, 1.19, and 0.9 mg/mL, respectively (Fig. 3; Table 6). 
This result confirms that some of the peptides liberated by 
FTLP may act as inhibitors of DiPP4. Silvera et al. (2013), 
investigated WPC hydrolysis with commercial trypsin for 
3 h at 37 °C. According to the results of their study, after 
hydrolysis, the inhibitory activity of the DiPP4 enzyme was 
also observed and the  IC50 value was equal to 1.51 mg/mL, 
which corresponds with the results obtained in the present 
study. In another study performed by Lacroix et al. (2012), 
it was reported that a peptide fraction obtained from pep-
sin WPI hydrolysate (1 h hydrolysis) could be an effectual 
DiPP4 inhibitor  (IC50: 75 µg/mL).

A lower  IC50 value obtained for the 5 and 10 kDa frac-
tions compared to hydrolyzed WPC indicates that the frac-
tions have a relatively better ability to inhibit the DiPP4 
enzyme. This is consistent with the results obtained by Kon-
rad et al. (2014), who offered similar results for peptide frac-
tions derived from enzymatic hydrolysis of whey proteins by 
plant serine proteases (Cucurbita ficifolia) The inhibition 
of DiPP4 enzyme for peptides obtained by WPC hydrolysis 
with FTLP was measured in the mg/ml range, while most 
studies were reported in the µg/mL range. Since whey pro-
tein hydrolysis consists of a combination of peptides, only 
some of them exhibit DiPP4 inhibitory activity, so it is not 
surprising that they are less effective than those reported val-
ues for derived peptides or synthetic drugs. (Lacroix et al., 
2012).

The purpose of the present study was to investigate 
the ability of WPC to produce DiPP4 inhibitory peptides 
regardless of the domain of inhibitory activity. Preparation 
of small peptide fractions using RP-HPLC and RP-FPLC 
may increase activity up to µg/ml. It is noteworthy that the 
preparation of peptide fractions based on molecular weight 
can improve inhibitory effect (Silveira et al. 2013). This rule 
may not always be true because in some studies smaller pep-
tides were not the most important DiPP4 inhibitors. Since 
many of the DiPP4 inhibitory peptides introduced in the 
studies are di and tripeptides (Yan et al. 1992; Cohen et al. 
2004), it is strange that some low molecular weight peptides 
have lower DiPP4 inhibitory activity. In research conducted 
by Lacroix et al. (2012), the lower inhibitory activity of a 
peptide fraction < 1 kDa induced by WPI hydrolysis by pep-
sin was reported compared with higher molecular weight 
fractions.

In some studies, several bioactive peptides from different 
whey proteins hydrolyzed by various proteolytic enzymes 
have been introduced as suitable inhibitors of DiPP4. Sil-
vira et  al. (2013) identified several short-chain peptide 
fragments from WPC hydrolysis with commercial trypsin 
as highly potent peptides  (IC50 86, 367 µg/mL) to inhibit 
DiPP4. In research done by Lacroix et al. (2012) several 
peptide fractions of whey proteins hydrolyzed by pepsin as 
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a DiPP4 inhibitor were also introduced. Although the inhibi-
tory activity of the DiPP4 enzyme was noted in all whey 
proteins, the hydrolysis of alpha -lactalbumin with an  IC50 
value equal to 36 µg/mL showed greater potency. In another 
study performed by Uchida et al. (2011), a six-amino acid 
peptide (Val-Ala-Gly-Thr-Trp-Tyr) as a DiPP4 inhibitor was 
obtained from the hydrolysis of beta -lactoglobulin by the 
enzyme trypsin. This variation in activity observed between 
various researches may be due to variations in experimental 
conditions, such as the nature of the substrate and the ori-
gin of the protease enzyme used to evaluate the inhibitory 
function.

DiPP4 Inhibitory Activity of  TPDA

TPDA, one of the first known DiPP4 inhibitors, has been 
derived from the Bacillus cereus bacterium (Umezawa 
1984).  TPDA acts as an inhibitor of DiPP4 stimulatory 
activity in the human central nervous system (HCNS), the 
immune system, and DiPP4 in the endocrine system (Maes 
et al. 2007). In this study, the  IC50 value for  TPDA, the DiPP4 
reference inhibitor, was also measured and was equal to be 
1.73 µg/mL (Fig. 4; Table 7). The reason for the high inhibi-
tory activity of  TPDA may be due to its unique purity and 
specificity (Maes et al. 2007). This result is almost consistent 

Fig. 3  DPP-IV inhibitory activity of WPC hydrolysates
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with the results reported in other studies, which indicates the 
correctness of the method of measuring DiPP4 inhibitory 
activity during the experiment. The  IC50 for  TPDA was stated 
by Bharti et al. (2012) and Chakrabarti et al. (2016) as equal 
to 1.62 and 1.54 µg/mL, respectively.

