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Abstract
Plant-based proteins show poor functional properties and when a balanced source of amino acids is required, it cannot be 
provided only by a single source of plant-based protein. This study aims to enhance the functional and digestibility properties 
of hemp seed meal (HSM) protein by hydrolyzation (HPH) through ultrasonication and enzymatic treatment. The blending 
of HPH with pea protein isolate (PPI) was conducted to improve the amino acid profile. During ultrasonication, the protein 
content was significantly affected (p < 0.05) by ultrasonication time and solid-to-solvent ratio but not by the amplitude. Degree 
of hydrolysis was significantly (p < 0.05) affected by all three variables. Optimal hydrolysate was prepared by ultrasonication 
at 80% amplitude for 10 min and solid-to-solvent ratio of 1:30, with a protein content of 64.57% and a degree of hydrolysis 
(DH) of 6.25%. Under these conditions, papain treated HPH exhibited an increase in protein concentration (84.2%) and DH 
(17.3%). The blend of HPH and PPI in the ratio of 1:1 showed improved protein content (85.5%) with significant (p < 0.05) 
increase in solubility (72.8% at pH 7). This blend showed a good emulsifying activity index (33.4  m2/g) emulsifying stability 
(35.3 min), oil holding capacity (2 g/g), water holding capacity (1.8 g/g), foaming capacity (195.8%), and foaming stability 
(85.2%). This blend also displayed a balanced amino acid profile, with methionine and lysine contents of 1.63 mg/g and 
5.88 mg/g, respectively. The blend of PPI:HPH (1:1) showed integration of HPH into the PPI matrix, due water bridging 
between protein particle as observed by scanning electron microscopy (SEM). The amide I at 1627.6  cm−1 in HSM shifted 
to 1633.7  cm−1 in HPH and amid II at 1518.7  cm−1 in HSM shifted to 1535.3  cm−1 in HPH indicating a change in secondary 
structure of HSM due to ultrasonication and enzymatic hydrolysis. In Vitro protein digestibility of 1:1 blend was also higher 
compared to other samples. The blend of HPH and PPI blend have good potential for creating nutritionally enhanced and 
functionally superior plant-based food products.
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Introduction

Hemp (Cannabis sativa L.) seeds have garnered significant 
attention as alternative proteins due to their substantial oil 
and protein content (~ 25% w/w). The hemp seed protein 
comprises of 75% (w/w) of salt-soluble edestin and 25% 
(w/w) of water-soluble albumin and rich in arginine contrib-
uting to their nutritional value [1] but deficient in the lysine 
and tryptophan [2]. The acidic subunit of hemp protein is 
quite homogeneous and has a molecular weight of around 
34.0 kDa, whereas the basic subunit is largely composed 

of components with molecular weights of about 20.0 and 
18.0 kDa [3], Most of 7S-rich components are essential 
subunits, which have a molecular weight of 4.8 kDa. The 
by-products of oil processing from hemp seeds is referred 
to as hemp seed meal (HSM) which contain protein content 
of 50–60% (w/w) [4].

Despite the high protein quality of hemp seed protein, 
it contains poor solubility and functional properties com-
pared to other plant-based proteins like soy protein. The poor 
solubility (at pH 7), is associated with aggregated globular 
edestin proteins, comprising of 60–80% of the total protein 
content [5]. However, green technology-based processing 
techniques like ultrasonication and enzymatic hydrolysis 
have proven to improve the functionality of plant-based 
proteins. The protein hydrolysates and bioactive peptides 
derived from these extractions are of high quality and purity 
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and possess latent bioactivities, such as antioxidant, antimi-
crobial, and antihypertensive effects [6]. Enzymatic treat-
ment, such as hydrolysis or cross-linking, is also a method 
to enhance the solubility and functionalities found in plant 
proteins [7]. Moreover, when a balanced source of amino 
acids is required for diet, it cannot be provided only by a sin-
gle source of plant-based protein. Balandrán-Quintana et al. 
[8] revealed that consuming a single plant protein only rarely 
provides the essential amino acid profile that is required for 
the body to be deemed nutritionally balanced. The nutri-
tional profile of cereal protein can be improved by mixing it 
with legume proteins [9]. For instance, PPI is a good source 
of plant protein with significant quantities of glutamate, argi-
nine, and aspartate but it lacks certain essential amino acids, 
such as methionine and cysteine [10]. Similarly, hemp pro-
tein is rich in these amino acids but lacks in lysine content. 
Pea proteins comprise 11S legumin globulin fractions, while 
hemp proteins mostly contain albumins [11]. The globulins, 
especially 11S legumin and 7S vicilin, are the primary pea 
proteins that makeup around 65–80% of the total protein 
content. Due to their greater digestibility and lower aller-
genicity in comparison to soybeans, PPI and concentrates 
have gained substantial attention in the food industry [12]. 
Therefore, there is a critical need to investigate the poten-
tial synergistic effects of blending hemp and pea proteins to 
produce a balanced amino acid profile while enhancing the 
overall functional properties of the blend.

The present study is novel to produce the hemp protein 
hydrolysate (HPH) using ultrasonication and enzymatic 
hydrolysis to improve the functional and digestibility prop-
erties. The HPH and PPI were mixed to obtain a blend with 
improved nutritional profile and functional properties to 
expand the application of hemp and pea protein in various 
food formulations. The blending of HPH and PPI provided 
a balanced amino acid profile with improved digestibility of 
hemp protein and offered significant health and nutritional 
benefits, catering to diverse dietary needs.

