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Abstract

Chitosan and alginate, are non-toxic and biodegradable polymers used to enhance the stability of biotherapeutics by
loading them into nanocarriers. In this study, the stone fish-derived low molecular weight peptide (Ala-Leu-Gly-Pro-
Gln-Phe-Tyr), exhibited an in vitro ACE-inhibitory activity of 94.43 ± 2.05% and an IC50 of 0.012 ± 0.001 mM. The
peptide was encapsulated via ionic gelation with alginate followed by polyelectrolyte complexation with chitosan. The
resulting ACE-inhibitory peptide-loaded alginate-chitosan nanoparticles (ACE-I-ALG-CS NPs) were optimized to ach-
ieve small particle size (212.60 nm) and high encapsulation efficiency (EE, 74.48%). This was based on an optimum
chitosan concentration (0.420%w/v), homogenization speed (6000 rpm), and homogenization time (30 min) using Box
Behnken experimental design (BBED). Characterization of the ACE-I-ALG-CS NPs revealed a spherical, monodispersed
morphology with high physicochemical stability during storage at 2 �C, 7 �C, and 12 �C for 12 weeks. Moreover, the in
vivo study conducted on spontaneously hypertensive rats (SHRs) demonstrated a significantly higher (p < 0.05) systolic
blood pressure (SBP)-lowering effect of the ACE-I-ALG-CS NPs compared to captopril and unencapsulated peptide.
Hence, alginate and chitosan can be used as biocompatible coating materials to enhance the stability and in vivo anti-
hypertensive effect of Ala-Leu-Gly-Pro-Gln-Phe-Tyr through encapsulation, thereby making it potentially valuable for
various applications in pharmaceuticals and food industry.
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1. Introduction

B iologically active peptides derived from various
food sources have been identified as safe oral

ACE-inhibitors, effectively modulating blood pres-
sure by reducing angiotensin II synthesis and
increasing bradykinin formation [1e3]. However,
maintaining the structural and functional integrity
of these peptides poses challenges, including sta-
bility during storage and resistance to gastrointes-
tinal conditions following oral administration [4e6].
To address these challenges, various strategies

such as structural modification, permeation en-
hancers, and encapsulation using carrier particles

have been employed to enhance the stability,
bioavailability, and functionality of biotherapeutic
peptides [7e9]. Among these approaches, encapsu-
lation using nanocarriers is particularly promising,
improving stability, solubility, and sensory proper-
ties of peptides [4,10,11]. Specifically, nanocarriers
fabricated with alginate and chitosan have shown
potential due to their safety and biodegradability
[12e14]. Alginate and chitosan or their composites
have been used as edible coatings to enhance the
shelf life, for long term preservation of susceptible
materials [15,16].
However, challenges arisewhenusing alginate and

chitosan individually due to their pH sensitivity and
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insufficient barrier properties [17]. Complexation of
these polymers can overcome these limitations,
improving their pH sensitivity, mucoadhesiveness
and release properties [7,13,18]. This blend will
overcome the individual limitations by creating sta-
ble nanocomposites with enhanced stability against
physicochemical degradation [19,20].
Optimization of the alginate-chitosan blend is

crucial for effective nanocarrier fabrication, with
favorable strategies like Box-Behnken experimental
design [20,21]. This approach enables identification
of optimal parameters for smaller particle size and
higher EE, enhancing physicochemical stability and
in vivo efficacy [20,22]. Previous studies have high-
lighted the potential of specific peptides such as
Ala-Leu-Gly-Pro-Gln-Phe-Tyr derived from stone
fish, for ACE-inhibitory activity and other bioactive
properties [1,4]. The stone fish is an underutilized
specie of sea cucumber with many nutritional and
health benefits. It is commonly found in Malaysia
and other countries along the coastal areas. How-
ever, the in vivo efficacy of the peptides may be
limited by gastrointestinal barriers, necessitating
their stabilization for enhanced delivery and efficacy
[20]. Therefore, the use of alginate and chitosan in
the preparation of nanocarriers to encapsulate the
peptide, is to synergistically enhance its stability,
oral-colon delivery, controlled release, absorption,
bioavailability and in vivo antihypertensive efficacy
higher than by the individual polymers [13].
Hence, the present study was aimed to stabilize

the Ala-Leu-Gly-Pro-Gln-Phe-Tyr by loading it into
alginate-chitosan nanocarriers, optimized using
Box-Behnken design. The optimized nanocarriers
are biodegradable and can effectively preserve the
peptide for safe delivery via oral route. Thus, mak-
ing the polymers an ideal choice for specific food
and biomedical applications [23]. Therefore, the
current approach seeks to enhance the physico-
chemical stability and systolic blood pressure
lowering efficacy of the optimized peptide-loaded
nanocarriers in SHRs.

