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Abstract

Byproducts-derived protein hydrolysates are known to have different bioactivities such as antioxidative, antihy-
pertensive, antidiabetic, immunomodulatory, and antiproliferative activities that help improve human health. 
Low bioavailability, stability, heterogenous nature, interaction with food matrix, and hydrophobicity limit their 
applications. Hence, nanocarriers could be an effective method of delivering these hydrolysates. This study aimed 
to develop and optimize chitosan/alginate nanoparticles (CS/AL NPs) to deliver Salmo salar by-product-derived 
protein hydrolysates (SPH). The optimized nanoparticle size, zeta potential, and encapsulation efficiency (EE) 
were 536.7 nm, −30.2 mV, and 29.8%, respectively. XRD and FTIR results proved the incorporation of SPH into the 
CS/AL NPs. Moreover, the release of SPH in the salivary phase is higher due to the high amount of free SPH in the 
nanoparticle suspension. Encapsulated SPH was protected in the gastric phase and showed a controlled release 
in the intestinal phase. The ultimate goal of utilizing these nanoparticles is to fabricate functional food products, 
and thereby offer consumers greater health benefits through the bioactive properties of hydrolysates.

Keywords: Bioactivity; Encapsulation; Controlled-release; Salmo salar byproduct; Chitosan; Alginate.

1. Introduction

Bioactive peptides are recognized as promising functional food 
ingredients that can be incorporated into foods to attain health-
promoting activities. These bioactive peptides are well known to 
play an essential role in human health by providing properties like 
antioxidative, antihypertensive, antidiabetic, immunomodulatory, 
and antiproliferative (Bhandari et al., 2020; Aguilar-Toalá et al., 
2022). The biological activity of the peptides depends on their 
amino acid sequence and composition. Usually, bioactive pep-
tides contain 2–20 amino acid residues (Sarabandi et al., 2020). 

Bioactive peptides can be derived from various food sources, in-
cluding plants, animals, and agro-processing industry byproducts. 
During food processing, significant amounts of byproducts are 
generated, causing problems in disposal (Bhandari et al., 2020; 
Görgüç et al., 2020). In particular, disposing of marine or fish-
derived byproducts in the environment is problematic. In 2022, 
global fish production was 223.2 million tons, according to the 
Food and Agriculture Organization’s (FAO) world fishery and aq-
uaculture statistics (FAO, 2022). Fish processing generally yields 
up to 45% (per carcass weight) of byproducts, which include vis-
cera, trimmings, heads, and backbone. However, these byproducts 
can be an excellent source for producing valuable functional food 
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ingredients and nutraceuticals such as bioactive peptides. S. salar 
is the leading aquaculture species produced in Canada and ranked 
fourth in the world in production volumes (DFO, 2022). Hence, 
large amounts of byproducts are generated during the process-
ing of salmon in Canada which make up 60% of the total output 
(Ramakrishnan et al., 2024). As these byproducts contain a con-
siderable amount of protein (10–20% w/w), they could be used 
as a cheap source to generate protein hydrolysates and peptides 
with biological activities beneficial for humans (Zamora-Sillero 
et al., 2018). Researchers have identified protein hydrolysates and 
peptides with varied bioactivities from salmon byproducts (Gao 
et al., 2021).

However, the application of these bioactive peptides in the 
food industry has been restricted due to their low stability in 
gastrointestinal digestion, low bioavailability, bitter taste, hy-
drophobicity, interactions with other food compounds, and hy-
groscopicity, thereby losing their health benefits. Accordingly, 
encapsulation could be employed for bioactive peptides derived 
from various food sources as a potential solution for commercial 
food production (Aguilar-Toalá et al., 2022). Different delivery 
agents have been developed to encapsulate bioactive ingredients, 
including lipids, proteins, and polysaccharides (Shishir et al., 
2018). The delivery agents should be able to protect the bioac-
tive agents and improve their stability and bioavailability. Dif-
ferent encapsulation systems could be used to deliver bioactive 
proteins and peptides such as liposomes, solid lipid nanoparticles 
(SLNs), biopolymer microgels, water in oil emulsions, water in 
oil in water (W/O/W) emulsions, W/O/W–SLNs and emulsified 
microemulsions (Perry and McClements, 2020). Among them, 
polysaccharides have attracted much attention as encapsulation 
material. The growing interest in using polysaccharides as an en-
capsulating material for bioactive compounds has emerged due 
to their beneficial characteristics such as higher biodegradabil-
ity, biocompatibility, higher structural flexibility, hydrophilicity, 
diverse physicochemical properties, readily available and safe to 
humans (Aguilar-Toalá et al., 2022).