Materials and methods

Raw material and chemicals

Hemp seed meal (HSM, moisture 5.6%, protein 50.7%, fat 
5.8%, ash 6.5%, carbohydrate 31.2%, and total solid 94.4) 
was purchased from Organic Way Food Ingredients Inc, 
Bangkok, Thailand. PPI (moisture 5.5%, protein 86.3%, 
ash 5.2%, and total solids 95.5%) and all other chemicals 
and enzymes including NaOH, phosphate buffer, petroleum 
ether, bovine serum albumin (BSA), Sodium dodecyl sulfate 
(SDS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), HCl,  H2SO4, 
trichloroacetic acid (TCA), di-Na tetraborate decahydrate 
(sodium borate), o-phthaldialdehyde (OPA), dithiothreitol 

(DTT), boric acid, pepsin, papain, and pancreatin enzymes 
were procured from CTi and Science Co. Ltd, Thailand.

Ultrasonication and enzymatic hydrolysis of HSM

Total solids, protein, fat, and ash content were estimated 
following the methods described by Umar et al. [13] with 
slight modifications. HSM in phosphate buffer (pH 7) was 
subjected to ultrasonication (UP 200S, 200W, Hielscher, 
Teltow, Germany) at different solid to solvent ratios  (X3, 
1:10, 1:20, and 1:30 w/v), amplitudes  (X1, 40%, 60%, and 
80%) and time  (X2,5, 10, and 15 min) with fixed frequency 
of 24 GHz. After ultrasonication, the solution was filtered 
and centrifuged at 6000×g for 20 min to determine the pro-
tein content and DH of the supernatant as responses. Ultra-
sonication treated hydrolysate (UHPH) was optimized using 
response surface methodology (RSM) with Box–Behnken 
experimental design of 15 experimental runs and 3 replicates 
at the center point. A quadratic polynomial regression model 
was used to analyze the data as shown:

where Y represents the response variable, �0 is constant, 
�i, �ii, and�ij are the linear, quadratic, and interactive coef-
ficients determined by the model, and XiandXj are the inde-
pendent variables, respectively.

Enzymatic hydrolysis (EHPH) after ultrasonication was 
performed according to the method described by the Cui 
et al. [14] with slight modification. Sample was incubated 
at 55 °C (pH 7.0) for 15 min and different enzyme (papain) 
concentrations (1.0, 1.5, and 2.0% w/w) were added into 
the sample. Samples were again incubated at 55 °C for 8 h 
and after incubation, the enzymatic activity was stopped by 
boiling the sample at 90 °C for 5 min. After cooling the 
samples, supernatant was collected for estimation of protein 
content and DH. Samples were subjected to freeze-drying 
for 24 h. at − 52 °C using a laboratory-scale freeze drier 
(Scanvac Coolsafe 55-4, Thailand) to obtain hemp protein 
hydrolysate (HPH).

Degree of hydrolysis

The degree of hydrolysis (DH) is used to estimate the percent-
age of cleaved peptide bonds during the hydrolysis process. 
The 200 mg of SDS and 7.62 g of sodium borate were dis-
solved in 150 mL of deionized water and 160 mg of (OPA, 
97%) was added in 4 mL of ethanol (99.99%). Both solutions 
were mixed and 176 mg of DTT (99%) was added to this solu-
tion and total volume of this OPA reagent was adjusted to 
200 mL using deionized water. The sample mixtures were 
prepared (1% w/v) in deionized water and diluted to 10×. The 
3 mL of OPA reagent was mixed with 400 μL of sample and 

Y = �0 +
∑

�iXi +
∑

�iiX
2
i
+
∑

�ijXiXj
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incubated for 2 min. The absorbance was measured at 340 nm 
using UV–Vis spectrophotometer (UNICAM, Alva, UK) with 
a solution of the amino acid serine as standard [15].

PPI and HSH blend preparation

The powder samples of HPH and PPI were stirred overnight 
magnetically (200 rpm) for complete hydrated in distilled 
water. The PPI and HSH were mixed in 1:0.25, 1:0.5, 1:0.75, 
and 1:1 ratios to obtain a blend. Mixtures were further stirred 
for 2 h at 200 rpm using a magnetic stirrer for the complete 
mixing of proteins. The samples were freeze-dried for 24 h 
using a laboratory-scale freeze drier (Scanvac Coolsafe 55-4, 
Thailand) at − 52 °C. Micronization of powders was per-
formed using a high-shear homogenizer (IKA, Germany) 
for 2 min at 2000 rpm. The powdered samples were packed 
in zip-locked high-density polyethylene bags and stored in 
a desiccator at 25 °C for further analysis [16].

Functional properties of samples

The emulsifying activity index (EAI) and the emulsion 
stability (ES) of the protein hydrolysates were determined 
according to the method described by Umar et al. [13] with 
slight modifications. The sample (1% w/v) was added to 
30 mL of distilled water and 10 mL of soybean oil followed 
by homogenized at 2000 rpm for 1 min using a high-speed 
blender (RW-20, IKA, Germany). The 50 μL of the emulsion 
was diluted with SDS solution (0.1% w/v) and absorbance 
after 0  (Ao) and 10  (A10) min was recorded at 500 nm using 
UV–Vis spectrophotometer (UNICAM, Alva, UK).

The 2 mg/mL of sample was added into the beaker to 
estimate the foaming capacity (FC) and stability (FS), and 
the initial volume was recorded  (A1). The sample was mixed 
well at for 5 min at 900 rpm using a homogenizer (Model 
50000-25, USA), and volume was recorded  (A2) after 
homogenization. Sample was placed at 25 °C and again 
volume was recorded  (A3) after 30 min [13].