2. Materials and methods

2.1. Materials

Low molecular weight chitosan powder (85% de-
gree of deacetylation), medium viscosity sodium
alginate, sodium tripolyphosphate (85% purity), N-
hippuryl-Histidyl-Leucine tetrahydtare (HHL), ACE
derived from rabbit lung, and Bichinchoninic acid
(BCA) micro protein assay kit were provided by
Sigma-Aldrich, Co. (Spruce St., St. Louis, MO, USA).
Tween 80 was purchased from Merck Schuchardt

OHG (Hohenbrunn, Germany), while the Ala-Leu-
Gly-Pro-Gln-Phe-Tyr (low molecular weight) was
produced by GenScript Biotech (New Jersey, USA).
Mono and dibasic potassium salts were obtained
from Merck KGaA (Darmstadt, Germany). All other
chemicals and reagents used were of analytical
grades and purchased from Merck KGaA (Darm-
stadt, Germany), Fisher Scientific (Loughborough,
Leics, UK), and Sigma-Aldrich, Co. (St. Louis, MO,
USA), unless otherwise specified.
Male SHRs, aged 15 weeks and weighing between

250 and 320 g, were procured from the service unit
of animal experiments, Universiti Malaya, Malaysia.
Ethical permission to utilize rats was granted by the
Universiti Putra Malaysia committee for animal care
and use, under the AUP Number R078_2015.

2.2. Determination of in vitro ACE-inhibitory effect
and IC50

The Ala-Leu-Gly-Pro-Gln-Phe-Tyr was obtained
through solid phase synthesis for peptides with
�5 amino acids (percentage purity >90%) by Gen-
script (New Jersey, USA). The ACE-inhibitory ac-
tivity was assayed according to the method
described by Jimsheena and Gowda [24] as modified
by Auwal et al. [1]. In the assay, 15 mL of the peptide
was incubated with 10 mL of 100 mU/mL ACE at
37 �C for 10 min. Subsequently, 50 mL of 5 mM HHL
(prepared in 300 mMNaCl and 50 mM borate buffer
pH 8.3) was added, and the incubation continued for
60 min. The reaction was then stopped by adding a
1 M solution of HCl, followed by the addition of
150 mL of pyridine and 75 mL of benzene sulfonyl
chloride (BSC). The released hippuric acid was
quantified based on the intensity of the yellow color
produced using a microplate reader at 410 nm. The
inhibitory effect of the peptide against ACE was
determined as an average of three observations ac-
cording to the relation as follow:

ACE � inhibition ð%Þ¼ ðAc�AsÞ
ðAc�AbÞ � 100 ð1Þ

Where:
Ac: Absorbance value of control containing ACE

and HHL; As: Absorbance value of sample con-
taining peptide, ACE and HHL, Ab: Absorbance of
blank containing only HHL.
The IC50, which refers to the concentration of a

peptide needed to exhibit 50% of ACE-inhibitory
effect was calculated from a non-linear regression
plot of ACE inhibitory effect versus peptide con-
centration using GraphPad Prism 7 software
(GraphPad Software Inc., California, USA).

JOURNAL OF FOOD AND DRUG ANALYSIS 2024;32:358e370 359

O
R
IG

IN
A
L
A
R
T
IC

L
E



2.3. Preparation of the ACE-I-ALG-CS NPs

Chitosan and alginate solutions were prepared at a
concentration of 5 mg/mL in 1% acetic acid and
distilled water, respectively. Similarly, sodium tripo-
lyphosphate and calcium chloride were prepared at
5 mg/mL, and Tween 80 at 0.5% (v/v). To produce the
ACE-I-ALG-CS NPs, the peptide solution was mixed
with surfactant at 1:4 Peptide:Tween 80 volume ratio.
Themixture was gently added to the alginate solution
at 1:1 Alginate:Tween 80 volume ratio while homog-
enizing for 5min. A solution of CaCl2 was then added
to the mixture at 1:1 CaCl2:Tween 80 volume ratio,
followed by the addition of chitosan at 2:1 Chitosa-
n:Alginate volume ratio and TPP at 4:1 Chitosan:TPP
volume ratio, respectively. The process continued
until an opalescent suspension of ACE-I-ALG-CS
NPs appeared. The suspension was then centrifuged
at 10,000�g for 10 min, and the pellet was resus-
pended in phosphate buffer and ice-bath sonicated at
40 Hz for 10 min before further analysis.

2.4. Characterization of the ACE-I-ALG-CS NPs

The physicochemical properties of ACE-I-ALG-
CS NPs, including particle size, polydispersity index
(pdi), and zeta potential (z), were assessed using
dynamic light scattering (DLS). Additionally, the
morphology of the NPs was examined while the EE
and changes in physicochemical properties during
the 12-weeks of storage were determined.

2.4.1. Dynamic light scattering and surface
morphology of ACE-I-ALG-CS NPs
A Zetasizer Nano ZSP (Malvern Panalytical Ltd.,

Malvern, UK) was used to measure particle size, pdi,
and z. The stability of the NPs was monitored by
observing changes in these parameters over time.
The surface morphology was evaluated using TEM
(JEM-2100F, JEOL Ltd., Tokyo, Japan).

2.4.2. Determination of encapsulation efficiency of
ACE-I-ALG-CS NPs
The EE of the ACE-I-ALG-CS NPs was calculated

by subtracting the amount of residual peptide in the
supernatant after centrifugation from the total
amount of peptide initially added for encapsulation
according to the following relation:

EE ð%Þ¼
Totalamountof peptide�residualamountof peptide

Totalamountof peptide

�100

ð2Þ

2.5. Physicochemical storage stability study of
ACE-I-ALG-CS NPs

The physicochemical storage stability of ACE-I-
ALG-CS NPs was investigated by storing the NPs at
different temperatures (2 �C, 7 �C, and 12 �C) for 12
weeks. Changes in particle size, pdi, z and EE were
assessed weekly for 12 weeks.

