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to produce FPH with improved solubility, emulsifying 
activity, foaming properties and antioxidant activity.
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Introduction

According to a report from the U.S. Department of Agri-
culture, the total sale amount and value of farmed rainbow 
trout Oncorhynchus mykiss in the USA was over 1.8 mil-
lion pounds and 96 million dollars in 2015, respectively. 
The state of Indiana alone produces roughly 1.5 million 
pounds of farmed fish per year from about 40 farmers, 
estimated to have a value of $15 million (U.S. Department 
of Agriculture Economic: http://www.ers.usda.gov/data-
products/aquaculture-data.aspx/). About 30% of this total 
mass is generated as fish by-products such as frame/bones, 
skin, head, tail, fin and viscera depending on the type of 
fish and processing methods [1]. Fish by-products obtained 
during processing typically end up being used as compost, 
animal feed and fish waste. To minimize by-products being 
discarded to landfills, there should be an alternative way to 
reuse these natural resources that could potentially supple-
ment human nutritional needs [2]. By-products may have 
significant value if proteins can be recovered from the fish 
and used in food products. However, fish meat that remains 
attached to the bones (frame), skins and head is typically 
difficult to recover using mechanical processing.

Fish protein hydrolysates (FPH) are defined as modified 
proteins from edible, unused fish materials that have under-
gone hydrolysis, resulting in smaller peptides and ionizable 
molecules. Hydrolysis techniques have improved over the 
past 50 years, driven by the efforts of aquatic industries to 

Abstract Fishery by-products can be better utilized fol-
lowing enzymatic hydrolysis treatment to produce fish 
protein hydrolysates (FPH) with potentially enhanced inter-
face-stabilizing properties (e.g. functionality). The produc-
tion of FPH could be accelerated through the application 
of rapid heating methods [e.g. microwave-assisted heating 
(MW)] rather than slower conventional heating (CH) treat-
ments. The objective of this study was to investigate the 
effects of microwave heating during enzymatic hydroly-
sis on the functionality and antioxidant properties of FPH. 
Trout by-products were hydrolyzed with Alcalase at an 
enzyme substrate ratio (E:S) of 0.5, 1.7, and 3.0% (w/v), 
respectively, for 3, 5 and 15 min using a microwave system 
(1200 W, 20% power with 50% duty cycle at 50–55 °C) 
and a conventional heating method (water bath at 50 °C). 
The degree of hydrolysis and protein solubility was higher 
(P < 0.05) for the MW-FPH than for the CH-FPH. MW-
FPH at 5 min (0.5% E:S) demonstrated higher (P < 0.05) 
emulsifying activity and emulsion stability than CH-FPH 
with the same treatment. Foam capacity and stability were 
also greater (P < 0.05) for MW-FPH samples that were 
treated 15 min by microwave-assisted heating (0.5% E:S) 
when compared to CH. Overall, MW-FPH exhibited higher 
(P < 0.05) 2,2-diphenyl-1-picryhydrazyl and ferric ion 
reducing capacity than CH-FPH. We therefore conclude 
that microwave-assisted hydrolysis is an alternative method 
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use fish processing by-products in the most cost-efficient 
way possible. By applying protein hydrolysis techniques, 
companies are able to add value to waste products that oth-
erwise would be released back into the environment [3]. 
Enzymatic hydrolysis is more commonly used to produce 
FPH by utilizing proteolytic enzymes that hydrolyze pep-
tide bonds at specific sites, producing small polypeptides 
(hydrolysates) that are capable of modifying and even 
improving the functional properties of proteins [4].

Studies have shown that FPH derived from enzymatic 
hydrolysis have several functional properties, such as high 
solubility, emulsifying capacity and stability and foaming 
capacity and stability [5–8]. The individual characteristics 
of hydrolysates will differ based on the type of enzyme, 
pH, hydrolysis temperature and time as well the species of 
fish being used [9]. Of the commercial enzymes currently 
available, Alcalase™, an alkaline endopeptidase enzyme 
produced from Bacillus licheniformis, is the most com-
monly used enzyme to produce hydrolysates with high 
functional properties, protein content and nutritional value 
[10, 11]. This commercially available food-grade enzyme 
has been widely used to produce FPH due to its high ther-
mostability and high optimal pH [5, 12]. Alcalase is one of 
the most cost-effective enzymes when compared to other 
alkaline proteases used to hydrolyze muscle proteins [13].

Overall, FPH can be used in the food industry as flavor 
enhancers, milk replacers, beverage stabilizers and protein 
supplements [3]. In the past decade, there has also been an 
increased interest in using FPH as antioxidants. Studies 
have shown that protein hydrolysates prepared from vari-
ous fish protein sources, such as yellowfin sole Limanda 
aspera frame, Alaska pollock Theragra chalcogramma 
frame, round scad muscle Decapterus maruadsi and Pacific 
hake Merluccius productus, exhibit strong antioxidant 
capacity [6, 14–16].

One of the limitations of the FPH production process is 
the extended hydrolysis time required when conventional 
heating methods (i.e. water bath) are used. However, this 
limitation can potentially be overcome by using microwave 
radiation as an alternative heating source. Due to its pene-
tration capacity and dependence on the dielectric properties 
of the medium, microwave radiation can heat up suscepti-
ble materials much more rapidly than conventional heating 
methods. In particular, the heating of protein is achieved 
by both the absorption of microwave energy by rotation 
of bipolar water molecules and translation of the ionic 
components of the proteins [17]. During this process, the 
polar molecules are associated with the changing magnetic 
field of the microwave and convert the absorbed energy 
into heat, which then accelerates chemical, biological and 
physical processes [18]. The energy transmission in micro-
wave radiation occurs primarily from dielectric losses, 
while in conventional heating the heat energy is transferred 

by conduction and convection [19]. Recently, Singh et al. 
[20] used a molecular dynamic modeling approach to dem-
onstrate that the exposure of soybean hydrophobic protein 
to low-intensity electric fields causes the proteins to re-
orient under the field without significant changes in protein 
structure, whereas exposure to high-intensity electric fields 
resulted in protein unfolding and loss of the majority of 
the helical structures within the protein. Moreover, hydro-
lysates from microwave treatments are typically obtained 
in minutes, as opposed to hours with conventional heat-
ing methods [21, 22]. Microwave radiation has also been 
used in combination with high pressure for rapid enzymatic 
hydrolysis of β-lactoglobulin, resulting in the production of 
smaller peptides within minutes [23]. To our knowledge, 
research is lacking on the hydrolysis of rainbow trout by-
products with the assistance of microwave heating to pro-
duce FPH. The objective of this study was to study the 
effects of microwave-assisted hydrolysis on antioxidant 
and functional properties of rainbow trout proteins.