Water and oil absorption capacities (WAC and OAC) 
were measured by mixing 1 g of sample with 10 mL of 

(1)EAI
(

m2
/

g
)

=
2 × 2.303 × Ao

0.25 × Protein concentration
× 100

(2)ES(min) =
Ao × 10

Ao − A10
× 100

(3)FC(%)=
A2 − A1

A1

× 100

(4)FS(%)=
A3 − A1

A1

× 100

distilled water and soybean oil in a centrifuged tube respec-
tively. Samples were mixed for 30 s and incubated at 25 °C 
for 30 min. After incubation, samples were centrifuged for 
20 min at 3000 rpm using a centrifuge (EBA 8S, Hettich, 
Germany). The supernatant or excess oil was removed, and 
tubes were inverted for 20 min to remove excess oil. The 
final weight of the sample was measured to estimate the 
WAC and OAC [17].

The solubility of HPH and PPI powders was estimated by 
dispersing the 5 g of sample in of distilled water (100 mL at 
pH 7.0) at 25 °C. The solutions were centrifuged for 10 min 
at 1000×g and total soluble protein content was estimated 
[13].

Amino acid profile

Samples were mixed with HCl (6 M) and incubated for 
24 h at 110 °C in oven. After incubation samples were 
reconstituted in distilled water and filtered using Millipore 
membrane filter (0.45 μm). The analysis of amino acid was 
carried out using Biochrom 30 + Amino Acid Analyzer (Bio-
chrom, Cambridge, UK) after the pre-column derivatization 
with phenyl isothiocyanate [18].

Fourier transform infrared spectroscopy (FTIR)

An FTIR spectroscopy was used to examine the effects of 
mixing the HPH and PPI to make the blend powder. The 
powder samples (2 mg) were pressed into pellets on the sur-
face of optical crystal cell, and spectra were recorded over 
the frequency range of 4000 to 500  cm−1 at a resolution of 
4  cm−1 with 32 scans at 25 °C by using the FTIR spectrom-
eter (Nicolet iS500, Thermo Scientific, USA) equipped with 
OMNIC software [19].

Scanning electron microscopy (SEM)

A scanning electron microscope (JSM-7800F, JEOL Ltd., 
Japan) at an accelerating voltage (10 kV) was used to exam-
ine the morphological properties of samples. The samples 
were coated on a double-sided carbon adhesive tape attached 
to the specimen stub. The loose sample was blown away 
from the carbon adhesive tape using nitrogen. A thin layer 

(5)
Water absorption capacity (WAC, g∕g) =

Weight of water absorbed

Weight of the sample

(6)
Oil absorption capacity (OAC, g∕g) =

Weight of oil absorbed

Weight of the sample

(7)

Solubility (%) =
Protein concentration in superntent

Total protein content
× 100



7115Enhanced functional characteristics and digestibility of blends of hemp protein hydrolysate…

of gold was smeared on the sample for 45 s, with a sputter 
coater at sputter current of 23 mA. (Ion Sputter, HITACHI, 
E-1010, Japan). The observations were recorded at ×100, 
×500, ×1000, and ×5000 magnifications [20].

In vitro protein digestibility (IVPD)

The IVPD assay of samples was carried out according to 
method described by Bebartta et al. [16] with some modifi-
cations. A sample of 250 mg was combined with 15 mL of 
HCl (0.1 M) containing the pepsin (1.5 mg/mL). Samples 
were incubated in a water bath for at 37 °C for 3 h. After 
incubation 7.5 mL of NaOH (0.5 M) was added to stop the 
enzymatic activity of pepsin. In this sample, 10 mL of phos-
phate buffer (0.2 M, pH 8.0) containing 10 mg of pancreatin 
and 1 mL of  NaN3 (0.005 M) was added to initiate the pan-
creatic digestion. Samples were incubated at 37 °C in a water 
bath for 4 h and centrifuged at 503×g for 20 min. The total 
protein content in digesta (Ns1), sample (Ns2), and blank 
(Nb) was estimated using standard AOAC method number 
979.09.

Statistical analysis

Response surface methodology was used through Design 
Expert (version 9.0.3, Stat-Ease Inc., USA) to analyze the 
ultrasonication dat. The SPSS software (SPSS Version 
16, Chicago, IL, USA) was used to conduct the statistical 
analysis of triplicate reading. One-way Analysis of Vari-
ance (ANOVA) was carried out with post hoc Tukey's test to 

(8)Digestibility (%) =
Ns1 − Nb

Ns2

× 100

observe the significant differences among the samples with 
a confidence interval of 95%.

Results and discussion

Ultrasonic‑assisted extraction of hydrolysate 
(UHPH)

To determine the impact that ultrasonication on protein con-
tent and DH of HSM, the effect of amplitude  (X1), ultra-
sonication time  (X2), and the solid-to-solvent ratio  (X3) 
was analyzed using a Box–Behnken design (Table 1). The 
model F-value for concentration of protein and DH; degree 
of hydrolysis was 50.16 and 21.77 obtained during analy-
sis implies the model is significant (p < 0.05). The protein 
content was significantly affected by ultrasonication time 
and solid-to-solvent ratio (p < 0.05) but not by amplitude 
while the degree of hydrolysis was significantly (p < 0.05) 
effected by all three variables. Using the desirability func-
tion, the optimal conditions for ultrasonic extraction were 
ultrasonic amplitude of 78.14%, time 13.24 min, and solid: 
solvent ratio of 1:30 which produced the best results with a 
desirability value of 1. Under these conditions, the reported 
highest protein concentration and degree of hydrolysis were 
64.57% and 6.2%, respectively. Experimental values are 
closely aligned with predicted values, affirming the validity 
of the response model. Ultrasonication effectively hydro-
lyzed hemp proteins, as evidenced by the experimental pro-
tein concentration (64.9%). However, prolonged ultrasoni-
cation for 15 min had an adverse effect, resulting in lower 
degrees of hydrolysis. This is due to the larger aggregation 
of proteins exposed to ultrasonic waves over an extended 