2.6. Experimental design and model building for
the optimization of ACE-I-ALG-CS NPs

Experimental design and model building for
optimization of ACE-I-ALG-CS NPs were conduct-
ed using Minitab v. 16 software (Minitab, State
College, PA). The Box-Behnken method, based on
response surface methodology (RSM) was used to
analyze the effects of input variables (chitosan con-
centration, homogenization speed, and homogeni-
zation time) on output variables (particle size and
EE) (Table 1). The second-order polynomial function
was used to model the relationship between input
variables and responses, allowing for assessment of
linear, interaction, and quadratic effects.
The formula is as follows:

Y¼b0 þ b1c1 þ b2c2 þ b3c3 þ b11c1
2 þ b22c2

2 þ b33c3
2

þ b12c1c2 þ b13c1c3 þ b23c2c3

ð3Þ

Where Y represents the predicted response, b0 is the
intercept, b1, b2, and b3 denote linear coefficients,
b11, b22, and b33 represent squared coefficients, and
b12, b13, and b23 stand for interaction coefficients.
The values c1, c2, and c3 correspond to the input
variables.
Analysis of variance (ANOVA) was performed to

determine the effect of the input variables on the
response at a significance of p < 0.05. The fitness of
the second order polynomial model equation was
evaluated using multiple correlation coefficients
(R2), R2-adjusted and predicted residual error sum
of squares (PRESS). The optimal combination of
input variables for obtaining NPs with desired
characteristics (smaller particle size and high EE),

Table 1. Coded levels and ranges of input variables for a 3-level 3-factor
BBED to optimize ACE-I-ALG-CS NPs.

Input variable Level of variables

Low (-1) Medium (0) High (þ1)

Chitosan concentration (%w/v) 0.20 0.35 0.50
Homogenization speed (rpm) 5000 6500 8000
Homogenization time (min) 20 25 30
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was determined from predicted values by the model
and verified through experimental replication, to
ensure the precision of the model's predictions.

2.7. In vivo antihypertensive effect

The in vivo antihypertensive efficacy of the ACE-I-
ALG-CS NPs was assessed in SHRs. Twenty four
rats were divided into four groups, each containing
six rats, and were acclimatized for one week under
controlled conditions. They had free access to water
and standard laboratory diet. The rats in each group
received a single dose via oral gavage. Group I
received blank ALG-CS NPs (2 mg/kg), Group II
received unencapsulated peptide (2 mg/kg), Group
III received captopril (2 mg/kg), and Group IV
received ACE-I-ALG-CS NPs (2 mg/kg). The NPs
were dissolved in normal saline and 0.1 N HCl, and
adjusted the volume for each dose before adminis-
tration, based on the rats' body weight. The rats
were placed on a heated platform at 35 �C and the
blood pressure was measured using a non-invasive
tail cuff instrument (Kent Scientific Corporation,
Toorington, CT, USA) at 0 h before administration
and at 2, 4, 6, 8, and 24 h post-administration.

2.8. Statistical analysis

Statistical analyses were carried out in triplicate,
and data were expressed as mean ± standard devi-
ation. Significant differences between means of SBP
of SHRs were determined using t-test. ANOVA
followed by Fisher post hoc test was also carried-out
to identify significant differences at p < 0.05. All data

analyses were performed using Minitab statistical
software version 16.0.

3. Results and discussion

Prior to encapsulation, the peptide (Ala-Leu-Gly-
Pro-Gln-Phe-Tyr) was analyzed for in vitro ACE-
inhibitory effect and its IC50 was determined. Then,
the peptide was loaded into ALG-CS NPs through
ionic gelation and polyelectrolyte complexation to
synthesize the ACE-I-ALG-CS NPs. The NPs were
optimized for small particle size and high EE using
BBED. Subsequently, the NPs were evaluated for
morphology, in vivo systolic blood pressure (SBP)-
lowering efficacy, and for a 12-weeks physico-
chemical storage stability at three different tem-
peratures (2 �C, 7 �C and 12 �C).

3.1. BBED, graphical optimization and model
validation for the preparation of ACE-I-ALG-CS
NPs

The ACE-I-ALG-CS NPs were prepared by ionic
gelation and polyelectrolyte complexation, employ-
ing various conditions determined by BBED. This
design aimed to encapsulate the low molecular
weight ACE-inhibitory peptide, Ala-Leu-Gly-Pro-
Gln-Phe-Tyr (Table 2). The BBED comprised 15
experimental runs, with 12 factorial points and 3
center point repetitions per block to estimate the
sum of squares for pure error. Each experiment was
conducted in triplicate, and the significance of the
model and its terms were assessed by ANOVA at
p < 0.05. Experiments were carried out under the

Table 2. Box Behnken experimental design, predicted and response values due to the two input variables under different formulation conditions.

