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ABSTRACT: The encapsulation of fatty acids, including walnut oil, within complexes is a promising strategy to address challenges,
for instance, low water solubility and susceptibility to oxidation while incorporating these oils into food products. Additionally,
encapsulation can effectively mask undesirable odor and flavor. The current study focuses on the optimization of walnut oil
nanoparticles (WON) using complexes fabricated from gum arabic and whey protein by applying a response surface methodology.
The impact of three different independent variables were determined, such as surfactant mixture (33−66%), walnut oil (5−25%),
and sonication time (60−300 s), under three distinct desired conditions (low, medium, and high) on four different responses, i.e.,
particle size, polydispersity index (PDI), moisture level, and encapsulation efficiency (EE). The findings of the present study indicate
that the point prediction-based WON resulted in significantly low particle size (82.94 nm), PDI (0.19), moisture content (3.49%),
and high EE (77.26%). Fourier transform infrared spectroscopy (FTIR) study demonstrated the successful encapsulation of walnut
oil and wall material into nanocapsules. Differential scanning calorimetry (DSC) verified the improved thermal stability property of
WON after incorporation, and scanning electron microscopy (SEM) indicated that the WON had relatively fragile and smooth
surfaces, along with the presence of few porous structures. The recorded experimental data from the existing study showed that the
developed formulation of WON was potentially useful as a value-added ingredient for food industries.

1. INTRODUCTION
In previous decades, walnut oil has gained attention as a
functional ingredient due to its high level of essential fatty
acids and tocopherols, making it a valuable dietary source.
Conspicuously, walnut oil triglycerides contain a significant
proportion of polyunsaturated fatty acids (including linoleic
and α-linoleic acids) and monounsaturated (such as oleic
acid).1 In accordance with several studies, small quantities of
bioactive compounds, including phytosterols and tocopherols
are present in walnut oil.2 Walnut oil contains significant
amounts of polyunsaturated fatty acids, known to lower
coronary heart disease risk. Additionally, the abundance of
naturally occurring antioxidants in walnut oil provides
protection against a lot of malignant conditions.3 However,

the effective and practical inclusion of walnut oil into
processed food products is minimal due to its high
susceptibility to oxidation and low solubility.4

Similar to the case for other oils, two major challenges are
encountered when walnut oil is incorporated into food
products: First, walnut oil is hydrophobic in nature and does
not readily dissolve in water, so preparing it as a micro/
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nanoemulsion facilitates oil particle dispersing easily in water.5

The second challenge is associated with the inherent instability
found in the structure of polyunsaturated fatty acids, rendering
them prone to oxidative stress.6 Furthermore, the unfavorable
odor and flavors associated with walnut oil can lead to a
decline in the overall quality and sensory attributes of food
products.7,8

After many studies, it has been found that the only solution
to resolve this problematic aspect is to apply the nano-
encapsulation system because this advanced technology
involves entrapping active ingredients/compounds into capsu-
les with nanometer sizes. It proves effective and convenient in
boosting the physical stability and provides a protective layer
against reactions with other food components. The tiny size of
these nanocapsules provides a pivotal role in augmenting the
bioactivity of active materials, offering a practical solution to
increase their overall efficacy.9 Nanocapsules provide a
protective barrier for core materials against unfavorable
conditions, such as enzyme degradation, pH, and oxidation.
Additionally, they can enhance the controlled release
mechanism, providing further versatility in the application of
this technology.10 Whey protein is a great substitute for
capsule walls due to its unique functional attributes. Whey
protein is commonly employed as a coating material, owing to
its biodegradability, safety, extensive availability, and continu-
ous film-forming capabilities. Moreover, whey protein exhibits
surface-active features, low oxygen permeability, and high
tensile strength. These qualities make whey protein well-suited
for the use of encapsulating coating materials, especially when
combined with different polymeric substances. This combina-
tion proves beneficial for target delivery and enhanced stability
of encapsulated formulations.11 Whey proteins have the ability
to bind the hydrophobic ligands, such as retinol, hydrophobic
peptides, chromatographic phases with hydrophobic proper-
ties, melittin from oleic acid, and apitoxin.12

Gum arabic plays a pivotal role as a core material in the
nanoencapsulation of flavor compounds. Its noteworthy
characteristics, such as favorable solubility, emulsifying proper-
ties, low viscosity, and a high holding capacity of oil droplets
and volatile compounds, have garnered significant attention in
the field of nanoencapsulation.13 Proteins like whey, soy
protein isolates, and sodium caseinate serve as common wall
materials in nanoencapsulation, leveraging their diverse
functional groups, amphiphilic characteristics, self-assembly
capabilities, and substantial molecular weight to achieve
desired functional properties, i.e., viscosity, layer-forming
ability, solubility, and emulsifying capacity.14 A combination
of plant- and animal-based protein blends provides additional
advantages regarding continuous film creation, stability,
biodegradability, emulsification, and extensive structural
qualities. These specific types of blends exploit the strengths
of both sources to enhance the overall effectiveness of the
proteins in various concentrations.15 However, no direct
comparison of these two types of wall materials with walnut
oil has been performed yet, and the behavior of these
encapsulated in food products remains unknown.
Response surface methodology (RSM) comprises a set of