Table 1  Effect of ultra-
sonication parameters on 
protein content and degree of 
hydrolysis using Box–Behnken 
experimental design

Source Protein content (%) Mean square Degree of hydrolysis 
(%)

Mean square F-value p-value F-value p-value

Model 93.51 51.77 0.0002 3.73 21.77 0.0017
X1 1.621 0.89 0.3871 0.98 29.55 0.0029
X2 174.84 96.82 0.0002 11.86 7.77 0.0386
X3 132.84 73.54 0.0004 0.001 94.03 0.0002
X1X2 7.56 4.19 0.0961 1.74 0.03 0.8935
X1  X3 232.56 128.75  < 0.0001 0.21 13.82 0.0138
X2  X3 81.92 45.34 0.0011 3.31 1.61 0.2609
X1

2 44.05 24.39 0.0043 0.05 26.24 0.0037
X2

2 178.56 98.85 0.0002 2.38 0.37 0.5721
X3

2 2.69 1.49 0.2764 0.13 18.89 0.0074
Lack of fit 2.21 1.81 0.3746 0.17 2.65 0.2856
R2 0.972 0.973

ajR2 0.951 0.934
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period, hindering efficient hydrolysis [21]. A control sam-
ple that without ultrasonication produced a protein content 
within the range of 50.7%. Optimal conditions of ultrasoni-
cation increased the protein content significantly (p < 0.05) 
to 64.9%.

The response surface graphs were used to evaluate the 
interactive impact that independent factors have on the 
responses (Fig. 1). These plots depict the functional relation-
ship that exists between any two independent variables while 
maintaining the third variable at a constant status to facilitate 

(9)

Protein concentration =56.52 + 0.45X
1
+ 4.67X

2

− 4.07X
3
+ 1.37X

1
X

2
− 7.63X

1
X

3

− 4.53X
2
X

3
− 3.34X

2

1

− 6.85X
2

2
− 0.74X

2

3

(10)

Degree of hydrolysis =3.83 + 0.68X1 + 0.35X2

− 1.22X3 − 0.12X1X2

− 0.66X1X3 + 0.23X2X3

− 0.94X2
1
− 0.12X2

2
+ 0.81X2

3

the understanding of the interaction effects between vari-
ables. There were significant interactions between amplitude 
and the solid-to-solvent ratio, and with time (p < 0.05) and 
solid-to-solvent ratio (p < 0.05) but the interaction between 
amplitude and time was not significant (p > 0.05) as demon-
strated by the surface response analysis for protein concen-
tration. Jiang et al. (2014) also discovered that increasing 
the ultrasonication power (up to 300 W) and treatment time 
(12 min) increased the solubility of black bean protein iso-
lates. On the other hand, the research found that the solubil-
ity decreased when the ultrasonic conditions were increased 
further. According to Malik et al. [22], the protein content 
of sunflower isolates was directly proportional to treatment 
time (up to 20 min), however when the treatment time was 
increased this linear relation disappeared. According to 
Nazari et al. [23], the yield of millet protein concentrate 
was affected in a manner that was comparable by ultrasonic 
treatments of varied intensities and durations. During the 
ultrasonic applications, it was discovered that the findings 
were comparable for chickpea protein isolate [4], perilla seed 
protein isolate [24].

Fig. 1  Effect of ultrasonication parameters on the a protein content and b degree of hydrolysis of hemp seed meal
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Enzymatic extraction of hemp protein hydrolysates 
(EHPH)

The effects of papain concentration and treatment time 
on the protein concentration and DH of ultrasonicated 
and untreated HMS is presented in Table  2. During 
enzymatic hydrolysis, a significant (p < 0.05) gradual 
increase in protein concentration was observed, with the 
highest protein concentration (91.3%) and DH (17.3%) at 
2% (w/w) papain after 8 h. A similar increase in protein 
concentration due to an increase in enzyme concentra-
tion and incubation time was also observed in a previ-
ous study by Stefanović et al. [25]. Prolonged exposure 
to enzymes led to the breakdown of higher molecular 
weight insoluble proteins into smaller, soluble peptides, 
hence increasing the protein concentration [7]. The DH 
exhibited also increased with hydrolysis time, indicating 
a gradual accumulation of peptides during the hydroly-
sis process. However, a reduction in the rate of DH was 

observed for hydrolysate obtained after 6 h, possibly due 
to substrate depletion, enzyme inactivation, or inhibi-
tion [26]. After 6 h, the rate of DH remained relatively 
unchanged indicating the significant influence (p < 0.05) 
of enzyme concentration on the DH. After ultrasonication 
under optimal conditions, protein concentration and DH 
values were higher than untreated HSM. This indicated 
that the ultrasonic pretreatment increased the protein con-
tent and DH of HSM by inducing structural alterations in 
proteins [25].