Run order Input variables Output variables

X1 X2 X3 Y1 Y2

Predicted Experimental Predicted Experimental

1 0.35 8000 20 238.08 242.81 54.76 54.82
2 0.50 5000 25 217.11 223.50 55.64 55.70
3 0.35 6500 25 269.28 273.11 71.22 71.10
4 0.20 8000 25 260.30 253.91 70.26 70.20
5 0.35 5000 20 308.04 292.73 55.74 55.52
6 0.50 8000 25 237.51 223.86 55.56 55.34
7 0.35 5000 30 225.63 220.90 70.71 70.65
8 0.35 8000 30 238.47 253.77 71.25 71.47
9 0.20 5000 25 337.82 351.47 70.62 70.84
10 0.50 6500 20 246.09 255.00 56.21 56.36
11 0.50 6500 30 197.70 196.04 72.90 72.90
12 0.35 6500 25 269.28 261.61 71.22 71.28
13 0.35 6500 25 269.28 273.11 71.22 71.29
14 0.20 6500 30 276.83 267.92 86.79 86.63
15 0.20 6500 20 310.46 312.12 72.00 72.00

X1: Chitosan concentration; X2: Homogenization speed (rpm); X3: Homogenization time (min); Y1: Particle size (nm); Y2: Encapsulation
efficiency (%).
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predicted encapsulation conditions to statistically
validate the predicted responses (Table 2). The three
input variables, including chitosan concentration
(X1), homogenization speed (X2), and homogeniza-
tion time (X3), were analyzed for their main,
quadratic, and interaction effects on the particle size
(Y1) and EE (Y2), as the two response variables
(Table 2).
Graphical optimization was conducted to identify

the optimal combination of input variables for
producing ACE-I-ALG-CS NPs with small particle
size and higher EE using response optimizer
(Fig. 1). The response optimizer is a crucial
component of optimization through RSM, predict-
ing the most favorable levels of input variables or
encapsulation conditions. These factors collectively
contribute to achieving optimal output, such as
small particle size and high EE, based on statisti-
cally fitted models.
The optimal predicted levels of the three input

variables, designated as X1 (0.420), X2 (6000 rpm),
and X3 (30 min), were used to formulate the opti-
mized ACE-I-ALG-CS NPs. These conditions were
expected to result in a particle size (Y1) of 210.81 nm
and an EE (Y2) of 75.30%. Comparison between
predicted and experimental values showed no sta-
tistically significant differences, with experimental
values of 212.60 nm for Y1 and 74.48% for Y2. These
optimized conditions achieved a combined desir-
ability score of 1.0, with individual desirability
scores of 1.0 each for Y1 and Y2.

ANOVA results for the quadratic polynomial
models are provided in Table 3. Terms involving
input variables with non-significant effects (P > 0.05)
were omitted from the models. Subsequently,
linear, quadratic, and interaction model fittings
were applied to the two response factors to statisti-
cally validate the polynomial equations.
The derived polynomial equations expressing the

effect of the input variables on particle size (Y1) and
encapsulation efficiency (Y2) are as follows:
For Y1:

Y1¼270:56� 36:29Х1 � 13:10Х2 � 22:10Х3 � 6:3Х2
2

� 11:71Х3
2 þ 24:48Х1Х2 � 3:69Х1Х3 þ 20:70Х2Х3

ð4Þ
For Y2:

Y2¼71:22� 7:42Х1 � 0:11Х2 þ 7:87Х3 þ 0:33Х1
2

� 8:53Х2
2 þ 0:42Х3

2 þ 0:48Х1Х3 þ 0:38Х2Х3

ð5Þ
The model fitness and the effects of input var-

iables on outcome values were assessed by signifi-
cance of b-coefficients through ANOVA. As
presented in Table 3, analysis of the fitted quadratic
polynomial models showed that, certain factors and
their interactions significantly influenced the
modeling for particle size and EE. In the particle size
model, factors X1, X2, X3, X22, X33, and interactions
X1X2, X1X3, and X2X3 were significant. For EE,

Fig. 1. Response optimization for the preparation of ACE-I-ALG-CS NPs. Individual and composite desirabilities (d1, d2 and D) for the predicted
responses; Y1: Particle size, Y2: Encapsulation efficiency, X1: Chitosan concentration, X2: Homogenization speed and X3: Homogenization time.
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variables X1, X3, X11 X22, X33, and interaction terms
X1X3 and X2X3 were statistically significant
(p < 0.05).
Equations (4) and (5) indicated that higher levels

of factor X1 led to decreases in both particle size (Y1)
and EE (Y2) due to increased chitosan concentration
and low peptide load. Conversely, higher levels of
factor X2 increased Y1 and decreased Y2 when
peptide load was high at a low chitosan/peptide
mass ratio. Factor X3 had opposite effects on Y1 and
Y2, with an increase resulting in reduced particle
size and increased EE.
The observed decrease in particle size could be

attributed to the formation of more electrostatic in-
teractions at high chitosan concentration and low
peptide load, stabilizing the NPs and preventing
peptide leakage. The decrease in EE might be due to
the limited amount of peptide incorporated into the
nanocarrier particles at low peptide load and the
rupture of coating materials releasing the entrapped
peptide. Conversely, higher EE could result from a
higher peptide load [25]. The increase in particle
size might be related to low chitosan concentration,
where available polycationic surfaces of chitosan
were inadequate to ionically gelate their counter
ions on alginate, to strength their interaction and
minimize particle size [20].
The involvement of quadratic and interaction

terms in the regression equation suggests nonlinear
relationships between input variables and responses.
Three-dimensional response surface plots illus-
trating how the responses were related to input

variables as well as interaction effects of pairs of
factors (X1X2, X1X3, and X2X3) on particle size (Y1) and
encapsulation efficiency (Y2) are depicted in Fig. 2.
The Fig. 2(a) and (d) illustrate the combined ef-

fects of homogenization speed (X2) and homogeni-
zation time (X3) on Y1 and Y2 with a fixed chitosan
concentration (X1) of 0.35% w/v. In this scenario, X2

demonstrated a synergistic effect on Y1 and an
antagonistic effect on Y2. Factor X3 showed a syn-
ergistic effect that was only significant for Y2. The
interaction between X2 and X3 resulted in a signifi-
cant positive effect on both Y1 and Y2.
The Fig. 2(b) and (e) depict the combined effect of

