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ABSTRACT: The development of natural antioxidants that can mitigate oil
oxidation is on the rise. Several antioxidants have been developed from natural
terrestrial plants, with less emphasis on marine algae. Rancidity is a major
degradative reaction limiting the shelf-life and deteriorating the quality of
vegetable oils. The goal of this study was to evaluate the ability of the Jania
rubens’ (J. rubens) seaweed extract encapsulated by chitosan/tripolyphosphate
in retarding lipids’ oxidation in vegetable oils. To improve the J. rubens
efficacy, the extract was nanoencapsulated using the ionic gelation method. A
Box−Behnken design was applied for the optimization of the formulation
variables (chitosan/tripolyphosphate amounts, homogenization time, and
homogenization speed). The optimum nanoformulation was characterized by
transmission electron microscopy. It had a particle size of 161 nm, zeta
potential of 31.2 mV, polydispersity index of 0.211, and entrapment efficiency
of 99.7%. The ability of the optimum formula to extend the shelf-life of
vegetable oils was based on peroxide value and thiobarbituric acid assays. In addition, headspace solid-phase microextraction was
applied to detect the oils’ volatiles as secondary markers of rancidity. The results revealed that the nanoencapsulated algal extract
considerably reduced the rate of oils’ oxidation and that its activity was comparable to that of a widely used synthetic antioxidant.

■ INTRODUCTION
Lipid oxidation is a major degradative reaction limiting the
shelf-life and deteriorating the quality of lipid-containing food
products.1 The oxidative deterioration of food products has a
negative impact in the food industry in addition to the
generation of potentially toxic products.2 Consequently, the
inclusion of additives to slow down or stop the propagation
of oxidation reactions is warranted, especially for prolonged
storage durations.3 Currently, there is increasing interest in
using natural phytochemicals with potential antioxidant
activity due to their ability to retard oxidation reactions
and to extend food’s shelf-life.4

Seaweeds are an important source of bioactive compounds
that could potentially be exploited as functional ingredients in
food.5 Seaweeds represent an excellent source of vitamins (A,
D, and E),6 antioxidants (polyphenols and fatty acids),7 and
minerals (Ca, P, and Na).8 Among the various common
seaweed species found along the Mediterranean coast, the red
algae Jania rubens (J. rubens) is rich in several bioactive
compounds including flavonoids, vitamins, and fatty acids.9,10

These chemicals can be used as additives in food products,
supplements, cosmetics, etc.11

Nevertheless, the incorporation of crude algal extracts into
food products can be limited due to their astringent taste,
high reactivity with other food components, poor solubility,
long-term instability, and fast sedimentation.12 Consequently,
nanoencapsulation presents a potential solution to mask the

phytochemicals’ astringent taste typical in tannins, preserving
the food’s sensory properties concurrent with improved
stability and activity of the entrapped phytochemicals.13

Nanoencapsulation could also protect the bioactive com-
pounds from light/oxygen and improve their dispersibility in
food systems.4 The bioactive compounds’ carrier material
must be of a food-grade type and should also be stable in
food systems, i.e., during processing, packaging, and storage.14

Accordingly, the most suitable nanocarrier materials for food
applications are carbohydrate-based carrier materials.15 These
are biocompatible/biodegradable and can interact with a wide
range of bioactive compounds via their functional groups.16

Additionally, carbohydrate-based delivery systems are consid-
ered a suitable shell under elevated temperature processes
due to their thermal stability.17 Chitosan (CS) is a natural
polysaccharide and is of common use due to its recognition
as generally recognized as safe (GRAS) by the United States
Food and Drug Administration.18 Properties such as in situ
gelation, biodegradability, biocompatibility, and nontoxicity
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make CS suitable for usage in food application.19 Latest
reports indicate that an entire CS nanoparticle (NP) can be
taken up by human cells, significantly enhancing the
bioavailability of the entrapped phytochemicals.20

In the present study, J. rubens chitosan nanoparticles
(JCNP) were prepared by an ionic gelation technique using
sodium tripolyphosphate (TPP) as the cross-linking agent
with the aim of increasing the stability and activity of the
entrapped phytochemicals in food products. A three-factor
three-level Box−Behnken design (BBD) was applied to study
the effects of the different variables on the studied responses
with the target of producing an optimized formula entrapping
the J. rubens’ extract. The optimum formula was characterized
by transmission electron microscopy (TEM). Corn, sun-
flower, soybean, and palm oils were used as oil model
systems monitored by determining primary and secondary
oxidation products. In addition, to confirm the antioxidative
action, the volatiles of the oxidized oils were monitored as
markers of rancidity.