Materials and methods

Materials

Fresh rainbow trout Oncorhynchus mykiss fish frames 
were obtained from Bell Aquaculture™ (Redkey, IN). The 
fish frames were transported to the Food Science depart-
ment at Purdue University on ice and immediately frozen 
at −20 °C until used. The enzyme used was Alcalase™ 
2.4 L (Novozyme, Franklinton, NC) with a declared activ-
ity of 2.4 Anson Units per gram. All chemicals used in this 
research were reagent grade unless otherwise specified. 
Chemicals and materials were obtained from VWR Inter-
national (Radnor, PA), Sigma-Aldrich (St. Louis, MO) and 
Thermo Fisher Scientific (Waltham, MA).

Production of FPH

Fish protein hydrolysates were produced as described pre-
viously by Liceaga-Gesualdo and Li-Chan [5] with some 
modifications. Fish frames were thawed at 4 °C overnight 
and washed once using distilled water. Skin and fins were 
removed from the frames and the frames then cut into 
smaller pieces before being homogenized at medium speed 
for 2 min at ambient temperature in a commercial blender 
(Waring Commercial, Stanford, CT) in distilled water 
[1:2 (w/v) fish weight to distilled water]. A preliminary 
experiment was carried out to evaluate different enzyme 
concentrations and hydrolysis times on protein function-
ality. Based on data from these preliminary trials, the best 
treatment conditions were selected as follows: (1) Alcal-
ase was added to the fish slurry at 0.5, 1.7 and 3.0% (w/v) 
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enzyme/substrate ratio (E:S), respectively, based on the 
protein content of the slurry (73% dry basis); (2) samples 
were heated using a microwave system (FISO Technolo-
gies Inc., Quebec City, QC, Canada) for 3, 5, and 15 min, 
respectively. For the microwave heating treatments, 20% 
power with 50% duty cycle at 1200 W was used, and the 
temperature was maintained at 50–55 °C during hydroly-
sis for optimal enzyme activity using an optical fiber probe 
in the microwave vessel. Similarly, a conventional heating 
(CH) method (using a water bath) was applied for 3, 5, and 
15 min, respectively. For the CH treatments, temperature of 
the slurry was brought to 50 °C before Alcalase was added. 
The temperature of the slurry was measured using a ther-
mocouple and maintained at 50–55 °C during hydrolysis. 
After hydrolysis, samples were pasteurized at 90 °C for 
15 min to inactivate the enzyme. Samples were cooled and 
centrifuged (17,700 g) for 15 min at 4 °C (Avanti J-26S 
Centrifuge; Beckman-Coulter Inc., Brea, CA). The super-
natant was collected, freeze-dried and stored in 50-ml 
capacity polypropylene tubes at −20 °C until further use.

Proximate composition

Moisture and ash contents were determined using stand-
ard Association of Official Analytical Chemists (AOAC) 
methods 950.46(b) and 920.153, respectively [24]. Total 
crude fat content was determined using a Soxhlet extrac-
tion method (AOAC 960.39), and total crude protein con-
tent was determined using standard AOAC method 984.13 
(A–D) [24]. Total protein content was reported as (%N) 
using the standard conversion factor 6.25 [25].

Degree of hydrolysis

Degree of hydrolysis (DH) was measured using trinitroben-
zene sulfonic acid (TNBS) as described previously with 
some modifications [5, 25]. Triplicate aliquots (1 ml) from 
each hydrolysis treatment were mixed with 1 ml of 24% 
trichloroacetic acid (TCA) and centrifuged (12,100 g) for 
5 min. Supernatant (0.2 ml) was mixed with 2 ml of 0.2 M 
sodium borate buffer (pH 9.2) and 1 ml of 4 mM of TNBS. 
The solution was vortexed followed by incubation in the 
dark at room temperature for 30 min. Then, 1 ml of 2.0 M 
NaH2PO4 with 18 mM Na2SO3 was added. Absorbance was 
measured at 420 nm using an UV–Visible spectrophotom-
eter (Beckman, Irvine, CA). Degree of hydrolysis (%DH) 
was defined as the ratio of the number of peptide bonds bro-
ken (h) to the total number of bonds per unit weight (htot), 
expressed as a percentage, using the following Eq. (1):

(1)%Degree of hydrolysis (DH) =

[

h

htot

]

× 100

The total number of peptide bonds (htot) is expected to 
be 8.6 meq/g in fish protein [26]. Hydrolysis equivalents 
(h) will be dependent on the free amino groups present as 
determined using the TNBS method.

Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis

Sodium dodecyl sulfate (SDS)–polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed on the FPH pre-
pared by both conventional and microwave-assisted heating 
(MW) as described previously with some modifications [5, 
27]. The protein concentration of the samples was deter-
mined using the bicinchoninic acid (BCA) protein assay 
according to the manufacturer’s protocol using bovine 
serum albumin as the standard (Thermo Fisher Scientific, 
Rockford, IL). Samples were diluted to final protein con-
centration of 8 mg/ml using a sample buffer consisting of 
2 μl 2-mercaptoethanol, 20 μl 10% SDS, and 2 μl 1% 
bromophenol blue (tracking dye) in 0.0625 M Tris/HCl 
(pH 6.8). Samples were heated in a boiling water bath for 
10 min and centrifuged at 13,000 g for 1 min. The sam-
ples were then loaded onto a PhastSystem™ electropho-
resis unit (VWR–GE Healthcare, Chicago, IL) using a 
PhastGel™ gradient 10–15% polyacrylamide gel. The gel 
was run at 500 V, 5.0 mA and 3.0 W for 1 V hour (Vhr) 
at 15 °C. The gel was stained with Coomassie blue (0.1% 
Phastgel blue R solution in 30% methanol and 10% acetic 
acid), destained (30% methanol, 10% acetic acid) and pre-
served (10% acetic acid, 5% glycerol). Wide-range molecu-
lar weight standards (Sigma-Aldrich) were used for molec-
ular weight estimations.

Amino acid composition

Amino acid composition of the CH-FPH and MW-FPH was 
performed in the Bindley Bioscience Center Metabolomics 
Laboratory, Purdue University. Samples were precipitated 
with TCA and mixed at 1:1 (v/v) supernatant to acetoni-
trile. Analysis was performed using an Agilent 6460 QQQ 
liquid chromatography/tandem mass spectrometry system 
with HILIC chromatography column (Agilent Technolo-
gies, Santa Clara, CA), and amino acid standards (Pierce, 
Rockford, IL) were used for calibration.

