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ABSTRACT: Marine seaweed species represent an important source of bioactive compounds possessing antioxidant activity. This
study aimed at evaluating the antioxidant capacity of the Jania rubens algal extract by means of two antioxidant assays, i.e., 2,2-
diphenyl-1-picrylhydrazyl and ferric-reducing antioxidant power. The seaweeds’ total phenolic and flavonoid contents were also
assayed as markers of antioxidant activity. To identify active agents responsible for the antioxidant activity, gas chromatography-mass
spectrometry and liquid chromatography-mass spectrometry were used for comprehensive metabolites characterization. To enhance
the Jania rubens efficacy, the extract was nanoencapsulated using an ionic gelation method by means of high-pressure
homogenization. The optimum nanoformulation had a particle size of 161 nm, a ζ potential of 31.2 mV, a polydispersity index of
0.211, and entrapment efficiency of 99.7%. The in vitro phytochemicals’ release profiles of Jania rubens chitosan nanoparticles in
comparison to the concentration of the raw algal extract were studied by the dialysis bag diffusion method revealing that the extract
was released in a controlled pattern. The results indicated the potential advantages of the encapsulated Jania rubens extract, with its
potent antioxidant activity, for use in different applications where sustained release is useful.

■ 1. INTRODUCTION

Antioxidants provide protection to humans against many
degenerative diseases through their radical scavenging activity.1

The development of natural antioxidants that can substitute
the synthetic counterparts is a modern trend that most
consumers prefer. Natural antioxidants can block the oxidation
reactions that produce different types of free radicals that cause
damage to living cells. Natural antioxidants are thus useful for
the human body and can be used in different applications such
as pharmaceuticals, foods and beverages, medicinal and
cosmetic products, etc.2 Several antioxidants have been
extracted and used from natural terrestrial plants, but there
has been less emphasis on marine seaweeds. Marine algal
species represent an important source of bioactive compounds
possessing antioxidant activity. Besides being a good source of
antioxidants (β-carotene and polyphenols),3 seaweeds are
abundant in minerals (Ca, P, Na, K, Mg, and Na)4 and
vitamins (A, Bl, B12, C, D, E, etc.).

5

Jania rubens (J. rubens), a red (rhodophyta) Mediterranean
seaweed species found along the coast of Alexandria [Egypt]6

is rich in many phytochemicals including polyphenols and
diterpenes,7 with the major classes of polyphenols being
flavonoids and tannins.8 Phytochemicals that can be derived
from J. rubens can be used as additives in food products,
supplements, and cosmetics.9

The health benefits of phytochemicals inside the human
body depend on their bioavailability.10 A formulation that
maintains the structural integrity and improves the bioavail-
ability of the phytochemicals after ingestion is needed as a
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small portion of the plant/algal extracts administered orally are
absorbed efficiently by the human body,11 besides that their
uptake is being limited to about 20%.12 Furthermore,
phytochemicals are unstable in the acidic and alkaline
environments of the stomach and the small intestine,
respectively, which leads to their degradation.5,10

Nanoencapsulation of the algal phytochemicals is an
approach with the potential of overcoming the above
limitations.13 Nanocapsules protect the entrapped bioactive
compounds from the different pH environments along the
gastrointestinal tract and accordingly prevent the antioxidants’
degradation.12 Additionally, nanocapsules have the ability to
prolong the phytochemicals’ half-life by protecting them from
undergoing extensive transformations that could take place
along the harsh environments of the gastrointestinal tract.10

Last, but not least, most nanocapsules’ materials exhibit bio-
adhesion properties toward the intestinal epithelium mucus,
facilitating the absorbtion of the algal antioxidants.14

The nanoencapsulating carrier material should be biode-
gradable/biocompatible and stable after ingestion.15 The most
suitable nanocarrier materials are the carbohydrate-based
delivery systems as these possess a high potential to be
modified to achieve the required properties. Carbohydrate-
based delivery systems can interact with a wide range of
phytochemicals via their functional groups, which makes them
versatile carriers to entrap a variety of hydrophilic/hydro-
phobic bioactive compounds.16 Chitosan (CS) is a natural
polysaccharide and is one of the most commonly used delivery
systems in diverse fields.17 CS is used in the pharmaceutical,
medicinal, and food industries owing to its general recognition
as GRAS (generally recognized as safe) by the United States
Food and Drug Administration.18 Properties such as in situ
gelation, biodegradability, biocompatibility, and nontoxicity
make CS suitable for usage in pharmaceutical formulations and
in food systems. Some reports indicate that an entire CS
nanoparticle (NP) can be taken up by the human cells,
significantly enhancing the bioavailability of the entrapped
antioxidants and other algal secondary metabolites.19

The present study aimed at characterizing the phytochemical
extract from J. rubens and encapsulating it in chitosan
nanoparticles for a controlled release. Phytochemicals were
extracted from the J. rubens matrices using ethanol. The extract
was assayed for its antioxidant activity and analyzed for its
chemical composition using chromatographic hyphenated

techniques, i.e., gas chromatography-mass spectrometry (GC-
MS) and liquid chromatography-mass spectrometry (LC-MS).
J. rubens chitosan-tripolyphosphate nanoparticles (JCNP) were
prepared by ionic gelation using sodium tripolyphosphate
(TPP) as the cross-linking agent with the aim of protecting the
entrapped bioactive compounds.20 In vitro phytochemicals’
release from the JCNP was determined by the dialysis bag
diffusion method and compared with the raw algal extract.