■ RESULTS AND DISCUSSION
Formulation Optimization by 33 BBD. The responses

of PS (Y1), ZP (Y2), PDI (Y3), and EE % (Y4) were fitted
individually to linear, two-factor interaction, and quadratic
models using linear regression to obtain the model of choice
with the highest adjusted and prediction r2. ANOVA testing
was performed to identify the significant terms of the chosen
model on the responses. The model terms with a p value <
0.05 were considered statistically significant. Model reduction
was performed by removing the nonsignificant model terms
to improve the chosen model and achieve a higher prediction
r2.
The quadratic model was the model of choice for all the

four responses since it had the highest adjusted and
prediction r2. After model reduction, the final equations for
the responses related to different factors and interactions in
terms of coded variables were obtained using the Design
Expert software and are as follows:

A B C
D AB A B

C D

PS 232.5 889.79 508.54 48.29
1.37 490.75 758.90 147.90
39.77 227.27

2 2

2 2

= − + −
+ + +
+ +

A B C D AC
A B C D

ZP 28.82 10 9.51 0.22 0.18 0.95
4.4 1.82 0.3 1.032 2 2 2

= + − − + −
− + + −

A B C D
AB AD A B
C D

PDI 0.21 0.17 0.13 0.022 0.018
0.087 0.072 0.2 0.026
0.017 0.022

2 2

2 2

= − − − −
− − + +
+ +

A B C D
AB AC AD BC

BD CD A B
C D

EE% 98.48 7.88 5.63 2.23 0.65
2.6 2.33 1.38 1.03
1.86 3.313 3.79 3.17
3.85 4.08

2 2

2

= − + − +
+ − + −
+ + − −
− −

Influence of the Investigated Factors on PS. JCNP
must be small enough to control the release of the extract
from the NPs in food systems and further inside the human
body upon ingestion.28 The PS of JCNP ranged from 168 nm
up to about 2587 nm, suggesting the capacity to produce
small NPs (Table S1). ANOVA revealed that the most

significant factors affecting PS were the CS percentage (A)
and TPP percentage (B), both having a p < 0.0001. However,
the HT (C) and HS (D) did not have any significant effect
on the JCNP PS, having p values of 0.4610 and 0.9832,
respectively. Other investigations also showed that the HT
and HS had no significant effect on the PS of CS NPs.29 The
3D surface plot obtained from ANOVA (Figure 1A) showed
that increasing both CS (A) and TPP (B) levels was
associated with a significant decrease in the PS. However, a
further increase in the CS and TPP levels led to an increase
in PS. Statistical analysis showed that the optimum JCNP
with the smallest PS was obtained at a chitosan/TPP ratio of
2.7:1. Below this ratio, the concentration of CS was not
enough to form cross-linked matrices with TPP. With a CS/
TPP ratio of 2.7:1, the PS decreased due to an increased
density of cross-linking between the CS and TPP.30 Higher
CS/TPP ratios led to larger PS due to accumulations of
excess CS molecules on the surfaces of JCNP.31 In addition,
the high availability of TPP could have caused the dominant
inter- and intramolecular cross-linkages to be associated with
TPP, enabling the NPs to form large flocculating
aggregates.28 In addition, when the CS concentration is
high, it approaches the limit of critical concentration of coil
overlap where the chains are close to one another, forming
connected coils, and then the anionic TPP starts interacting
with few cationic groups on the CS chains folding over
themselves (mainly through intramolecular links). Moreover,
elevating the CS concentration increased the viscosity of the
solution, which decreased the diffusion of TPP, forming NPs
with big PS.22

Influence of the Investigated Factors on ZP. The
potential physical stability of any NPs’ dispersions is strongly
related to their ZP value. The higher the ZP value, the more
stable the system becomes.32 As presented in Table S1, the
ZP of the JCNP ranged from 11.3 to 44.0 mV, suggesting the
production of NPs with a good physical stability. The positive
ZP was due to the presence of CS −NH3+ groups. ANOVA
showed that the ZP was significantly affected by the CS (A)
and TPP (B) percentile levels, as both exhibited very low p
values (i.e., p < 0.0001). However, the HT (C) and HS (D)
had a nonsignificant effect on the ZP, having p values of 0.73
and 0.78, respectively. As shown in Figure 1B, ZP
significantly increased by increasing the CS levels due to an
increased formation of protonated −NH3+ groups on the
surfaces of JCNP, which occurred as a result of the acidic pH
of the NPs’ production steps. In other words, increasing the
CS level augmented the overall positive charge of the
solution, which consequently increased the ZP value,
improving the physical stability of the overall system.33