Proximate analysis of samples

The nutritional composition of HSM and hydrolysates is 
shown in Table 3. The HSM has substantial amount of pro-
tein (50.7%) which makes it a good candidate to be used 
in food and pharmaceutical products. The moisture, ash, 
protein, and fat content of PPI was 6.1%, 3.8%, 81.1%, and 
1.7%, respectively while the moisture, fat, protein, and ash 

Table 2  The effect of enzyme concentration and time on the protein content and DH for ultrasonic treated hemp protein hydrolysate (UHPH) and 
untreated hemp seed meal (HSM)

Different superscripts in a row (capital letters) and column (small letters) represents significant difference (p < 0.05)

Time (h)

2 4 6 8

HSM UHPH HSM UHPH HSM UHPH HSM UHPH

Protein content (%)

Papain Conc. (% w/w)
 1 51.98 ± 0.57Ba 64.3 ± 0.99Aa 64.4 ± 0.9Da 70.7 ± 0.57Ca 67.1 ± 0.25Aa 72.7 ± 0.6Ea 72 ± 0.6Ha 74.1 ± 0.5Ga

 1.5 54.2 ± 0.67Bb 68.9 ± 0.83Ab 68.1 ± 0.37Db 73.5 ± 0.63Cb 71.1 ± 0.7Fb 75.5 ± 0.63Eb 73.5 ± 0.1Ab 77.7 ± 0.65Gb

 2 63.7 ± 0.49Bc 72.8 ± 0.5Ac 72.81 ± 0.63Dc 77.7 ± 1.66Cc 75.6 ± 0.54Fc 80.7 ± 1.48Ec 76.1 ± 0.26Hc 84.2 ± 0.69Gc

Degree of hydrolysis (%)
 1 6.4 ± 0.4Ba 8.43 ± 0.19Aa 7.3 ± 0.08Da 8.4 ± 0.2Aa 6.3 ± 0.21Fa 8.9 ± 0.25Ea 5.9 ± 0.24Ha 8.3 ± 0.09Aa

 1.5 9.5 ± 0.2Bb 12.8 ± 0.3Ab 12.2 ± 0.29Db 14.7 ± 0.43Cb 8.29 ± 0.21Fb 11.2 ± 0.29Eb 6.6 ± 0.20Hb 9.89 ± 0.5Gb

 2 10.5 ± 0.15Bc 14.63 ± 0.6Ac 13.3 ± 0.24Dc 15.5 ± 0.5Cc 14.9 ± 0.28Fc 17.1 ± 0.5Ec 14.6 ± 0.17Hc 17.3 ± 0.55Gc

Table 3  Nutritional composition 
of raw samples (PPI, HSM), 
protein hydrolysates (UHPH 
ultrasonic treated, EHPH 
enzyme treated and HPH 
ultrasonic-assisted enzyme 
treated) and different blends of 
PPI:HPH

Different letters in superscripts in the same column represents significant difference (p < 0.05)

Sample Moisture (%) Protein (%) Fat (%) Ash (%) Carbs (%) TS (%)

PPI 6.1 ± 0.3bc 81.1 ± 0.2d 1.7 ± 0.4d 3.8 ± 0.7b 7.10 ± 0.3c 93.8 ± 0.5a

HSM 5.6 ± 0.2c 50.7 ± 0.2a 1.3 ± 0.6c 7.6 ± 0.3c 34.4 ± 0.5f 94.4 ± 0.2a

UHPH 6.8 ± 1.1c 72.4 ± 2.4c 0.3 ± 0.1a 3.7 ± 0.5b 16.8 ± 0.8d 93.2 ± 2.5a

EHPH 6.2 ± 0.9bc 67.6 ± 1.8b 0.2 ± 0.1a 2.6 ± 0.3a 23.4 ± 1.2e 93.8 ± 3.4a

HPH 3.3 ± 0.2a 84.2 ± 0.2de 0.3 ± 0.1a 2.1 ± 0.1a 7.90 ± 0.3a 94.5 ± 0.2a

PPI:HPH
 1:0.25 5.6 ± 0.34c 82.7 ± 0.4d 1.3 ± 0.3c 3.4 ± 0.4b 6.60 ± 0.4c 94.3 ± 0.3a

 1:0.5 5.2 ± 0.34c 83.7 ± 0.1d 1.1 ± 0.2c 3.1 ± 0.3b 6.80 ± 0.4c 94.7 ± 0.3a

 1:0.75 5.2 ± 0.18c 84.5 ± 0.7dc 0.8 ± 0.1b 2.6 ± 0.2a 5.50 ± 0.8bc 94.9 ± 0.6a

 1:1 4.2 ± 0.17b 85.5 ± 0.7dc 0.6 ± 0.1b 2.4 ± 0.4a 4.50 ± 0.7b 95.3 ± 1.1a
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content of HPH was determined as 3.3%, 0.3%, 84.2%, 
and 2.1% respectively. The ultrasonication and enzymatic 
hydrolysis shown a significant (p < 0.05) effect on the pro-
tein, ash, fat, and carbohydrate content of samples. Each 
sample showed changes in the proximate composition due 
to hydrolysis. The blends of PPI: HPH showed no signifi-
cant difference (p > 0.05) in moisture and protein content 
but showed significant (p < 0.05) change in fat and ash and 
carbohydrate content of samples. Slight increase in TS was 
also observed due to higher amount of HPH. Miedzianka 
et al. [27] also observed similar pattern for potato protein 
hydrolysates where due to hydrolysis the solubilization of 
protein was increased causing the higher protein content. 
The protein concentration was also affected by the elimina-
tion of insoluble, undigested non-protein compound. The 
protein hydrolysates and peptides can be synthesized which 
is usually dormant in native protein structures, using the 
combination of ultrasonication and enzymatic hydrolysis.