statistical approaches that provide a solution for developing an
optimal formulation and is contemplated as a more cost-
effective methodology compared with other traditional
processes of optimized formulation.16 To build models and
tests, the RSM technique included a factorial design and
multiple regression analysis. Furthermore, the RSM was used

to assess the individual effects of each processing parameter on
total efficiency. The Box−Behnken design (BBD) served as a
standard experimental framework design tool, offering
numerous advantages such as fewer experiments and shorter
periods compared to other methods for analyzing and
identifying multiple factors and relationships amid independ-
ent variables.17 Several investigators have proposed that RSM
is an effective method for optimizing conditions for nano-
encapsulation systems. In accordance with Saravana, Shanmu-
gapriya, Gereniu, Chae, Kang, Woo, and Chun,18 RSM is an
excellent method that can describe the optimal influence of
sonication parameters on fucoxanthin oil-based nanoencapsu-
lation with appropriate size, zeta potential, along with good
polydispersity range. In the study undertaken by Yang, He,
Ismail, Hu, and Guo,19 the formulation of a thyme essential oil-
based nanoemulsion was optimized using the ultrasonication
method through the RSM. This approach could give the ideal
time and power of the sonication system, as well as emulsifier
concentration to produce a nanoemulsion with optimal size,
polydispersity, and zeta potential, with a minimum inhibitory
and bactericidal concentration.
The present study’s first aim is to employ RSM (BBD) for

encapsulating walnut oil (O/W) through a constant biopoly-
meric system via soluble complexation procedure sonication
and freeze-drying. RSM tool was used to explore the
relationship of different independent variables along with
surfactant mixture (gum arabic/whey protein, walnut oil, and
sonication time on the particle size, polydispersity index (PDI),
moisture content, and encapsulation efficiency (EE) of
encapsulated walnut oil loaded nanoparticles (WON)). The
second and most important goal of this research was to inspect
the attributes of the WON formulations/powder to recognize
whether it meets the requirements for future food product
development or not. The third aim was to assess the chemical
composition of the WON and morphological characteristics. If
successful and efficient nanoencapsulation can be achieved,
then these WONs may be appreciated as a part of value-added
food products within the food processing industry. It must be
highlighted that the novelty of the present research lies in
applying gum arabic/whey protein formulations (complexes)
for entrapping walnut oil and the subsequent formation of
nanocarriers utilizing these complex formulations.

2. MATERIALS AND METHODS
2.1. Materials. Walnut oil was procured from fresh vintage

forms. Whey protein was bought from GNC Super Foods,
USA, and gum arabic was obtained from BioChem, USA.
Tween 80 and other high-purity chemical materials were
purchased from Sigma-Aldrich (USA).
2.2. Preparation of WON. Stock solutions of wall material

were prepared by applying a gum arabic and whey protein
mixture by using distilled water. To achieve complete
dissolution and thorough rehydration, the samples were
positioned in a water bath (IKA, HB-4, Germany) for 12 h
at 70 °C. The wall materials ratio (gum arabic/whey protein)
for complex formation was set at 1:1, 1:2, and 2:1, as indicated
in Table 1. Maintaining a consistent concentration of 30% w/v
total soluble solids, walnut oil specified in Table 1 was
introduced into the surfactant mixture/wall material solutions,
along with Tween 80 as an emulsifier. It improves the solubility
of hydrophobic compounds and enhances the bioavailability of
encapsulated materials. The developed mixture was continu-
ously stirred at 65 °C by using a magnetic stirrer (LS-100,
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LabTron, Iran). The pH of the surfactant mixtures was set at
7.00 through NaOH (1 M) by taking care of the isoelectric
point of whey protein to form soluble complexes.
Subsequently, a rotor-stator homogenizer (Wise, 15D, South

Korea) was used to homogenize the prepared samples by
running at 10000 rpm for 10 min. These formulations were
subjected to a sonication process at a given time (1 s on and 1
s off), (Table 1). For the sonication purpose, a probe sonicator
(Heischler, UPS-200, Germany) was used with a 20 kHz
frequency limit and 80% full power at 25 °C before the
annealing step. Finally, the prepared complexes were frozen
overnight at −20 °C and then subjected to freeze-drying
(8624-FDU, Operon, South Korea) for 48 h at −85 °C. The
resulting samples were converted carefully into powder form
using a grinder and reserved in the plastic tubes until further
analysis.20

2.3. BBD Optimization. The integration of optimization
approaches in formulating materials through experimental
design has become a standard practice. While there are various
designs of experiment techniques reported for optimization,
the BBD was specifically preferred among them for its
efficiency, requiring fewer experimental runs than other
designs.21 Numerous experimental studies on a wide range of
nanosized formulations have been reported, demonstrating the

effectiveness of this approach in the development of optimal
formulations.22,23 A three-level/factor BBD method was
applied to obtain optimized WON, by considering three
different independent variables with the ranges of surfactant
mixture (A; 33−66%), walnut oil concentration (B; 5−25%),
and sonication time (C; 60−300 s), and dependent variables
(particle size, polydispersity, moisture, and encapsulation
efficiency (Table 1)). Seventeen experimental compositions
(WON), incorporating the dependent variables at low,
medium, and high levels, are detailed in Table 2. The 3D
surface plot illustrates the relationship of each variable on the
response assessment. Ultimately, the optimized parameters and
their corresponding response values were determined.
Optimized WON was selected based on minimum particle
size, polydispersity, and moisture content, and high encapsu-
lation efficiency by the point prediction method. The quadratic
polynomial model is represented through the given equation
below:

= + + +
= = <

W X X X X
i

i i
i

ii ij
i

ij i j0
1

3

1

3

1

3

(1)

W represents the independent variables for the dependent
responses (A−C); and β0 denotes the intercept βi, βii, and βij
denote the linear, quadratic, and interaction model coefficient
terms, respectively. In contrast, Xi and Xj denote the
independent factors.
2.4. Particle Size and PDI. The dynamic light scattering

(Zetasizer, Malvern Instruments, UK) method was employed
to calculate both the size and PDI of the developed WONs by
diluting samples into 100 mL of double distilled water. A PDI
below 0.1 suggests a homogeneous/uniform population,
whereas a PDI exceeding 0.3 indicates significant heterogeneity
between particles.
2.5. Moisture Content. Briefly, 5 g of WON sample was

dried in the oven (400-UFB, Memmert, Germany) at 105 °C
for 24 h. The quantification of the moisture level involved
measuring the weight variation before and after the drying
procedure.

Table 1. BBD-Based WON Formulations and Their Levels

coded values

symbol
low-level
(−1)

mid-level
(0)

high-level
(+1)

Independent Variable
A = surfactant mixture % 33 49.5 66
B = walnut oil % 5 15 25
C = sonication time s 60 180 300

Dependent Variable
W1 = particle size nm low
W2 = polydispersity mean low
W3 = moisture content % low
W4 = encapsulation efficiency % high

Table 2. BBD Plan for WON with Independent and Dependent Variables

independent variables dependent variables

particle size (nm) polydispersity (mean) moisture content (%) encapsulation efficiency (%)

run A (%) B (%) C (Sec) experimental predicted experimental predicted experimental predicted experimental predicted

1 66 5 180 113.24 113.04 0.35 0.33 5.97 5.61 71.09 72.17
2 33 15 300 117.31 114.79 0.18 0.20 4.22 3.99 69.48 71.07
3 66 15 300 97.56 99.68 0.32 0.33 5.53 5.34 71.55 71.62
4 49.5 25 300 94.74 97.06 0.38 0.34 4.18 4.04 74.91 74.41
5 49.5 15 180 85.34 82.94 0.18 0.19 3.69 3.49 78.02 77.27
6 33 25 180 114.45 114.65 0.30 0.31 4.65 5.01 76.61 75.53
7 33 15 60 111.56 109.44 0.35 0.34 5.67 5.86 72.15 72.08
8 49.5 15 180 80.18 82.94 0.18 0.19 3.69 3.49 74.26 77.27
9 49.5 5 60 107.54 105.22 0.33 0.36 5.02 5.16 71.01 71.52
10 49.5 5 300 116.67 114.75 0.28 0.28 3.87 4.42 72.73 71.58
11 49.5 15 180 82.36 82.94 0.18 0.19 3.65 3.49 77.98 77.27
12 49.5 15 180 85.41 82.94 0.17 0.19 3.41 3.49 78.03 77.27
13 66 15 60 109.12 111.65 0.31 0.28 4.76 4.99 71.22 69.63
14 33 5 180 95.74 100.19 0.27 0.24 4.98 4.65 69.76 69.32
15 49.5 25 60 111.30 113.22 0.36 0.35 5.37 4.82 72.34 73.49
16 49.5 15 180 81.41 82.94 0.24 0.19 3.01 3.49 78.04 77.27
17 66 25 180 93.34 88.90 0.27 0.29 4.21 4.53 70.34 70.78
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2.6. Encapsulation Efficiency (EE). Powder-free surface
walnut oil was intricately blended with 2 mL of distilled water
and vigorously shaken for a duration of 1 min. Following this,
the solution underwent a meticulous extraction process
utilizing a 25 mL combination of hexane and isopropanol in
a 1:3 ratio, followed by centrifugation at 4000 rpm for a
duration of 20 min. The distinct organic phase was carefully
isolated, and the aqueous phases underwent an additional
round of extraction. The resulting solution, enriched with
encapsulated oil (WON), underwent a drying process at 105
°C, and the residual oil content was precisely measured.20

For the comprehensive extraction of total oil, 2.5 mL of
distilled water was mixed with 0.6 g of WON, and the mixture
was efficiently vortexed for 2 min. The overall process for the
extraction of total oil mirrored that of the encapsulated oil. The
EE was accurately measured utilizing the formula given below:

=EE
Encapsulated oil (g/100 g powder)

Total oil (g/100 g powder)

2.7. Antioxidant Activity. The assessment of antioxidant
properties in walnut oil and the WON was conducted using the
1,1-diphenylpicrylhydrazyl (DPPH) method, following the
methodology outlined by Sharma and Bhat.24 For the

Figure 1. Three-dimensional (3D) response surface plots of walnut oil nanoparticles on particle size (A−C), polydispersity (D−F), moisture
content (G−I), and encapsulation efficiency (I, J).
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examination of WON, a solution with a concentration of 1 mg/
mL was further diluted to varying absolute concentrations (5,
10, 15, 25, 35, 45, 65, 85, and 100 μg/mL) in water. Following
this, 300 μL of a methanolic DPPH solution (1 mL, 0.3 mmol)
was introduced to both WO and WON. The resulting mixture
was subjected to a 30 min incubation at 25 °C under a dark
environment, and then absorbance was meticulously recorded
at a wavelength of 517 nm using the accuracy of a UV−vis-
1800 spectrophotometer. To quantify the final scavenging
activity, a scrupulous formula was employed, allowing for the
precise determination of the antioxidant level of the primed
mixture. This approach ensures an accurate and reliable
assessment of the scavenging activity of the solution under
investigation.