X1 and X3 on Y1 and Y2 with a constant X2 value of
6500 rpm. Here, X1 showed a synergistic effect on
both Y1 and Y2, while X3 displayed a synergistic
effect that was significant only for Y2. The interac-
tion between X1 and X3 resulted in a significant
positive effect on both Y1 and Y2.
The Fig. 2(c) and (f) illustrate the combined effect

of X1 and X2 on Y1 and Y2 with X3 held constant at
25 min. In this case, X1 exhibited a significant syn-
ergistic effect on both Y1 and Y2, while X2 showed a
synergistic effect on Y1 and an antagonistic effect on
Y2, both significant at p < 0.05. The interaction be-
tween X1 and X2 revealed a significant synergistic
effect on Y1 and an antagonistic effect on Y2.
The fitness of the models and the significant ef-

fects of input variables on outcomes were assessed
using the coefficient of determination (R-squared)
values and ANOVA. The full quadratic models
showed the highest R-squared (R2) values of 99.87%

Table 3. Analysis of variance of the fitted quadratic models for the mean particle size (Y1) and Encapsulation efficiency (Y2).

Source SS DF MS F P Remarks

Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2

Model 0.000 0.000 Significant
Linear
X1 10535.70 440.60 1 1 10535.70 440.60 1947.02 7987.91 0.000 0.000
X2 1372.40 0.10 1 1 1372.40 0.097 253.61 1.75 0.000 0.243
X3 3908.20 495.34 1 1 3908.20 495.34 722.24 8980.29 0.000 0.000
Quadratic
X1X1 4.30 0.40 1 1 4.30 0.395 0.79 7.16 0.414 0.044
X2X2 146.20 268.68 1 1 146.20 268.682 27.03 4871.10 0.003 0.000
X3X3 506.20 0.66 1 1 506.20 0.658 93.54 11.93 0.000 0.018
Interaction
X1X2 2397.10 0.02 1 1 2397.10 0.020 442.99 0.36 0.000 0.577
X1X3 54.50 0.91 1 1 54.50 0.912 10.07 16.53 0.025 0.010
X2X3 1714.00 0.58 1 1 1714.00 0.578 316.74 10.47 0.000 0.023
Total 20638.60 1207.29 9 9 20638.60 1207.282 3814.03 21887.50
Residual

Error
27.1 0.28 5 5 5.40 0.055

Pure Error 9.80 0.02 2 2 4.90 0.011
Lack of Fit 17.30 0.25 3 3 5.80 0.084 1.18 7.37 0.490 0.122 Non-

significant
R1 (R

2 ¼ 99.87%, R2 e predicted ¼ 98.55, R2 e adjusted ¼ 99.63%, S.D ¼ 2.326, PRESS ¼ 298.431
R2 (R

2 ¼ 99.98%, R2 e predicted ¼ 99.66%, R2 e adjusted ¼ 99.94%, S.D ¼ 0.235, PRESS ¼ 4.098
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and 99.98% as well as PRESS values of 298.431 and
4.098 for Y1 and Y2, respectively, and were selected
as the best fit models (Table 3).
High F-values of 422.91 and 2444.70 for Y1 and Y2

models indicated their significant influence on Y1

and Y2 responses, supported by F-value probabili-
ties of p < 0.05 for both Y1 and Y2. The lack-of-fit
values of 0.490 and 0.122 for Y1 and Y2 were insig-
nificant, indicating a strong correlation between
input and output variables for each model.
The non-significant difference (p < 0.05) in the

values of R2-adjusted and R2-predicted for both Y1

and Y2 confirmed the validity and statistical signif-
icance of the equations in optimizing ACE-I-ALG-
CS NPs. The reliability and validity of the final
models were further confirmed by comparing actual
response values with fitted values derived from the
response regression equation [26].
However, the Y1 and Y2 models for the particle

size and the EE revealed differences in their

predictive accuracy based on PRESS. The Y1 with a
PRESS value of 298.431, exhibited higher level of
deviation from actual values, indicating lower pre-
dictive accuracy and reliability. In contrast, the Y2

with a PRESS value of 4.098, showed a minimal
deviation with higher predictive accuracy and reli-
ability. Therefore, Y2 can be inferred to be more
effective and reproducible compared to Y1. In a
related study, the selection of quadratic model for
the phytofabricated chitosan nanoparticles, was
conducted using BBED based on higher values of
R2, adjusted-R2, predicted-R2, lower values of stan-
dard deviation, probability (P) and the PRESS [27].

3.2. Physicochemical stability

The optimized ACE-I-ALG-CS NPs were stored at
2 �C, 7 �Cand12 �C, andassessed for physicochemical
stability by monitoring changes in their particle size,
pdi, z and EE, once weekly for 12 weeks (Fig. 3).