Protein solubility

Protein solubility (PS) was determined as reported by 
Chobert et al. [28] with some modifications. Lyophilized 
FPH (0.25 g) was dissolved in 10 ml of the chosen buffer 
solution and diluted 16.7-fold to prepare solutions at pH 
3, 7 and 9; the buffer solutions used were 0.1 M acetate 
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buffer (pH 3), 0.1 M sodium phosphate (pH 7) and 0.1 M 
Tris/HCl buffer (pH 9), respectively. Protein content was 
determined using the BCA protein assay as outlined by 
the manufacturer, with bovine serum albumin as the stand-
ard before and after centrifugation at 4000g for 30 min at 
20 °C, according to Eq. (2):

Analysis was conducted in triplicate, and the results 
were reported as percentage of protein solubility.

Emulsifying activity index

The emulsifying activity index (EAI) was determined using 
to the spectroturbidimetric procedure of Pearce and Kin-
sella [29] as modified by Liceaga-Gesualdo and Li-Chan 
[5]. A 3-ml aliquot of 0.5% (w/v) FPH in 0.1 M phosphate 
buffer (pH 7.0) was placed in a micro-chamber containing 
1 ml of 100% pure canola oil (Crisco, Orrvile, OH) and the 
suspension homogenized at 18,000 rpm for 1 min using 
a Sorvall Omni Mixer with microattachment assembly 
(Omni International, Kennesaw, GA). Aliquots were pipet-
ted immediately and at subsequent timed intervals from 
the emulsion and diluted 200-fold into test tubes contain-
ing 0.3% (w/v) SDS solution. Test tubes were inverted six 
times in order to obtain a homogenous mixture, and absorb-
ance was read at 500 nm using an UV–Visible spectropho-
tometer (Beckman). The EAI was expressed using Eq. (3):

where T = turbidity = 2.3A/L (A = absorbance at 500 nm 
at time zero, L = light path in meters), φ = oil phase vol-
ume (=0.25) and c = concentration of solids (0.5%) in the 
aqueous phase. Emulsion stability (ES) was determined by 
measuring the absorbance at 500 nm of the aliquots of the 
emulsion taken at 30, 60, 120 min after formation of the 
emulsion. EAI and ES are expressed as meters-squared/
grams (m2/g). Analysis was conducted in triplicate.

Foaming properties

Foaming capacity (FC) and foam stability (FS) were deter-
mined by the homogenization method as described previ-
ously, as modified by Liceaga-Gesualdo and Li-Chan [5]. 
Lyophilized FPH (0.6 g) was dissolved in 20 ml of 0.1 M 
sodium phosphate buffer. The mixture was homogenized 
at 18,000 rpm for 1 min using an Omni Mixer homogenizer 
(Omni International) with a 20 × 195-mm saw tooth generator 

(2)

%Peptide solubility

=

Protein content after centrifugation

Protein content before centrifugation
× 100%

(3)EAI = 2T/φc

probe. The mixture was then poured into a 50-ml graduated 
cylinder and the total volume measured. FC was expressed as 
the percentage volume increase after homogenization. FS was 
calculated as the volume of foam remaining after inactive peri-
ods of 15 and 45 min, respectively, and expressed as a percent-
age. The analysis was conducted in triplicate.

Surface hydrophobicity

Surface hydrophobicity was determined using the fluores-
cent probe propionyl-2-dimethlaminonaphthalen (PRODAN) 
as described previously with some modifications [27, 30, 
31]. Duplicate FPH solution samples were prepared in 0.1 M 
Tris buffer/0.6 M NaCl (pH 7.5) with final protein concen-
trations of 0, 0.05, 0.10, 0.15, 0.20 and 0.25 mg/ml. FPH 
samples were analyzed with PRODAN stock solution con-
centration (0.032% w/v) in high-performance liquid chroma-
tography-grade methanol and determined from its absorb-
ance at 360 nm, using the molar absorption coefficient of 
1.8 × 104 M−1 cm−1. Each FPH solution (4 ml) was added 
to 10 μl of PRODAN stock solution, mixed by inversion 
and incubated in the dark for 15 min. The net relative fluo-
rescence intensity (RFI) was measured in the dark using a 
fluorescence spectrophotometer (model LS 55; PerkinElmer 
Inc., Waltham, MA) with excitation and emission slit widths 
set at 5 and 5 nm, respectively, an excitation wavelength of 
365 nm and emission scans from 400 to 650 nm. The net 
RFI was calculated based on the difference between the RFI 
of the sample with PRODAN and the RFI of protein blank 
samples, plotted against protein concentrations to determine 
slope, which was interpreted as surface hydrophobicity (So).

Antioxidant activity

Radical scavenging activity 
of 2,2‑diphenyl‑1‑picryhydrazyl

2,2-Diphenyl-1-picryhydrazyl (DPPH) radical scavenging 
activity of the FPH was determined as outlined by Klom-
pong et al. [32] as modified by Bougatef et al. [33]. FPH 
solutions (4 ml) at different concentrations (0.5, 1.5, 2.5, 
3.5 and 40 mg FPH/ml) were mixed with 1 ml of 0.2 mM 
DPPH solution. The mixtures were incubated in the dark at 
room temperature for 30 min. After incubation, absorbance 
at 517 nm was measured using an UV–Visible spectropho-
tometer (Beckmann). Distilled water was used to replace of 
the FPH solution as the control for the assay (Absassay ctl). 
Sample controls (Abssample ctl) were also prepared for each 
sample by mixing 4 ml of sample solution with 1 ml of 
99.5% ethanol solution. DPPH radical scavenging capacity 
of the sample was calculated using Eq. (4):
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The absorbance of the sample was inversely correlated 
with its DPPH radical scavenging activity, i.e. the lower 
the absorbance of the sample, the higher its DPPH radi-
cal scavenging activity. The synthetic antioxidants butyl-
ated hydroxytoluene (BHT) and butylated hydroxyanisole 
(BHA) were used as positive controls.