Alginate and chitosan are bio-polysaccharides, and both are 
extracted from marine sources. Chitosan and alginate encapsu-
late different bioactive compounds, including vitamins, phe-
nols, carotenoids, proteins, essential oils, etc. (Li et al., 2021). 
Both polymers are widely used as encapsulation agents due 
to their desirable properties that were stated earlier. Chitosan 
(positively charged) and alginate (negatively charged) are op-
positely charged polymers. The stability of alginate is high in 
acidic conditions, while stability is low in alkaline conditions. 
In contrast, chitosan is unstable in an acidic environment, one of 
the major barriers despite all other beneficial properties. There-
fore, researchers attempted to achieve synergistic effects from 
both polymers by combining two polymers via electrostatic in-
teractions, which allowed them to obtain a controlled release 
of bioactive compounds in the gastric environment (Nalini et 
al., 2019). Chitosan/alginate nanoparticles have been used for 
the oral delivery of different bioactive compounds, including 
enoxaparin, curcumin, naringenin, insulin, quercetin, BSA, 
etc. (Li et al., 2021). However, the application of chitosan and 
alginate nanoparticles to deliver heterogeneous protein hydro-
lysates and peptides is still limited in the literature. Hence, this 
study hypothesizes that the salmon byproducts derived protein 
hydrolysates encapsulated chitosan/alginate nanoparticles (CS/
AL NPs) will sustain hydrolysates' release in the gastric environ-
ment. This study aimed to optimize the process conditions for 
CS/AL NPs preparation and characterize the prepared nanopar-
ticles. Finally, the release behavior in simulated gastrointestinal 
conditions will be studied.

2. Materials and methods

2.1. Materials

Low molecular weight chitosan (50–190 KDa, 75–85% deacety-
lated), Alginate, Pepsin from porcine gastric mucosa, Pancreatin 
from porcine pancreas, Alpha-amylase from porcine pancreas 
was purchased from Sigma-Aldrich (Wisconsin, USA). Bile ex-
tract was purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
USA). Other chemicals that were applied were of analytical grade 
and purchased from Thermo Fisher Scientific, Ottawa, Canada.

2.2. Preparation of S. salar protein hydrolysates

The SPH was prepared by following the method described previ-
ously (Rajendran et al., 2018). Briefly, the byproducts from Atlantic 
salmon (S. salar) processing were obtained and frozen for future 
use. The byproducts, mainly the offal, were obtained from market-
size salmon which were processed into Head On Gutted (HOG) fish. 
Before fermentation, the byproducts were thawed and blended to 
obtain a uniform mix (slurry). A batch fermenter (New Brunswick 
Bioflow/CelliGen 115, GMI, Inc., MN) was used to ferment the 
blended S. salar byproduct slurry. The fermentation was initiated by 
adding deproteinized whey (5% w/w) (80–90% lactose) and lactic 
acid (1%) bacteria inoculum to the byproduct slurry of 750 g. The 
fermentation conditions were set to 37 °C (temperature) and 150 
rpm (agitation) and allowed to ferment for 2 days. After fermen-
tation, the resulting slurry was centrifuged (3,500 × g for 15 min) 
to separate the different fractions. Then, separated SPH was further 
fractionated according to their molecular weight using an Amicorn 
ultrafiltration stirred cell (Millipore Corp., Billerica, MA, USA). A 
1 kDa and 10 kDa ultrafiltration membranes were used to obtain 
the 1–10 kDa SPH fraction. After the fractionation, all SPH samples 
were freeze-dried and stored at −20 °C until further use.

2.3. Preparation of S. salar fermentative protein hydrolysates 
(SPH) encapsulated chitosan/alginate nanoparticles

Chitosan/alginate nanoparticles (CS/AL NPs) were prepared accord-
ing to the method described by Mukhopadhyay et al. with slight mod-
ifications for alginate concentration, CaCl2 concentration, and sonica-
tion time (Mukhopadhyay et al., 2015). Briefly, the alginate solution 
was prepared at a 1.5 mg/ml concentration in distilled water, and the 
pH was adjusted to 5.1. Next, the chitosan solution was prepared in 
a separate beaker by dissolving chitosan in 1% acetic acid at a 3 mg/
ml concentration, and the pH was adjusted to 5.5. The SPH solution 
was prepared by dissolving the SPH peptide fraction (1–10 KDa) in 
10 mM phosphate buffer (5 mg/ml). Chitosan/alginate nanoparticles 
were prepared using a two-step method. First, aqueous CaCl2 (1.5 mg/
ml) and peptide solution were mixed. This was then added dropwise 
to an aqueous solution of alginate and then sonicated for 10 min using 
a probe sonicator (FisherbrandTM Model 505 Sonic Dismembrator, 
Thermo Fisher Scientific, USA). Then, the previously prepared chi-
tosan solution was added dropwise to the calcium alginate pre-gel, 
and sonicated for another 15 min. The resulting opalescent suspension 
was kept overnight (at room temperature) to obtain uniform particles.

2.4. Experimental design

Chitosan/alginate nanoparticle formation was optimized using a 
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Box-Behnken design to select the best conditions and input vari-
ables. Three independent variables, AL/CH (w/w), alginate/ CaCl2 
(w/w), and alginate/peptides (w/w), were optimized where a range 
of levels were tested as indicated in Table 1. The response surface 
methodology (Box-Behnken design) with 15 experimental combi-
nations (in triplicate) was used to optimize the conditions for nano-
particle formation where particle size (nm) and encapsulation ef-
ficiency (%) of the nanoparticles were considered as the dependent 
variables. The experimental conditions were optimized for smaller 
particle sizes and higher encapsulation efficiency.

