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Bioactive polysaccharides extracted from brown seaweeds have potent antioxidant, antitumor,

antibacterial, antiviral, anti-inflammatory activities and nanomedicine applications. In the present study,

we have made an attempt to overcome the instability and bioavailability problem of exopolysaccharides

extracted from brown seaweed (Sargassum longifolium) by nanoencapsulation technology to enhance

its therapeutic applications. Exopolysaccharides was encapsulated in orange oil nanoemulsion (NE)

prepared by ultra-sonication method and nanostructured lipid carrier (NLC) prepared by hot solvent

diffusion method. The encapsulation efficiency of nanoemulsion was 67.29% and of nanostructured lipid

carrier was 78.7%. The prepared nano carriers have particle size 178 nm (NE), 153 nm (NLC) and zeta

potential �43.9 mV (NE), �60 mV (NLC). In vitro release kinetics of exopolysaccharides from NE (80%)

and NLC (95%) was found to be slow and sustained release which indicates increase in bioavailability.

The cytotoxic effect of seaweed polysaccharide, nanocarriers loaded with seaweed polysaccharide was

analyzed by MTT method in colon cancer (HCT 116) cell lines with the results revealing that seaweed

polysaccharide encapsulated with NLC (80%) was superior to that encapsulated with orange oil

nanoemulsion (70%). This is the first report demonstrating the potential of brown seaweed

exopolysaccharide encapsulated in orange oil nanoemulsion and nanostructured lipid carrier for its

biomedical application.
1. Introduction

Seaweeds are natural resources with bioactive compounds
which are used for food, medical1 and industrial products.2

Seaweed is a nutraceutical compound as it is a food with
medical and health benets. Seaweed is an important source of
marine polysaccharides that belong to three different families
which are classied based on its morphology, cell wall and
pigment composition as green (Chlorophyceae), red (Rhodo-
phyceae) and brown (Phaeophyceae) seaweeds.3,4 Seaweeds are
found in very harsh marine environment with lots of bioactive
metabolites with varied functions. For centuries, seaweeds have
been used as a food throughout Asia and because of its high
nutrient content seaweeds are of high pharmaceutical
interest.5,6 The seaweed polysaccharides are different from
those of terrestrial plant polysaccharides.7 They are formed by
linking monosaccharides together. The main difference
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between the seaweed polysaccharides and other poly-
saccharides is the surface charge. Seaweed polysaccharides are
anionic in nature because of the presence of anionic sulfate
groups that are absent in polysaccharides of terrestrial origin.8

Though seaweeds are composed of various bioactive
compounds, 76% of them are polysaccharides. The structure of
those polysaccharides is directly related to the taxonomy and
cell structure of seaweed. The major bioactive compounds of
seaweeds are polysaccharides and apart from this the other
compounds are phenolic, phlorotannins, proteins, peptides,
amino acids, terpenes, terpenoids, lipids, and halogenated
compounds. Numerous bioactive polysaccharides with inter-
esting functional properties have been discovered from
seaweeds.9 Polysaccharides from brown seaweeds have been
reported to have potent bioactive functions like anti-
inammatory activity, anti-oxidant activity and anti-
proliferative effect on various cancer cells.6 Polysaccharides
from Sargassum species showed anticancer activity on lung
cancer and melanoma,10 colon and breast cancer cell lines.11,12

Additionally, polysaccharides derived from marine seaweeds
were also used to treat goiter, glandular problems, wounds,
burns and rashes. It is also being used in bone replacement
RSC Adv., 2018, 8, 15973–15984 | 15973
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therapy. Seaweed polysaccharides are used as anticancer agents
as it is involved in (i) release of pro-inammatory cytokines (ii)
increase of NK cells activity (iii) apoptosis induction (iv) TLR-4,
CD 14 activation.13 Seaweed polysaccharides are considered as
a source of dietary ber because they are not completely
digested by human intestinal enzymes and thus interfere with
the bioavailability of other dietary components.14 Seaweeds
contain a large amount of carbohydrate as source of poly-
saccharides. There are several methods to extract poly-
saccharides. All those are time consuming and they are in need
of large amount of organic solvents to extract and precipitate
polysaccharides which causes a major problem of environ-
mental pollution. Thus hot water extraction method takes its
place by overcoming all these limitations. Hot water extracts of
polysaccharides from seaweeds were used in the treatment of
cancer by Chinese people.15 Since the carbohydrate content in
seaweed is considerably high, its greater portion is available as
polysaccharide ber which decreases the bioavailability because
it is not taken by the human body. Studies have revealed that
high ber content food can help in reducing the risk of certain
cancers, lowers cholesterol and keeps blood sugar balanced.
Reports evoke that because of the large size of the macromol-
ecules, a signicant portion of it is unable to pass the cell
barrier of the gastrointestinal tract. Due to the instability of the
nutraceuticals under conditions encountered during processing
or in the gut (pH, enzymes, presence of other nutrients) it is
difficult to retain the health benets of those bioactive mole-
cules.16 Therefore, it is necessary to protect these molecules
from harsh conditions by encapsulation. Several studies have
reported that the bioavailability of the nutraceuticals can be
enhanced by increasing the bio accessibility of them during the
digestion in small intestine. Nanomedicine is being potently
used for rational and targeted delivery for pharmaceutical,
therapeutic and diagnostic agents to specic cells and extra-
cellular elements of the body. The mechanism involved in
nanoparticles to pass through the gastrointestinal tract barriers
includes mainly the particle size. Encapsulation of seaweed
polysaccharide increases the efficiency of the bioactive nutra-
ceutical ingredients. Nano carriers with lipids, biosurfactants
and water has improved its effectiveness by high entrapment of
compound and very low toxic effect because of the components
used are generally recognized as safe.17 Essential oils are natu-
rally derived aroma compounds synthesized as secondary
metabolites from plants.18 Orange oil obtained from citrus peel
is widely used in the food industries as avoring agent because
of its volatile constituents with unique aroma proles. Orange
oil is a complex organic compound with main components
being limonene and linalool which are classied as terpenes.19