Ferric ion reducing antioxidant capacity

The ferric ion reducing antioxidant capacity (FIRC) of 
FPH samples was determined according to Samaranayaka 
and Li-Chan [15]. FPH (18 mg) was dissolved in 2 ml of 
0.2 M phosphate buffer (pH 6.6). The solution was then 
further mixed with 2 ml of the same buffer and 2 ml of 
1% (w/v) potassium ferricyanide to a final FPH concentra-
tion of 3 mg/ml. The solution was incubated at 50 °C for 
20 min. After the incubation, 2 ml of 10% TCA was added 
and mixed thoroughly. The solution (2 ml) was then mixed 
with 2 ml of double-distilled water and 0.4 ml of 0.1% 
(w/v) ferric chloride. After a 10-min incubation in the dark 
at room temperature, absorbance at 700 nm was measured 
as an indication of reducing power of the sample. Synthetic 
antioxidants BHA and BHT were used as positive controls. 
In this assay, a higher absorbance indicates a higher reduc-
tion capacity.

Statistical analysis

All sample analyses were completed in triplicate, unless 
otherwise stated. Analysis of variance using a general lin-
ear model with Tukey’s pairwise comparison of means 
(P < 0.05) was used to determine statistical significance of 
observed difference among means. The statistical software 
program MINITAB® Version 16.0 (Minitab Inc, State Col-
lege, PA) was used.

Results

Proximate composition

The control (slurry) had a protein content of 73% (dry 
basis). Overall, all FPH were found to have high protein 
content (88% on a dry basis). The lipid content was 2.1% 
(dry basis), while the ash content was high (7.3% dry basis) 
considering that fish frames/bones were used to prepare the 
hydrolysates.

(4)

%DPPH radical scavenging activity

=

[

Absassay ctl−
(

Abssample−Abssample ctl

)

Absassay ctl

]

× 100

Degree of hydrolysis

The DH of FPH produced from different enzyme:substrate 
ratios (E:S) treated at different reaction times for both 
microwave and conventional heating are shown in Table 1. 
When E:S and hydrolysis time increased, DH increased, 
ranging from 3 to 12% and from 11 to 23% for CH-FPH 
and MW-FPH, respectively. Overall, MW-FPH showed 
higher (P < 0.05) DH than CH-FPH at the same hydrolysis 
times (3–15 min) and E:S (0.5–3%).

Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis

The electrophoretic pattern (Fig. 1) revealed the molecular 
weights of FPH from the conventional heating and micro-
wave treatments. Hydrolysis for 5 min (0.5% E:S) of both 
the CH-FPH and MW-FPH showed bands with molecu-
lar weights of <66 kDa. Hydrolysis for for 15 min (0.5% 
E:S) of the CH-FPH showed bands with molecular weights 
of <66 kDa, but the same treatment of MW-FPH showed 
predominant bands of <31 kDa indicating further hydroly-
sis (Fig. 1a, lanes 4, 5). Hydrolysis for 3 min (1.7% E:S) 
and 5 min (3.0% E:S) of the CH- and MW-FPH (Fig. 1b) 
showed a thick band of <14.4 kDa.

Protein solubility

The solubility of CH- and MW-FPH at pH 3, 7 and 9 is 
shown in Fig. 2. Overall, both CH- and MW-FPH displayed 
high solubility across all treatments and pH conditions. 
At pH 7, MW-FPH hydrolyzed for 15 min (0.5% E:S) 
and 3 min (1.7% E:S) showed higher solubility (P < 0.05) 
than CH-FPH at the same treatment conditions (Fig. 2a). 

Table 1  Degree of hydrolysis of fish protein hydrolysates obtained 
from conventional heating and microwave-assisted heating with the 
alkaline endopeptidase enzyme Alcalase

Values in table are presented as the mean of three replicates ± stand-
ard deviation (SD). The asterisks indicate significant differences at 
P < 0.05 between conventional heating (CH) and microwave-assisted 
heating (MW) treatments (rows). Different lowercase letters indicate 
significant differences at P < 0.05 in DH across all treatments (col-
umns)

E:S enzyme:substrate ratio, FPH fish protein hydrolysates 

Treatments (time/E:S) Degree of hydrolysis (%)

CH-FPH MW-FPH

5 min/0.5% 3 ± 0.62f 11 ± 0.33d,*

15 min/0.5% 8 ± 0.14e 18 ± 1.02c,*

3 min/1.7% 12 ± 0.69d 22 ± 0.14b,*

5 min/3% 9 ± 0.17e 23 ± 0.50a,*
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Fig. 1  Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
of fish protein hydrolysates (FPH) produced from conventional heat-
ing (CH) and microwave-assisted heating (MW) a Lanes: 1 protein 
molecular weight markers, 2, 3 CH-FPH and MW-FPH hydrolyzed 
for 5 min [0.5% enzyme:substrate ratio (E:S)], respectively, 4, 5 CH-

FPH and MW-FPH hydrolyzed for 15 min (0.5% E:S), respectively. 
b Lanes 1 protein molecular weight markers, 2, 3 CH-FPH and MW-
FPH hydrolyzed for 3 min (1.7% E:S), respectively, 4, 5 CH-FPH and 
MW-FPH hydrolyzed for 5 min (3.0% E:S), respectively
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Fig. 2  Protein solubility of FPH produced from CH and MW at pH 
3 (a), pH 7 (b) and pH 9 (c). Results are given as mean values of 
three replicates. Asterisk indicates significant differences (P < 0.05) 

between CH and MW treatments. Different letters indicate significant 
differences (P < 0.05) in solubility across all treatments
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Likewise, at pH 3, MW-FPH hydrolyzed for 3 min (1.7% 
E:S) also showed a higher (P < 0.05) solubility than CH-
FPH. No differences were seen for the other hydrolysis 
treatments at pH 3 and pH 9.

Surface hydrophobicity

The surface hydrophobicity values (So), represent the num-
ber of hydrophobic groups on the surface of protein. The So 
of CH-FPH and MW-FPH was measured using PRODAN 
as the fluorescent probe, and the results are given in 
Table 2. The results revealed that most CH-FPH treatments 
(5 min/0.5% E:S, 15 min/0.5% E:S and 3 min/1.7% E:S) 
had significantly higher (P < 0.05) So values than the MW-
FPH treatments, indicating higher surface hydrophobicity 
for CH-FPH compared to MW-FPH.