2. RESULTS AND DISCUSSION

2.1. Total Phenolic/Flavonoid Contents and Antiox-
idant Assays. 2.1.1. Total Phenolic Content (TPC) and Total
Flavonoid Content (TFC). The TPC of J. rubens was calculated
to be at 121.8 ± 0.1 mg GAE (gallic acid equivalents)/g dw,
higher than that reported for the J. rubens methanol extract
collected from the coast of India,7 likely attributed to different
extraction solvents or algal origins. In contrast, the TFC of the
J. rubens extract was calculated to be 60.9 ± 0.26 mg QE
(quercetin equivalents)/g dry extract and comparable to that
obtained in previous reports for samples from Abu-Qir Bay
(Alexandria, Egypt) at 40 mg QE/g.21

2.1.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and Ferric
Reducing Antioxidant Power (FRAP) Assays. The change in %
radical scavenging activity (RSA) and % remaining DPPH with
different concentrations of the J. rubens extract is shown in
Supporting Information Figure 1. The % RSA ranged from
10.3 to 50.2%. It was also evident that an increase in the extract
dose increased the % RSA in a linear manner, suggestive of a
potential free radical scavenging activity. The half-maximal
scavenging concentration (SC50) value was calculated as 3.87
(mg/mL). Similar results were observed in the case of the
FRAP assay with a half-maximal inhibitory concentration
(IC50) value of the J. rubens algal extract to be 46.84 ± 0.74 mg
trolox/g dw.

2.2. J. rubens Metabolites’ Analyses via Hyphenated
Techniques. 2.2.1. GC-MS. GC-MS was adopted for profiling
of lyophilic or small molecular weight compounds responsible
for J. rubens’ antioxidant effect, as shown in Figure 1 and Table
1. A total of 45 chromatographic peaks were recorded, of
which 38 were identified as fatty acids, terpenes, sterols, and
nitrogenous compounds. The GC-MS analysis revealed an
abundance of fatty acids, e.g., myristic acid, palmitelaidic acid,
palmitic acid, heptadecanoic acid, dodecanoic acid, oleic acid,
stearic acid, and arachidic acid, some of which are known to

Figure 1. GC-MS chromatogram of the J. rubens ethanol extract.
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exhibit antioxidant activity.22−24 The identified short-chain
organic acids and phenols included cinnamic acid, acetic acid,
4-hydroxybutanoic acid, etc., of which cinnamic acid, itaconic
acid, adipic acid, and glycolic acid are known to exhibit a
potent antioxidant activity.25 Short-chain alcohols were also

detected though at much lower levels, i.e., 1,4-butanediol,
diethylene glycol, and glycerol, with glycerol functioning as a
food preservative owing to its antioxidant activity.26 Several
nitrogenous compounds including uracil, 1-propionylproline,
pyrrolidine, 2-butyl-1-methyl, 3-pyridinol, and 3-hydroxypico-
linic acid were detected.27 Other lypophilic metabolites
identified with a potential antioxidant effect included phytol
and neophytadiene. Phytol is used as antimicrobial, anti-
inflammatory, antidiuretic, and immunostimulatory, asides
from its potential antioxidant effect.26

2.2.2. LC-MS. Compared to GC-MS, LC-MS is a powerful
technique in identifying polar and large molecular weight type
metabolites that cannot be detected using GC-MS. Con-
sequently, to provide a comprehensive metabolite coverage of
J. rubens, the extract was also analyzed using LC-MS. A total of
13 chromatographic peaks were recorded corresponding to
phenolic acids, amino acids, coumarins, and fatty acids (Table
2). Fatty acids were the most abundant groups in J. rubens, in
agreement with GC/MS analysis, followed by phenolic acids
identified in peaks 1, 3, 5, and 6 (M-H)− at m/z 200.961,
197.81, 165.95, and 277.91, respectively. Phenolic acids yield
fragmentation patterns characterized by the loss of CO2 (44
Da) from the carboxylic acid group as in peaks 3, 5, and 6. The
product ion spectrum of the deprotonated peak at m/z 197.81
(Rt = 0.62 min) showed a base peak [M-OH-H]- at m/z 179
due to the cleavage of the water molecule and at m/z 153 [M-
H-44], for the loss of CO2. Other product ions were observed
at m/z 168 [M-H-30]− due to the loss of the methoxy group
and at m/z 138 due to the cleavage of a second methoxy group.
Based on the above fragmentation pattern, peak 3 was
annotated as syringic acid, a hydroxybenzoic acid with a C6-
C1 configuration. Syringic acid is an antioxidant that has been
previously used as an antioxidant agent.28 Comparison of the
fragmentation patterns of peaks 3 and 6 indicated that they
were similar, except that compound 6 has more sulfate groups
confirmed by the product ion peak at m/z 197[M-SO3-H]−.
Consequently, peak 6 was annotated as syringic acid sulfate.
The MS/MS spectrum pattern of peak 5 at m/z 165.95

exhibited a major product ion at m/z 133 due to the loss of
two water molecules, and another diagnostic product ion at m/
z 122 [M-H-44]-, characteristic of a benzoic acid moiety.
Consequently, peak 5 was annotated as benzene dicarboxylic
acid with potential antioxidant activity.29 The precursor ion at
m/z 272.96 [M-H]- in peak 2 showed a unique fragmentation
at m/z 255, 237, 228, 214, 200, 187, and 159, characteristic of
a coumarins’ subclass. Previously, 6,7-dihydroxy coumarin-3-
sulfate was isolated from the green algae Dasycladus
vermicularis,30 exhibiting a strong antioxidant activity31 and
likely contributing to the observed antioxidant effects of J.
rubens.
Reports have revealed that phenolic compounds are the

most effective antioxidants in red algae.32 Antioxidant activity
of marine algae has been reported in numerous species,
including Ahnfeltiopsis, Hydroclathrus, Padina, Polysiphonia, and
Turbinaria.33 Carotenoids and phenolic compounds, directly
or indirectly contributed to the inhibition or suppression of
oxidation processes.2

Peak 4 at [M-H]- 187.10 (Rt: 10.54 min) showed fragment
ions at 169 [M-H2O-H]−, 142 [M-COO-H]−, and 126[M-
COO-NH2-H]−. Such a fragmentation pattern is consistent
with that of laminine (C9H20N2O2) belonging to betaines.
Betaines are a class of quaternary ammonium compounds

Table 1. Phytochemicals Identified in the J. rubens Ethanol
Extract Using GC-MS

peak
no.