= ×A A AScavenging activity % / 100Control Sample Control

2.8. Fourier Transform Infrared Spectroscopy (FTIR).
FTIR spectra were acquired with a Nicolet iS10-spectrometer
(Thermo-Fisher Scientific, USA). Concisely, freeze-dried
WON was taken and mixed with KBr pellet and subsequently
subjected to scanning within the range of 4000−400 cm−1,
selecting a resolution of 4 cm−1 to confirm the structure of
whey protein-gum arabic walnut oil complexes/WON.25

2.9. Differential Scanning Calorimetry (DSC). DSC
study was conducted on WON by employing a state-of-the-art
differential scanning calorimeter (Q2000, TA INST., New
Castle, DE). Freeze-dried WON powder was taped up in a
small aluminum pan with the help of a presser (TZERO Press)
and scanned under the range of 20−350 °C at a 10 °C min−1

heating rate. A reference unfilled pan was employed, and a one
min equilibration at 0 °C was carried out prior to each run.
The inert nitrogen gas was introduced by a flow rate of 20 mL/
min throughout the experiment. 10 mg of WON powder was
taped into pans with a capacity of 30 μL. The protein
denaturation kinetics were measured using residual denatura-
tion enthalpy (ΔH) (J/g).26,27 The final area was obtained

using Universal Analysis 2000 software from TA INST (Waters
LLC, New Castle, DE).
2.10. Scanning Electron Microscopy (SEM). The

morphological parameters of WON were studied through a
SEM (8020-SU, Hitachi, Japan) and the magnification of 5−
25000× under high vacuum and 26 kV voltage.
2.11. Statistical Analysis. The experimental trials were

accurately conducted in triplicate to ensure the robustness and
reliability of the data. To scrutinize the statistical significance,
analysis of variance (ANOVA) was applied with a significance
level of P < 0.05. An in-depth exploration of mean differences
among the experimental groups was then conducted through
the utilization of Duncan’s multiple-range test. To further
enhance the precision of the study, advanced statistical
techniques, namely, BBD, were implemented. This strategic
approach not only allowed for the exploration of complex
relationships between multiple variables but also facilitated the
optimization of the experimental conditions. The entire
statistical analysis, including the execution of BBD, was
seamlessly carried out using the Design-Expert software
(Windows version 13). Principal component analysis (PCA)
was employed to offer a comprehensive overview of the
relationships among various dependent responses, utilizing
Minitab Statistical Software 19.

3. RESULTS AND DISCUSSION
3.1. Response Surface Model Fitting. Three levels per

factor-based BBD tool were used to achieve the optimized
WON. This design exhibited 17 formulations including three
replicated points, as outlined in Table 2. The quadratic model
appeared as the most fitting choice for measuring the
intricacies of all responses under consideration. In order to
provide a comprehensive visual representation of how
independent variables influence each of the three responses,
three-dimensional (3D) plots were accurately generated. These
graphical representations, shown in Figure 1, offer vivid insight

Figure 2. Linear correlation plots (A−D) between observed and predicted values of the responses (particle size, polydispersity, moisture content,
and encapsulation efficiency) and their corresponding plots of residual versus run (A*, B*, C*, and D*).
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into the intricate relationships and dynamics shaping the
experimental outcomes. Figure 2A−D show linear correlation
graphs illustrating the relationship of observed and predicted
values for the respective responses. Additionally, corresponding
residual versus run plots (Figure 2A*−D*) are presented. The
ranges of experimental values for the observed responses,
particle size (80.18−117.31 nm), PDI (0.17−0.38%), moisture
content (3.01−5.97%), and EE (69.48−78.04%) were found to
be incredibly closest to the predicted values (Table 2).
ANOVA presented a significant (P < 0.05) model exhibiting

a nonsignificant lack of fit. As presented in Table 3, the lack of

fit was 0.0823, 0.1809, 0.0762, and 0.3915 for each model
(particle size, PDI, moisture content, and EE, respectively).
The resulting outcomes suggest that the model is valid and fits
well. Based on the analysis of variance (ANOVA), the
calculated F-values for all response variables were found to
fall within the range of 4.77 to 21.68. To gauge the model’s
appropriateness, the desired coefficient of determination (R2)
was set at 80%, indicating a well-fitted model. The current
experimental design study utilizing BBD showcased higher R2
values, affirming its superior fit compared to alternative
models. An effective statistical model is characterized by a
minimal difference between R2 and adjusted R2. Notably, in
this study, marginal differences were observed between R2 and
adjusted R2 for particle size (0.9654 and 0.9208), PDI (0.8859
and 0.7392), moisture content (0.8640 and 0.6891), and EE
(0.8599 and 0.6797). These values, each hovering around 1,

suggest a robust correlation between the predicted outcomes
and the experimental data, underscoring the accuracy and
reliability of the established statistical model. The developed
model demonstrated statistical significance, indicating a
reliable relationship between the predicted and observed
results.28,29