The polynomial equation for the design is given below.
Y = βO + β1X1+ β2X2 + β3X3+ β12X1 X2 + β13X1 

X3 + β23X2X3 + β11X1
2 + β22X2

2 + β33X3
2 (1)

Where Y is the dependent variable, βO is the intercept coeffi-
cient, β1 to β33 are the regression coefficients, X1, X2, and X3 are 
coded levels of independent variables, and X1, X2, and Xi

2 (i = 1, 
2, or 3) are interaction and interaction and quadratic terms respec-
tively.

2.5. Characterization of nanoparticles

2.5.1. Particle size, Polydispersity index (PDI), and zeta potential

A Zeta potential analyzer (ZetaPALS, Brookhaven Instruments, 
New York, USA) based on dynamic light scattering technology 
was used to measure the particle size, PDI, and zeta potential. The 
samples were characterized using the original samples without di-
lution (5 runs per replicate).

2.5.2. Encapsulation efficiency (EE)

The EE of the fractionated SPH hydrolysates (1–10 kDa) was de-
termined based on the methods described by Du et al. with slight 
modification (Du et al., 2019). The initial fermented SPH was 
fractionated using Amicon Ultra centrifugal filters (VWR Interna-
tional, PA, USA) with a 10 kDa molecular weight cut-off. Then, 
about 0.5 mL of nanoparticle suspension was transferred into the 
centrifugal filter and centrifuged for 10 min at 4,000 rpm. The su-
pernatant was collected, and the unencapsulated SPH in the filtrate 
was determined using the Lowry protein assay kit. EE was calcu-
lated based on the following Equation 2.

Total amount of peptide Free amount of peptideEE (%) 100
The total amount of peptide

−
= × (2)

2.5.3. Transmission electron microscopy (TEM)

The morphology of the blank CS/AL NPs and SPH-loaded CS/AL 
NPs were characterized using Transmission electron microscopy 

(TEM). First, a drop of nanoparticle suspension was deposited in a 
300-mesh carbon film-coated grid. Then, the staining was done by 
adding 1% uranyl acetate solution to the grid with samples. The ex-
cess solution was removed using filter paper. Finally, the grid was air-
dried properly before imaging using the TEM (Mohan et al., 2018).

2.5.4. Fourier transform infrared spectroscopy (FTIR)

The chemical interactions of the nanoparticles and their precursor 
compounds were identified using Fourier transform infrared spec-
troscopy (FTIR) spectra (Nicolet 6700 FTIR, Thermo Electron Inc, 
Madison, WI, USA). FTIR spectra for the chitosan, alginate, SPH, 
blank CS/AL NPs, and SPH-loaded CS/AL NPs were obtained at 
room temperature in the 4,000 to 400 cm−1 wavelength range. OM-
NIC software was used to collect the spectra at 120 scans and a spec-
tral resolution of 4 cm−1 (Mukhopadhyay et al., 2015).

2.5.5. X-ray diffraction (XRD)

X-ray diffraction analysis was performed for chitosan, alginate, 
SPH, freeze-dried blank CS/AL NPs, and SPH-loaded CS/AL NPs 
to study the crystallinity of the initial compounds and prepared 
nanoparticles. The study used a Siemens/Bruker X-ray diffractom-
eter (D5000, BrukerNano Inc, Madison, WI, USA) with a Cu X-
ray tube. A quartz sample holder was used to place the samples, 
and scanning was done at a diffraction angle of 2θ from 3–60° in 
step-scan mode using a 0.02° step and 1s dwell time.

2.6. Release during simulated gastrointestinal digestion

The release of SPH from the CS/AL NPs was evaluated using a 
digestion model described by Flores et al. and Giroux et al. with 
slight modifications (Flores-Jiménez et al., 2019; Giroux et al., 
2019). The digestion conditions are mimicked to match the com-
position of saliva, gastric, duodenal, and bile extracts. The ex-
act compositions of the digestion solutions are listed in Table 2. 
Moreover, sequential digestion was conducted for the optimized 
nanoparticles and free hydrolysates.

For the simulated saliva digestion, 2.5 g of nanoparticles were 
mixed with 3 mL of salivary juice in a Falcon tube and was mixed 
in a water bath (Model 1227, VWR International, Cornelius, OR, 
USA) at 37 °C for 10 min at 200 rpm. The gastric digestion was car-
ried out for the resulting saliva digest, where 6 mL of gastric juice 
was added, and digestion was done for 2 hrs at 37 °C (200 rpm) in 
a water bath. The pH of the mix was adjusted to 3 using 1 M HCl 
during the digestion. For intestinal digestion, 6 mL of duodenal juice 
and 3 mL of bile juice were added to the gastric digesta. Mixing was 
done for another 2 hrs at 37 °C for 10 min at 200 rpm. The pH of the 
mixture was adjusted to pH 7–7.2. pH using 1 M NaOH.