Conversely, increasing the TPP concentration led to a
decrease in the ZP due to the neutralization of the positively
charged −NH3+ groups by the TPP negative ions.34 Last,
with an increase in TPP above the critical concentration, the
cross-linking salt started occupying most of the positively
charged −NH3+ groups of CS. Thus, the electrostatic
repulsion between the NPs is reduced, and the ZP of
JCNP decreased, reducing the physical stability of the
colloidal system.29

Influence of the Investigated Factors on PDI. The
PDI value determines the heterogeneity/size distribution of
the prepared NPs, with a PDI < 0.4 being an acceptable
value.21 The PDI of JCNP varied from 0.112 to 0.477,
suggesting an acceptable PS distribution and a reproducible
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method of preparation (Table S1). ANOVA revealed that the
most significant factors affecting the PDI were the CS (A)
and TPP (B) percentile levels, both having a p < 0.0001. The
HT (C) and the HS (D) did not have a significant effect,
with p values of 0.2029 and 0.2969, respectively. The main
effects/interactions of the CS and TPP concentrations on the
PDI are represented by the 3D surface plot shown in Figure
1C. The PDI decreased by increasing the CS concentration
and then it started to increase owing to the electrostatic
repulsion taking place between the CS polymer, which could
lead to aggregations of some of the CS molecules, thereby
forming NPs of different sizes.35 Nevertheless, increasing the
TPP concentration was associated with an increase in the
PDI due to the fact that the negatively charged phosphate
ions of TPP reacted with the positively charged −NH3+

groups of CS and neutralized some of the surface charges,
probably leading to the formation of noncompact NPs with a
varied size distribution.34 Although HS independently did not
have any significant effect on the PDI, ANOVA showed that
HS had an interaction with the CS percentage that affected
the PDI significantly. Figure 1D shows the interaction
between the CS percentage with the HS and their combined
effect on the PDI. The plot shows that by increasing the CS
concentration, the PDI decreased and then again started to
increase. Meanwhile, increasing HS was associated with an
increase in the PDI value due to the cross-linking taking
place during the homogenization step.28

Influence of the Investigated Factors on EE %.
Contrary to PS, PDI, and ZP, ANOVA revealed that three of
the studied factors (i.e., CS percentage, TPP percentage, and
HT) had a significant effect on the EE %, with p < 0.0001.
The EE % of JCNP ranged from 77.6% to 99.7%, indicating
that the extract was efficiently entrapped into the NPs (Table
S1). Primarily, CS carries a positive charge due to the freely
available −NH3+ groups, and thus electrostatic attraction is
created with the negatively charged free algal polyphenolic
groups/other anionic phytochemicals, enhancing the EE
%.36,37 CS/TPP interaction significantly affected the EE %
of JCNP, having a p value of 0.0142. Increasing the CS
percentage led to a decrease in the EE % due to an increased
CS viscosity, which might decrease the extract’s diffusion
inside the NPs’ core.38 Additionally, a high CS concentration
might have restricted the phytochemicals’ cargo into CS
matrices since the possibility of ionic interactions between CS
and TPP is decreased.39 It was also observed from the 3D
plot (Figure 1E) that as the TPP levels increased, the EE %
subsequently became higher due to the creation of a vast
amount of cross-linking TPP networks capable of entrapping
diverse bioactive elements.40

Figure 1F shows the interaction between the CS levels and
the HT to be significant with a p value of 0.0271. As
mentioned earlier, increasing the CS levels led to a decrease
in the EE % due to an elevated CS viscosity. Moreover,
prolonging the HT led to higher EE % values since sufficient

Figure 1. 3D surface plots for the main effects and interactions of CS percentage, TPP percentage, HT, and HS on (A) PS, (B) ZP, (C and D)
PDI, and (E−G) EE %.
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time for the process of entrapment to occur was allowed.41