Rta

(min) KIb area compound name
molecular
formula

1 7.05 1084.7 1152 glycolic acid, 2TMS C2H4O3

2 8.61 1173.2 874 acetic acid CH3COOH

3 9.76 1242.2 1306 4-hydroxybutanoic acid C4H8O3

4 10.17 1268.8 1424 octanoic acid, TMS ester C8H16O2

5 11.57 1360.2 1782 itaconic acid, 2TMS C5H6O4

6 13.68 1512.6 897 adipic acid, 2TMS C6H10O4

7 14.27 1557.8 692 cinnamic acid C9H8O2

8 15.48 1654.6 714 dodecanoic acid, TMS C12H24O2

9 9.91 1252.2 1084 diethylene glycol, 2TMS C4H10O3

10 10.42 1285.6 7270 glycerol, 3TMS C3H8O3

11 7.47 1108.2 1182 3,4,5-trimethylheptane C10H22

12 16.02 1699.8 3232 heptadecane C17H36

13 15.41 1648.4 961 4-acetamido-1-
phenylpyrazole

C11H11N3O

14 17.72 1849.1 1591 myristic acid, TMS C14H28O2

15 18.77 1947.7 1334 myristic acid, TMS C14H28O2

16 19.58 2026.7 17204 palmitelaidic acid, TMS C18H34O2

17 19.77 2045.9 21646 palmitic acid, TMS C16H32O2

18 20.73 2144.8 452 heptadecanoic acid,
TMS

C17H34O2

19 21.43 2218.9 2416 oleic acid, TMS C18H34O2

20 21.49 2225.3 1744 oleic acid, TMS C18H34O2

21 21.64 2242.8 2637 stearic acid-TMS C18H36O2

22 23.37 2441.9 544 arachidic acid,TMS C20H40O2

23 10.90 1316.3 1353 unknown nitrogenous
compound

24 11.33 1344.7 4306 unknown nitrogenous
compound

25 11.41 1349.8 1069 uracil, 2TMS C4H4N2O2

26 12.52 1425.0 1451 unknown nitrogenous
compound

27 12.74 1442.1 3221 1-propionylproline,
TMS derivative

C8H13NO3

28 13.55 1502.9 1156 unknown nitrogenous
compound

29 23.76 2491.6 498 unknown nitrogenous
compound

30 7.60 115.6 962 2-butyl-1-
methylpyrrolidine

C9H19N

31 8.12 1144.6 3372 3-pyridinol, TMS C5H5NO

32 8.77 1181.0 1996 3-hydroxypicolinic acid,
2TMS

C6H5NO3

33 9.82 1246.4 1157 urea, 2TMS CH4N2O

34 12.33 1411.2 757 phloroglucinol, O,O’-
bis(trimethylsilyl)

C6H6O3

35 14.56 1579.3 1004 unknown steroid, TMS

36 21.95 2276.9 1209 unknown sterol, TMS

37 29.22 3182.4 3529 cholesterol, TMS C27H46O

38 19.34 2001.3 559 galactopyranose, 5TMS C6H12O6

39 21.88 2269.2 11343 O-glycerol-α-
galactopyranoside

C27H66O8

40 16.32 1726.1 566 levoglucosan, 3TMS C6H10O5

41 18.44 1916.8 470 D-glucose, 6 TMS C6H12O6

42 17.62 1839.6 670 neophytadiene C20H38

43 17.90 1865.2 506 neophytadiene C20H38

44 21.03 2176.3 6862 phytol, TMS derivative C20H40O
aRetention time. bKovats index.
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commonly found in marine algae, and previously identified in
the brown algae Ascophyllum nodosum, Fucus, and Laminaria.34

A considerable number of fatty acid peaks were recorded in
the second half of the chromatographic run, most of which are
reported for the first time in J. rubens. A different profile of free
fatty acids was determined showing a higher proportion of
saturated fatty acids, while short-chain fatty acids were not
detected. Two unsaturated long-chain fatty acids were
identified in the LC-MS analysis. An unsaturated hydroxy
fatty acid was identified at m/z 323.22 (Rt = 14.89 min), with
a prominent product ion at m/z 305 due to the loss of a water
molecule in its MS/MS spectrum, along with two diagnostic
product ions at m/z 279 and 240, due to losses of CO2 and
2H2O, respectively, characteristic of hydroxy fatty acids along
with other ions at m/z 197 and 183. Based on product ions,
peak 8 was annotated as hydroxyeicosadienoic acid. Similarly,
another deprotonated ion at m/z 265.15 (Rt =16.57min) in
peak 9 was identified as unsaturated fatty acid based on its two
consecutive losses of H2O and CO2 yielding product ions at
m/z 239 and 221, respectively, and annotated as heptadeca-
dienoic acid, a C17 unsaturated fatty acid.
Saturated long-chain fatty acids were detected in peaks 7 and