Functional properties of hemp protein hydrolysates 
and blend

The HPH showed significantly higher EAI (54.8  m2/g) and 
ESI (39.2 min) as compared to HSM, UHPH, and EHPH 
(Table 4) due to improved protein content and higher DH. 
The smaller hydrolysate can swiftly adsorb at the oil–water 
interface which improves their emulsifying ability.

The EAI and ESI of PPI was 34.2  m2/g and 20.5 min 
respectively which was also reported by Zhao et al., [24]. 
The EAI and ESI of HSM was 18.8  m2/g and 15.9 min 
respectively which significantly increased due to ultrasoni-
cation (21.8  m2/g and 20.1 min) and enzymatic (38.2  m2/g 
and 23.7 min) treatment. Similar results for the emulsify-
ing properties of hemp protein isolates were by Ding et al. 
[28]. The blending of pea protein with hemp protein hydro-
lysate resulted in a significant (p < 0.05) improvement of 
ESI (35.36 min) while reducing the EAI (33.4  m2/g) as 

compared to HPH. The blend with a lower proportion of 
HPH (1:0.25) demonstrated the lowest ESI (22.1 min). In 
a previous study, with the increase in hydrolysate content 
similar results were obtained for ESI and EAI. Smaller pep-
tides can easily adsorb on oil water interface and maintain 
the stability for longer duration [29].

The FC and FS were 103.6% and 72.2 for PPI and 108.2% 
and 59.4% for HSM respectively. The FC (184%) and FS 
(92%) of HPH was significantly higher (p < 0.05) than other 
samples at a concentration of 0.5% (w/v) (Table 4). Similar 
results of foaming capacity for PPI were also observed in a 
previous study by Moll et al. [30]. The foaming capacity is 
directly related to the DH, the foaming capacity increases 
with increasing DH. This is because smaller hydrolysates 
can easily migrate to the interface, which allows them to 
reduce surface tension and ultimately leads to enhanced 
foam expansion [31]. The ultrasonication increases the 
flexibility of proteins and exposes hydrophobic residues, 
which may have resulted in improved foaming capabilities 
in the hydrolysates [19]. Hydrolysis of proteins resulted in a 
reduction in molecular mass, which facilitated a more rapid 
migration to the interface and enhanced the flexibility for 
reorganization at the interface. In addition, the amphiphilic 
character of the proteins was altered by the enzyme treat-
ment [32]. It appears that the ultrasonication and enzymatic 
treatment of HSM have good potential for emulsion and 
foam formations. The FC and FS for PPI:HPH (1:1) were 
195.8% and 85.2% for 1:1 ratio while these values were 
127.2% and 76.5% for 1:0.25 ratio respectively. There was 
significant increase in the foaming properties due to increase 
in the HPH concentration which contain higher concentra-
tion of soluble proteins. The blends with higher HPH were 
more soluble, which in turn reduced interfacial tension and 
allowed the formation of strong elastic films surrounding 
scattered air bubbles [33]. The FS depends on proteins inter-
acting strongly with each other around the air bubbles in the 
matrix. The soluble protein has potential to greatly reduce 

Table 4  Functional properties 
of raw samples (PPI, HSM), 
protein hydrolysates (UHPH 
ultrasonic treated, EHPH 
enzyme treated and HPH 
ultrasonic-assisted enzyme 
treated) and different blends of 
HPH:PPI

Different letters in superscripts in the same column represents significant difference (p < 0.05)

Sample EAI  (m2/g) ESI (min) FC (%) FS (%) WAC (g/g) OAC (g/g) Solubility (%)

PPI 34.2 ± 1.2e 20.6 ± 0.3b 103.6 ± 3.1a 72.2 ± 1.1b 2.1 ± 0.6ab 1.1 ± 0.1a 62.5 ± 0.5b

HSM 18.8 ± 0.9a 15.9 ± 1.1a 108.2 ± 2.2a 59.4 ± 1.5a 1.2 ± 0.1a 1.7 ± 0.1ab 56.2 ± 0.7ab

UHPH 21.8 ± 0.2b 20.1 ± 1.3b 141.8 ± 1.2c 79.2 ± 1.1bc 1.4 ± 0.2a 1.9 ± 0.1ab 63.9 ± 0.8b

EHPH 38.2 ± 1.2f 23.7 ± 0.2bc 162.6 ± 2.3e 81.9 ± 1.2bc 1.4 ± 0.3a 2.3 ± 0.1c 51.6 ± 2.1a

HPH 54.9 ± 1.5g 31.2 ± 0.6e 184.4 ± 2.1h 92.3 ± 0.9d 1.6 ± 0.1a 2.6 ± 0.2c 75.7 ± 2.3d

PPI: HPH
 1:0.25 23.1 ± 1.1b 22.4 ± 1.4bc 127.2 ± 1.6b 76.5 ± 0.9b 2.0 ± 0.1ab 1.3 ± 0.1a 66.1 ± 0.3c

 1:0.5 27.2 ± 1.3c 26.6 ± 0.8d 153.9 ± 2.8cd 79.5 ± 0.8bc 1.9 ± 0.1ab 1.6 ± 0.2ab 68.3 ± 0.8c

 1:0.75 28.3 ± 0.9d 30.2 ± 0.8f 173.2 ± 2.5ef 81.9 ± 0.5bc 1.9 ± 0.1ab 1.8 ± 0.5ab 70.9 ± 0.6d

 1:1 33.4 ± 0.8e 34.6 ± 0.4g 195.8 ± 3.8g 85.2 ± 0.5bc 1.8 ± 0.4ab 2.2 ± 0.1c 72.8 ± 0.8d
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surface tension through unfolding and interacting with other 
proteins [34]. Studies have shown that enzymatic treatment 
of plant proteins can enhanced the foaming stability [35].