Emulsifying properties

The EAI at 0 min and ES at 30, 60 and 120 min of both CH-
FPH and MW-FPH are shown in Fig. 3. Across all treat-
ments, MW-FPH presented a higher (P < 0.05) EAI than 
CH-FPH. MW-FPH hydrolyzed for 5 min (0.5% E:S) pro-
duced the highest EAI, followed by hydrolysis for 15 min 
(0.5% E:S). For the MW-FPH treatments, with increasing 
E:S ratio and hydrolysis time, there was a decreasing trend 
on emulsion capacity. In terms of ES, of all the MW-FPH 

Table 2  Surface hydrophobicity of fish protein hydrolysates from 
conventional heating and microwave-assisted heating with the alka-
line endopeptidase enzyme Alcalase

Values in table are presented as the mean of two replicates ± SD. The 
asterisks indicate significant differences at P < 0.05 between CH and 
MW treatments (rows). Different lowercase letters indicate significant 
differences at P < 0.05 in surface hydrophobicity across all treatments 
(columns)

RFI relative fluorescence intensity

Treatments (time/E:S) Surface hydrophobicity (slope of RFI 
vs. % protein)

CH-FPH MW-FPH

5 min/0.5% 20.9 ± 0.18a,* 6.1 ± 0.01d

15 min/0.5% 16.2 ± 0.04b,* 5.8 ± 0.01de

3 min/1.7% 8.9 ± 0.01c,* 5.1 ± 0.004def

5 min/3.0% 4.7 ± 0.01ef 3.9 ± 0.002f
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Fig. 3  Emulsion activity index (EAI) (time 0 min) and emulsion sta-
bility [ES; foam stability at 30, 60, 120 min] of FPH from CH and 
MW. Results are mean values from three replicates using treatments 
hydrolyzed for 5 min with 0.5% (E:S) (a), 15 min with 0.5% (E:S) 

(b), 3 min with 1.7% (E:S) (c) and 5 min with 3.0% (E:S) (d). Aster‑
isk indicates significant differences (P < 0.05) between CH and MW 
treatments. Different letters indicate significant differences (P < 0.05) 
in ES over time across all treatments
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treatments, only MW-FPH at 5 min (0.5% E:S) was more 
stable, for up to 120 min, than CH-FPH (P < 0.05; Fig. 3a).

Foaming properties

Results for FC (at 0 min) and FS (at 15 and 45 min) from 
CH-FPH and MW-FPH are given in Fig. 4. MW-FPH 
showed higher (P < 0.05) FC than CH-FPH across all 
treatments. MW-FPH treatments had significantly higher 
(P < 0.05) FS over time than CH-FPH. Overall, MW-FPH 
(15 min, 0.5% E:S) showed higher (P < 0.05) FC and FS 
than CH-FPH.

Free amino acid composition

The free amino acid composition of CH-FPH and MW-FPH 
is shown in Table 3. All essential amino acids were present 
in the treatments of both CH-FPH and MW-FPH, with rela-
tively high amounts of leucine (20–28%). CH-FPH and 

MW-FPH treatments showed the presence of hydrophobic 
amino acids, such as leucine and alanine.

Antioxidant activity of FPH

2,2‑Diphenyl‑1‑picryhydrazyl

 A summary of results for DPPH radical scavenging for 
both CH-FPH and MW-FPH at 40 mg/ml concentration 
is given in Table 4. MW-FPH showed significantly higher 
(P < 0.05) DPPH radical scavenging activity than CH-
FPH with increasing time and E:S ratio (increasing DH). 
Figure 5 shows the DPPH radical scavenging activity of 
both CH and MW treatments at lower protein concentra-
tions (3.5, 2.5, 1.5 and 0.5 mg/ml). As expected, there was 
an increase in DPPH radical scavenging properties for 
most treatments with increasing sample concentration. In 
particular, the MW-FPH treatment for 5 min (0.5% E:S) 
and 15 min (0.5% E:S) had significantly higher (P < 0.05) 
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Fig. 4  Foaming capacity (measured at time 0 min) and foam stabil-
ity (FS) (measured after 15 and 45 min) of FPH from CH and MW. 
Results represent mean values from 3 replicate treatments hydrolyzed 
for 5 min with 0.5% (E:S) (a), 15 min with 0.5% (E:S) (b), 3 min 

with 1.7% (E:S) (c) and 5 min with 3.0% (E:S) (d). Asterisk indicates 
significant differences (P < 0.05) between CH and MW treatments. 
Different letters indicate significant differences (P < 0.05) in foam 
stability over time across all treatments
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DPPH radical scavenging activity than the CH-FPH treat-
ment under similar conditions.

Ferric ion reducing antioxidant capacity

As shown in Table 4, MW-FPH treatments from 3 min 
(1.7% E:S) and 5 min (3% E:S) had significantly higher 
(P < 0.05) FIRC reducing power than comparable CH-
FPH treatments. MW-FPH treatments from 5 min (0.5% 
E:S) and 15 min (0.5% E:S) had no significant differences 
(P > 0.05) in FIRC reducing power when compared to 
comparable CH-FPH treatments.

Discussion

The DH results indicate the extent of peptide bond cleavage 
(higher DH) in the presence of higher amounts of enzymes 
and use of MW-assisted hydrolysis, with the protein cleaved 
by the enzyme into free amino acids and smaller peptides 
[34]. Protein hydrolysates with high DH values are reported 
to contain functional and antioxidant peptides [7].

Table 3  Free amino acid 
composition of fish protein 
hydrolysates derived from 
conventional heating and 
microwave-assisted heating 
with the alkaline endopeptidase 
enzyme Alcalase

Values in table are presented as the percentage of free amino acids in FPH
a Essential amino acids
b The value for cysteine/cysteine is probably underestimated as no pre-derivatization was performed. 

Amino acid Treatments (time/E:S)

5 min/0.5% E:S 15 min/0.5% E:S 3 min/1.7% E:S 5 min/3% E:S

CH MW CH MW CH MW CH MW

Trpa 0.6 0.5 0.6 0.6 0.6 0.6 0.7 0.6

Phea 5.5 4.6 4.8 5.7 5.8 5.8 6.0 5.8

Leua 22.7 21.8 20.2 27.1 27.5 27.9 27.3 28.7

Meta 2.7 2.4 2.3 3.0 3.3 2.9 3.2 3.1

Tyr 2.4 1.6 2.1 2.0 2.8 2.0 2.9 2.3

Ilea 6.1 6.7 6.3 7.3 4.8 6.0 5.4 5.7

Pro 2.2 1.8 2.3 1.3 1.2 0.8 1.4 0.7

Vala 3.7 4.3 3.7 4.3 3.4 3.9 3.5 4.0

Ala 12.9 14.4 14.7 13.0 11.5 12.4 11.4 12.0

Thra 2.3 1.9 2.3 2.3 2.1 2.4 2.6 2.3

Glu 6.7 5.9 6.8 5.8 5.9 5.4 5.9 5.1

Gly 8.1 9.8 9.9 6.8 6.3 7.1 6.8 6.5

Asp 1.8 1.8 1.8 1.3 1.6 1.1 1.5 1.2

Ser 4.2 4.1 4.3 3.6 3.7 3.8 4.1 3.7

Asn 0.9 0.8 0.9 1.1 1.0 1.2 1.2 1.0

Cys-Cysb 0 0 0 0 0 0 0 0

Gln 1.7 1.6 1.6 1.9 1.7 1.7 1.8 1.7

Hisa 5.4 6.9 5.7 4.6 6.9 6.8 5.2 7.1

Lysa 6.3 5.7 6.2 4.9 5.9 4.8 5.3 4.8

Arg 3.6 3.4 3.4 3.3 3.9 3.3 3.7 3.5

Table 4  Antioxidant properties of rainbow trout fish protein hydro-
lysates produced from conventional heating and microwave-assisted 
hydrolysis