During each digestion phase, samples were collected at differ-

Table 1.  Codes and levels of independent variables used for the optimization

Codes Independent variables
Levels

Low (−1) Medium (0) High (+1)

X1 Alginate/Chitosan (w/w) (AL/CH) 2 5 8

X2 Alginate/CaCl2 (w/w) (AL/CaCl2) 4 5 6

X3 Alginate/peptides (w/w) (AL/SPH) 1 2 3
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ent time intervals. For example, samples were collected at 0 and 
10 min during salivary digestion and 30, 60, 90, and 120 min dur-
ing gastric and intestinal digestion. About 0.5 mL of digestive was 
transferred into the centrifugal filter and centrifuged at 4,000 rpm 
for 10 min. The release rate was calculated in comparison to the 
release of free SPH in gastrointestinal digestion. The release of 
the SPH from the CS/AL NPs was determined using the Lowry 
protein assay kit.

2.7. Statistical analysis

Minitab (version 19, Minitab Inc., Pennsylvania, USA) and Origin 
2021 (OriginLab Corporation, USA) were used for the statistical 
analysis. The Significance level used was 5% for the Analysis of 
Variance (ANOVA).

3. Results and discussion

3.1. Optimization of nanoparticle preparation

3.1.1. Variance analysis

The response surface methodology (RSM) optimized encapsula-
tion used a Box Behnken design with 15 factorial points and 3 
center points (3 replicates). The particle size of the SPH-loaded 
CS/AL NPs ranged from 440.50 nm to 3.92 µm, where zeta po-
tential ranged from −20.03 to −33.63 mV. Similarly, the EE of the 
prepared samples varied from 3.62 to 43.57 w/w %. Analysis of 
variance was used to fit the model for three independent variables. 
Backward elimination (0.1) was performed to remove the non-
significant terms in the model. As a result, all the three-parameter 
models were significant, showing the best fit (Table 3). Moreover, 
closer R2 and adjusted R2 for the three response variables depict 

the adequacy of the derived models and indicate the ability to pre-
dict the corresponding responses. Although the particle size and 
zeta potential are within acceptable ranges, the low encapsulation 
efficiency reveals a limitation of this encapsulant system. Explor-
ing alternative encapsulant systems, such as double emulsions, 
could improve encapsulation efficiency. However, this study only 
focused on nanoparticles.

The regression equations for each response variable were as fol-
lows.

Particle size (nm) = −4693 – 380X1 + 2395X2 + 541X3 
+ 69.3X1X1 –248X2X2 + 293X3X3 –266.9X1X3

(3)

Zeta potential (mV) = −14.03 – 5.404X1 + 0.35X2 
+ 5.12X3 + 0.4353X1X1 – 1.059X2X3

(4)

Encapsulation Efficiency (%) = 157.4 – 10.14X1 
– 65.1X2 + 28.89X3 + 0.327X1X1 + 6.59X2X2 + 
3.61X3X3 + 1.765X1X2 – 1.599X1X3 – 4.41X2X3

(5)

When considering the model terms for particle size, X1, X2, X3 
(linear terms), X1X1, X2X2, X3X3 (square terms), and X1X3 (2-way 
interaction terms) were all significant according to the ANOVA 
Table 3. X1, X2 (linear terms), and X1X1 (square terms) were 
significant for the zeta potential. Lastly for the encapsulation ef-
ficiency, X1, X3 (linear terms), X1X1, X2X2, X3X3 (square terms) 
and X1X2, X1X3, and X2X3 (2-way interaction terms) were highly 
significant. These observations align with the formation of CS/AL 
NPs based on the electrostatic interactions between two oppositely 
charged polymers.

3.1.2. Effects of independent variables on particle size

The particle size of the SPH-loaded CS/AL NPs ranged from 
440.50 nm to 3.92 µm. According to the ANOVA for particle size, 
it was significantly affected by both three independent variables 
and the interaction between the AL/CH ratio and AL/SPH ratio 

Table 2.  Composition of simulated gastrointestinal fluids (Flores et al., 2014)

Saliva stock solution Gastric stock solution Duodenal stock solution Bile stock solution

200 mL of milliQ water 200 mL of milliQ water 200 mL of milliQ water 250 mL of milliQ water

23.4 mg NaCl 1.10 g NaCl 2.80 g NaCl 2.10 g NaCl

29.8 mg KCl 0.33 g KCl 0.23 g KCl 0.15 g KCl

0.42 g NaHCO3 0.11 g NaHPO4 1.36 g NaHCO3 2.31 g NaHCO3

0.08 g of Urea 0.16 g CaCl2·2H2O 32 mg KH2PO4 0.10 g Urea

0.12 g NH4Cl 20 mg MgCl2 0.06 mL Conc. HCl

0.03 g Urea 0.04 g Urea

2.6 mL Conc. HCl 0.0 mL Conc. HCl

0.4 g Amylase 1 g Pepsin 3.6 g Pancreatin 12 g Bile extract

pH 6.8 ± 0.2 pH 1.3 ± 0.02 pH 8.1 ± 0.2 pH 8.2 ± 0.2

Table 3.  Summary of the ANOVA table

Response Significance R2 Adjusted R2 Predicted R2

Particle size 0.000 0.8301 0.7979 0.7267

Zeta potential 0.000 0.7807 0.7526 0.6925

Encapsulation efficiency (EE) 0.000 0.8981 0.8718 0.8205
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(Figure 1). Particle size was increased with the reduction of the 
AL/CH ratio, and particle size of the nanoparticles was increased 
with increasing AL/CaCl2 ratio. Moreover, the nanoparticles' par-
ticle size increased with the AL/SPH ratio. It could be observed 
that the lowest particle size (<500 nm) was recorded between 4 to 
6 of the AL/CH ratio. CS/AL NPs are formed based on the elec-
trostatic interactions between two oppositely charged polymers 
where alginate will be crosslinked with calcium ions through ionic 
gelation to form an egg-box structure with a pre-gel state. The 
cationic chitosan (NH3