The WAC and OAC values were 2.1 and 1.1 g/g for PPI 
and 1.2 and 1.7 g/g for HSM respectively. Similar results 
of OAC for HPI were observed in a previous study with 
higher value of OAC than HSM in this study[36]. Significant 
(p < 0.05) improvement in WAC and OAC was observed in 
HSM after ultrasonication, enzymatic treatment, and both 
treatments combined. Yin et al. [11] showed an increase in 
OAC for hemp protein due to trypsin treatment (DH 6.7%), 
a similar finding was observed in our study with higher OAC 
value due to higher DH (17.3%). The WAC and OAC values 
were 1.6 and 2.6 g/g for HPH, 1.4 and 2.3 g/g for EHPH, and 
1.4 and 1.9 g/g for UHPH respectively (Table 4). The HPH 
has the maximum WAC and OAC value due to ultrasonica-
tion and enzyme treatment which alter the protein structure, 
decreases the antinutritional components and increases the 
smaller loose peptides of protein with less molecular weight 
[32, 37]. Due to higher OAC value, HPH can be used to 
increase the mouthfeel and decrease the moisture content 
of processed foods and prolonging their shelf life [38]. The 
blend of PPI: HPH in 1:1 ratio showed WAC of 1.8 g/g and 
OAC of 2.2 g/g respectively. Blending of PPI and HPH 
resulted in significant decrease of WAC and increase in OAC 
with the blend containing a higher proportion of PPI (1:0.25) 
demonstrated a higher WAC (2.0 g/g) compared to the blend 
of 1:1 ratio of PPI and HPH (1.8 g/g). In a previous study, 
an increase in OAC of flour hydrolysate was observed due 
to addition of PPI [39].

The solubility of PPI, HSM, UHPH, EHPH, and HPH was 
62.5, 56.2, 63.9, 51.6, and 75.7% respectively (Table 4). The 
PPI typically demonstrates a less solubility (62.5%), primar-
ily due to salt-soluble globulins [40]. Similarly, HSM exhibit 
a solubility of approximately 55.3%, which can be increased 
to 83.7% through hydrolysis process. The hemp protein solu-
bility is mainly governed by the presence of salt soluble 
globulin (edestin) and by the presence of water-soluble albu-
min. Significant (p < 0.05) improvements in solubility were 
observed due to enzymatic and ultrasonication treatments of 
HSM, as observed in previous studies [11, 41]. The decrease 
in the molecular weight and release of smaller peptides that 
occurs during papain hydrolysis are responsible for the high-
est solubility (75.7%) HPH at pH 7.0 [42]. Furthermore, the 
ultrasonic procedure is expected to cause protein unfolding, 
and the polar amino acids are exposed which can establish 
hydrogen bonds with water, hence increasing the solubility 
of the protein [43]. Slight increase in solubility of different 
ratios of PP and HPH was observed due to increase in HPH. 
According to Ghribi et al. [44] proteolytic activity on small-
sized polypeptides exposes hydrophilic areas, such as ionic, 
polar, and charged amino acids on their surface. This expo-
sure enhances protein-water interactions. These findings 

suggest the potential of such treatments in improving the 
solubility and functionality of protein-based food products.

Amino acid profile

The usage of mixed protein blends is aimed to prepare a 
nutritionally balanced formulation with improved func-
tional properties. This synergistic approach yielded a com-
plete essential amino acid profile, showcasing potential as 
a substitute for animal protein sources. PPI is good source 
of glutamate, arginine and aspartate but contains less con-
centration of methionine and cysteine [10]. Similarly, hemp 
protein is rich in these amino acids but lacks in lysine con-
tent. The amino acid compositions of PPI, HSM, HPH, and 
PPI:HPH (1:1) was analyzed and presented in Table 5. The 
blend of PPI:HPH (1:1) showed improved amino acid profile 
as compared to PPI and HSM. It showed improved concen-
tration of glutamic acid (18.3 mg/g), arginine (9.51 mg/g), 
aspartic acid (10.2 mg/g), methionine (1.63 mg/g), and 
lysine (5.9 mg/g). Similar amino acid profile was observed 
for hemp protein in a previous study [3].

Fourier transform infrared spectroscopy

FTIR analysis provides valuable insights into the molec-
ular transformations occurring in proteins, indicating 
alterations in secondary structure or the presence of dif-
ferent functional groups [45]. The FTIR spectra of HSM, 
PPI, HPH, and blend of PPI:HPH (1:1) was recorded 

Table 5  Amino acid profile of PPI, HSM, HPH, and blend of 
HPH:PPI (1:1)

Different superscripts in a same row represents significant difference 
(p < 0.05)

Amino acid (mg/g) PPI HSM HPH PPI:HPH (1:1)