The asterisks indicate significant differences at P < 0.05 between CH 
and MW treatments (rows). Different lowercase letters indicate sig-
nificant differences at P < 0.05 in antioxidant activity across all treat-
ments (columns)
a DPPH (2,2-diphenyl-1-picryhydrazyl) radical scavenging activity 
(%) of CH-FPH and MW-FPH at sample concentration of 40 mg/ml
b Ferric ion reduction capacity of CH-FPH and MW-FPH (at 3 mg/
ml) measured as absorbance at 700 nm (Abs700)
c BHT (butylated hydroxytoluene) and butylated hydroxyanisole 
(BHA) at a sample concentration of 0.045 mg/ml

Treatments DPPH radical scavenging 
(%)a

Ferric ion reduction 
capacity (Abs700)

b

CH-FPH MW-FPH CH-FPH MW-FPH

5 min 0.5% 1d 55d* 0.770bc 0.719c

15 min 0.5% 1d 71a* 0.742c 0.732c

3 min 1.7% 1d 50c* 0.796b 0.996a*

5 min 3.0% 72a 72a 0.745bc 0.959a*

BHTc 98 0.91

BHAc 98 0.84
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The difference in the DH observed between CH-FPH 
and MW-FPH (Table 1) could be due to the heating method 
applied. Conventional heating uses both conduction and 
convection heating, which delays heat transfer and pro-
duces a steady rate of hydrolysis by slower unfolding of 
the protein [22, 35]. In CH-FPH, the DH was higher with 
increased amounts of enzyme substrate and hydrolysis 
time. However, in the CH-FPH treatment (1.7% E:S, 3 min 
hydrolysis) there was a 12% DH whereas in the CH-FPH 
treatment (3% E:S, 5 min hydrolysis) the DH was 9%. We 
believe that this difference is caused by the enzyme at 3% 
concentration in the CH treatment saturating the substrate 
faster when more amount of enzyme is used. According 
to Williams et al. [36], increasing the proportion of the 
protease can negatively affect the hydrolysis due to the 
enzyme essentially producing a “limited digestion” where 
all, or most of, the potentially susceptible peptide bonds 
have been hydrolyzed. During proteolysis, a condensation 
reaction process can take place where a kinetically driven 
reversal occurs when high product (peptide) concentrations 
are used, producing new high molecular weight proteins 
[36]. In the case of the microwave treatments (MW-FPH), 
the increase in DH can be a result of microwave heating 

inducing a modification of the flexibility of the enzyme, 
consequently changing or accelerating the enzymatic prop-
erties [37]. Studies have shown that when the microwave-
assisted hydrolysis was applied, a higher DH was achieved 
due to the rapid heat transfer accelerating the proteolytic 
cleavage of proteins [21, 22]. Microwave-assisted hydrol-
ysis induces rapid heating from polar constituents within 
the protein that enables dipole rotation and ionic drifting 
[38]. The rapid heat transfer allows the protein to become 
unfolded faster, thus increasing the rate of hydrolysis [39].

Similarly, alkaline protease milk protein hydrolysates 
that were pretreated with microwave heating for 8 min pro-
vided higher DH, with a 184.9% increase compared to the 
control (non-pretreatment milk protein) DH of 13.3%. The 
pretreatment with microwave heating caused the peptide 
bonds to become more susceptible to enzyme hydrolysis 
due to an increased initial rate of hydrolysis and the cata-
lytic efficiency of the enzymes, thereby allowing folding 
and unfolding to occur within the protein [39, 40]. Other 
studies have shown that combining microwave radiation 
with high pressure-generated rapid enzymatic hydrolysis 
of β-lactoglobulin produces smaller peptides in minutes as 
opposed to hours when conventional heating is used [21, 
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Fig. 5  2,2-Diphenyl-1-picryhydrazyl radical scavenging activity of 
butylated hydroxyanisole (BHA) and FPH from CH and MW treat-
ments. Results are mean values of three replicates at FPH concentra-
tions of 0.5, 1.5, 2.5 and 3.5 mg/ml using treatments hydrolyzed for 

5 min with 0.5% (E:S) (a), 15 min with 0.5% (E:S) (b), 3 min with 
1.7% (E:S) (c) and 5 min with 3.0% (E:S) (d). Asterisk indicates sig-
nificant differences (P < 0.05) among BHA, CH and MW treatments
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23]. These results are comparable to our results of high DH 
(smaller peptides) in the MW-FPH.

SDS-PAGE revealed that the hydrolysates had differ-
ent peptide profiles (Fig. 1a, b). As observed in the gels, 
by increasing the enzyme substrate ratio to 1.7 and 3%, 
the number of larger molecular weight bands disappeared 
into hydrolysate fractions, with a thick band at <14.4 kDa. 
In the case of a lower E:S ratio (0.5%), numerous bands 
of varying molecular weights were still visible in the gel. 
Other studies have shown that peptides of the ideal molecu-
lar size that are able to provide good foaming and emul-
sifying properties are derived from limited hydrolysis that 
generates larger peptides; in contrast, extensive hydrolysis 
results in smaller peptides which reduces these functional 
properties [7, 41, 42]. Another study has reported that pro-
tein hydrolysates with a molecular weight of <13 kDa can 
have antioxidant activity [14]. Overall, our SDS-PAGE 
results indicate that enzymatic hydrolysis occurred in rain-
bow trout frames treated by either conventional heating or 
microwave-assisted heating.