Nanoemulsions are ne oil-in-water dispersions, having droplet
covering the size range from 100–500 nm.20 The essential oils
are dispersed in an aqueous medium and stabilized by an
emulsier. Yet another nanoencapsulation technique used is
nanostructured lipid carrier (NLC), type of lipid nanocarrier
with solid matrix. Advantages of NLC are enhanced drug
loading capacity, physical and chemical long term stability,
sustained release and prevention of drug expulsion during
storage. In our study polysaccharides from Sargassum
15974 | RSC Adv., 2018, 8, 15973–15984
longifolium was obtained by hot water extraction and ethanol
precipitation. Encapsulation of extracted crude polysaccharides
was performed using essential oils, solid lipids and bio-
surfactants for nano carrier formulations. Hence by nanosizing
seaweed polysaccharide extracts, it might be efficient enough in
bypassing the gastrointestinal tract. Till date no report has been
found on nanosizing crude seaweed polysaccharide synthesis
by nanoemulsion and NLC technique. Although seaweed poly-
saccharides have various biological functions, nanosized
seaweed polysaccharides have not been investigated yet.

2. Materials and methods
2.1 Materials

Orange oil, biosurfactants and solid lipid (Span 80, Pluronic
L81, lecithin, poloaxmer 188, stearic acid), DMEM, FBS, MTT,
DMSO were purchased from Sigma (St. Louis, Mo, USA).
Solvents (ethanol, acetone, chloroform, n-butanol, acetonitrile,
methanol and acetonitrile) were purchased from SRL, INDIA.
HCT 116 colon cancer cell lines and 3T3 mouse normal bro-
blast cell lines was procured from NCCS (National Centre for
Cell Science), Pune, INDIA. All the other chemicals were used of
analytical grade.

2.2 Sample collection and preparation

Sargassum longifolium, brown seaweed was collected from
coastal areas of Gulf of Mannar (Tamil Nadu, India. Latitude
9.1278� N and Longitude 79.4662� E) region during low tide in
sterile polythene bags with seawater and brought to laboratory.
Collected seaweeds were kept in ice and gently washed for few
times with sterile distilled water to remove the unwanted debris
and dried in air. The air dried seaweeds were grinded into
powder and kept in a plastic box covered with aluminum foil for
further investigation.

2.3 Extraction of crude polysaccharides

Hot water extraction method21,22 was followed with slight
modication for extracting polysaccharides from brown
seaweed (Sargassum longifolium) extract. Three parameters
(Table 1) were studied with different extraction temperature (20,
40, 60, 80 and 100 �C), different pH (2, 4, 7 and 9) and different
extraction time (15, 30, 60 and 120 min) to obtain high yield of
crude polysaccharides (Table 2). The pH 2 and 4 were adjusted
by addition of 2 mol l�1 HCl and pH 9 with 2 mol l�1 NaOH.
Dried Sargassum longifolium seaweed powder (1 : 4 w/v) was
boiled in deionized water with the above parameters followed
by homogenization using magnetic stirrer to extract the bioac-
tive components from the powder. Aer extraction, the solution
was centrifuged at 7155 � g for 15 min and supernatant was
collected. The extraction process was repeated three times. The
supernatants were pooled and concentrated by a rotary evapo-
rator under vacuum at 45 �C. The concentrates were lyophilized
with a freeze-dryer. The lyophilized aqueous seaweed extract
was prepared in deionized water (1 mg ml�1) and the poly-
saccharide fraction was precipitated by the addition of three
volumes of 100% ethanol and kept overnight at �20 �C. The
This journal is © The Royal Society of Chemistry 2018
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Table 1 Polysaccharides yield by following hot water extraction method with different parameters

Method

Parameters

Polysaccharides
yieldTemperature (�C) pH Time (min) Ethanol (%)

Storage
temperature (�C)