Fig. 2. Three-dimensional response surface plots for the effect of input variables on; (A). Particle size: (a) homogenization speed (X2) and Homog-
enization time (X3); (b) Chitosan concentration (X1) and Homogenization time (X3); (c) Chitosan concentration (X1) and Homogenization speed (X2),
(B). Encapsulation efficiency (%): (d) Homogenization speed (X2) and Homogenization time (X3); (e) Chitosan concentration (X1) and Homogenization
time (X2); (f) Chitosan concentration (X1) and Homogenization speed (X2).
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Initial measurements before storage showed par-
ticle size of 212.60 nm, pdi of 0.327, z of þ46.8 mV,
and EE of 74.48%, respectively. After 12 weeks of
storage, changes were observed in these indices
with the new values of 222.2 nm, 257.30 nm and
239.90 nm for particle size; 0.240, 0.278 and 0.270 for
pdi; þ49.40 mV, þ43.60 mV and þ38.40 mV for z as
well as 61.03%, 56.05% and 49.01% for EE at 2 �C,
7 �C and 12 �C, respectively (Fig. 3). Significant
changes in particle size were observed by the 5th
week at 7 �C and 12 �C, and by the 9th week at 2 �C
(Fig. 3a), likely due to nanoparticle swelling.
Similarly, significant changes in pdi were

observed during the 6th, 8th and 9th weeks at 12 �C,
7 �C, and 2 �C, respectively (Fig. 3b), but pdi values
remained below 0.5, indicating minimal aggregation
and high dispersion of NPs. Despite variations in
these indices, the stability of ACE-I-ALG-CS NPs
remained substantial throughout storage, indicating
the effectiveness of alginate and chitosan as coating
materials for nanocarrier systems, facilitating suc-
cessful delivery of encapsulated peptides [21].
The z reflecting surface charge, remained high and

positively charged, indicating strong electrostatic
repulsion among nanoparticles, thereby preventing
aggregation and enhancing colloidal stability [20].

However, significant changes in z were observed by
the 4th week of storage at all temperatures, with
sustained stability observed at 2 �Cand 7 �Cafter 12th
week (Fig. 3c).
The results of the EE, indicating the degree of

peptide integration into the ACE-I-ALG-CS NPs are
presented in Fig. 3d. Achieving high EE values for
peptides can enhance their bioavailability and effi-
cacy upon oral administration. A notable decrease
in EE (p < 0.05) occurred for NPs stored at 12 �C and
7 �C by the 6th and 8th week, respectively, likely due
to peptide release stemming from excessive loading,
NPs swelling and degradation [25]. Moreover, the
decrease in EE was accompanied by mild aggrega-
tion and rupture of the NPs, leading to the leakage
of encapsulated peptides. In addition, the hetero-
geneous nature of peptides often affect their
behavior and EE within nanocarrier systems.
Consequently, the selection of an appropriate
encapsulation technique and polymer concentra-
tions, is crucial to achieve high EE and maintain the
stability and bioactivity of loaded peptides [28].
Thus, in the present study, the optimum concen-

tration of chitosan (0.420%w/v) was selected to
fabricate ACE-I-ALG-CS NPs with sustained physi-
cochemical stability (small particle size, low pdi, high

Fig. 3. Changes in the physicochemical characteristics of the optimized ACE-I-ALG-CS NPs loaded with low molecular weight ACE-inhibitory
peptide (Ala-Leu-Gly-Pro-Gln-Phe-Tyr) during a 12-week storage period at temperatures of 4 �C, 7 �C, and 12 �C: (a) Changes in particle size (b)
Changes in polydispersity index (c) Changes in zeta potential, and (d) Changes in encapsulation efficiency.
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z and EE). These properties are necessary to facilitate
mucoadhesion and absorption of the nanocarriers for
controlled release of the encapsulated peptide,
thereby enhancing its bioavailability [28,29]. More-
over, the selected concentration was to maintain the
solubility and compatibility of the polymerwith other
formulation components, thereby preventing any
adverse interactions. In addition, the concentration of
chitosan was selected by considering its molecular
weight and deacetylation for optimal ACE-I-ALG-CS
NPs size. The net effect for the selectionwas to ensure
higher stability, effective oral delivery and enhanced
efficacy of the peptide for in vivo hypertension man-
agement [28,30].
In a related study, Danish et al. [31] examined the

storage stability of chitosan NPs containing a fish-
derived ACE-inhibitory tripeptide (LPK), and
observed changes in particle size, pdi, z, and EE.
Similarly, Azari et al. [32] reported improved phys-
icochemical stability of phycocyanin-loaded nano-
liposomes coated with chitosan at an optimal
concentration, with increased EE following storage.
Additionally, Cao et al. [33] demonstrated sustained
EE enhancement due to chitosan coating of nano-
liposomes loaded with a walnut-derived ACE-
inhibitory peptide. Moreover, Reyhani Poul and
Yeganeh [34] reported increased EE and colloidal
stability due to chitosan coating of shrimp waste-
derived peptide-loaded nanoliposomes at different
concentrations.

3.3. Transmission electron microscopy (TEM)

The morphology of the nanocarriers was studied
using TEM imaging which provides highly powerful
magnification suitable for the examination of
nanocarriers. As shown in Fig. 4, the TEM images
for the ACE-I-ALG-CS NPs are in form of discrete
spherical particles (Fig. 4). This observation is
further supported by the low pdi values (<0.5) of the
nanocarriers, indicating high dispersion of the NPs
suspension (Fig. 3b).