Solubility is an important functional property in protein 
as it has a great influence on other functional properties, 
such emulsion and foaming activity. Our results show that 
at pH 7, MW-FPH treatments hydrolyzed for 15 min (0.5% 
E:S) and 3 min (1.7% E:S) exhibited higher solubility 
than CH-FPH at similar treatments (Fig. 2b). In addition, 
MW-FPH hydrolyzed 3 min (1.7% E:S) showed a higher 
solubility at pH 3 than did CH-PH (Fig. 2a). The high solu-
bility in the FPH corresponds with the hydrolysis, where 
smaller peptides have increased polar and ionizable groups 
for enhanced interaction in water [43]. Overall, the MW-
FPH treatment (3 min, 1.7% E:S) was considered to be the 
best treatment for solubility since higher solubility was 
observed at both pH 3 and 7. Below pH 4, carboxyl groups 
tend to shift towards unionized forms, which reduces pep-
tide affinity to water molecules [44]. Changes in pH also 
affect the overall net charge of hydrolysates, which in turn 
influences repulsive and attractive forces [45]. Improved 
solubility of the hydrolyzed protein can be attributed to 
a general opening up of the enzymatic hydrolysis, where 
degradation of the protein units leads to increased repulsive 
interactions between peptides and hydrogen bonding with 
water molecules [44]. Unfolding of the protein molecules 
occurred in both CH-FPH and MW-FPH where both non-
polar and polar amino acid groups buried inside the pro-
tein molecules were exposed on the surface of the protein 
molecule. Polar amino acids are able to interact with the 
water molecules to form hydrogen bonds and electrostatic 
interactions, which result in increased solubility [45]. Other 
factors, such as small molecular size and the presence of 
hydrophilic groups, may have had an effect on protein solu-
bility. Alcalase hydrolysis generated hydrophilic groups 
during cleavage which produced electrostatic repulsion 

between peptides, resulting in increased protein solubility 
[46]. Uluko et al. reported that microwave heating as a pre-
treatment prior to enzymatic hydrolysis increases the solu-
bility of milk protein by generating smaller peptides [40]; 
these authors also showed a strong correlation between 
DH and protein solubility when the pretreatment time 
increased. Similar results of high solubility at pH 7 and 9 
have been reported for FPH of salmon Salmosalar, yel-
low stripe trevally Selaroides leptolepis and blue whiting 
Micromesistius poutassou [32, 45, 47, 48]. The high pro-
tein solubility of MW-FPH indicates potential applications 
in beverage industry and formulated food systems.

The number of hydrophobic groups on the surface of the 
protein, as indicated by surface hydrophobicity (So), was 
measured to determine if the proteins were surface active. 
The increase in enzyme concentration (E:S) and hydrolysis 
time, which correlated with increasing DH of the FPH treat-
ments (CH and MW), led to a decrease in surface hydro-
phobic (Table 2). One explanation for this result is that the 
protein molecules may have undergone protein aggregation 
due to the hydrophobic interactions or sulfhydryl group/
disulfide bond interchange reactions, which would decrease 
the So [49]. Microwave radiation can accelerate the rate of 
protein unfolding due to faster heating rates and increase 
the chances of collision between partially unfolded mol-
ecules, leading to protein aggregation [39]. Furthermore, 
microwave radiation is known to induce modifications 
of the proteolytic enzyme’s flexibility due to exposure to 
the electromagnetic field, thus altering the hydrophobic-
ity of the protein [37, 50]. Additionally, the decrease in So 
as a result of increasing E:S and hydrolysis time can be a 
result of an increase in the number of hydrophilic groups 
released, as compared to the number of hydrophobic groups 
released, from the peptide after hydrolysis [51]. Although 
the free amino acid composition (Table 3) of the FPH in 
both the conventional heating and microwave-assisted heat-
ing treatments indicates that hydrophobic amino acids were 
present, a decreasing So was seen across all treatments, 
suggesting that the hydrophobic groups may not be surface 
active but rather present in free form. Similar patterns were 
found in sardine Sardina pilchardus hydrolysates using 
Alcalase where the So of FPH decreased with increasing 
DH [41]. A study in scallop Patinopecten yessoensis pro-
tein hydrolysates also revealed that the surface hydropho-
bicity of protein hydrolysis decreased with increasing DH 
due to enzymatic cleavage of hydrophobic clusters [48].

MW-FPH treatments were able to form an emulsion 
(Fig. 3). This was seen across all treatments where MW-
FPH had a higher EAI than CH-FPH. Specifically, MW-
FPH hydrolyzed 5 min (0.5% E:S) provided the high-
est emulsion capacity and stability. The conformational 
changes and protein–protein interactions occurring within 
the MW-FPH as well as the rapid diffusion of smaller 
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peptides to the interface influenced the formation and sta-
bilization of the emulsion by forming a proteinaceous inter-
facial layer around oil droplets [37, 45, 52]. A study by 
Nalinanon et al. [53] reported that muscle hydrolysates of 
ornate threadfin bream Nemipterus hexodon with increas-
ing DH were able to assemble at the interface but could 
not stabilize the interface tension over time due to a lack of 
amphiphilic properties.

Similar observations were seen for foaming capacity, 
where the lower molecular weight peptides (higher DH) 
derived from microwave-assisted hydrolysis increased the 
rate of diffusion to the interface, thus improving the pro-
tein’s foaming capacity (Fig. 4). As expected, the small 
peptides were able to diffuse more rapidly to the air–water 
interface and encapsulate air bubbles, thereby developing 
a foam [54]. MW-FPH 15 min (0.5% E:S) also generated 
a stable foam over time due to the interaction of peptides 
within the film matrix that surrounds the air bubbles and/
or due to the flexibility of the peptide structure [8]. Modi-
fications of protein structure caused by microwave radia-
tion allowed higher protein unfolding and protein–protein 
interaction that assisted in the formation of a multilayer 
cohesive protein film at the interface, preventing coales-
cence and maintaining stability over time [55]. Addition-
ally, microwave radiation is known to have an effect on the 
composition and net charge of the peptide due to modifi-
cations in the flexibility of the protein structure, which in 
turn impacts the air–water interface [43, 52]. Nguyen 
et al. reported that using microwave-intensified enzymatic 
deproteinization on Australian rock lobster shell showed 
high FC and FS over time [43], and Khaled et al. found 
that protein hydrolysates from sardinelle Sardinella aurita 
had higher FC and FS due to increased DH [56]. However, 
hydrolysates from yellow stripe trevally had low FC and FS 
although a higher DH was obtained [32]. Different protein 
composition and amino acid sequence in different fish may 
be a reason for this observed variability in FC of the FPH.