Hot water extraction method 20 9 15, 30, 60, 120 50, 75, 95, 100 4, �20 1.38%
2

40 9 15, 30, 60, 120 50, 75, 95, 100 4, �20 1.52%
2

60 9 15, 30, 60, 120 50, 75, 95, 100 4, �20 1.88%
2

80 9 15, 30, 60, 120 50, 75, 95, 100 4, �20 3.76%
2

100 9 15, 30, 60, 120 50, 75, 95, 100 4, �20 10.38%
2
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precipitated polysaccharide was collected by centrifugation at
5478� g for 20 min at 4 �C and lyophilized with a freeze dryer to
obtain crude seaweed polysaccharide.
2.4. Deproteinization of crude polysaccharides

The crude polysaccharides (5 mg) was further dissolved in 10 ml
water and partitioned ve times with Sevag reagent
(chloroform : n-butanol, 4 : 1) to remove protein.23 Two layers
were formed from which the aqueous layer was taken carefully
and mixed with three volumes of 100% ethanol and incubated
overnight for precipitation at �20 �C. The precipitated sample
was again centrifuged at 5478 � g for 15 min and lyophilized to
obtain dried seaweed polysaccharides.
2.5 Preparation of nanoemulsion

Nanoemulsions were prepared with essential oil (orange oil)
and biosurfactants (Span 80 and Pluronic L81) by high shear
stirring followed by ultra-sonication method at room tempera-
ture24 (Table 3). The advantage of using both hydrophilic
(Pluronic L81) and lipophilic (Span 80) surfactants is to main-
tain the synergistic effect on emulsion stability. Essential oils
and Span 80 (10 : 1) were mixed together to form oil phase, then
1% Pluronic L81 was dissolved in deionized water to form the
water phase by stirring in the beaker. Nanoemulsions were
formed by adding the water phase to the oil phase under stir-
ring condition for 30 min at room temperature. Then the
formed emulsion was ultra-sonicated for 30 min using probe
sonicator (30 s ON and 10 s OFF. 40% amplitude, 140 WATT)
and the reaction mixture was stirred at room temperature for 24
hours. Polysaccharide loaded nanoemulsions were prepared by
dissolving 5 mg of crude seaweed polysaccharide to the organic
phase followed by other steps as mentioned for blank
Table 2 Polysaccharides yield by following hot water extraction metho

S. no. Temperature (�C) pH Time (min)

1 100 2 180

This journal is © The Royal Society of Chemistry 2018
nanoemulsions. All the prepared nanoemulsions were kept at
25 �C for further study.

To separate and purify the nanoparticles, 25–30 ml of
acetone was added to break the emulsion followed by bath
sonication for 15 min and centrifuged at 7155 � g for 15 min.
Finally the resultant nanoparticles were washed 3–5 times with
acetone and water. The samples were then lyophilized to
produce polysaccharide nanoparticle in a powdered form.
2.6 Preparation of nanostructured lipid carrier (NLC)

Nanostructured lipid carrier was formulated by hot solvent
diffusionmethod25 method. Briey, 20 mg of soy lecithin, 50 mg
of stearic acid and 50 mg of orange oil (melted at 72–75 �C) were
fully dissolved into ethanol : acetone (40 : 60 v/v) mixture at
60 �C and kept for stirring. The organic solution was then
rapidly poured into 50 ml of aqueous solution containing 1%
(w/v) Poloxamer 188 kept under magnetic stirring at 80 �C. The
suspension was then cooled to room temperature and the
organic solvents were evaporated under reduced pressure using
rotary evaporator and the nal volumes were adjusted to 20 ml.
This suspension was ltered through 8 mm lter paper and
freeze dried to obtain into powder form. The nal formulations
are shown in Table 3.
2.7 Nanoparticle characterization

The Z-average, polydispersity index (PDI) and zeta potential was
analyzed by dynamic light scattering using Malvern Zetasizer
instrument.26–28 The mean particle size is a measure of the
distribution of nanoparticle population. PDI is a dimensionless
measure of the width of the size distribution calculated by the
instrument. Zeta potential is a parameter characterizing elec-
trochemical equilibrium on interfaces. Electrostatic repulsion
d

Ethanol (%) Storage temperature (�C)
Polysaccharides
yield

100 �20 10.38%

RSC Adv., 2018, 8, 15973–15984 | 15975
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Table 3 Composition of blank and seaweed polysaccharide (SP) loaded nanoemulsion and NLC formulation

Formulation SA (mg) PO (mg) OO (mg)
Span 80 +
Pluronic L61 (%) Lecithin (mg) Poloxamer (%) Water (ml) SP (mg)

Orange oil 10 1 50 —
SPa orange oil 10 1 50 5
NLC P 50 20 1 50 —
SP NLC P 50 20 1 50 5

a SP – seaweed polysaccharide.
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between particles depends on the value of zeta potential.
Measuring zeta potential is very useful for the assessment of the
physical stability of colloidal dispersions. The particle surface
develops a charge due to ionization of surface groups or
adsorption of ions in the suspension. The charge obtained
depend both on surface chemistry of particles and media sur-
rounded by these particles. Measurements were carried out at
25 �C with a scattering angle of 90�. The samples were diluted
about 1 : 100 times in deionized water just before the measure-
ments. All the measurements were performed in triplicate.