However, at higher HT values, the EE % started to decrease,
most likely because of the leakage of the phytochemicals from
the CS/TPP matrices.42 Last, ANOVA showed that there is
an interaction between both the HT and the HS (having a p
value of 0.0037), affecting the EE % (Figure 1G). Prolonging
the HT led to an increase in EE %, and then the entrapment
efficiency started to decrease due to the reasons explained
previously. By increasing the speed, the EE % was initially
high due to the enhancement of the cross-linkages between
the polymer and the phytochemicals.41 This could be related
to the high potency of CS to form ionic gels at elevated
speeds of homogenization, which prevents the leakage of the
phytochemicals to the external phase.41 In other words, an
increase in the HS reduced the PS as higher speeds reduce
particle aggregations and develop cavitational forces in the
homogenization gap, leading to a reduction of the polymers’
size with a subsequent drop in the EE %.43

Formulation Optimization and Characterization of
the Optimized JCNP. After applying constraints on PS, ZP,
PDI, and EE %, the optimized formula was identified by the
Design Expert software, with an overall desirability of 0.915.
The factor levels of the optimized formula are shown in
Table 1. The suggested JCNP formula was prepared and
evaluated. The validity of the optimization process was
confirmed since the observed PS, ZP, PDI, and EE % exist
between the low and high confidence intervals of the
predicted values, as shown in Table S2.
The PS observed by ultrahigh vacuum TEM was much

smaller than that obtained by means of a Zetasizer through a
dynamic light scattering technique. TEM images revealed that
the PS ranged from 20 to 100 nm. Most of the JCNP were
aggregated in the TEM images in accordance to previous
studies where CS polymers also tended to form agglomerates
(Figure 2).21,44

Table 1. Independent Variables and Respective Levels of the 33 BBD for JCNP Preparation and Their Levels for the
Optimized JCNP Formula

levels of variables

factors (independent variables) low (−1) medium (0) high (+1) optimized level

[A]: CS percentage (w/v) 0.1 0.25 0.4 0.26
[B]: TPP percentage (w/v) 0.6 1.0 1.4 0.96
[C]: HT (min) 3 5 7 4.50
[D]: HS (rpm) 6000 12,000 18,000 1199

Figure 2. TEM micrographs of the optimized JCNP.
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JCNP as an Antioxidant in Vegetable Oils. Peroxide
Value. PV is one of the most important quality control
parameters in food systems as it indicates the primary
oxidation status.45 The PV results are plotted in Figure 3A−
D for sunflower, corn, soybean, and palm oils, respectively. In
general, there was a significant increase in PV in all
investigated oil samples subjected to accelerated shelf-life
storage conditions (p < 0.05), with sunflower oil having the
highest PV versus the least being observed in palm oil. In the
case of sunflower oil (Figure 3A), the PV of SF-PO reached
49.3 meq/kg after a duration of 25 days. In contrast, the PV
of SF-CNP and SF-RAE reached maximum values of 36.5
and 34.5 meq/kg, respectively. Both SF-JCNP and SF-BHT
showed the lowest PVs of 28.1 and 18.4 meq/kg,
respectively. The PV of P-PO reached a maximum value of
14.9 meq/kg. The PVs of P-CNP and P-RAE were equal to
10.1 and 8.5 meq/kg, respectively. As expected from the
other oils’ results, the PV of palm oil samples containing
JCNP and BHT dropped, reaching 6.9 and 4.4 meq/kg,
respectively (Figure 3D). The results revealed that the JCNP
considerably reduced the rate of formation of PV and their
activity was comparable to that of BHT. All oil samples
showed an increase in the PV through time of storage (p <
0.05), with such an increase being retarded in the oil samples
containing JCNP and BHT, especially in the case of
sunflower oil. The addition of JCNP to the four oil types
could diminish their oxidation compared to that of the free
algal extract, suggesting the improved effect of nano-
encapsulation on oil stability, retarding the rate of peroxide

formation. These results are in agreement with other
investigations that used plant extracts in extending the
shelf-life of vegetable oils.46,47

Thiobarbituric Acid Value. The TBA test determines the
amount of malondialdehyde formation as a major secondary
byproduct of lipid oxidation reactions in food samples.48 The
TBA values are plotted in Figure 4A−D for sunflower, corn,
soybean, and palm oils, respectively. A significant increase in
TBA values in all investigated oil samples under accelerated
shelf-life storage conditions was observed (p < 0.05), with the
largest increase being detected in sunflower oil and the least
in palm oil. The TBA values of JCNP samples indicate that
nanoencapsulation of J. rubens’ extract had a positive effect on
retarding the oil oxidation reactions. Furthermore, JCNP
showed an improved effect on retarding the oils’ oxidation
when compared to the raw J. rubens’ extract, confirming that
nanoencapsulation of natural algal extracts can retard lipid
oxidation. Our results are in agreement with other studies
that showed that the lowest TBA value was observed in oil
samples containing nanoencapsulated natural plant extracts.47