DiPP4 Inhibitory Activity of L. Plantarum subsp. 
Plantarum PTCC 1896

DiPP4 inhibitory activity is found in bacteria due to the pres-
ence of an enzyme called x-prolyl dipeptidyl aminopeptidase 

(X-PDAP), which has approximately the same enzyme activ-
ity as DiPP4. This activity can be used to adjust enzymatic 
activity or microbial metabolism or to support the competi-
tion of bacterium with other microbial species (Panwar et al. 
2016). Recently, the potential for DiPP4 inhibitory activity 
in lactic acid bacteria has also been reported. Panwar et al. 
(2016) reported that some Lactobacillus species such as L. 
plantarum (12–25%) and L. fermentum (14%) are poten-
tial sources of DiPP4 inhibitory activity. Therefore, in this 
study also, the DiPP4 inhibitory activity in vitro L. plan-
tarum subsp. plantarum PTCC 1896 was investigated. Both 
CFCS and CFIE (from 8 ×  109 CFU/mL, 6 h) showed dif-
ferent degrees of DiPP4 inhibitory activity (10.9 and 8.4%, 
respectively, p < 0.05). The result obtained was consistent 
with the result of Zeng et al. (2016). Based on the results 
of their study, the DiPP4 inhibitory activity in both CFCS 
and CFIE samples of L. plantarum IF2-14 (from 5 ×  1010 
CFU/mL, 6 h) was 20.7, and 14.8%, respectively. Therefore, 
it is concluded that L. plantarum subsp. plantarum PTCC 
1896 had a reasonable amount of DiPP4 inhibitory activity. 
The main components of the DiPP4 inhibitors secreted by 
Lactobacillus are peptide compounds and are not produced 
by bacterial metabolism/fermentation. Zeng et al. (2016) 
showed that the treatment of CFCS with trypsin consider-
ably improved the inhibitory activity of DiPP4, which could 
be imputed to the hydrolysis-induced peptides. Thus, it may 
be assumed that the structural components responsible for 
inhibiting DiPP4 in Lactobacillus bacteria are peptides 
(Yamamoto et al. 1994).

Conclusion

In this study, the validity of a simple and rapid method for 
determining proteolytic activity has been investigated. TLP 
secreted by L. plantarum subsp. plantarum PTCC 1896 
has shown both qualitatively and quantitatively proteolytic 
activity on the SMA medium, therefore, this bacterium was 
identified as a protease-producing strain. In addition, in 

Table 6  DPP-IV inhibitory activity of DPP-IV Inhibitory Activity of 
hydrolyzed whey protein concentrate

Each inhibition value in the table represents the mean ± SE (n = 3)
Values with different letters are significantly different at p < 0.05

Sample Concentration 
(mg/ml)

Inhibition (%) IC50 (mg/ml)

Hydrolyzed WPC 0.0125 2.2 ± 0.06d 1.98
0.125 12.6 ± 0.03c

0.625 21.4 ± 0.04b

1.250 29.7 ± 0.02a

5 kDa fraction 0.0125 5.1 ± 0.03d 0.9
0.125 22.7 ± 0.06c

0.625 40.9 ± 0.04b

1.250 53 ± 0.03a

10 kDa fraction 0.0125 4.9 ± 0.03d 1.19
0.125 15.2 ± 0.02c

0.625 31.3 ± 0.01b

1.250 38.7 ± 0.02a

Fig. 4  DPP-IV Inhibitory Activity of Diprotin A

Table 7  DPP-IV inhibitory activity of Diprotin A

Each inhibition value in the table represents the mean ± SE (n = 3)
Values with different letters are significantly different at p < 0.05

Sample Concentration 
(µg/ml)

Inhibition (%) IC50 (µg/ml)

Diprotin A
(Ile-Pro-Ile)

0.2 15.7 ± 0.06f 1.73
0.4 29.1 ± 0.06e

0.8 35.2 ± 0.06d

1.6 58.6 ± 0.06c

3.2 74.4 ± 0.06b

6.4 87.8 ± 0.06a



2270 Waste and Biomass Valorization (2024) 15:2259–2271

1 3

this study, the ability of hydrolysis of whey protein con-
centrate (WPC) by filtered trypsin-like protease (FTLP) 
under in vitro conditions for its use in the production of safe 
bioactive peptide components was investigated. In order to 
predict the best hydrolysis conditions, optimization was per-
formed using response surface design. The results showed 
that the RSM statistical method was a good and reliable 
method for selecting the optimum levels of the investigated 
factors because the DH rate actually measured in vitro was 
in line with the predicted DH rate in the RSM. Based on the 
obtained results, the data revealed that the WPC hydrolysis 
was significantly affected by the E∶S ratio and tempera-
ture. Indeed, the temperature does not affect the release of 
peptides, but rather the enzyme activity. DiPP4 inhibitory 
activity of bioactive peptides induced by hydrolysis of whey 
protein by proteases such as trypsin-like protease from lactic 
acid bacteria has not been previously reported. In this study, 
it was found for the first time that WPC hydrolyzed by FTLP 
had acceptable  IC50 values. In addition, the results showed 
that L. plantarum subsp. plantarum PTCC 1896 had a rea-
sonable amount of DiPP4 inhibitory activity. Therefore, it 
was concluded that in the future there may be a possibility to 
use the probiotic bacterium L. plantarum subsp. plantarum 
PTCC 1896 in the management of T-IID. However, based 
on findings from previous studies, it is important to note that 
the in vitro  IC50 value may not necessarily correlate directly 
with the effect of diabetes in vivo, so it is recommended that 
the results of this study be evaluated in laboratory mice. It is 
also encouraged that the ability of FTLP to hydrolyze other 
proteins to gain a more comprehensive understanding of its 
enzymatic activity.
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