3.1.1. Effect of Independent Variables on Particle Size.
The small sizes of intricate particles have a vital role in
ensuring the stability of the encapsulation system against
precipitation/creaming, making them well-suited for the food
sector. Particle size and distribution significantly affect various
physical attributes, including turbidity, stability, and rheo-
logical characteristics in colloidal systems.30 The particle size of
the encapsulated complexes is influenced by various factors.
This study specifically investigated the effects of surfactant
mixture, walnut oil concentration, and sonication time on
WON particle size. Figure 1A−C provides a comprehensive
representation of both the single and combined influences of
the specified independent variables on the size (W1).
Increasing surfactant concentration leads to a reduction in
size, attributed to diminished interfacial tension between the
lipid and aqueous phases. Consequently, this phenomenon
encourages the development of emulsion droplets charac-
terized by smaller particles.31 An increased concentration of
the surfactant mixture sustained the nanoparticles by creating a
stearic boundary on the developed particle surface. This
protective barrier prevented the particles from coalescing into
larger once.32 A surfactant mixture helps to reduce the surface
tension between liquids or between a liquid and a solid. It
makes it easier for substances to mix and spread out. Adding a
surfactant mixture above the optimum point can cause an
increase in the particle size. This happens because the excess
surfactant molecules start to form larger aggregates, which, in
turn, leads to larger particle sizes. The excess surfactant
molecules start to clump together, causing the particles to
become bigger. Change in the oil concentration influences the
size of the nanoparticle formulation. Higher oil concentrations
result in reduced particle size due to a reduction in the internal
phase viscosity. Additionally, a high sonication time con-
tinuously reduces the particle size, as prolonged sonication
enables particle breakdown. Therefore, an intermediate
sonication time is considered optimal for achieving the desired
particle size range.
Masarudin, Cutts, Evison, Phillips, and Pigram33 identified

substantial intermolecular cross-linkage between anionic
groups of whey protein and free primary amino group in
gum arabic as pivotal for achieving a uniform particle size
distribution. This cross-linking forms an intricate network that
facilitates the consistent and controlled development of the
nanoparticles. The development and stability of these nano-
particles in solution are intricately linked to the structural
characteristics of various molecules in the sample. These
interactions, particularly electrostatic ones, play a significant
role, as highlighted by Stoylov,34 emphasizing the importance
of understanding these molecular dynamics in the context of
nanoparticle formation and solution stability. The particle size
range observed in all 17 developed formulations was between
80.18 to 117.31 nm, a range well-suited for topical delivery.
These results align with those of Esfahani, Jafari, Jafarpour, and
Dehnad,20 where the smallest particle size range of gum
arabic−gelatin formulations with fish oil/omega-3 (ω3) fatty
acids nanocapsules was 26−114 nm.

Table 3. Results of Regression Coefficients and Analysis of
Variance for Four Response Variables

W1:
particle
size

W2:
polydispersity

W3:
moisture
content

W4:
encapsulation
efficiency

source DF
estimated
coefficient

estimated
coefficient

estimated
coefficient

estimated
coefficient

intercept
(β0) 1 82.94 0.19 3.49 77.27

linear
terms

A (β1) 1 −3.23 0.01 0.11 −0.47
B (β2) 1 −2.42 0.01 −0.17 1.20
C (β3) 1 −1.66 −0.02 −0.37 0.24

interaction
terms

AB
(β1β2)

1 −9.65 −0.02 −0.35 −1.90

AC
(β1β3)

1 −4.33 0.04 0.55 0.75

BC
(β2β3)

1 −6.42 0.01 −0.01 0.21

quadratic
terms

A2
(β11)

1 11.29 0.03 0.94 −3.48

B2
(β22)

1 9.96 0.07 0.51 −1.83

C2
(β33)

1 14.66 0.07 0.60 −2.68

lack of
fit

3 0.0823 0.1809 0.0762 0.3915

P value 0.0003 0.0135 0.0234 0.0257
F value 21.68 6.04 4.94 4.77
R2 0.9654 0.8859 0.8640 0.8599
adj. R2 0.9208 0.7392 0.6891 0.6797
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= +
+ +

+

W A B C

AB AC BC A B
C

(Particle Size) 82.94 3.23 2.42 1.66

9.65 4.33 6.42 11.29 9.96

14.66

1
2 2

2 (2)