+) will be added to the pre-gel to form a 
polyelectrolyte complex with the anionic alginate (COO−) (Zimet 
et al., 2018). The number of electrostatic interactions between the 
alginate (anionic) and chitosan (cationic) will determine the size 
of the particles, i.e. if these are low, then particle size is increased. 
This is due to the available amino groups in the chitosan that in-
hibit the crosslinking reactions (Rahaiee et al., 2015; Zhang and 
Kosaraju, 2007). Similar results have been observed for curcumin 
diethyl disuccinate encapsulated with chitosan/alginate nanopar-
ticles. Particle size was increased from 281 nm to 414 nm with 
an increased chitosan/alginate ratio from 0.05:1 to 0.15:1 while 
increasing beyond 0.15:1 resulted in aggregation and an opaque 
solution (Bhunchu et al., 2015).

3.1.3. Effect of independent variables on zeta potential

Zeta potential is an important parameter in determining the formed 
nanoparticles' stability and reflects the particles' surface charge in 
a solution or a suspension. A higher surface charge is preferred in 
a system that can prevent the aggregation of the particles through 
repulsive forces (Sorasitthiyanukarn et al., 2018). A zeta potential 
above +30 mV or below −30 mV provides good stability to parti-
cles in a colloidal system due to adequate repulsive forces (Azeve-
do et al., 2014). In this study, the zeta potential of the prepared nan-
oparticles ranged from −20.03 to −33.63 mV. The AL/CH ratio and 
Alginate/CaCl2 ratio significantly affected Zeta potential among 
the parameters tested. All the nanoparticles prepared during the 
optimization study showed a negative zeta potential due to the high 
proportion of alginate. The AL/CH ratio showed an antagonistic 
effect on the zeta potential, where a reduction of the zeta potential 
was observed with the increase of the ratio from 2 to 8. At a higher 
chitosan level in the suspension, the less negative zeta potential 
was observed as cationic chitosan was predominantly present to 
make electrostatic interactions with alginate. Similar patterns for 

zeta potential have been observed by Ji’s group (Ji et al., 2019) 
for cinnamaldehyde-encapsulated chitosan/alginate nanoparticles, 
where a lower zeta potential was observed at an AL/CH ratio of 
6 in a single-factor experiment. In another study by Hosseini and 
Varidi, rennet-encapsulated AL/CH nanoparticles showed similar 
findings. Higher amounts of alginate caused an increase in zeta 
potential from −13 to −21 mV, and with the increase of chitosan, 
zeta potential values went up to +27 mV. The cationic nature of the 
chitosan leads to this positive zeta potential (Hosseini and Varidi, 
2021).

AL/CaCl2 ratio showed a synergistic effect on the zeta po-
tential. A higher concentration of CaCl2 in the system may neu-
tralize the -COO− group in alginate by Ca2+ (Chandrasekar et 
al., 2017; Ji et al., 2019). In an optimization study conducted 
to encapsulate nisin using chitosan and alginate nanoparticles, 
the zeta potential was significantly affected by the independ-
ent variables (alginate concentration, AL/CH (w/w), and Nisin 
concentration). However, the optimized nanoparticles had a zeta 
potential of −31.7 ± 2.6 mV (Zimet et al., 2018); however, in this 
study, the SPH amount in the suspension did not significantly 
affect the zeta potential.

3.1.4. Effect of independent variables on EE

EE of the SPH-loaded CS/AL NPs was significantly affected by 
AL/CH and AL/SPH ratios. The relationship between the inde-
pendent variables and EE is shown in Figure 2 using interaction 
plots and contour plots, respectively. As shown in Figure 2a and 
b, higher EE of SPH was observed at an AL/CH ratio of around 
2. In contrast, the highest EE (>25%) was recorded when AL/CH 
and alginate/CaCl2 ratios were 2 and 4, respectively. According 
to Figure 2c–f, it is evident that the EE decreased as the AL/SPH 
ratio decreased in the nanoparticles, irrespective of the AL/CH 
and AL/CaCl2 ratios. Higher SPH content in the nanoparticles 
resulted in lower EE. This may result from the SPH overload 
within the polymer matrix, leading to a release of the excess SPH 
from the polymer matrix that was unable to be kept within the na-
noparticle system (Honary and Zahir, 2013; Sorasitthiyanukarn 
et al., 2018). In contrast, Rahaiee et al., (2015) found that high 
concentrations of polymers may form a bulk matrix of nanoparti-
cles, thereby reducing the space for the material encapsulated in 
the matrix (crocin). Bhunchu and the group reported an increase 
in the EE (from 33.2 to 54.9%) of the curcumin diethyl di-succi-

Figure 1. Interaction plot (a) and contour plot (b) for the effect of AL/CH (alginate/chitosan) (w/w) versus AL/SPH (alginate/ S. salar by-product-derived 
protein hydrolysates) (w/w) on particle size. 
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nate when the chitosan/alginate ratio was increased from 0.05:1 
to 0.15:1 (Bhunchu et al., 2015).