The TBA values of all oil samples amended with JCNP
ranged from 0.30 to 0.45 mg MDA/kg at a temperature set at
60 °C for 25 days, which is approximately equivalent to 230
days at 25 °C of real-time storage, posing it as an efficient
additive to elongate the shelf-life of all oil types having
different degrees of unsaturation.49

Additionally, the degree of oil oxidation, attained from the
PV and TBA values, was related to the degree of unsaturation
in oils, with palm oil being the least unsaturated and

Figure 3. PV of (A) sunflower oil, (B) corn oil, (C) soybean oil, and (D) palm oil containing additive concentrations at a dose of 300 mg/kg.
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sunflower oil having the highest degree of unsaturation. The
results revealed that palm oil showed the least extent of
oxidation followed by soybean oil samples, then corn oil
samples, and last sunflower oil samples, showing the highest
degree of oxidation. These results were in agreement with
other investigations that proved that the extent of oil
oxidation is dependent on the degree of unsaturation of the
different types of oils.45

Volatiles as Secondary Markers for Oxidation
Analyzed via Headspace Solid-Phase Microextraction.
VOCs were used as an index for the oils’ oxidation as they
comprise a class of chemicals present in most oil types that
can indicate rancidity levels.27 Sunflower oil was used in this
investigation as it was the most oxidized among the other
oils, as revealed from PV and TBA determinations (Figures
3A and 4A). In addition, it has the highest degree of
unsaturation among the other oils studied here, making it
more prone to rancidity.25 The results revealed that
aldehydes were the most abundant group of volatiles
associated with the rancidity of the oxidized sunflower oil
exemplified by pentanal, hexanal, 2-heptanal, octanal, 2-
octenal, nonanal, decanal, 2,4-nonadienal, decanal, 2,4-
decadienal, undecanal, dodecanal, and (E)-2-nonenal and
amounting to approximately 52% of the total aroma
composition. Alcohols were also produced during the

oxidation process represented by isopropyl alcohol and 3-
hexe-1-nol.
A comparison between VOCs detected in SF-PO and SF-

JCNP is illustrated in Table 2. The fold ratio is equal to SF-
PO/SF-JCNP. It was observed that the sunflower oil sample
with no additives contained much higher alcohol levels when
compared to oil samples with JCNP followed by ketones,
alkanes, and aldehydes at fold ratios equal to 18.2, 3.8, 2.7,
and 2.1, respectively. Figure 5A−C shows the GC/MS
chromatograms of SF-PO, SF-RAE, and SF-JCNP, respec-
tively. It is apparent that the numbers and intensities of the
peaks showed an obvious reduction, implying that the
rancidity was decreased to a great extent by the addition of
JCNP. Specifically, 2,4-decadienal, hexanal, 2-heptanal,
nonanal, cyclododecane, and n-hexadecanoic acid also showed
an obvious reduction with the addition of JCNP. Other
investigations studied the oxidation of oils with no additives
where aldehydes also amounted as the chief VOCs, including
pentanal, hexanal, octanal, nonanal, and 2-heptenal, as
reported in the current study.50,51

■ CONCLUSIONS

The ionic gelation method was successfully implemented to
produce JCNP with small and uniform PS, high ZP/EE %,
and low PDI. Statistical analysis of the 33 BBD for PS, ZP,

Figure 4. TBA values of (A) sunflower oil, (B) corn oil, (C) soybean oil, and (D) palm oil containing additive concentrations at a dose of 300
mg/kg.
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PDI, and EE % indicated that the quadratic model was the
model of choice. An optimal JCNP formula was prepared and
evaluated. It attained a PS of 161 nm, a ZP of 31.2 mV, a
PDI of 0.211, and an EE % of 99.7%. The nanoencapsulation
of the algal extract improved the antioxidant capacity of the
entrapped phytochemicals in vegetable oils. Among the
different vegetable oils studied, sunflower oil was the most
oxidized type, with JCNP found to effectively mitigate against
its oxidation comparable to the widely used synthetic
antioxidant BHT, as revealed from the peroxide values, the
thiobarbituric acid values, and the headspace VOC analysis.
Finally, it was concluded that it is possible to substitute the
synthetic antioxidants by natural algal extracts but some
forms of encapsulation techniques must be applied in order
to protect their properties. The identification of whether the
antioxidant effect of J. rubens is due to a single component or

a synergized action of several phytochemicals in the extract
would represent an interesting point for a future study.
Additionally, exploring extending the work conducted in this
investigation here to other algal species would contribute to
the understanding and the potential wider use of nano-
encapsulations of such extracts in food preservation
applications. Furthermore, the masking of the astringent
taste of J. rubens will be analyzed via sensory evaluation to
prove its applicability in the food industry.