Alanine 5.54c 3.33a 4.24b 4.89bc

Arginine 11.80d 5.7a 7.35b 9.51c

Aspartic acid 13.7d 5.79a 7.82b 10.2c

Glutamic acid 20.9d 12.1a 15.6b 18.3c

Glycine 4.23c 3.35a 3.88b 3.91b

Histidine 2.40a 2.17a 3.31b 2.81a

Isoleucine 3.40a 3.10a 3.31a 3.40a

Leucine 7.31c 5.16a 5.09a 6.21b

Lysine 8.42d 2.62a 3.36b 5.90c

Phenylalanine 4.62c 3.34a 4.03b 4.32bc

Proline 4.10b 2.61a 4.31b 4.22b

Serine 5.70b 3.79a 5.34b 5.53b

Threonine 4.31b 2.61a 4.01b 4.12b

Tyrosine 3.71b 2.75a 3.34b 3.51b

Valine 3.91b 3.71a 4.26bc 4.11b

Methionine 0.91a 1.58b 2.36c 1.63b
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and presented in Fig. 2. The C=O stretching/N–H bend-
ing (amide I) in the region of 1700–1600  cm−1 and the 
C–N stretching/N–H bending (amide II) in the region of 
1600–1500  cm−1 [20] were examined, and significant dif-
ferences were observed for HPH as compared to HSM. The 
amide I at 1627.6  cm−1 in HSM shifted to 1633.7  cm−1 
in HPH and amid II at 1518.7   cm−1 in HSM shifted to 
1535.3  cm−1 in HPH. These alterations indicate a change 
in secondary structure of HSM due to ultrasonication and 
enzymatic hydrolysis. Functional group reorganization 
and possible changes in protein secondary structure in-
plane bending of N–H and C–N vibrations were caused 
by acoustic cavitation during ultrasonication resulting in 
peaks shift towards higher wavelengths [46]. The blend 
of PPI and HPH displayed combined features of both pro-
teins. The N–H stretching in the blend was at 3273.7  cm−1 
which was at 3270.4  cm−1 for PPI and at 3276.1  cm−1 for 
HPH. Similarly, the C=O stretching/N–H bending for PPI 
was at 1629.5  cm−1, for HPH at 1633.7  cm−1 and for blend 
it shifted to 1630.4  cm−1. The C–N stretching/N–H bend-
ing for PPI was at 1533.7  cm−1, at 1535  cm−1 for HPH 
and at 1531.1  cm−1 for blend. The variations observed 
in these bands indicate potential interactions between 
proteins causing changes in the secondary structures of 
proteins [47].

Morphological analysis

The SEM images of HSM, PPI, HPH and blend of PPI:HPH 
(1:1) presented the morphological observation of samples 
after treatments (Fig. 3). Due to the ultrasonication, struc-
ture of HSM particle transformed from compact large struc-
tures to small disordered, irregular fragments. Ultrasound 
treatment effectively reduced large particle aggregates into 

smaller ones by generating powerful cavitation forces induc-
ing intense shear forces in the medium. The observation of 
irregular shapes in particles is possible, with smaller particle 
size and irregular shapes attributed to protein micronization 
[48]. Prior to ultrasonic treatment, protein particles were 
aggregated, but treatment broke down these aggregates into 
smaller, irregular particles. However, small irregular parti-
cles do not hinder reconstitution, offering a larger surface 
area [49]. The blend of PPI:HPH showed integration of HPH 
into the PPI matrix, due water bridging between protein par-
ticles [50]. Protein structure was modified to porous struc-
tures with cracks. Hu et al. [51] observed a similar effect in 
rice protein and soy protein isolate structures. This complex 
structure can facilitate transporting bioactive substances.

In vitro protein digestibility (IVPD)

Protein digestibility, referring to the breakdown of protein by 
digestive enzymes and its absorption by the body, depends 
on various factors such as protein type, structure, process-
ing methods, and the presence of anti-nutritional compo-
nents. Generally, plant proteins exhibit lower digestibility 
(75–80%) due to anti-nutritional factor. The PPI showed 
a digestibility of 77.2% (Fig. 4), similar to findings of Sá 
et al. [52]. The observations revealed that ultrasonic-assisted 
enzymatic hydrolysis increased the digestibility of HSM. 
The protein digestibility for HSM, HPH, and blend (1:1) 
were 68.2, 89.5, and 82.4% respectively. Wang et al. [3] also 
reported similar digestibility of 89–91% for trypsin and pep-
sin treated proteins. Moreover, blending of PPI and HPH 
increased the digestibility of PPI. The blend (1:1) showed 
higher protein digestibility (82.4%), as compared to the indi-
vidual proteins (PPI and HPH). These results support exist-
ing research suggesting that protein blends, especially in a 
1:1 ratio, enhance overall protein quality. These results are 

Fig. 2  FTIR spectra of samples 
to observe the structural 
changes due to ultrasonica-
tion and enzymatic hydrolysis 
of PPI, HSM and blending of 
PPI:HPH (1:1)
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similar to studies indicating that protein blends can improve 
the nutritional value of plant-derived proteins [53].

Conclusion

This study was conducted to improve the functional, and 
digestibility properties of hemp protein by preparing its 
hydrolysates using ultrasonication and enzymatic treat-
ment and blends with pea protein to improve the amino 
acid profile and enhanced digestibility of hemp protein. 
The ultrasonication showed significant effect on the 

hydrolyzation of hemp protein and improved the func-
tional properties. However, the papain pretreatment was 
also significantly effective to enhance the protein concen-
tration and protein. The functional properties of HPH were 
improved as compared to control sample due to enzyme-
assisted ultrasonic hydrolyzation of protein. The study 
blending of HPH and PPI (1:1), significantly heightened 
the protein content and showed increase in functional 
properties of proteins. This blend also showed improved 
digestibility and more balanced amino acid profile with 
higher concentration of methionine and lysine. These find-
ings emphasize the potential of these blends to meet the 

Fig. 3  Morphological observa-
tion of a PPI, b HSM, c HPH, 
and d mixture of PPI:HPH (1:1) 
at magnification of ×500 and 
×2000
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increasing consumer demand for alternative, nutritionally 
balanced, and functionally superior plant-based proteins. 
The enhanced functional and nutritional profiles of these 
blends can tackle the current limitations in inferior func-
tional properties of protein isolates.
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