3.2. Validation of optimized nanoparticle preparation condi-
tions

The optimized conditions were validated by conducting five inde-
pendent experiments using the optimum conditions generated from 

the RSM optimization. When performing the response optimiza-
tion, particle size and zeta potential were optimized to a minimum, 
while EE was optimized to a maximum. The optimized conditions 
that were generated from the model are AL/CH (w/w): 6, AL/CaCl2 
(w/w): 6, and AL/SPH(w/w): 3. The predicted generated from the 
RSM model and experimental values observed from the validation 
study for responses are shown in Table 4. When comparing the 
predicted and experimental values, the experimental zeta potential 
and EE values were very close to the predicted values. Although 

Figure 2. Interaction plot and contour plot for the effect of (a), (b) AL/CaCl2 (w/w) versus AL/CH (w/w): (c), (d) AL/SPH (w/w) versus AL/CH (w/w): (c), 
(d) AL/SPH (w/w) versus AL/CaCl2 (w/w) on encapsulation efficiency. AL = alginate, CH = chitosan, SPH = S. salar by-product-derived protein hydrolysates.
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the experimental particle size was higher than the predicted value, 
it falls within the accepted confidence interval (87,748 nm) for 
the particle size generated from the model. Also, the PDI (0.239 
± 0.028) for the optimized nanoparticles was less than 1, indicat-
ing the narrow particle size distribution. A zeta potential value of 
−30.22 mV depicts the higher stability of the formed nanoparticles 
in the suspension. EE of the formed nanoparticles was 29%. This 
low value could be due to the heterogeneous nature of the encap-
sulated hydrolysates and their chemical incompatibilities with the 
wall materials. Moreover, Interactions between the hydrolysates 
and the nanocarriers may not be present or strong enough to keep 
the hydrolysates within the chitosan alginate matrix. The porosity 
of the chitosan/alginate matrix leads to leakage of SPH from the 
matrix, resulting in low EE. Impurities present in the SPH could 
reduce the strength of electrostatic interactions (Sorasitthiyanu-
karn et al., 2018, 2019).

3.3. Surface morphology of SPH-loaded CS/AL NPs

Morphological characteristics of the SPH-loaded nanoparticles 
were evaluated using TEM. Figure 3 shows the TEM images for 
SPH-loaded CS/AL NPs. There are solid, dense nanoparticles in 
the suspension, and it could be observed that linkages appeared to 
be present between the particles. Particles were fairly spherical and 
distinct but did not possess a smooth surface. Similar patterns have 
been observed for acetamiprid-loaded and nifedipine-loaded chi-
tosan alginate nanoparticles (Kumar et al., 2015; Li et al., 2008). 
Particle sizes were smaller at around 50 nm in TEM, which may 
be explained by differences in the measurement of particle sizes 

from dynamic light scattering (DLS) and TEM. In DLS, the hydro-
dynamic size of the particles is measured, which is affected by the 
agglomeration of the particles. This results in large particle sizes 
in DLS compared to TEM (Kumar et al., 2015). Agglomeration of 
nanoparticles may be attributed to the changes in the zeta potential 
of the particles. Generally, zeta potential below −30 mV or above 
+30 mV is considered more suitable to avoid agglomeration of the 
nanoparticles. Hence, SPH-loaded CH/AL nanoparticles could be 
agglomerated as they have a −30 mV of zeta potential (Moraru et 
al., 2020).

3.4. Chemical interactions of CS/AL NPs and their precursors

The FTIR spectra for SPH, chitosan, alginate, blank CS/AL NPs, 
and SPH encapsulated CS/AL NPs are shown in Figure 4. In the 
chitosan FTIR spectrum, there are a few characteristic peaks. The 
peaks at 3,358 cm−1, 2,879 cm−1, 1,653 cm−1, 1,567 cm−1, 1,154 
cm−1, and 1,061 cm−1 demonstrated the overlapping of O-H and 
N-H stretching, C-H stretching, amide bands of the residual N-
acetyl groups, N-H bend of primary amine groups, bridge of 
-O- stretch and C-O stretch respectively (Mukhopadhyay et al., 
2015). Alginate showed characteristic peaks at 1,600 cm−1 and 
1,408 cm−1, attributed to symmetric and asymmetric stretch-
ing from carboxylate salt groups. The band at 1,025 cm−1 cor-
responds to the C-O-C starching vibrations from its saccharide 
structure (Liu et al., 2018; Mukhopadhyay et al., 2015). In SPH, 
peaks around 2,900 cm−1 correspond to O-H stretching, while the 
peaks at 1,576 cm−1 and 1,510 cm−1 are attributed to amide II vi-
brations, N-H deformation, and C-N stretching. Another distinct 

Table 4.  Predicted and experimental values for responses: particle size, zeta potential, and Encapsulation efficiency

Response variable Predicted value Experimented value 95% Confidence Interval

Particle size (nm) 417 536.70 ± 21.20 (87, 748)