2.8 Scanning electron microscopy (SEM)

The morphological characteristics of seaweed polysaccharide,
nanoemulsions and NLC were examined using scanning elec-
tron microscope (EVO-18 plus, Carl Zeiss, Germany). The
samples were diluted with deionized water and sonicated for
30 s in probe sonicator. The samples were prepared by xing
Entrapment efficiency ð%Þ ¼ Total polysaccharide added� polysaccharide in the supernatant

Total polysaccharide added
� 100 (1)
one drop of the sample on the glass slide. Aer air dried, the
samples were observed under HR-SEM to evaluate the
morphological characteristics.
2.9 Transmission electron microscopy (TEM)

The structure of crude polysaccharides loaded orange oil
nanoemulsion and NLCs were examined by high resolution
transmission electron microscope (HR-TEM, Tecnai T20) using
negative staining technique. The nano carrier formulated
samples were diluted with deionized water and 10 ml of the
diluted sample was applied on to the copper grid and air dried
for 30 min at room temperature. For negative staining 10 ml of
1% phosphotungstic acid solution was dropped on the sample
grid and allowed to dry at room temperature for 10 min.
Photographs were taken at accelerating voltage of 200 kV.
2.10 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra reveal the characteristic peaks of all the functional
groups present in the sample. FTIR spectra of essential oils,
seaweed polysaccharide and seaweed polysaccharide
15976 | RSC Adv., 2018, 8, 15973–15984
nanoparticles in KBr pellets were analyzed using an FTIR
spectrometer between the range of 500 cm�1 to 4000 cm�1.
2.11 Entrapment efficiency

Seaweed polysaccharide entrapment efficiency29 in nano-
emulsion and NLCs were studied by completely breaking down
the NLCs. A volume of 2 ml of seaweed polysaccharide loaded
nanoemulsion and NLCs were taken and centrifuged at
12 000 rpm for 30 min. The supernatant was then diluted with
acetonitrile and methanol mixture (1 : 1). 1 ml of the formu-
lated NLCs were added to 4 ml of and acetonitrile methanol
mixture and centrifuged for 20 min at 8000 rpm and the
supernatant was analyzed by UV-VIS spectrophotometer at
490 nm by Dubois et al.method. The entrapment efficiency was
calculated by using eqn (1).
2.12 In vitro release

The release of seaweed polysaccharide from the nanoemulsion
and NLCs were performed using dialysis membrane bags with
6000–8000 Da pore size.29 The dialysis membrane bags were
soaked in water overnight ahead of use. The bags were lled
with 2 ml of 5 mg ml�1 seaweed polysaccharide nanoparticle
loaded NLCs. The bags were immersed in enzyme free simu-
lated intestinal medium (SIM) and simulated gastric uid
medium (SGF) rotated at 50 rpm at 37 �C. A total of 1 ml of
sample was taken at sequential time interval followed by
replacing the same amount of releasing media soon aer
withdrawal. The samples were analyzed by UV-VIS spectropho-
tometer at 490 nm by Dubois et al. method. For each formula-
tion, the release study was performed in triplicate.
2.13 Cell culture

HCT 116 (human colon carcinoma) cell lines and 3T3 mouse
normal broblast cell lines were cultured and maintained in
DMEM supplemented with 10% (v/v) FBS. The cells were incu-
bated at 37 �C in a humidied 95% air or 5% CO2 environment
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) Sargassum longifolium, (B) ground seaweed powder and (C) as extracted seaweed polysaccharide.
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by seeding into 96 well plates at the density of 200 000 cells per
wells in the media. Different concentration of seaweed poly-
saccharide and the same loaded into nanoemulsion and NLC
were dissolved in deionized water and sonicated for one hour to
get rid of aggregation.

The medium with 10% FBS was removed aer 8 h, and
replaced by 20 ml of samples from low to high concentrations.
Controls were cells treated with an equal volume of serum free
medium without any samples. Cells were incubated for another
48 h before the cell viability assay was performed.
Table 4 Particle size, PDI, zeta potential and entrapment efficiency of
the formulations
2.14 Mitochondrial activity

In vitro cytotoxicity30 of seaweed polysaccharide and the same
loaded into nanoemulsion and NLC was assessed using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazonium-
bromide) assay to measure the succinate dehydrogenase mito-
chondrial activity. Fresh media with 100 ml of 5 mg ml�1 MTT
stain was pipetted into every well and incubated for 4 h. The
media was removed and the formation purple color crystals
were further dissolved with DMSO. The absorbance was read at
570 nm in microplate reader (BIOTEK, POWER WAVE XS2).
Blank was kept as medium without cells and negative control as
medium without samples. All experiments were repeated thrice
to ensure reproducibility. Cell viability was expressed as the
percent absorbance relative to that obtained for cells not
exposed to samples.
Formulation Size (nm) PDI Zeta potential EE (%)

