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Synthesis of self-assembly of agarose-fatty acid ester nanoparticles
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Microwave assisted facile synthesis of hydrophobically modified nano-sized particulate esters of agarose and stearic and
palmitic acids (Ag-SA and Ag-PA), employing carbodiimide chemistry has been described. The hydrophobically modified
agarose is capable of forming self-assembled nano-sized particles. Physicochemical characterization of Ag-SA, Ag-PA has
been carried out by gel permeation chromatography, differential scanning calorimetric, scanning electron microscopy and
FT-IR, 13C-NMR and 1H-NMR spectra. The aqueous self-assembly of the modified polymer has been studied by dynamic
light scattering and transmission electron microscopy, which shows the formation of 4-5 nm micelles, and 220-250 nm
polymeric vesicles. TEM images demonstrate that the self-aggregate is spherical in shape. These new agarose based nanosized materials may be of potential utility in biomedical applications as drug delivery vehicles.
Keywords: Nanoparticles, Self-assembly, Hydrophobization, Natural polymers, Polysaccharides, Carbodiimides, Agarose,
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Recently, there has been a growing interest in the
hydrophobically modified derivatives of polysaccharides
for biomedical applications. One of the main
advantages of polysaccharides as natural biomaterials
is their availability in natural resources and low-cost
processing, which make them very accessible
materials to be used in pharmaceutical applications.
Furthermore, polysaccharides possess several
favorable characteristics including biocompatibility,
biodegradability, highly stable, safe, nontoxic and
abundance of functional groups for modification or
functionalization.1,2 The amphiphilic nature imparted
upon polysaccharides after hydrophobic modification
provides them with a wide and interesting domain of
applications, viz., as rheology modifiers, emulsion
stabilizers, surface modifiers for liposomes and
nanoparticles, and as drug delivery vehicles.3-8
Hydrophobically modified polysaccharides such as
starch, chitosan, dextran and pullulan can form
self-assembled nanoparticles for biomedical uses.9
Some long-chain fatty acids like hexanoic acid,
linoleic acid, linolenic acid, palmitic acid and stearic
acid have been used for modifying polysaccharides
and obtaining polymeric micelles. Nanoparticles
based on linoleic acid-chitosan have been obtained
through a carbodiimide-mediated reaction3, and their

size ranged between 200–600 nm. Stearic acid grafted
chitosan oligosaccharide was synthesized by 1-ethyl3-(3-dimethylaminopropyl) carbodiimide mediated
coupling
reaction.10
Aqueous
self-assembled
nano-sized polymeric micelles and vesicles of
hydrophobically modified hydroxyethyl starch
with the long chain fatty acids under mild reaction
conditions
using
dicyclohexylcarbodiimide/
4-dimethylaminopyridine (DCC/DMAP) have been
reported.11 The synthesis of modified hydrophobic
starch using fatty acids was carried out with
potassium persulphate as catalyst in DMSO and
nanoparticles of starch were prepared by the dialysis
method.12 Dextran has also been employed to
obtain nanoparticles by coupling lipoic acid to
the structure of dextran and forming nanoparticles
(145–221 nm) in water.13 After the modification
step, the self-assembled nanoparticles, based on
hydrophobically modified polysaccharides, were
prepared by various methods.14-19
Wang et al.20 reported the preparation and
characterization of protein-containing agarose hydrogel
nanoparticles prepared by using emulsion-convertedto-suspension in situ method. Preparation of agarose
based metal/semiconductor nanoparticles composite
films by introducing the metal/semiconductor precursor
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solution followed by a reducing agent during the
gelation process of agarose has been reported.21
Agarose-stabilized gold nanoparticles for surfaceenhanced Raman spectroscopic detection of DNA
nucleosides were reported by Kattumuri et al.22 and
Zhang et al.23 reported characterization of the aminated
agarose labeled with fluorescein isothiocyanate
resulting in fluorescent nanoparticles.
Agarose, the red seaweed polysaccharide is widely
used in biomedical and bioengineering applications.
The basic disaccharide repeating units of agarose
consists of (1,3) linked β-D-galactose (G) and
(1,4) linked α-L-3,6-anhydrogalactose (A).24 Stearic
and palmitic acids are widely used to produce
soaps, cosmetics, and release agents. Microwave
assisted esterification is one of the facile ways to
modify polysaccharides. This technique has been used
to prepare polysaccharide-based materials.25-28 Synthesis
of polysaccharide ester conjugates using DCC and
DMAP as activating agents for carboxylic acid have
been studied.29-31
Hydrophobically modified polysaccharides such as
starch, chitosan, dextran and pullulan with long-chain
fatty acids like hexanoic acid, linoleic acid, linolenic
acid, palmitic acid and stearic acid have been
described.9 However, to the best of our knowledge no
reports on the hydrophobization of the natural
polymer agarose with fatty acids are available in
the literature. As part of a continuing program of
modification of agarose with various substrates in our
laboratory,27,28 we report herein the synthesis and
characterization of hydrophobically modified selfassembled nano-sized new esters of agarose and
saturated fatty acids.
Materials and Methods
Agarose was extracted from the red seaweed
(Gracilaria dura) of Indian waters following the
method reported in the literature.32 Stearic acid (SA),
palmitic acid (PA), dicyclohexylcarbodiimide
(DCC) and 4-dimethylaminopyridine (DMAP)
were purchased from M/s. Spectrochem Chemicals
Ltd., Mumbai, India. Milestone Start-S (Italy)
programmable microwave reactor (model Start-S;
Terminal T260; Line voltage 230 V; Magnetron S.N.
131528; Frequency 2450 Hz) was used for the
reaction. The characterizations were done by FT-IR
analysis using a Perkin-Elmer FT-IR spectrometer
(Spectrum GX, USA) on a KBr disc (2 mg sample in
600 mg KBr). 13C-NMR spectra were recorded on a
Bruker Avance-II 500 (Ultra Shield, Switzerland)