3.1.2. Effect of Independent Variables on Polydispersity.
The PDI was employed to assess the size distribution, and
WON samples exhibited PDI values within acceptable limits.
The PDI with a scale from 0 to 1, functions as an indicator of
the uniformity of dispersion. A lower PDI value signifies a
homogeneous population, while a high value points out
increased heterogeneity.35 The results obtained from the
current investigations highlight the PDI of 17 samples,
demonstrating a range between 0.17 and 0.38 (W2). These
findings echo the observations made by Ali, Ali, Aqil, Imam,
Ahad, and Qadir,21 specifically in their examination of
thymoquinone-loaded nanoparticles, where the PDI was
reported to be under 0.19−0.29. The significant variability in
the PDI values across the samples can be attributed to the
multifaceted impact of diverse independent variables incorpo-
rated into the formulations. It is noteworthy that the
interaction relationship of these independent variables on the
PDI was explicitly illustrated through the utilization of 3D
graphs, as depicted in Figure 1D−F. This graphical
representation provides visual insight into how alterations in
formulation variables contribute to variations in PDI, under-
lining the intricate nature of these relationships within the
context of the study.
An increase in surfactant mixture and sonication time led to

a positive variation in PDI, with sonication time signifying a
less significant effect compared to the walnut oil amount. As
sonication time increased, there was a corresponding rise in
PDI, potentially due to nonuniform particle size reduction or
few particle growths. Higher surfactant concentration resulted
in an elevated PDI, possibly due to the formation and
stabilization of smaller particles.

= + + +
+ + + +

+

W A B C

AB AC BC A B
C

(Polydispersity) 0.19 0.01 0.01 0.02

0.02 0.04 0.01 0.03 0.07
0.07

2
2 2

2 (3)

3.1.3. Effect of Independent Variables on Moisture. In
order to measure the stability of dried powder, the moisture
content is an essential factor. The occurrence of high moisture
in a product leads to particle agglomeration, which increases
microbial growth, as well as oxidation.36 Usually, the persistent
amount of moisture in products can be controlled by adjusting
the duration of the second drying stage. Several studies explore
the drying processes of nanocapsules/nanoparticles using
freeze-drying techniques.37 Freeze-drying assists as a highly
stable and secure method for enhancing the physicochemical
stability of particles, particularly under challenging storage
conditions of storage. Table 2 signifies the moisture level of
produced WON-formulated powders, which is in the range of
3.01−5.97%, and 3D graphs (Figure 1G−I) show the
relationship between independent variables and moisture
content. Generally, particle size is significantly reduced by
increasing the percentage of gum arabic because this
occurrence can be attributed to the water-absorbing nature
of hydrocolloids, for instance, gum arabic, which facilitates
moisture retention in the samples. Consequently, formulations
with higher concentrations of gum arabic had a higher
moisture content compared to those with a higher proportion

of whey protein. The fluctuation in moisture level can be
elucidated by considering the difference of water-binding
groups in whey protein and gum arabic.
According to Vahidmoghadam, Pourahmad, Mortazavi,

Davoodi, and Azizinezhad,14 when entirely employing gum
arabic as the wall material, there was an observable rise in
moisture content as the concentration of the wall material
decreased. This trend is likely endorsed by the ability of
hydrocolloids to enhance the water-bonding capacity by
sustaining and increasing the overall moisture level. This may
clarify that the increased moisture in the gum arabic
formulations compared with those containing whey protein
could be due to inherent differences in the water-retaining
properties between these two coating materials. As expected,
the increase in water absorption can be associated with the
hydrophilic nature of the hydrocolloid biopolymer. This
property is likely the primary factor explaining a higher trend
of moisture content observed in WON formulations with a
ratio of 2:1 (gum arabic/whey protein).38

= + +

+ +
+ +

W A B

C AB AC BC A
B C

(Moisture content) 3.49 0.11 0.17

0.37 0.35 0.55 0.01 0.94

0.51 0.60

3
2

2 2 (4)

3.1.4. Effect of Independent Variables on Encapsulation
Efficiency. The independent variables revealed their influence
on the EE of WON, resulting in a range of 69.48% to 78.04%
(Table 2) as well as the relationship between independent
variables and EE (W4) was presented through the 3D graphs
(Figure 1J−L). Reportedly, the EE of WON rises alongside an
increase in the oil concentration percentage. The EE rises by
an increase in the percentage of liquid lipids to solid lipids,
potentially altering the crystal order of the lipid blend. The
gradual infusion of more free oil into the coating material
results in an elevation of EE. Conversely, saturating the wall
materials by incorporating an excessive amount of oil may lead
to a decline in nanocapsule EE. This observed pattern
corresponds to the findings reported in various studies.21

The ratio of the surfactant mixture has also a significant
effect on the EE of WON, as a gradual decrease in the EE was
noted by an increase in the amount of surfactant mixture. The
partition phenomenon could explain the decreasing trend in
EE, as a higher percentage of surfactant mixture in the external
phase increases the partition of the core material from an
internal to the outer phase of the medium.21 The inclusion of a
high amount of chitosan and cinnamon oil in the solution
increased with higher concentrations of the coating material in
addition to enhancing the linkage between chitosan mole-
cules.27 However, the greater amount of chitosan led to a
reduction in the amount of chitosan embedded in the
cinnamon oil. The higher amount of cinnamon oil adheres
to the surface of cinnamon oil nanoparticles, decreasing the
microcapsules’ surface charges.39

= + + +
+ +

W

A B C AB
AC BC A B C

(Encapsulation efficiency)

77.27 0.47 1.20 0.24 1.90

0.75 0.21 3.48 1.83 2.68

4

2 2 2

(5)