Orange oil 111 0.564 �39.2 mV
SPa orange oil 178.7 0.009 �43.9 mV 67.29
NLC 123 0.29 �59 mV
SPa NLC 153 0.18 �60 mV 78.7

a SP – seaweed polysaccharide.
3. Results
3.1 Yield of crude polysaccharide

Sargassum longifolium (Fig. 1A) belonging to the class Phaeo-
phyceae was shade dried and ground into powder (Fig. 1B) to
This journal is © The Royal Society of Chemistry 2018
extract polysaccharides (Fig. 1C) using hot water extraction
method. The yield of crude polysaccharides obtained from hot
water extraction was showed in Table 1. The extraction process
gave different yields of crude polysaccharides depending on the
heating temperature, pH, extraction time, ethanol concentra-
tion and storage temperature. The highest yield was 10.38%
with heating temperature 100 �C, pH 2, extraction time 180min,
100% absolute ethanol for precipitation and�20 �C for storage.

3.2 Encapsulation of crude polysaccharides in nanocarriers

Different ratios of orange oil Span 80 and Pluronic L81 were
used to nd out the suitable nanoemulsion formation. Similarly
different ratios of stearic acid, orange oil, lecithin and
Poloaxmer 188 were formulated for NLC. The optimized ratios
for both the nanocarriers are demonstrated in Table 3. The
concentration of crude polysaccharides was kept constant for
both formulations as 5 mg ml�1.

3.3 Physiochemical characteristics of nanocarriers
encapsulated with crude polysaccharides

The Z-average, polydispersity index (PI) and zeta potential of the
formulated nanocarriers was obtained by dynamic light
RSC Adv., 2018, 8, 15973–15984 | 15977
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Fig. 2 SEM image of (A) as extracted seaweed polysaccharide (B) orange oil nanoemulsion encapsulated with seaweed polysaccharide (C) NLC
encapsulated with seaweed polysaccharide.

Fig. 3 TEM image of (A) as extracted seaweed polysaccharide (B) orange oil nanoemulsion encapsulated with seaweed polysaccharide (C) NLC
encapsulated with seaweed polysaccharide.

15978 | RSC Adv., 2018, 8, 15973–15984 This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) DLS size distribution of prepared formulations (B) FTIR spectra of seaweed polysaccharide (C) FTIR spectra of blank orange oil
nanoemulsion and seaweed polysaccharide loaded orange oil nanoemulsion (D) FTIR spectra of blank NLC and seaweed polysaccharide loaded
NLC.
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scattering (DLS). The obtained values are tabulated in Table 4
and Fig. 4A. The particle size distribution of crude seaweed
polysaccharide loaded orange oil nanoemulsion was 178 nm
with PI 0.009 and zeta potential �43.9 mV. NLC loaded with
crude polysaccharide ranged with size 203 nm, 0.18 PI and
�60 mV zeta potential.
3.4 SEM and TEM

The surface morphologies of the formulated samples were
examined using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Crude seaweed poly-
saccharide (Fig. 2A and 3A) showed irregular shape which is
highly undesirable for biomedical applications. But the nano-
carrier images relatively smoother surface morphology.
Table 5 List of infrared (IR) vibrational modes characteristic to
polysaccharides

Frequency

Seaweed polysaccharide

Bond Functional groups

3327.21 O–H stretch Alcohol
2939.52 O–H stretch Carboxylic acids
1600.92 C–C stretch Carbonyl group
1381.03 SO Sulphate groups
1126.43 C–O stretch Carboxylic acids
1087.85 RO–SO3� Sulphate groups
1037.70 RO–SO3� Sulphate groups
650.01 C–Cl stretch Alkyl halides
597.93 C–Br stretch Alkyl halides

This journal is © The Royal Society of Chemistry 2018
Nanoemulsion (Fig. 2B and 3B) shape was not fully spherical
but its clear shape and size adds to its advantage. NLC (Fig. 2C
and 3C) was fully spherical with very small size proving to be the
best suitable nanocarrier.
3.5 Fourier transform infra-red spectroscopy (FTIR)

Functionality of seaweed polysaccharide loaded and unloaded
in nanoemulsion and NLCs were shown in (Fig. 4B–D). It is
observed that the presence of functional groups in both the
cases is the same, showing that nanoemulsion and nano-
structured carrier processing did not change the chemical
functionality of the polysaccharides. The characteristic peaks
for seaweed polysaccharide are 1381 cm�1, 1126 cm�1,
1087 cm�1, 1037 cm�1, 650 cm�1, 597 cm�1 and 482 cm�1

(Table 5) while the characteristic peaks for orange oil is similar
to limonene 1641 cm�1, 1438 cm�1 and 885 cm�1. The poly-
saccharides peaks are not found in the loaded one and thus it
indicates that the polysaccharide has been encapsulated into
emulsion (Table 6). The characteristic peaks for NLC are
1639 cm�1, 1465 cm�1, 1350 cm�1, 1056 cm�1, and 885 cm�1.
The corresponding seaweed polysaccharide peaks are absent in
the loaded NLC which also indicates that the polysaccharide
has been encapsulated into NLC (Table 7).
3.6 Entrapment efficiency and release study