spectrometer, at 125 MHz. Samples (agarose, Ag-SA
and Ag-PA) were dissolved in DMSO-d6 (60 mg/mL)
and spectra were recorded at ambient temperature
(ca. δ 39.5 ppm).33 The 13C NMR spectra of stearic
acid and palmitic acid were recorded in CDCl3
(30 mg/mL) at ambient temperature (ca. δ 77.0 ppm).
The 1H NMR spectra of agarose and derivatives
(Ag-SA, Ag-PA) were recorded at ambient
temperature (10 mg/mL of DMSO-d6).
The molecular weights (Mn, Mw) and polydispersity
index (PDI) were measured by gel permeation
chromatography (GPC), performed on a Waters
Chromatograph equipped with an ERC-7515A
refractive index detector and Styragel columns
(HR 0.5 DMF, HR 4E DMF and HR 5 DMF). The
mobile phase was DMF, delivered at a flow rate of
0.8 mL/min using a Waters 515 isocratic pump. The
MW calibration curve was based on eight polystyrene
standards.
Differential
scanning
calorimetric
(DSC)
measurements were made on a Mettler Toledo DSC822
equipment (Switzerland), at a heating rate of 2 ºC/min
in the temperature range -20−25 ºC, and at 10 ºC/min
in the temperature range 30−500 ºC in separate
experiments. The degree of substitution (DS) was
determined by proton NMR (1H-NMR). The peaks
between 4.69 and 5.25 ppm corresponded to the signals
from the four protons of the glycoside structure. The
three protons of the CH3 terminal of the acyl chain
were observed at 0.84 ppm. The DS was obtained from
the ratio of the area of the proton peak at 0.84 ppm to
that of the proton peaks between 4.69 and 5.25.34
Preparation and characterization of Ag-SA and Ag-PA

The self-aggregated nano-sized particles of Ag-SA
and Ag-PA products were produced by a simple
dialysis method. The modified polymer (Ag-SA/Ag-PA,
10 mg) was dissolved in 5 mL of dimethyl sulfoxide
and stirred for 30 min. The solution was then added
dropwise to 20 mL of water and stirred for another 3 h.
The resultant solution was filtered through a 0.45 m
syringe filter and used for different studies. This
solution was poured into a dialysis bag (molecular
weight cutoff 1200 Da), which was then immersed
into 1 L of fresh water and stirred at room
temperature. The DMSO was removed by dialysis
with water in the beaker been replaced occasionally
(×3 times) with water in a 24 h process. Then the
solution inside the dialysis bag was filtered through a
0.45 m syringe filter and used for DLS, SEM and
TEM studies.
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The changes in morphology of the different
samples (Ag-SA and Ag-PA) were determined using a
scanning electron microscope (LEO 1430 VP, CarlZeiss, Germany), at an accelerating voltage of 20 kV.
A small amount of the sample was mounted on the
aluminum stub and placed in the vacuum chamber.
All images were recorded at the same magnification.
TEM images were obtained using a transmission
electron microscope (JEM 2100, JEOL) operated at
an accelerated voltage of 200 kV. To measure the
morphology and size distribution of the nano-sized
particles, the samples were prepared by dropping the
sample solution (0.1%) onto a carbon-coated copper
grid. The copper grid was then dried at room
temperature over 24 h and then vacuum dried and
kept in a desiccator.
Self assembly of Ag-SA and Ag-PA