3.1.5. Verification of the Optimized Model. The response
of all WON formulations was well suited to diverse kinetic
sequences, and the optimal fitting design for the produced
formulations was discovered to be a quadratic model. The
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selection of the quadratic design is particularly favorable for
WON formulations because each independent variable, both
individually and in combination, exerts a significant influence
on the dependent variables. The obtained experimental
outcomes closely aligned with the predicted values obtained
by the software, exhibiting a linear correlation. The optimized
WON was selected based on the standards of achieving the
minimal particle size, PDI, and moisture along with the highest
EE value by selecting the point prediction technique. The
WON conformation was found to meet the requirements of an
optimum design with a surfactant mixture (49.50%), walnut oil
(15%), and a sonication time (180 s). The optimized WON
sample has a particle size of 82.94 nm and zeta potential of
−4.03 mV with PDI, moisture, and EE 0.19 mean, 3.49%, and
77.26% respectively. Based on the BBD design, the optimized
WON samples were selected and stored for analysis and
further characterization.
3.2. Principal Component Analysis (PCA). Principal

component analysis (PCA) was employed to succinctly

summarize and visually represent various dependent variables
including particle size, polydispersity, moisture content, and
encapsulation efficiency, in order to identify patterns among 17
runs. PCA, known for its efficacy in minimizing the resulting
multidimensional data to two or more components, ensures
limited deprivation of experimental details.40 Figure 3A
illustrates the positions of the working treatments, while the
spatial distribution of quality attributes within the space
defined by the PC-1 and PC-2 dimensions is depicted in Figure
3B. The original variance of variables by PC1 and PC2
accounted for 70.9% and 14.4%, respectively (Figure 3). The
sum of both principal components explained 85.3% of the
variations among the variables.
Samples 1, 7, and 15 were positioned in the same quadrant

on the positive side of both PC-1 and PC-2. This positioning
implies a minimally significant difference between these
formulations and suggests relatively higher values for the
variables under consideration. In the score plot, three groups
were classified for PC-1 versus PC-2, meaning that the ratio of

Figure 3. Principle component analysis (PCA) of walnut oil nanoencapsulation (A) score plot by different experimental attributes; (B) loading plot
on particle size, polydispersity, moisture content, and encapsulation efficiency.

Figure 4. FTIR spectra of (A) walnut oil; (B) encapsulation wall material gum arabic + whey protein; (C) encapsulated walnut oil.
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the surfactant mixture and walnut oil and sonication time
critically affected the walnut oil formulations, whereas sample
10 is situated in the same quadrant and in close proximity to
samples 14 and 17, indicating the least significant difference
among these samples. Furthermore, samples 3, 9, and 13 were
found in close proximity, which shows the similarity among
these samples in the score plot diagram. The similarity among
these samples (3, 9, and 13) is due to the EE and PDI, which
are very close to each other. In addition to this, an analogous
to the relationship was observed among samples 5, 11, 12, and
16 (Figure 3A). As presented in Figure 3B, PC-1 was positively
correlated with particle size, polydispersity, and moisture
content but negatively related to encapsulation efficiency, while
PC-2 was positively related to polydispersity, moisture content,
encapsulation efficiency, and negatively related particle size.
Consequently, PCA proves to be a well-suited chemometric
tool to deliver statistics on classification among samples of
WON and correlation with particle size, polydispersity,
moisture content, and encapsulation efficiency.
3.3. Structural and Thermal Stability. FTIR was used to

investigate the secondary structure of encapsulated walnut oil
in the whey protein and gum arabic mixture. As shown in
Figure 4, the spectrum of pure walnut oil exhibited band at
3008 cm−1 due to the stretching vibrations of −OH. Whereas,
there was a change in − OH stretching of encapsulated wall
material and peaks shifted higher wavelength such as 3295
cm−1. It was noticed that when walnut oil was encapsulated in
whey protein and gum arabic mixture, a further shift of peak
was noticed. The peak shifted to higher wavelength of 3312
cm−1. Thus, the peak shift was assigned to the presence of
hydroxyl and amino stretching and confirmed the hydrogen
bonding involved in interaction between gum arabic and whey
protein.41 It confirmed that walnut oil efficiently encapsulated
in the core area of the mixtures, which was further
strengthened by wall material. Besides, the C−H stretch
vibration of −CH3 (2922 cm−1) significantly moved to
increased wavelength (2933 cm−1) during encapsulation of
walnut oil. It stated that the possible hydrogen interaction
occurred between the hydrogen of −OH or −CH3 of the whey
protein and gum arabic and the oxygen of the hydroxyl group
of walnut oil. The spectrum of encapsulated walnut oil within
wall material revealed a strong bond at 1059 cm−1 that is
related to stretching of C�O and indicates the complex
formation between biopolymers. Moreover, the absorbance
peaks of asymmetric stretching vibration of −COOH (1643
cm−1) groups and methylene bend (1403 cm−1) appeared after
walnut oil encapsulation, and the vibration peak at about 1744
cm−1 in walnut oil disappeared because of the C−C stretching
bond. This confirmed that walnut oil encapsulated in whey
protein and gum arabic mixture. Similar results were also found
when nanoencapsulated fish oil within Persian gum−chitosan
material was studied for its secondary structure.42