Entrapment efficiency of the formulated nanocarriers was
calculated using eqn (1) and found that seaweed polysaccharide
loaded orange oil nanoemulsion was 67.29 � 2% (Fig. 5A) and
in seaweed polysaccharide loaded NLC was 78.7 � 2% (Fig. 5B).
RSC Adv., 2018, 8, 15973–15984 | 15979
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Table 6 Characteristic peaks of blank and seaweed polysaccharide loaded orange oil nanoemulsion

Frequency

Blank orange oil
Seaweed polysaccharide
loaded orange oil nanoemulsion

Bond Functional groups Bond Functional groups

3360 O–H stretch Alcohol O–H stretch Alcohol
2966.52 O–H stretch Carboxylic acids
2922.16 O–H stretch Carboxylic acids
1641.42 –C]C–stretch Alkenes
1637.56 N–H bend Primary amine
1438.90 C–C stretch Aromatics
1249.94 C–N stretch Aromatic amines
1097.50 C–N stretch Aliphatic amines
1010.70 C–O stretch Alcohols, carboxylic

acids, esters, ethers
948.98 O–H stretch Carboxylic acids
885.33 C–H stretch Aromatics
790.81 C–Cl stretch Alkyl halides
538.14 C–Br stretch Alkyl halides

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 4

/2
4/

20
26

 2
:2

0:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Thus keeping 80% as control for release study seaweed poly-
saccharide from orange oil nanoemulsion and NLC formula-
tions were analyzed in vitro in enzyme free simulated intestinal
medium. Over a period of 12 h�80% of seaweed polysaccharide
was released from orange oil nanoemulsion and �95% was
released from NLC. Slow and sustained release of seaweed
polysaccharide was noted (Fig. 5C and D). From the results high
entrapment and more amount of seaweed polysaccharide
release was seen in NLC when compared to nanoemulsion
formulation.
3.7 Cytotoxic activity

The cytotoxicity activity of seaweed polysaccharide encapsulated
with nanoemulsion and NLC was analyzed with MTT assay
against normal mouse broblast 3T3 (Fig. 6) and colon cancer
Table 7 Characteristic peaks of blank and seaweed polysaccharide load

Frequency

Blank NLC

Bond Functional group

3375.43
3363.86 O–H stretch Alcohol
2916.37 O–H stretch Carboxylic acids
2850.79 C–H stretch Alkanes
2360.87 C^N stretch Nitriles
1732.08
1639.49 –C]C–stretch Alkenes
1512.19
1465.90 C–C stretch (in-ring) Aromatics
1369.46
1350.17 C–H rock Alkanes
1219.01
1056.99 C–O stretch Alcohols, carboxy

acids, esters, ethe
721.38

15980 | RSC Adv., 2018, 8, 15973–15984
cell lines HCT 116 (Fig. 7). The cytotoxic activity was performed
for seaweed polysaccharide, orange oil, biosurfactants, nano-
emulsion and NLC. From the results we infer that the seaweed
polysaccharide, emulsion and NLC exhibited no inhibitory
effect on normal mouse broblast cell lines (99.9 � 0.05%
viability), whereas seaweed polysaccharide alone provides
cytotoxicity activity against HCT 116 cells but the activity was
more efficient when loaded into nanoemulsion and NLC
nanocarriers. The percentage of cell viability in seaweed poly-
saccharide loaded NLC is 23 � 0.7% at 1000 mg ml�1. 80% of
cells was killed at this concentration. At the same concentration
seaweed polysaccharide loaded nanoemulsion kills 70 � 0.4%
of cells whereas the seaweed polysaccharide alone kills 55 �
0.6%. Thus seaweed polysaccharide encapsulated with NLC has
better efficiency when compared to nanoemulsion and seaweed
polysaccharide alone (Fig. 8).
ed NLC

Seaweed polysaccharide loaded NLC

s Bond Functional groups

O–H stretch Alcohol

O–H stretch Carboxylic acids
C–H stretch Alkanes
C^N stretch Nitriles
C]O stretch Carbonyls
–C]C–stretch Alkenes
N–O asymmetric stretch Nitro compounds
C–C stretch (in-ring) Aromatics
C–H rock Alkanes

–CH2X Alkyl halides
lic
rs

C–O stretch Alcohols, carboxylic
acids, esters, ethers

C–H rock Alkanes

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Cell viability of unloaded and loaded seaweed polysaccharide in
orange oil nanoemulsion and NLC in 3T3 mouse normal fibroblast cell
lines.