Dynamic light scattering (DLS) measurements
were made at 298.15 K on a NaBiTec SpectroSize 300 light scattering apparatus (NaBiTec,
Germany) with a He-Ne laser (633 nm, 4 MW). A
0.5% solution each of Ag-SA or Ag-PA was filtered
directly into the quartz cell using a membrane filter of
0.45 µm pore size. Prior to measurements, the quartz
cell was rinsed several times with water (filtered
through 0.45 µm membrane filter) and then filled with
the filtered sample solutions. The temperature of the
measurements was controlled with an accuracy of
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0.1 K. The data evaluation of the dynamic light
scattering measurements was performed with the
inbuilt CONTIN algorithm.
Results and Discussion
Synthesis of Ag-SA and Ag-PA

In a typical batch, the dried agarose (306 mg,
1 mmol) was dissolved in N,N-dimethylformamide
(DMF) at 80 ºC for 3 min in a microwave reactor
under stirring. To the solution, were added a
pre-solubilized mixture of fatty acids (stearic acid and
palmitic acid 1 mmol), DCC (412 mg, 4 mmol) and
DMAP (30.5 mg, 0.25 mmol) in DMF and the
reaction was carried out under microwave irradiation
(pulsed mode, 400 W) at 100 ºC for 25 min. After
completion of the reaction, the product was isolated
by precipitation using iso-propyl alcohol (reaction
mixture-IPA, 1:2 v/v). The precipitated product was
washed with IPA (20 mL × 4) under stirring (20 min
for each wash) to remove excess of the reagents
followed by drying under vacuum (Scheme 1).
Physicochemical properties

Optimization studies revealed that microwave
irradiation for 25 min at 100 ºC led to the formation
of the ester bond between the carboxy termini of fatty
acids (stearic and palmitic acids) and hydroxyl groups
of agarose in good yields. The ester derivatives of
fatty acids with agarose having different molar ratios
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(1:0.5, 1:1, 1:2) were obtained in 85–90% yield
(w/w) yields respectively. The respective degrees of
substitution (DS) were 0.25, 0.42, and 0.65 for Ag-SA
and 0.27, 0.40 & 0.68 for Ag-PA (Table 1). At all
levels of DS, the agarose esters (Ag-SA and Ag-PA)
became insoluble in water but they were soluble in
DMSO, DMF and THF at the room temperature,
apparently due to the relatively greater degree of
hydrophobization of the agarose polymer caused by
the long chain of alkyl group. The molecular weights
of Ag-SA and Ag-PA could not be measured on
columns (Ultra hydragel 120, Ultra hydragel 500) due
to their insolubility in water. Therefore, the molecular
weights of Ag-SA and Ag-PA products were
measured on styragel columns (HR 0.5 DMF, HR 4E
DMF and HR 5 DMF) and the molecular weight
calibration curve based on eight polystyrene standards
was used. Further, a commercial agarose sample of
known molecular weight was analyzed using the same
method, for validation purpose. The weight average
molar mass (Mw), number average molar mass (Mn)
and polydispersity indices (PDI) of agarose, Ag-SA
and Ag-PA are given in Table 1. The Mw and PDI
data of Ag-SA and Ag-PA indicate that the agarose
biopolymer backbone remained largely intact during
the esterification reaction by microwave irradiation.
Characterization of Ag-SA and Ag-PA