■ MATERIALS AND METHODS
Materials. Low-molecular-weight chitosan, sodium tripo-

lyphosphate, butylhydroxytoluene, sodium thiosulfate, potas-
sium iodide, a thiobarbituric acid reagent, and a malondial-
dehyde standard were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, USA). (Z)-3-Hexenyl acetate

Table 2. Volatiles Identified in SF-JCNP and SF-PO (Peak Area [×106]) with Their Fold Ratiosa

average ± SD

no. RT (min) RI compound name SF-JCNP SF-PO fold ratio

Aldehydes
1 3.132 702 pentanal 0.34 ± 0.04
2 4.478 804 hexanal 1.56 ± 0.89 6.12 ± 0.23 3.9
3 6.583 1003 2-heptanal 2.93 ± 0.82
4 7.149 1018 octanal 0.22 ± 0.13 0.86 ± 0.02 0.2
5 7.659 1055 2-octanal 0.13 ± 0.76
6 8.309 1112 nonanal 2.57 ± 0.81 2.99 ± 0.11 1.2
7 8.901 1162 (E)-2-nonanal 2.71 ± 0.74
8 9.367 1205 decanal 4.68 ± 0.53 6.42 ± 0.33 1.4
9 9.472 1218 2,4-nonadienal 0.66 ± 0.27
10 9.928 1265 2-decenal 0.17 ± 0.46 0.33 ± 0.85 1.9
11 10.25 1326 2,4-decadienal 3.99 ± 0.70 5.01 ± 0.67 1.2
12 10.354 1359 undecanal 0.10 ± 0.87 0.52 ± 0.52 5.2
13 10.465 1326 2,4-decadienal 7.83 ± 0.44 14.19 ± 0.03 1.8
14 11.275 1410 dodecanal 0.05 ± 0.66 0.39 ± 0.62 7.8
total aldehydes 21.2 43.6 2.1
Ketones
15 9.391 1211 thymoquinone 3.65 ± 0.75 11.20 ± 2.22 3.1
16 9.747 1237 2-sec-butylcyclohexanone 0.41 ± 0.40
total ketones 3.7 13.9 3.8
Alcohols
17 3.585 740 propylene glycol 5.65 ± 2.07
18 5.234 829 (Z)-3-hexen-1-ol 0.88 ± 0.21 2.53 ± 0.11 2.9
19 5.459 909 isopropyl alcohol 6.67 ± 1.83
20 13.963 1457 3,4-dihydroxyphenylglycol 1.51 ± 0.53
total alcohols 0.9 16.4 18.2
Alkanes
21 10.740 1405 pentane,3-ethyl-2,3-dimethyl 2.01 ± 1.21
22 14.060 1497 cyclododecane 1.86 ± 0.34 3.19 ± 0.34 1.7
total alkanes 1.9 5.2 2.7
Acids
23 6.778 1001 hexanoic acid 2.34 ± 0.47
24 10.474 1360 phosphonoacetic Acid 8.63 ± 0.35
25 16.474 1509 n-hexadecanoic acid 2.50 ± 0.11 5.83 ± 0.82 2.3
total acids 2.5 16.8 6.7
Aromatics
26 10.998 1407 unknown 6.91 ± 2.81
total aromatics 0 6.9
Phenols
27 9.393 1202 t-butylhydroquinone 6.02 ± 0.64
total phenols 0 6.0

aResults are average of two independent replicates (n = 2) ± SD. RT, retention time; RI, Kovats retention index.
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volatile standard was purchased from Sigma-Aldrich (Ger-
many). Corn, sunflower, soybean, and palm oils were
provided by IFFCO supplier (Suez, Egypt) and used as
provided. All other chemicals were of pure analytical grade.
Extraction of Phytochemicals. The extraction of

phytochemicals from J. rubens was carried out by suspending
20 g of the dried algal powder in 300 mL of 100% ethanol.
The mixture was shaken for 48 h at room temperature using
a water bath shaker set at 200 rpm. The supernatant was
filtered using Whatman filter paper number 1, and the filtrate
(9.9 ± 0.59% yield) was evaporated using a rotary

evaporator, producing a dry/gummy extract, which was
stored at a temperature of −80 °C till further analysis.