Differential scanning calorimetry (DSC) was employed to
assess the thermodynamic characteristics of the optimized
WON. This involved estimating the heat absorbed or
discharged during the temperature control system. It is
imperative to note that the outcomes derived from this study
were qualitative in nature. Figure 5 shows the variations in
DSC curves of the optimized WON in relation to the
temperature. In the context of DSC measurements, the
detection of the endothermic peak in the thermal scrutiny
spectrum indicates that the peak is situated within the
temperature range associated with the thermal denaturation

of the sample. The specific heat at which this peak occurs
serves as a representation of the thermal denaturation
temperature for the sample. It is noteworthy that a higher
denaturation temperature signifies enhanced thermal stability
of the sample.27,43 Figure 5 indicates the peak of the embedded
walnut oil nanoparticles, corresponding to the denaturation
temperature zone.
The curve represents the rise in denaturation temperature of

WON along with a sharp characteristic peak at 164.20 °C.
These findings are consistent with a study where nanocapsules
of composite essential oil from cinnamon−thyme−ginger
demonstrated a higher denaturation temperature (160 °C)
compared to composite essential oil alone, which exhibited a
denaturation temperature of 106 °C.39 The results suggest that
the formulated walnut oil within the coating material (gum
arabic−whey protein) as a nanocapsule has a protective barrier
and exhibits positive heat stability. The elevated denaturation
heating range of gum arabic and whey protein could be
associated with the molecular relationship between the protein
and polysaccharides. Certainly, previous research has demon-
strated that the interaction between proteins and polysacchar-
ides has the potential to enhance the heat stability of protein−
polysaccharide formulations. Polysaccharides contribute to
improved heat resistance through intermolecular interactions,
for instance, hydrophobic interactions.19 Additionally, these
observations are consistent with a study by Zhou, Pan, Ye, Jia,
Ma, and Ge,44 which highlighted soybean protein isolate and
maltodextrin as effective protective agents for walnut oil. These
compounds were shown to form a defense system against both
oxidation and heat.
3.4. Antioxidant Activity. To determine the radical

trapping capacity of WON, the antioxidant capacity was
measured using DPPH. Nanoencapsulation is renowned for its
capability to augment the antioxidant capabilities of natural
molecules. Consequently, the scavenging activity of the WON
on DPPH radicals was evaluated to gauge its free radical−
radical-scavenging prowess. As illustrated in Figure 6, WON
displayed a remarkable inhibition of 96% at a concentration of
100 μg/mL. In contrast, walnut oil at a similar concentration
exhibited a lower inhibition of 40%. These results align with a
prior study that showed clove oil nanoparticle formation
inhibited oxidation.45

3.5. Microstructural Analysis. SEM images in Figure 7
show the morphology and size of WON achieved through

Figure 5. Thermal analytical study profile of optimized walnut oil
nanoparticles.
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freeze-drying when the surfactant mixture, walnut oil, and
sonication time were 49.50%, 15%, and 180 s, respectively. The
particle morphology analysis indicates that the matrix surface is
notably smooth and fragile, characterized by a porous
structure.46,47 The detected porosity is likely due to the
formation of pores, which can be attributed to the presence of
either ice crystals or air bubbles throughout the freezing step.
In this process, the liquid samples undergo initial freezing,
followed by subsequent water evaporation via sublimation.
This process significantly contributes to the development of
porous structures. Additionally, the presence of numerous
pores can be attributed to mechanical stresses induced through
inhomogeneous drying at various positions within the feed
mixture, particularly during the initial stages of the drying
process. Figure 7 depicts the homogeneous dispersion of
nanosized gum arabic-whey protein complex particles through-
out the matrix, aligning well with the particle size results
obtained from DLS. Specifically, it was discovered that the
average size of the WON obtained from treatment 8 is
approximately 80 nm.

The inclusion of protein materials in the system has a
significant impact on the interactions. Specifically, the altered
conformation of the protein when interacting with other
materials leads to more valuable outcomes. These interactions
provide the stabilization of the complex through electrostatic
forces and a reduction in the overall surface tension of
systems.48 Similar findings were noted in research where
positively charged chitosan and negatively charged whey
protein facilitated the embedding of the ergosterol-enriched
extract. This interaction led to complex aggregation, ultimately
resulting in the development of constant microcapsules.49 The
obtained result aligns with findings reported in a study focused
on nanoparticle preparation using chitosan and whey protein.46

Particle accumulation may be attributed to a high amount of
chitosan and the relatively small size of the microcapsules,
while the diminutive size of the microcapsules has the potential
to reduce the repulsive forces between molecules.50,51

4. CONCLUSION
This study highlighted the influence of the gum arabic−whey
protein on the WON. WON was synthesized using gum arabic
and whey protein, and RSM was applied to optimize the
particle size, PDI, moisture, and EE of the encapsulated
samples. The results revealed the coating material properties of
gum arabic−whey protein complexes. The obtained WON of
84 nm displayed an increased encapsulation efficiency.
Structural and thermal studies exhibited the stability of walnut
oil in these complexes. Antioxidant activity was higher in the
WON with an increasing concentration. The morphology of
the samples (WON) revealed that the surface of the matrix was
relatively smooth and fragile with a porous structure. Thus, this
study confirmed walnut oil’s excellent optimization and
encapsulation into the gum arabic and whey protein
complexes.
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