10 from molecular ions m/z at 242.18 and m/z 297.15. Peak 7
yielded two product ions at m/z 225 and 198 due to the loss of
H2O and CO2, respectively assigning it as pentadecanoic acid

(C15H30O2). Peak 10 similarly showed characteristic losses of
fatty acids (H2O and CO2) to yield respective product ions at
m/z 279 and 253, respectively, along with product ions at m/z
239, 197, and 170 assigning it as nonadecanoic acid. A
deprotonated ion at m/z 311.17 showed product ions at m/z
293 and 267 due to neutral losses of H2O and CO2,
respectively, in addition to characteristic fragment ions m/z
254, 239, 225, and 212 due to successive loss of CH2
annotated as arachidic acid, C20H40O2. Similarly, molecular
ions m/z 325.18 (peak 12) and 339.20 (peak 13) showed a
similar MS/MS fragmentation pattern to that of m/z 311.17
(m/z 239, 225, 197,183, and 170), with a characteristic mass
difference of 14 and 28 Da, respectively. Fatty acid
esterification is confirmed by the presence of the prominent
product ion at m/z 296 in each MS/MS spectrum of peaks 12
and 13, indicating the loss of [M-OCH2-H]- and [M-OC2H5-
H]-, respectively and annotated as methyl and ethyl esters of
arachidic acid, respectively. The later elution of these peaks
compared to arachidic acid is due to their lower polarity.

2.3. Characterization of JCNP. 2.3.1. Particle Size (PS), ζ
Potential (ZP), Polydispersity Index (PDI), and Encapsulation
Efficiency (EE %). JCNP must be small enough to control the
release of the extract from the NP in drugs/supplements/food
systems and inside the human body.35 The PS of JCNP ranged
from 161 to 669 nm (Table 3). Increasing both CS and TPP

Table 2. Metabolites Identified via LC-MS in J. rubens in a Negative Ionization Mode

peak no. Rta (min) [M-H]− metabolite MSn ions (m/z) molecular formula error (ppm) class

1 0.51 200.96 dihydroxyphenyl glycerol 183, 157, 110, 89 C9H11O5
− 3.76 phenolic

2 0.51 272.96 dihydroxycoumarin sulfate 255,237, 228, 214, 200, 187 C9H5O8S
− 5.78 coumarin

3 0.58 197.81 syringic acid 170, 168, 153, 135 C9H9O5
− 2.76 phenolic

4 10.54 187.10 laminine 169, 160, 142, 125 C9H19N2O2
− 0.57 betaine

5 11.12 165.95 benzenedicarboxylic acid 133, 122 C8H5O4
− 3.15 aromatic acid

6 11.86 277.91 syringic acid sulfate 197,165, 137 C9H9O8S
− 0.26 phenolic

7 13.38 242.18 pentadecanoic acid 225, 198, 181 C15H29O2
− −1.63 fatty acid

8 14.89 323.22 hydroxyeicosadienoic acid 305, 279, 197, 183 C20H35O3
− 2.81 fatty acid

9 16.57 265.15 heptadecadienoic acid 239, 221, 98 C17H29O2
− 1.92 fatty acid

10 17.04 297.15 nonadecanoic acid 279, 253, 197, 183 C19H37O2
− 0.62 fatty acid

11 17.53 311.17 arachidic acid 293, 267, 197, 183 C20H39O2
− 1.73 fatty acid

12 18.61 325.18 arachidic acid methyl ester 296, 267, 225,197, 183 C21H41O2
− 2.04 fatty acid

13 19.25 339.20 arachidic acid ethyl ester 311, 295, 239, 183 C22H43O2
− −0.9 fatty acid

aRetention time.

Table 3. Vaules of Dependent Variablesj

formula PS ± SD (%) ZP ± SD (nm) PDI ± SD EE % ± SD

F1 338 ± 1.83f +28.4 ± 3.78ab 0.140 ± 0.06e 60 ± 9.76e

F2 310 ± 3.97g +29.7 ± 1.75ab 0.216 ± 0.01cd 72 ± 6.39bcde

F3 161 ± 2.87i +31.2 ± 0.87a 0.211 ± 0.07cd 97 ± 4.87a

F4 401 ± 12.70c +28.6 ± 0.99ab 0.214 ± 0.02c 88 ± 3.09ab

F5 495 ± 20.57b +28.9 ± 1.56ab 0.196 ± 0.01cd 87 ± 3.76abc

F6 669 ± 6.43a +31.0 ± 1.73a 0.376 ± 0.01a 60 ± 8.64e

F7 293 ± 0.97g +27.9 ± 3.10ab 0.297 ± 0.02b 74 ± 2.18bcde

F8 312 ± 8.79g +29.7 ± 6.39ab 0.139 ± 0.01e 62 ± 3.76e

F9 350 ± 5.98ef +28.8 ± 9.02ab 0.174 ± 0.01cde 71 ± 2.21cde

F10 364 ± 3.95de +29.4 ± 3.89ab 0.188 ± 0.03cde 68 ± 8.43de

F11 347 ± 7.93ef +29.2 ± 3.92ab 0.161 ± 0.03de 84 ± 2.48abcd

F12 380 ± 1.69cd +17.0 ± 8.91b 0.340 ± 0.01ab 79 ± 8.40bcd

F13 252 ± 0.85h +29.0 ± 3.22ab 0.172 ± 0.02cde 61 ± 1.23e

jThe result is expressed as a mean ± SD of three trials (n = 3). Statistical analysis was done by one-way analysis of variance (ANOVA) using the
CoStat computer program accompanied by Tukey multiple comparison test at p < 0.05. Unshared superscript letters are significant values between
groups at p < 0.05.
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concentrations was associated with a decrease in the PS, i.e.,
from (F1) to (F3) having PSs of 338 and 161 nm. However,
further increase in CS/TPP concentrations led to an increase
in PS to reach up to 669 (F6). The JCNP with the smallest PS
were obtained for chitosan/TPP weights of 0.025 and 0.01 mg,
respectively. Below this composition, the concentration of CS
was insufficient to form cross-linked matrices with TPP. The
PS of F3 decreased due to an increased density of cross-linking
between CS and TPP.36 Higher CS and TPP concentrations
led to bigger PS due to the accumulation of the CS on the
NP.37 In addition, increasing the TPP concentration led to an
enlargement in the PS due to aggregation of TPP on the NP,
i.e., TPP has five negative groups that interact with the −NH3