Fig. 5 Encapsulation efficiency of (A) seaweed polysaccharide in
orange oil nanoemulsion (B) seaweed polysaccharide in NLC.
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4. Discussion
4.1 Extraction and yield of water soluble polysaccharides

In this study, extraction of crude seaweed polysaccharides was
done according to the procedure of ref. 21 and 22 with slight
modication. The seaweed extract was boiled in distilled water
at 100 �C by adjusting the pH to 2 with hydrochloric acid (HCl).
The sample was allowed to boil for 3 h and the supernatant was
collected and precipitated with 100% ethanol to obtain high
yield of crude polysaccharides. The result obtained was similar
to the studies reported by ref. 31 because of the parameters used
in the hot water extraction method. The yield of crude poly-
saccharide from brown seaweed Sargassum longifolium in this
study was higher (10.38%) than in previous reports for S. lat-
ifolium (4.75%),29 S. fulvellum (8.9%) and S. thunbergii (9.6%).32

The difference in the yield compared to other reports might be
because of the higher acid concentration (2 mol l�1 HCl) used in
the present study. The other reason for low yield is due to the
different solubility of the polysaccharides in the solvents.33
4.2 Importance of nanocarriers

Marine polysaccharides have different biomedical applications
and have drawn its attention in the present research. Seaweed
derived polysaccharides has extended its potential activities
against cancer and virus. Polysaccharides, the major bioactive
compound of seaweeds have a wide role in nutraceutical and
medical applications.13 Though seaweed polysaccharides are
being used in a list of applications, the efficiency is still low
Fig. 6 Release study of seaweed polysaccharide from (A) orange oil
nanoemulsion (B) NLC.

This journal is © The Royal Society of Chemistry 2018
because of its large size and irregular shape. Till date there are
so many reports stating that polysaccharides from seaweeds
have a potent role in treating various cancers. The conventional
mean of drug administration is oral route for patients requiring
long term treatment. Hence nanoparticle approach for natural
products has been explored. Natural products encapsulated in
inert systemic nanocarriers tend to be more active and efficient
than their original nature because of their small size, easy
penetration into the cells and cell organelles, large surface area,
enhanced bioavailability and long term stability.34 Advantage of
using nanoemulsion as a nanocarrier is that it protects the
encapsulated compound from hydrolysis and oxidation. It is
also considered to be effective and safe with increased
bioavailability.35 NLC is a nanocarrier with the same advantages
of nanoemulsion but because of its disrupted matrices, the
major advantage of NLC leads to higher drug entrapment and
sustained release which ultimately enhances drug absorption
when compared with other lipid based formulations having
uniform matrices of lipids.36 In our study the efficiency of both
nanoemulsion and NLC nanocarriers encapsulated with
seaweed derived polysaccharides has been studied and
compared.
Fig. 8 Cell viability and proliferation of unloaded and loaded seaweed
polysaccharide in orange oil nanoemulsion and NLC in HCT 116 colon
cancer cell lines.
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4.3 Size distribution and zeta potential

In Table 4 the particle size distribution of the nanocarrier
formulation is tabulated. In order to improve the bioavailability
of the seaweed polysaccharide, nanoemulsion and NLC nano-
carrier encapsulated with seaweed polysaccharide were formu-
lated using ultra sonication and hot solvent diffusion method
respectively. The main role of nanocarriers is their size as it
determines the bio accessibility of the entrapped compounds by
affecting the gastrointestinal tract residence time, dissolution
rate and action of digestive enzymes.37 From the literature it was
noted that generally particles with <200 nm are preferred for
oral delivery. Particle size analysis conrms that all the formu-
lations were within the required range. The particle size and PI
of orange oil nanoemulsion was 111 nm and 0.5 whereas for
NLC 153 nm and 0.18 respectively. Addition of seaweed poly-
saccharide to the nanocarriers increased the particle size but PI
was decreased. This increase in particle size indicates the
incorporation of seaweed polysaccharide into the formulated
matrix and decrease in PI reveals the homogenous distribution
of the particle in the media. The surface charge density (zeta
potential) represents the in vitro stability of the formulated
nano carriers. The preferable range for determining good
stability is more than �30 mV. The surface charge densities of
the nanoemulsion and NLC (blank and seaweed polysaccharide
loaded) indicated excellent stability as it ranged from�30mV to
�60 mV. Similar study was reported38 where NLC prepared by
solvent diffusion method using stearic acid and oleic acid
showed size ranging from 150 nm to 380 nm in blank and in
drug loaded NLC 160 nm to 430 nm. The PI of this fabricated
NLC ranges from 0.005 to 0.4 and zeta potential from �40 to
�50 mV.
4.4 Entrapment and release study

Seaweed polysaccharide is considered as a nutraceutical
because it is used both as a food and medicine. But to show its
potent therapeutic benet nanosize of this seaweed poly-
saccharide is found to be successful by encapsulating it into
nano carriers. From the literature it was stated that38 the drug
entrapment efficiency in NLC prepared by solvent diffusion
method ranged from 45 to 70%. Ref. 39, 40 and 41 resulted that
the embodiment of liquid lipids to solid lipids could lead to
enormous crystal order disturbance, and the resulting matrix of
lipid particles indicates deformity in the crystal lattice and
leaves adequate space to attune drugmolecules, thus, leading to
enhanced drug entrapment efficiency. Reports stated that
Antrodia camphorata polysaccharides encapsulated in silica
chitosan nanoparticles showed encapsulation efficiency 66%
and with silica nanoparticles alone was 63.5%.42 Thus high
entrapment efficiency is observed due to the lipophilic nature of
our fabricated nanocarriers with 67.29 � 2% in nanoemulsion
and 78.7 � 2% in NLC. High entrapment of seaweed poly-
saccharide was seen in NLC when compared to nanoemulsion.
This may be because of the irregular matrix of the NLC which
incorporates more amounts of compounds.