3.4. In vitro ACE-inhibitory activity and in vivo
antihypertensive efficacy

3.4.1. In vitro ACE-inhibitory activity
The low molecular weight peptide (Ala-Leu-Gly-

Pro-Gln-Phe-Tyr, 794 Da) consisted of neutral,
aliphatic, branched chain, non-polar and aromatic
amino acids residues. An in vitro assay, demon-
strated a high ACE-inhibitory activity of
94.43 ± 2.05% and an IC50 of 0.012 ± 0.001 mM for
the peptide. The high ACE-inhibitory activity was
related to the presence of aromatic Phe and Tyr at

C-terminal, aliphatic Ala and branched chain Leu at
the N-terminal as well as proline at 4th position
from the C-terminal [1].

3.4.2. In vivo antihypertensive efficacy
The antihypertensive efficacy of various treat-

ments (ALG-CS NPs, unencapsulated peptide,
captopril and ACE-I-ALG-CS NPs) was assessed
through their 24 h SBP-lowering effect on SHRs
(Fig. 5). The negative control group (ALG-CS NPs)
exhibited no significant change in SBP within the
24 h post-administration (Fig. 5). A single oral dose
of 2 mg/kg for both unencapsulated peptide,
captopril and ACE-I-ALG-CS NPs resulted in sig-
nificant (p < 0.05) reduction in the mean SBP of
SHRs within the 24 h post-oral administration
compared to the negative control.
Similar to its strong in vitroACE-inhibitory activity,

the peptide exhibited high in vivo antihypertensive
effect on SHRs. Notably, a significant antihyperten-
sive effect was observed within 24 h of Ala-Leu-Gly-
Pro-Gln-Phe-Tyr administration, with peak activity
observed at the 8th h post-administration. The SBP-
lowering effect of the peptide was found to be similar
to that of captopril. Since captopril is a chemically
designed and commercially available drug, this
suggests the potential of Ala-Leu-Gly-Pro-Gln-Phe-
Tyr in the development of novel antihypertensive
treatment. However, captopril exerted its peak ac-
tivity at 6th h post-oral administration. The ACE-I-
ALG-CS NPs treated group showed significantly
higher (p< 0.05) reduction in SBPduring the 24 hpost
oral treatment compared to other groups. The peak
activity of the ACE-I-ALG-CS NPs was observed by
the 8th h post administration which remained sus-
tained even at the 24th h of post-administration. The
peak activity exerted by unencapsulated peptide,

Fig. 4. Transmission electron microscopy of the ACE-I-ALG-CS NPs
prepared by ionic gelation and polyelectrolyte complexation.
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captopril and ACE-I-ALG-CS NPs corresponded to
13.16%, 14.88% and 19.72% reduction in the SBP of
the SHRs, respectively. The improved antihyperten-
sive efficacy of the ACE-I-ALG-CS NPs, may stem
from the enhanced stability, intestinal absorption,
and bioavailability of the encapsulated peptide,
facilitated by the stabilized physicochemical charac-
teristics of nanocarriers due to the coating polymers
[28,30].
The physicochemical characteristics of nano-

carriers including particle size, pdi, zeta potential,
and EE, have been shown to significantly influence
their in vivo efficacy [35]. Smaller particle size en-
hances absorption and bioavailability, while a low
pdi ensures homogeneity and stability [36]. Simi-
larly, a high absolute zeta potential value improves
colloidal stability and have been reported to pro-
mote cellular uptake of nanocarriers [28].
The work of Sorasitthiyanukarn et al. [37] demon-

strated improved physicochemical stability, di-
gestibility, bioaccessibility, and cellular uptake of
curcumin encapsulated in chitosan/alginate NPs
with small particle size, high zeta potential and EE. In
another research, quercetin-loaded alginate/chito-
san NPs, with small particle sizes and high EE
revealed an enhanced protective activity of quercetin
against systemic toxicity [38]. Similarly, resveratrol-
loaded alginate/chitosan NPs provided sustained
release and higher cellular uptake due to its smaller
particle size and higher EE [39]. Moreover, high EE
has been observed to facilitate sufficient peptide
loading and a controlled release profile for peptide
[21]. Hence, these properties might have

synergistically enhanced the stability, targeted de-
livery and therapeutic effects, while minimizing off-
target effects and optimizing effectiveness and safety
of the ACE-I-ALG-CS NPs for sustained blood pres-
sure control in the SHRs. Therefore, the combined
application of alginate-chitosan as nanocarriers, en-
hances the controlled delivery of bioactive com-
pounds in the gastrointestinal tract, thus improving
their stability, bioaccessibility, and bioavailability
[28].
The alginate-chitosan coating provides protection

to encapsulated peptide against enzymatic and hy-
drolytic degradation in the GIT. However, the
higher pH and ionic environment of the small in-
testines, facilitates gradual breakdown of nano-
carriers, leading to a slow and controlled release of
the encapsulated peptide [40]. A consistent release
of the peptide into bloodstream, could maintain a
steady blood pressure level within 24 h of nano-
carriers post oral administration. Hence, the
observed peak in SBP decrease at 8 h post oral
administration, could be due an initial burst of ACE-
I-ALG-CS NPs with prolonged release of the pep-
tide at an effective concentrations. This might have
been fine-tuned to enhance its therapeutic efficacy
and sustained the decrease in blood pressure levels
within the 24 h post oral administration [20,25].
Previously, Danish et al. [41] reported a reduction

in the SBP of SHRs due to chitosan-zein coating of
two food derived tripeptides (IPP and LKP) with
prolong SBP-lowering effect within 8 h post oral
administration similar to captopril, and was attrib-
uted to the enhanced release properties of the NPs.