+

of the CS; thus, the PS enlargement could be due to higher
exposure of anionic groups produced from increased TPP
above the equilibrium.20 Additionally, the excess availability of
TPP could cause the inter/intramolecular cross-linkages to be
associated with TPP facilitating the JCNP to be a form of big
aggregates.38 Furthermore, CS approaches the limit of a critical
concentration of coil overlap when its concentration is
increased. Consequently, the CS chains are close to one
another, they start forming connected coils, and then the TPP
interacts with a minute amount of CS. Then, the CS molecules
start folding over themselves.39 Increasing the CS concen-
tration increases the viscosity of the entire solution, which then
decreases the diffusion of TPP producing large JCNP.39

Alamdaran et al.40 observed that at higher concentrations of
CS, the interchain hydrogen bonds became more dominant
and the PS increased. By increasing the TPP above the critical
concentration, the cross-linking agent started occupying most
of the positively charged -NH3

+ of CS reducing the ZP and
decreasing the electrostatic repulsion between the CS NP.
Then, NP started aggregating forming large particles.
As presented in Table 3, the ZP of the NP ranged from

+17.0 ± 8.91 to +31.2 ± 0.87 mV indicating the production of
JCNP with good physical stability. The positive value of the ZP
was due to the presence of CS -NH3

+ groups. There was no
significant difference between the ZP of all prepared formulae
indicating that none of the varied compositions (CS and TPP
weights) or conditions (HT and HS) influenced the ZP of
JCNP. The PDI of JCNP varied from 0.139 ± 0.01 to 0.376 ±
0.01 (Table 3) indicating an acceptable particle size
distribution and a reproducible method of nanoformulation.20

There was no significant difference among the PDI values of all
prepared formulae indicating that none of the varied
compositions or conditions influenced the PDI.
The EE % of JCNP ranged from 60% ± 8.64 to 97% ± 4.87

indicating that the J. rubens algal extract was efficiently
entrapped into the CS TPP NP (Table 3). Due to the freely
available −NH3

+ groups, CS carries a positive charge, and an
electrostatic attraction takes place with the phytochemicals
(negatively charged) augmenting the EE%.41,42 Increasing both
CS and TPP concentrations was associated with a significant
increase in the EE %, i.e., from (F1) to (F3) having EE % of
60% ± 9.76 and 97% ± 4.87, respectively. However, a further
increase in CS:TPP concentrations led to a decrease in EE %
to reach 60% ± 8.64 (F6) due to an increased viscosity caused
by the CS, which caused a decrease in the diffusion of the J.
rubens extract inside the NP.39 It was also revealed that a high
CS concentration restricted the phytochemicals’ cargo into CS
matrices, possibly due to decreasing ionic interactions between
CS and TPP.43 As the TPP concentration increased, the EE %
increased. This was possibly due to an elevated cross-linking of

TPP capable of entrapping various phytochemicals and
bioactive compounds.44 Nonetheless, at a very high TPP
concentration, the EE % was observed to decrease, possibly
because of particle shrinkage. In other words, the very high
level of cross-linkages led to the squeezing out of the
phytochemicals from the NP causing the EE % to decrease.20,39

By increasing the HT (F13), the EE % decreased because
higher HT caused the leakage of phytochemicals from the
chitosan-TPP matrices.45 Moreover, an increase in the HS led
to higher EE %, followed by a gradual decrease in the
encapsulation: at higher speed values, the EE % was high due
to the augmentation of the cross-linkages among the CS and
the phytochemicals. This could be due to the excessive potency
of CS to produce ionic gels at elevated HS, which averts the
leakage of the bioactive compounds to the external phase
causing an enhanced EE %.46 However, for F10 and F13, the
EE % of JCNP decreased, probably due to the diffusion of the
entrapped bioactive compounds to the external phase, causing
a decrease in PS after operating a high HS.47 To clarify, an
increase in the speed decreased the JCNP size due to the fact
that elevated HS decreases particle aggregation and progress
cavitational forces in the homogenization gap. Accordingly, a
reduction in the polymer size occurred with a succeeding
decline in the EE % of the prepared JCNP.48

2.3.2. Scanning Electron Microscopy (SEM). JCNP were
homogeneous in shape and exhibited smooth surfaces and
uniform size distribution, as analyzed by SEM (Figure 2). This

result is in accordance with the micrographs obtained after
encapsulation of chlorogenic acid into CS NPs.49 The size
ranges obtained by the SEM micrographs were smaller than
the z-averages obtained by means of the Zetasizer, where a
hydrodynamic diameter is being observed.41