Experimental Design. A three-factor, three-level (33)
BBD was conducted to statistically optimize the variables of
JCNP preparation. Construction and estimation of the
experimental design were performed using Design Expert
software (Version 10, Stat-Ease Inc., Suite 480 Minneapolis,
MN 55413). The independent variables were CS percentage
(A), TPP percentage (B), HT (C), and HS (D). The levels
of factors were selected as (−1, 0, and +1), as shown in
Table 1. The dependent variables were chosen as PS (Y1),
ZP (Y2), PDI (Y3), and EE % (Y4).

Figure 5. GC chromatogram of (A) SF-PO, (B) SF-RAE, and (C) SF-JCNP with peak numbers following those listed in the table.
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The low and high levels of CS percentage, TPP
percentages, HT, and HS were selected based on a
preliminary study on the effects of these factors on PS, ZP,
PDI, and EE %. Below 0.1% CS and 0.6% TPP, NPs were
not sufficiently formed due to the low amounts of CS and
TPP available for cross-linking. Levels above 0.4% CS and
1.4% TPP led to unhomogeneous NPs with large PS and
PDI. In a previous study conducted by Delan et al.,21 the
selected levels ranged from 0.1 to 0.5% with respect to CS
and from 0.4 to 2.0% for TPP. Based on our preliminary
study, smaller ranges were studied where the medium levels
of the different factors were generated by the software based
on the selected low and high levels.
According to the BBD followed design, with three

repetitions of the center point per block, 27 formulae were
prepared. Each formula was performed twice in two separate
replicates for a total of 54 runs. The 27 formulae of the 33

BBD with their compositions are shown in Table S3. The
estimation of model and term significance was performed by
analysis of variance (ANOVA) at p values (p < 0.05).
Preparation of JCNP by the Ionic Gelation Techni-

que. Based on the outcome of the BBD, 27 different JCNP
formulae were prepared by ionic gelation using TPP as a
cross-linking agent.22 J. rubens’ extract was dissolved in
ethanol (5 mg/0.5 mL). Different weights of CS were
dissolved in 9 mL of 1% (v/v) acetic acid at pH 4. An
aliquot of 0.5 mL from the freshly prepared algal solution was
then added to CS solution, which was stirred at 600 rpm for
15 min. Finally, 1 mL of TPP solution (prepared by
dissolving different weights of TPP in distilled water) was
added dropwise to the prepared solution during homoge-
nization at different speeds and time durations (UltraTurrax
T-25, IKA, Germany). JCNP were then separated by
centrifugation (Sigma Laborzentrifugen 1−14, Germany) at
18,000 rpm for 20 min.
PS/PDI Analysis and ZP Measurements. The PS and

PDI for all JCNP samples were measured by dynamic light
scattering using a Zetasizer (Malvern Instrument Ltd.,
Worcestershire, UK) operating with a 633 nm laser at 25
°C with an angle of detection of 173°. The electrophoretic
mobility measurements were performed at 25 °C for 120 s
using a combination of laser Doppler velocimetry and phase
analysis light scattering. All measurements were performed in
triplicate ± standard deviation (SD).
Determination of EE %. The EE % of all JCNP samples

was measured from the clear supernatant obtained after
separation of the free algal extract from JCNP by
centrifugation at 18,000 rpm for 20 min. The amount of
free J. rubens was determined by UV−Vis spectrophotometry
(CARY 500 SCAN Varian, Hi-tech, USA) at a λmax value of
658 nm using a preconstructed calibration curve (r2 = 1, n =
3). The EE % was calculated using the following equation:

EE%
(total extract added free extract in supernatant)

total extract added
100=

−
×

Formulation Optimization. The optimum JCNP was
generated using the Design Expert software after applying
constraints on PS, ZP, PDI, and EE %, as shown in Table S2,
after which the obtained optimum JCNP formula was
prepared and measured to assure the validity of the predicted
factors and responses of the formulation. For further
characterization, the optimum JCNP formula was prepared

and lyophilized for 24 h with a condenser temperature of
−45 °C (Novalyphe-NL 500, Savant, USA).