Zeta potential (mV) −32.4 −30.22 ± 0.88 (−36.621, −28.179)

EE (%) 29.63 29.80 ± 4.5 (19.49, 39.78)

Figure 3. Transmission electron microscopic images for optimized SPH (S. salar by-product-derived protein hydrolysates) encapsulated CH/AL (chitosan/
alginate) nanoparticles at two resolutions (500 nm and 200 nm). 
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peak at 1,402 cm−1 related to the amide III stretching vibrations 
could be observed. Peaks corresponding to C-H starching and 
N-H bending could be seen at 1,039 cm−1 and 667 cm−1, respec-
tively (Sarabandi et al., 2019). In the IR spectrum of CS/AL NPs, 
peaks corresponding to the amine and carbonyl stretching were 
moved to 3,413 cm−1. This may be due to the interactions be-
tween alginate and chitosan after complexation. Peaks attributed 
to the symmetric and asymmetric stretching from carboxylate 
salt groups have shifted to 1,409 cm−1 and 1,636 cm−1, respec-
tively (Liu et al., 2018). The peak related to the amino groups 
also shifted from 1,567 cm−1 to 1,558 cm−1. Moreover, amide 
peaks at 1,653 cm−1 were shifted to 1,636 cm−1. These changes 
reflect the electrostatic interactions between the amino group of 
chitosan and the carbonyl group of alginates. Amide II bands 
in the SPH could be overlapped with the shifting of the amino 
groups of chitosan in SPH-loaded CS/AL NPs (Mukhopadhyay 
et al., 2015; Sorasitthiyanukarn et al., 2019).

3.5. Changes in nanoparticle crystallinity

X-ray diffractograms for raw materials and nanoparticles are 
shown in Figure 5. An XRD was used to evaluate the crystalline 
nature of the raw materials and SPH-encapsulated nanoparticles. 
Two main characteristic crystalline peaks at 2θ values of 10.26 
and 20.04 were observed in the chitosan, reflecting the crystalline 
nature. X-ray diffractograms of sodium alginate have few char-
acteristic peaks at diffraction angles (2θ values) of 13.94, 21.9, 
29.68, and 37.36, which indicate their semi-crystalline nature 
where broader peaks indicate the amorphous nature of alginate 
(Kumar et al., 2021; Nikolova et al., 2022; Yan et al., 2017). X-
ray diffractogram of SPH exhibited a few peaks at 2θ values of 
6.22, 19.44, 22.06, and 32.92 and a broad peak. This depicts that 
the SPH was not arranged in an orderly manner and had a mostly 
amorphous structure. Moreover, it reflects that SPH has some 
crystallinity (Jin et al., 2019; Noman et al., 2020; Wang et al., 
2018). When considering the blank CS/AL NPs, it is visible that 
there are several sharp peaks in the X-ray diffractogram (Figure 
5e), indicating the crystalline nature of the particles. These sharp 
peaks may be due to the presence of CaCl2 in the nanoparticles 

used to crosslink with alginate (Scolari et al., 2019). SPH-loaded 
CS/AL NPs also showed several sharp peaks in the X-ray dif-
fractogram, indicating the crystalline nature of the nanoparticles. 
Some peaks corresponding to SPH have also appeared in the X-
ray diffractogram of SPH-loaded CS/AL NPs, indicating the in-
corporation of SPH into the chitosan and alginate polymer matrix. 
However, the crystallinity of SPH-loaded CS/AL NPs could be 
another reason for the lower encapsulation efficiency observed in 
the nanoparticles. The crystallinity of the nanoparticles prevents 
the proper exfoliation of SPH in the chitosan-alginate polymer 
matrix, resulting in lower EE.

In contrast, nanoparticles have been used to encapsulate crystal-
line molecules to reduce crystallinity and improve their bioavaila-
bility. For instance, quercetin has been encapsulated with chitosan 
and alginate by Nalini et al. with 82% of EE (Nalini et al., 2019). 
It has been found that the crystallinity of quercetin reduced after 
the encapsulation. Moreover, the crystallinity of Cucurmin glutaric 
has reduced after encapsulation in chitosan/alginate nanoparticles 
(EE of 76%). This indicated the encapsulation of Cucurmin glu-
taric in the amorphous region in the nanoparticle matrix (Sorasit-
thiyanukarn et al., 2018).

3.6. Release behavior of SPH-loaded CS/AL NPs in gastrointes-
tinal digestion

The SPH release pattern of the optimized CS/AL nanoparticles 
under simulated gastrointestinal digestion conditions is shown in 
Figure 6 as a time continuum. The SPH release under simulated 
saliva (0–10 min), gastric (30–120 min), and intestinal (120–240 
min) digestion conditions were studied. At the end of the saliva 
digestion, 51% of SPH had been released from the nanoparticles. 
This could be attributed to the SPH not fully encapsulated in the 
nanoparticles. As the encapsulation efficiency of the SPH is rela-
tively low (30%), a significant amount of peptide was available 
in the nanoparticle suspension. It would be readily released in 
salivary juice. Moreover, SPH that are adsorbed to the chitosan 
and alginate network by weak interactions may be released easily 
(Rahaiee et al., 2017).