2.3.3. In Vitro Release Study. The in vitro phytochemicals’
release profiles of JCNP in comparison to the raw algal extract
as a function of time are illustrated in Figure 3A,B. For the PBS
intestinal fluid stimulation, JCNP showed a slow and sustained
release of the phytochemicals throughout the run time, and a
total of 92.6 ± 0.40% of the phytochemicals was released after
72 h (Figure 3 A). This compared with 77.6 ± 2.65% for the
raw extract in the first 6 h indicates a burst release. The
prolonged phytochemical release achieved by the formulated
JCNP could be due to the delayed dissociation of the
phytochemical molecules from the ionic binding between the
cationic groups in the CS and the anionic groups in the J.
rubens extract.50 For the gastric fluid stimulation medium

Figure 2. SEM Micrograph of JCNP.
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(Figure 3B), JCNP showed a slow and a sustained release, with
62.9 ± 0.70% of the entrapped phytochemicals released after
72 h, as compared with 65.6 ± 60.6% for the raw extract in the
first 6 h, which also indicates a burst release.
The release of the phytochemicals from JCNP followed a

biphasic pattern. An initial fast release during the first 5 h was
observed followed by a sustained phytochemicals’ release over
a period of 72 h. During the first 5 h, it was observed that the
release rate of the phytochemicals was both slower and less in
the intestinal fluid medium than that in the gastric stimulation
medium. This was due to the fact that as the pH value
decreased, the protonated groups of both the NP and the
entrapped phytochemicals repelled each other resulting in the
swelling of the entire system and the release of the
phytochemicals. On the other hand, as the pH value increased,
the electrostatic repulsion also decreased, and accordingly, the
release became slower.51 In the intestinal fluid stimulation, a
higher release (92.6 ± 0.40%) was observed after 72 h as
compared to that obtained in the gastric stimulation media
(62.9 ± 0.70%) because CS is a weak polybase with a pKa
value of 6.3.52 With increasing pH, the ionization of amine
groups decreased; thus, the cross-linking density between CS
and TPP at pH 7.4 was lower than that at pH 1.4, leading to a
higher phytochemical release from the JCNP at pH 7.4. The
results indicate a sustained release suggesting that the prepared
JCNP could be a good choice for oral administration of the
phytochemicals.

3. CONCLUSIONS
Algal phytochemicals were extracted from the red algal species
J. rubens matrices by ethanol. Several antioxidant assays were
carried out to ensure that the algal extract exhibits a potent
antioxidant activity. Several secondary metabolites possessing
an antioxidant activity were identified by means of chromato-
graphic techniques of polar and nonpolar nature. Ionic gelation
was successfully used to prepare JCNP with 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 led to a sustained release
in both the gastric and the intestinal simulation media. This
indicates the potential advantages of encapsulated J. rubens
extract, with its potent antioxidant activity, for use in different
applications where sustained release is useful.

4. MATERIALS AND METHODS
4.1. Materials. Low molecular weight chitosan, sodium

tripolyphosphate, diphenyl-2-picryl-hydrazyl reagent, Folin−

Ciocalteu reagent, quercetin, 2,4,6-tripyridyl-S-triazine, and
trolox were purchased from Sigma-Aldrich Chemical Co. (St.
Louis). (Z)-3-hexenylacetate was purchased from Sigma
Aldrich (Germany). All other chemicals were of pure analytical
grade.

4.2. Sampling of J. rubens and Extraction of
Phytochemicals. 4.2.1. Sampling of Algae. The red algae
J. rubens (rhodophyta) was freshly collected from the rocky bay
of Abu-Qir (Alexandria, Egypt) at a depth of ca. 3.5 m. The
algae were transferred to the lab in seawater and were then
washed thoroughly with running water to remove the
epiphytic/extraneous matter followed by rinsing with distilled
water. J. rubens was then air-dried in the dark for 48 h to
prevent the degradation of the bioactive compounds and
stored in the dark at room temperature in evacuated
polyethylene plastic bags until solvent extraction.53

4.2.2. Extraction of Bioactive Compounds. The J. rubens’
bioactive compounds were extracted by suspending (20 g)
clean and dry finely ground algal powder (i.e., ground in an
electric mixer) in 300 mL of ethanol. The mixture was shaken
for 48 h at room temperature using a water bath shaker set at
200 rpm. The supernatant was filtered twice using Whatman
filter paper number 1. The filtrate was evaporated using a
rotary evaporator at room temperature to yield a dry/gummy
extract, which was stored at a temperature of −80 °C until
further analysis.54

4.3. Total Phenolic/Flavonoid Contents and Antiox-
idant Assays. 4.3.1. TPC. TPC was determined using the
Folin−Ciocalteu method with minor modifications.55 Gallic
acid was used as a standard for the determination of total
phenolics.7 Different gallic acid dilutions (1, 2.5, 5, 10, 25, 50,
and 100 μg/mL) at 1 mL aliquots were mixed with 5 mL of
10-fold diluted Folin−Ciocalteu reagent and 4 mL of Na2CO3
solution (7.5% w/v).56 Likewise, 1 mL sample of the algal
extract prepared at 1000 μg/mL was mixed with 5 mL of the
Folin−Ciocalteu reagent, and 4 mL of Na2CO3 were added.
The reaction mixture was incubated at room temperature for a
duration of 1 h and then absorbance was measured at λmax of
765 nm57 against a blank prepared as above but without the
algal extract.58 TPC was expressed as mg GAE/g dry extract
using the gallic acid calibration curve. All measurements were
conducted in triplicate and expressed as mean ± SD.