Morphological Examination of the Optimal JCNP
Formula. The morphology, shape, and size of the optimum
JCNP were investigated by TEM (JEOL-JEM2100, Japan).
The suspension was added dropwise onto a carbon-coated
copper grid. The micrographs’ observation was performed at
an operating voltage of 200 kV in bright-field mode and by
electron diffraction.

Vegetable Oils’ Rancidity Determinations. The oil
samples were prepared by adding all additives’ concentrations
at a dose of 300 mg/kg. Four sets were prepared for the four
types of oils (i.e. sunflower, corn, soybean, and palm oils).
The oil samples were transferred into a series of dark glass
bottles, which were placed in an oven at 60 °C for 25 days.
PV and TBA values were analyzed every 5 days. A parallel set
of samples was prepared and placed in the oven under the
same previous conditions to be used for the volatiles’ analysis
by HS-SPME. All assays were performed in triplicate ±
standard deviation (SD).
The PV was determined according to a procedure

described elsewhere.23 Oil samples (3 gm) were dissolved
in glacial acetic acid (30 mL) and chloroform (20 mL) (3:2
v/v). Saturated potassium iodide solution (1 mL) was then
added. The mixture was shaken for 30 s and then kept in the
dark for 1 min. Distilled water (50 mL) was then added
followed by titration against sodium thiosulfate (0.01 N).
The PV (meq/kg) was calculated using the following
equation:

S N WPV 1000( )/= ×

where S is the volume of sodium thiosulfate solution (blank
corrected) in mL, N is the normality of sodium thiosulfate
solution, and W is the weight of oil sample (gm).
TBA was determined according to a procedure described

elsewhere.24 Oil samples (0.2 gm) were dissolved in 25 mL
of 1-butanol. Five milliliters of this solution was then mixed
with 10 mL of TBA reagent (0.2%) followed by incubation
for 2 h in a water bath at 95 °C. The solution was then
cooled until it reached room temperature. The absorbance
was measured at a λmax value of 532 nm using a UV−Visible
spectrophotometer (CARY 500 SCAN Varian, Hi-tech, USA)
against a blank (all the reagents except the oil). The TBA
value was calculated according to a malondialdehyde
preconstructed calibration curve.
HS-SPME was applied on sunflower oil as it was the most

oxidized type proven by PV/TBA results, most likely because
of its highest degree of unsaturation, rendering it more prone
to rancidity.25 In addition to the prepared samples, fresh
unoxidized sunflower oil was analyzed. A total of 250 μL of
the oil was placed in a SPME screw cap vial (1.5 mL) and
spiked with 10 μg of (Z)-3-hexenyl acetate. An SPME fiber
was inserted into the vial, which was placed in an oven at 50
°C for 30 min. Divinylbenzene/carboxen/polydimethylsilox-
ane and polydimethylsiloxane fibers were used. The fiber was
subsequently withdrawn into a needle and then injected into
the injection port of the gas chromatograph−mass
spectrometer (GC/MS). The injector temperature was set
at 220 °C. The oven temperature was set at 40 °C for the
first 3 min, then increased to 180 °C at a rate of 12 °C
min−1, kept at 180 °C for 5 min, finally ramped at a rate of
40 °C min−1 to 240 °C, and kept at this temperature for 5
min. Helium carrier gas was used at a flow rate of 0.9 mL/
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min.26 Volatile components were identified by comparing
their retention indices relative to n-alkanes (C6−C20) by mass
matching to NIST and by comparing them to NIST WILEY
library databases. Prior to mass spectral matching, peaks were
first deconvoluted using AMDIS software (www.amdis.net).27
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algal extract; CS, chitosan; EE %, encapsulation efficiency;
HS, homogenization speed; HS-SPME, headspace solid-phase
microextraction; HT, homogenization time; J. rubens, Jania
rubens; JCNP, Jania rubens chitosan nanoparticles; NP,
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SF-BHT, sunflower oil with butylated hydroxy toluene; SF-
CNP, sunflower oil with chitosan nanoparticles; SF-FO, fresh
unoxidized sunflower oil; SF-JCNP, sunflower oil with Jania
rubens chitosan nanoparticles; SF-PO, pure sunflower oil; SF-
RAE, sunflower oil with raw algal extract; TBA, thiobarbituric

acid; TEM, transmission electron microscopy; TPP, sodium
tripolyphosphate; VOC, volatile organic compounds; ZP, zeta
potential
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