In the gastric environment, the release rate increased to 73% 
during the first 30 min, while at the end of the gastric digestion, 
the release rate was 76% (after 2hrs). Around 25% of SPH was 
released in the intestinal phase. The SPH release rate in the later 
digestion compartments was low compared to the initial saliva di-
gestion. The initial burst release may be due to the release of SPH 
that is adsorbed weakly with the polymer matrix. The later slow 
release of SPH may be due to the harsh conditions in the gastric en-
vironment, such as extreme pH (1.2), and digestive enzymes, and 
suggests that the encapsulated SPH is protected in the chitosan-
alginate polymer matrix. Chitosan is soluble in acidic conditions, 
while alginate is insoluble. Alginate forms a rigid gel structure 
with chitosan in acidic conditions, preventing the diffusion of SPH 
from the polymer matrix (Chen et al., 2019; Rahaiee et al., 2017; 
Xu et al., 2021). Moreover, the release of the SPH in the gastric 
phase may depend on the gastric media's ionic strength (Feng et 
al., 2020; Tan et al., 2017). The protective effects of CS/AL na-
noparticles for bioactive compounds observed here in the gastric 
environment agree with previous studies (Chen et al., 2019; Feng 
et al., 2020; Tan et al., 2017; Xu et al., 2021). For instance, insulin 
encapsulated in chitosan and alginate nanoparticles showed 14% 
insulin release in gastric conditions, suggesting the nanoparticles' 
stability (Wong et al., 2020).

Intestinal digestion was carried out for 2 hours, and continuous 
release of SPH was observed. Around 96% of SPH was released 

Figure 4. FTIR spectra for chitosan, SPH, alginate, SPH CS/AL NPs, and 
blank CS/AL NPs. SPH = S. salar by-product-derived protein hydrolysates, 
CS = chitosan, AL = alginate, NPs = nanoparticles.
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at the end of the digestion process. During gastric digestion, the 
release of SPH was around 20%. In high pH conditions, swelling 
of the sodium alginate chain may have occurred, leading to the de-
struction of the chitosan alginate polymer matrix and the release of 
the SPH from the intestinal phase. Deprotonation of the chitosan at 

neutral pH and the weak interactions between the polymers could 
also result in the release of SPH. Moreover, the ionic strength of 
the intestinal juice may affect the electrostatic interactions between 
two polymers, leading to the release of SPH (Chen et al., 2019; 
Feng et al., 2020). CS/AL nanoparticles were able to release the re-

Figure 5. XRD spectra for chitosan (a), alginate (b), SPH (c), SPH-CS/AL NPs (d), and blank CS/AL NPs (e). SPH = S. salar by-product-derived protein hydro-
lysates, CS = chitosan, AL = alginate, NPs = nanoparticles.
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maining encapsulated SPH in the intestinal phase in a sustainable 
manner. Sustainable release patterns in the intestinal phase have 
been obtained for many bioactive compounds encapsulated using 
CH/AL, including curcumin diethyl diglutarate, polyphenols, res-
veratrol, insulin, carvacrol, crocin, etc. (Feng et al., 2020; Niaz et 
al., 2021; Rahaiee et al., 2017; Sorasitthiyanukarn et al., 2018; Tan 
et al., 2017; Wong et al., 2020).

4. Conclusion

This study aimed to optimize the CH/AL nanoparticles to encap-
sulate SPH using a Box-Behnken design. It was found that parti-
cle size was significantly affected by three independent variables 
(alginate/chitosan (w/w), alginate/ CaCl2 (w/w), and alginate/ 
peptides (w/w)), and there was an interaction between alginate/
chitosan ratio and alginate/SPH ratio. Zeta potential was affected 
by Alginate/chitosan and alginate/CaCl2 ratios. Meanwhile, encap-
sulation efficiency was significantly affected by alginate/chitosan 
and alginate/SPH ratios. However, optimized CS/AL nanoparticles 
have a relatively low encapsulation efficiency (29%), low particle 
size (526 nm), and negative zeta potential (−30 mV). XRD and 
FTIR results affirmed the incorporation of SPH into nanoparticles. 
SPH-encapsulated CS/AL nanoparticles showed a high release rate 
in simulated saliva digestion and a sustainable release in the intes-
tinal juice. CS/AL nanoparticles protected the encapsulated SPH 
from gastric digestion. This study provided preliminary optimized 
initial steps to encapsulate heterogeneous protein hydrolysates us-
ing chitosan and alginate as carriers.

Salmon protein hydrolysate encapsulated nanoparticles can be 
used in diverse applications across multiple fields. Specially in nu-
traceuticals and functional foods, these nanoparticles can be used 
to enhance nutritional value and deliver bioactive peptides with 
antioxidant, antimicrobial, and anti-inflammatory effects. On the 
other hand in pharmaceutical applications, its controlled release 
and therapeutic properties can be used to fabricate pharmaceuti-
cal products. Also, there are potential uses for these nanoparticles 
in biodegradable packaging and biomedical applications such as 

antimicrobial packaging materials, tissue engineering scaffolds, 
and implant coatings. These applications leverage the bioactivity, 
biocompatibility, and enhanced delivery capabilities provided by 
nanoparticle encapsulation.
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