4.3.2. TFC. TFC was determined according to the methods
followed by Zhishen et al.59 and Lin et al.,60 with minor
modifications. The J. rubens’ ethanolic extract (0.5 mL) at a
concentration of 0.1 g extract in 1 mL ethanol was first mixed

Figure 3. In vitro antioxidants’ release from the optimal JCNP and the raw algal extract in (A) intestinal fluid stimulation media, pH 7.4, and in (B)
gastric fluid stimulation media, pH 1.4. The result is expressed as a mean ± SD of three trials (n = 3).
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with 2 mL distilled water, followed by the addition of 0.15 mL
of 5% (w/v) sodium nitrite and, after 5 min, 0.15 mL of 10%
(w/v) aluminum chloride dissolved in distilled water was
added. After a further 5 min, 2 mL (1 M) of sodium hydroxide
was added. The absorbance of the mixture was then measured
at λmax of 510 nm61 against deionized water as a blank.
Quercetin was used to construct a standard calibration curve at
dilutions of 1−50 μg/mL.62 TFC was expressed as mg QE/g
dry extract using the quercetin calibration curve. All measure-
ments were conducted in triplicate and expressed as mean ±
SD.
4.3.3. DPPH Assay. The DPPH assay was carried out to

determine the J. rubens’ algal extract capacity to free radical
scavenging.63 DPPH (0.0040 g) was dissolved in 100 mL of
absolute ethanol to obtain a 40 ppm solution. Then, 2 mL of
this solution was added to 2 mL of the algal extract at different
concentrations, namely 50, 100, 250, 500, and 1000 μg/mL,
followed by shaking. The mixture was left to stand in the dark
at room temperature for a duration of 1 h. Decolorization of
the DPPH• solution was determined by measuring the
absorbance at λmax of 517 nm57 against absolute ethanol that
was used as a blank.64 DPPH was expressed in terms of radical
scavenging activity (% RSA) and in terms of the half-maximal
scavenging concentration (SC50) value. All the measurements
were conducted in triplicate and expressed as mean ± SD.
4.3.4. FRAP Assay. The FRAP assay is based on the

reduction of a ferric-tripyridyltriazine complex to its ferrous
blue-colored form in the presence of antioxidants.65 The FRAP
reagent used contained 5 mL of a TPTZ (2,4,6-tripyridyl-S-
triazine) solution (10 mmol/L) in HCl (40 mmol/L) plus 5
mL of FeCl3 (20 mmol/L), and 50 mL of acetate buffer (0.3
mol /L, pH 3.6). The solution was freshly prepared and
warmed to 37 °C. About 0.2 mL of seaweed (0.1 g/10 mL
ethanol) was mixed with 1.8 mL of the FRAP reagent, and the
absorbance of the reaction mixture was measured at λmax of 593
nm65 against distilled water as a blank after incubation at a
temperature of 37 °C for 10 min. A standard curve was
constructed using a Trolox solution.66 The FRAP assay was
expressed in terms of mg trolox/g dry weight of the extract. All
of the measurements were conducted in triplicate and
expressed as mean ± SD.
4.4. Chromatographic Analyses of the J. rubens

Extract. 4.4.1. GC-MS. GC-MS analysis was performed using
an Agilent GC-MS5975C GC unit with a Triple-Axis Detector
equipped with an autosampler. The GC column used was
fused with a silica capillary column (length 30 m × diameter
0.25 mm × film thickness 0.25 μm) with helium as a carrier gas
set at 1.5 L/min flow rate. The mass spectrometer was
operated in the electron impact mode at 70 eV in the scan
range of 40−700m/z. The split ratio was adjusted to 1:10, and
the injected volume was 1 μl. The injector temperature was
250 °C, and the oven temperature was kept at 70 °C for 3 min
and increased to 250 °C at 14 °C/min. For derivatization, 50
μL of methoxyamine hydrochloride in pyridine (20 mg/mL)
was added as a first derivatizing agent. The mixture was
incubated at 60 °C for 45 min. As the second derivatizing
agent, 100 μL of N-methyl-N-(trimethylsilyl)-trifluoroaceta-
mide (MSTFA) was added and incubated at 60 °C for 45 min.
Peak identification was based on retention indices (RIs)
relative to n-alkanes (C6−C20), and the mass spectra obtained
were compared with those available in NIST libraries (NIST
11 - Mass Spectral Library, 2011 version) with an acceptance
criterion of a match factor of ≥800.67

4.4.2. LC-MS. The J. rubens algal extract was chromato-
graphically separated using an Acquity UPLC system (Waters
Corp., Milford, MA) with an HSS T3 column (100 × 1.0 mm2,
particle size, 1.8 μm; Waters). The following conditions were
applied: a binary gradient elution at a flow rate of 150 μL/min
(0 to 1 min), isocratic 95% A (water/formic acid, 99.9:0.1 v-v),
and 5% B (acetonitrile/formic acid, 99.9:0.1 v-v); 1 to 16 min,
linear from 5 to 95% B; 16 to 18 min, isocratic 95% B; and 18
to 20 min, isocratic 5% B. The injection volume was a full loop
(3.1 μL). A Micro TOF-Q hybrid quadrupole time-of-flight
mass spectrometer (Bruker Daltonics Inc., Billerica, MA) was
used for the detection of eluted compounds at m/z 100−1000,
equipped with an Apollo-II electrospray ion source in positive
and negative ion modes using the following instrument
settings: nebulizer gas, nitrogen, 1.6 bar; dry gas, nitrogen, 6
L/min, 190 °C; capillary, −5500 V (+4000 V); endplate offset,
−500 V; funnel 1 resolve filter (RF), 200 V peak to peak
(Vpp); funnel 2 RF, 200 Vpp; in-source CID energy, 0 V;
hexapole RF, 100 Vpp; quadrupole ion energy, 5 eV; collision
gas, argon; collision energy, 10 eV; collision RF 200:400 Vpp
(timing 50:50); transfer time, 70 μs; prepulse storage, 5 μs;
pulse frequency, 10 kHz; and spectra rate, 3 Hz. Electrospray
ionization-tandem mass spectrometry (ESI-MSn) spectra were
obtained using a UPLCQ Deca XP MAX system (Thermo-
Electron Co., San Jose, CA) equipped with an ESI source
(electrospray voltage, 4.0 kV; sheath gas, nitrogen; capillary
temperature, 275 °C) in positive and negative ionization
modes. The Ion Trap MS system was coupled with the same
Waters UPLC setup, using the same elution gradient system.
The MS spectra were obtained during the UPLC run using the
following conditions: MS/MS analysis with a starting collision-
induced dissociation energy of 20 eV and an isolation width of
+2 amu in data-dependent positive and negative ionization
modes. Metabolites were characterized by their UV−vis
spectra (220−600 nm) derived using a Dionex ICS−Series
PDA Photodiode Array Detector (Thermo Fisher Scientific),
mass spectra and comparison to an in-house database, Mass
Bank, http://www.massbank.jp/ and the Dictionary of Natural
Products.68