Fig. 5. A 24 h SBP-lowering effect of a single oral dose of ALG-CS NPs, unencapsulated peptide, captopril and ACE-I-ALG-CS NPs on SHRs. Means
of SBP with asterisk are not significantly different at p < 0.05 compared to each other, at the same hour post administration. Means of SBP sharing a
common letter are significantly different at p < 0.05 compared to each other, at the same hour post treatment.
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In addition, Michalowski et al. [42] attributed the
sustained blood pressure lowering effect and pro-
tection of renal functions of SHRs, to the coating
materials including chitosan, for their prepared
Captopril-Surface Functionalized Furosemide-
Loaded Multi-Wall Lipid-Core Nanocapsules.
The alginate-chitosan nanocarriers exhibits

distinct biodistribution pattern following their oral
administration in rats [43e45]. At first, the nano-
carriers navigates the acidic environment of the
stomach while preventing its encapsulated peptides
against degradation. In the small intestine, the
nanocarriers bypasses the epithelial barrier through
paracellular and transcellular transports [30,46,47].
This facilitates the entry of the bioactive peptides into
systemic circulation to the target site of action. In this
scenario, alginate-chitosan nanocarriers have been
used as effective oral delivery systems, to enhance the
bioavailability and therapeutic efficacy of peptide on
target tissues [13,29]. It has been shown that, once
absorbed, the alginate-chitosan nanocarriers are
distributed to various organs, including liver, spleen,
kidneys, and lungs. This is finally followed by their
excretion at a specific clearance rate to protect the
body against any adverse effect [48,49].
The clearance rate of the nanocarriers is essen-

tially useful to understand their pharmacokinetics,
efficacy, safety and toxicity profile. It enhances the
overall performance of nano delivery systems for
effective therapeutic payload while minimizing
adverse effects [50]. As previously reported, a
portion of nanocarriers is absorbed and the encap-
sulated peptide is released into systemic circulation
during the first few hours post-administration [51].
Thus, within the period of post administration, a
significant portion of the non-absorbed nano-
carriers might be excreted from the body via feces,
whereas the absorbed fractions could be processed
and eliminated through renal and hepatic pathways
[51e53]. In this way, clearance ensures therapeutic
efficacy, minimises the risk of long-term accumu-
lation and reduces toxicity and side effects due to
nanocarriers. This controlled degradation and
clearance makes alginate-chitosan nanocarriers to
be safe and effective for oral delivery of bioactive
peptides [50,54].

4. Conclusion

In this study, ACE-I-ALG-CS NPs were synthe-
sized as nanocarriers for Ala-Leu-Gly-Pro-Gln-Phe-
Tyr and optimized using a three-factor, three-level
Box Behnken design. The optimal conditions,
including a chitosan concentration of 0.42% w/v,
homogenization speed of 6000 rpm, and

homogenization time of 30 min, yielded nano-
carriers with a small particle size (212.60 nm) and
high EE (74.48%). The enhanced in vivo antihyper-
tensive efficacy of Ala-Leu-Gly-Pro-Gln-Phe-Tyr
was attributed to the ACE-I-ALG-CS NPs, which
provided gastrointestinal stability and sustained
reduction in SBP of SHRs for up to 24 h post-oral
administration, significantly surpassing the effects
of captopril and unencapsulated peptide. Further-
more, physicochemical stability assessments over 12
weeks indicated stable nanocomposites with sus-
tained monodispersion, high colloidal stability, and
EE at various storage temperatures (4 �C, 7 �C, and
12 �C). Therefore, the ACE-I-ALG-CS NPs prepared
via ionic gelation and polyelectrolyte complexation
demonstrate capability as successful nanocarriers
for improving the physicochemical stability,
bioavailability, and in vivo efficacy of food-derived
peptides, facilitating their incorporation as thera-
peutic ingredients into functional food formulations.
Thus, the optimized nanocarriers exhibited high

physicochemical stability and demonstrated a sus-
tained in vivo peptide release with significant SBP
reduction in SHRs. However, their application may
be limited by challenges related to complexities in
optimization, physicochemical stability, in vivo
variability, bioavailability, absorption, toxicity, and
immunogenicity. Hence, the nanocarriers may be
enhanced with stimuli-responsive properties for
smart, personalized delivery through targeted
release. In addition, more extensive in vivo studies
may be necessary to elucidate their toxicity profiles
as well as mode of response to both chemical and
physical stimuli, for precise delivery of the encap-
sulated peptides. Furthermore, it is important to
evaluate the expected lifetime of the nanocarriers in
human body to ensure they last long enough to fully
perform their intended functions with higher sta-
bility, safety and efficacy. Finally, regulatory path-
ways may be required to establish an effective and
safe therapeutic application of the nanocarriers for
treatment of hypertension.
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