The release of seaweed polysaccharide from nanoemulsion
and NLC was tested in enzyme free SIM (simulated intestinal
15982 | RSC Adv., 2018, 8, 15973–15984
medium). Gastrointestinal tract is an unfavorable environment
for seaweed polysaccharide as it may degrade before reaching
the intestine. Thus, seaweed polysaccharide is protected by
encapsulating into nanocarriers so it passes safely until it rea-
ches the intestine. In the intestine the formulated nanocarriers
form into a micelle like structure as it is composed of bile salts,
phospholipids and lipid degradation products like mono-
glycerides, fatty acids etc.43 The seaweed polysaccharide release
behavior from nanocarriers (nanoemulsion and NLC) did not
exhibit a biphasic pattern with burst release initially followed by
sustained release. The release in our study was controlled
release from the beginning and high amount of release was
seen from NLC compared to nanoemulsion. This may be
because of the lecithin which helps in hydrolysis of the
formulated NLC by digestive enzymes.38
4.5 Cytotoxic activity against normal mouse broblast cells
and colon cancer cell lines

Polysaccharides from brown seaweed cannot be hydrolyzed by
digestive enzymes in the human small intestine and therefore it
proves to be efficient compound to prevent colon carcinogen-
esis.31 It becomes necessary to study the toxicity of anti-cancer
compounds in normal cells as the compound should not
compromise normal cells. The error bars for normal cell line
3T3 mouse broblast cells is very low because the values were
very close to the control (more than 95% of cells were viable).
The compounds (seaweed polysaccharide, orange oil nano-
emulsion and NLC) were non-toxic to 3T3 mouse broblast
normal cell line. Similar results have been found in human
normal dermal broblasts cell line in the presence of betulinic
acid obtained from various traditional plants.44 Thus, these
compounds seem to be selective for tumor cells which matches
with the very minimal toxicity against normal cells observed
during our study. Previous studies have reported that seaweed
polysaccharides exhibit anti-cancer effects, metastasis and
angiogenesis in various cancer cells.11,45 Studies have reported
that fucoidan induced apoptosis in HCT-15 human colon
cancer cells at a concentration of 100 mg ml�1. In this study
crude seaweed polysaccharide kills 55% of cancer cells at 1000
mg ml�1. But nanocarriers loaded with crude polysaccharides
killed 70–80% of cancer cells proving to be more efficient. The
cell viability test was also done for individual components of
nanocarriers like orange oil, biosurfactants stearic acid. At low
concentrations (10–20 mg ml�1) these components exerts anti-
cancer activity by killing cancer cells. But at higher concentra-
tion (>50 mg ml�1) it helps in proliferating the cancer cells thus
inhibiting apoptosis. But the formulated nanocarriers with
seaweed polysaccharide possessed efficient activity against HCT
116 cells even at higher concentrations upto 1 mg ml�1. Studies
have reported that NLCs loaded with bioactive compounds
exhibited enhanced cell growth inhibition in in vitro cell
viability assay when compared to unloaded bioactive
compounds.29 The mechanism involved in the selective and
reduced toxicity of compounds to normal cells as compared to
tumor cells is that cancer cells which are capable of rapid
proliferation are more effectively killed by these compounds
This journal is © The Royal Society of Chemistry 2018
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whereas the normal cell populations which have lower propor-
tion of cells remain alive because of their slow entry into the S
phase of cell cycle. This selective toxicity is because the
compounds reduce the saturation density of untransformed
cells (normal cells) thus arresting them in the G1 phase of the
cell cycle.46
5. Conclusions

In summary, encapsulation of seaweed polysaccharides in
orange oil nanoemulsion and NLC exhibited successfully and
showed signicantly increased cytotoxicity against colon cancer
cell lines HCT 116. From the results we infer that the seaweed
polysaccharide encapsulated in NLC formulated by hot solvent
diffusion method has high entrapment efficiency with reliable
particle size and zeta potential when compared to orange oil
nanoemulsion and the release prole of polysaccharide from
NLC was high with sustained pattern compared to nano-
emulsion. Though both the nanocarriers encapsulated with
seaweed polysaccharide exhibited good anticancer activity, the
NLC takes a better place when compared with nanoemulsion.
Therefore, encapsulating seaweed polysaccharides in nano-
carriers illustrates a promising approach to provide cytotoxic
activity with improved efficacy and safety.
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16 A. Jiménez-Escrig and F. Sánchez-Muniz, Nutr. Res., 2000, 20,
585–598.

17 L. Montenegro, F. Lai, A. Offerta, M. G. Sarpietro,
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