4.5. Preparation and Characterization of JCNP.
4.5.1. Nanoencapsulation of the J. rubens Extract by Ionic
Gelation. Dissimilar JCNP formulations were produced by
means of an ionic gelation technique using TPP as the cross-
linking agent.39 A quantity of 0.005 g extract of J. rubens was
dissolved in ethanol (0.5 mL). Diverse weights of CS were
dissolved in 9 mL of 1% (v/v) acetic acid, and the pH was
adjusted at 4. Then, 0.5 mL from the freshly prepared algal
solution was added to the CS solution. The mixture was stirred
at a speed of 600 rpm for a duration of 15 min. Different
weights of TPP were dissolved in distilled water. Then, 1 mL
of the TPP solution was added dropwise to the prepared
solution throughout homogenization by means of a high-
pressure homogenizer at diverse speeds and for varied
durations (UltraTurrax T-25, IKA, Germany). The prepared
JCNP were separated by means of centrifugation (Sigma
Laborzentrifugen 1−14, Germany) at a speed of 18 000 rpm
(equivalent to 36 288 g) for a duration of 20 min.20,39 Table 4
shows the different compositions and conditions of the
prepared formulae. All data were expressed as mean ± SD of
three replicates in each formula. Statistical analysis was carried
out by one-way analysis of variance (ANOVA), CoStat
Software Computer Program accompanied with Tukey multi-
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ple comparison tests where unshared letters are significant at P
< 0.05.
4.5.2. PS/PDI Analysis and the ZP Measurement of JCNP.

The PS and PDI were measured by dynamic light scattering
using a Zetasizer (Malvern Instrument Ltd., Worcestershire,
U.K.) 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, and the results
were reported in terms of PD/PDI/ZP ± SD.
4.5.3. Determination of EE % of JCNP. The EE % of JCNP

was measured from the clear solution obtained after separation
of the free algal extract from JCNP by centrifugation at 18 000
rpm (equivalent to 36288 g) for 20 min. The amount of free J.
rubens was estimated with a UV−vis spectrophotometer
(CARY 500 SCAN Varian, Hi-tech) at λmax of 658 nm by
comparing the absorbance to a preconstructed calibration
curve (r2 = 1, n = 3). The EE % was calculated according to the
following equation

=
−

×

EE%
(total extract added free extract in supernatant)

total extract added
100

4.5.4. Morphological Examination. The surface morphol-
ogy, shape, and size of JCNP were examined using an SEM
(Zeiss, Leo Supra 55 FE). A lyophilized JCNP sample was
fixed with a double-sided adhesive tape on the SEM sample
holder. The specimen was then coated with gold using a
sputter coater under argon atmosphere to achieve a 150 Å
thick film.69

4.5.5. In Vitro Release Assay. The in vitro phytochemicals’
release from JCNP and the raw extract was studied by the
dialysis bag diffusion method.70 Aliquots of 2 mL of the
optimum JCNP, each equivalent to 1 mg of the algal extract,
were dispersed in dialysis bags, each with 20 mL of phosphate
buffer saline (PBS) as an intestinal fluid simulation medium
with a pH of 7.4,71 and in bags each with 20 mL of 0.1 M HCl
buffer as a gastric fluid simulation medium with a pH of 1.4
(HCl does not totally mimic the gastric juice).58 This was also
carried out for portions of the pure algal extract, each of 1 mg,
subjected to the same conditions as the JCNP samples. The
solutions were stirred at a speed of 50 rpm with the
temperature maintained at 37 ± 1 °C. At specific time
intervals of 0, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48, and 72 h, 2 mL of
each of the medium were withdrawn from outside the dialysis

bags and replaced with equal amounts of fresh PBS and 0.1 M
HCl, respectively. Samples were analyzed by a UV−visible
spectrophotometer (CARY 500 SCAN Varian, Hi-tech) at λmax
of 658 nm. Triplicate samples were analyzed for each
measurement, and the mean cumulative release ± SD was
determined.72
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Table 4. Preparation Conditions of Different JCNP

formula CS (g) TPP (g) HT (min) HS (rpm)

F1 0.010 0.004 5 12
F2 0.020 0.008 5 12
F3 0.025 0.010 5 12
F4 0.030 0.012 5 12
F5 0.040 0.015 5 12
F6 0.050 0.015 5 12
F7 0.025 0.010 3.5 9
F8 0.025 0.010 6 12
F9 0.025 0.010 5 15
F10 0.025 0.010 5 18
F11 0.025 0.010 7 12
F12 0.025 0.010 7 15
F13 0.025 0.010 9 18
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