Regarding free amino acids (Table 3), all essential amino 
acids were present in both the CH-FPH and MW-FPH from 
all treatments. Foh et al. also reported FPH from various 
fish species with high amounts of essential amino acids 
[57]. Therefore, it would appear that these FPH could be 
used as dietary protein supplements within food formula-
tions to create nutritive products. Additionally, CH-FPH 
and MW-FPH treatments showed the presence of hydropho-
bic amino acids, such as leucine and alanine. Hydrophobic 
amino acids are important because their effect on the func-
tional properties of proteins, such as increased solubility in 
lipids and antioxidant activity. Specifically, hydrophobic 
amino acids and histidine are known to have antioxidative 
properties due to their inhibition of lipid oxidation through 
chelating and lipid trapping of the imidazole ring [58]. His-
tidine is an aromatic compound and consequently capable 

of stabilizing free radicals by donating an electron [59]. 
Several other amino acids, such as tyrosine, methionine, his-
tidine and lysine, have also shown antioxidant activity [60]. 
Therefore, our results suggest that FPH from rainbow trout 
by-products contain hydrophobic amino acids and histidine 
that could impart antioxidant activity.

Hydrolysates with antioxidant capacity must be able 
to donate hydrogen to reactive oxygen species in order 
to stabilize them. The radical scavenging activity of a 
hydrolysate depends on the number of bioactive peptides 
released that in turn is determined largely by the hydrolysis 
conditions used (e.g. substrate, proteolytic enzyme(s) used, 
pH, temperature, E:S ratio and hydrolysis time) [61]. The 
radical scavenging ability of MW-FPH could be attributed 
to the increase in solubility of the smaller peptides (higher 
DH) and presence of hydrophobic amino acids. Studies 
have shown that changes in the size, level and composi-
tion of the free amino acids and small peptides influence 
the anti-oxidative activity [62]. For example, pea seeds 
and chickpea protein hydrolysates have high radical scav-
enging properties due to their increased concentration of 
hydrophobic amino acids [63, 64]. Similarly, the presence 
of aromatic amino acids such as tyrosine and phenylala-
nine in yellowfin sole Limanda aspera and grass carp mus-
cle Ctenopharyngodon idella hydrolysates contribute to 
their radical scavenging activity [14, 65]. The DPPH radi-
cal scavenging activity of round scad muscle Decapterus 
punctatus and Atlantic cod Gadus morhua backbone pro-
tein hydrolysates was found to increase with increasing DH 
[6, 66]. Peptide concentration can also influence the scav-
enging capacity of the hydrolysate. A study using Atlantic 
cod hydrolyzed with commercial proteases showed that 
the DPPH radical scavenging activity of the peptide frac-
tions obtained was concentration dependent, with greater 
scavenging capacity at higher concentrations of peptides 
[67]. In our study, when 40 mg/ml of FPH was tested for 
DPPH scavenging activity (Table 4), the MW-FPH treat-
ments showed >50% DPPH scavenging activity compared 
to CH-FPH. Conversely, when lower FPH concentrations 
were tested (0.5–3.5 mg/ml; Fig. 5), the MW-FPH treat-
ments still showed improved DPPH activity compared 
to the CH-FPH treatments. An interesting observation is 
that the CH-FPH was not able to display DPPH activity at 
40 mg/ml, but did at the lower concentrations. We specu-
late that when the higher concentration was used, the lack 
of scavenging activity could be due to poor solubility of the 
CH-FPH in the aqueous medium of the DPPH assay. The 
same was not observed in the 40 mg/ml MW-FPH, where 
higher DH and protein conformation changes caused by 
the microwave-assisted hydrolysis resulted in improved 
solubility during the assay. Additional studies are needed to 
evaluate the metal chelating capacity of the peptides at dif-
ferent concentrations.
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In the case of the ferric ion reducing capacity (Table 4), 
the microwave radiation treatments with higher DH (3 min 
1.7% E:S and 5 min 3.0% E:S) were capable of chelating 
the ions and forming more stable products. It is known that 
peptide size plays an important role in the chelating capac-
ity of bioactive peptides. Chelating activity is dependent on 
the molecular weight, structure, amino acid composition 
and steric effects of the peptides [68, 69]. Additionally, it 
is plausible that microwave heating altered the structure of 
the protein to generate active amino acids within the hydro-
lysates, thereby contributing to high DH and the ability to 
react with free radicals to form stable products compared 
to conventional heating [70]. The same trend of increasing 
DH with higher reducing power was also seen for black 
scabbardfish Aphanopus carbo [71] and mackerel Scomber 
austriasicus hydrolysates [62]. For MW-FPH, the trend of 
reducing power was similar to the DPPH radical scaveng-
ing activities where higher DH in the MW-FPH treatments 
exhibited higher antioxidant properties. Several studies 
have also reported that the reducing power increased with 
increased amount of sample [72, 73]. Other research on 
antioxidant properties, such as that on sardinelle sardinella 
aurita by-products [74], revealed stronger reducing power 
capabilities with higher DH.

In conclusion, the results of our study show that rain-
bow trout (by-products) hydrolysates can be successfully 
prepared using microwave-assisted enzymatic hydrolysis. 
Functional properties (protein solubility, emulsifying activ-
ity, foaming capacity and foaming stability) of the micro-
wave-assisted hydrolysates were equal to or improved 
compared to hydrolysates derived from conventional heat-
ing methods (water bath). The combination of microwave-
assisted hydrolysis with a low enzyme concentration (such 
as 0.5% E:S) was sufficient to prepare functional hydro-
lysates within a short period of time (15 min). However, 
in terms of antioxidant activity, the microwave-assisted 
hydrolysis required a higher enzyme concentration (3% 
E:S) to generate antioxidant peptides. The results from this 
study indicate that MW-FPH could be a potential source of 
antioxidants. In addition, these MW-FPH by-products have 
the potential to be used as value-added food ingredients 
where functional properties are sought after (e.g. protein 
beverage formulations, bread, emulsions, etc.). Ideally, a 
treatment that is optimized for both functional and anti-
oxidant properties is desired. Further investigation on treat-
ments using different enzymes at various hydrolysis times 
and concentrations should be explored for the identification 
of hydrolysates with the desired functional and antioxidant 
properties. Studies on amino acid distribution in FPH also 
need to be conducted to obtain insights into the specificity 
of microwave treatment in selective cleavage of the peptide 
bonds which will in turn aid in elucidating the mechanism 
behind the enhanced functional and antioxidant properties.
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