Formation of ester bond as a result of the reaction
between hydroxyl group of agarose and carboxyl
termini of stearic and palmitic acids were confirmed
by the appearance of the bands at 1738 and 1733 cm-1
respectively in their FT-IR spectra (Fig. 1). Two
bands at 2852 and 1402 cm-1 in the spectrum of Ag-SA
and 2857 and 1402 cm-1 represent the respective CH2- stretching and bending vibrations of the stearic
and palmitic acid chains. The intensity of the band
characteristic for hydroxyl groups at ~3390 cm-1 in
Ag-SA and Ag-PA derivatives is lower in comparison
to that of parent agarose (3434 cm-1), indicating

the formation of ester between the hydroxyl group
of agarose and carboxyl group of stearic and
palmitic acids. The characteristic absorption bands of
agarose are seen at 1648 cm-1 (H-O-H, stretching
vibration of bound water), 1120 cm-1 (C-O-C, bending
vibration of glycosidic linkage) & 931 cm-1
(3,6-anhydro galactose) indicating that the backbone
of agarose remained largely intact during the
esterification reaction27 (Fig. 1).
The 13C NMR spectra of agarose, stearic acid,
Ag-SA, palmitic acid and Ag-PA are shown in Fig. 2.
The 13C-NMR spectra of Ag-SA and Ag-PA exhibit
peaks at 172.6 ppm and 172.9 ppm, confirming the
presence of ester carbonyl group, which in stearic acid
and palmitic acid appear at 180.6 ppm and 180.4 ppm
respectively. The anomeric carbons of Ag-SA appear
at 101.4 ppm and 97.1 ppm, of Ag-PA at 101.4 ppm
and 97.4 ppm respectively as opposed 103.1 and
98.9 ppm in agarose, indicating insertion of stearic
acid and palmitic acid respectively on the agarose
polymer backbone. Further, the carbon resonance of
the C-6 of agarose at 62.1 ppm exhibits an upfield
shift to 60.1 ppm in Ag-SA and to 60.0 ppm in
Ag-PA, which indicates esterification involving the
C-6 hydroxyl group of agarose. Similar observation of
modification at C-6 position of agarose has been
reported in the literature.23 The peaks due to the
methylene carbons appear in the range 13.9–33.4 ppm
in Ag-SA and 14.1–33.3 ppm in Ag-PA as opposed
the slightly downfield resonances (14.5–34.2 ppm) of
the methylene carbons in stearic and palmitic acids
respectively. The resonances for the methylene and
methine carbons of Ag-SA and Ag-PA in the range
80.1–62.9 ppm present a different pattern than that of
agarose appearing in the range 82.9–62.1 ppm,
corroborating again the formation of new ester
derivatives. The carbon resonances were assigned by
comparison with the values reported in the literature
as well as with the data obtained from ChemBioDraw
Ultra 11.0.27

Table 1—Yield and physicochemical properties of agarose and agarose ester derivativesa
Samples

Agarose
Ag-SA(1:0.5)
Ag-SA (1:1)
Ag-SA (1:2)
Ag-PA(1:0.5)
Ag-PA (1:1)
Ag- PA (1:2)

Yield
(%)

Degree of
esterification (DS)

NA
90
86
85
92
87
85

NA
0.25
0.42
0.65
0.27
0.40
0.68

Mol. wt.
(kDa)
Mw
127.571
123.511
121.589
116.189
124.328
120.359
118.189

Mn
45.690
46.215
45.956
48.125
45.267
46.951
49.923

Polydispersity
index (PDI)

Soluble in

2.792
2.672
2.691
2.414
2.746
2.563
2.367

Water
DMF, DMSO
DMF, DMSO
DMF, DMSO
DMF, DMSO
DMF, DMSO
DMF, DMSO
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Fig. 1—FT-IR spectra of (a) agarose (b) stearic acid, (c) Ag-SA, (d) Ag-PA, and, (e) palmitic acid.
1

The H-NMR spectra of Ag-SA and Ag-PA
are shown in Fig. 3, and those of agarose, stearic acid,
palmitic acid are depicted in the Supplementary Data
(Fig. S1a-c). The 1H-NMR spectrum of Ag-SA
exhibits two sets of peaks of anomeric protons at
5.25–5.06 ppm and 4.88–4.69 ppm, similar to those
exhibited by Ag-PA at 5.26–5.13 ppm and 4.91–4.72 ppm,
indicating a pervasive anisotropy prevailing in the
molecular structures of Ag-SA and Ag-PA respectively,
as against the two anomeric proton resonances of
agarose appearing at 5.12 ppm and 4.91 ppm
(Supplementary Data, Fig. S1a). The 1H NMR spectra
of the esterified agarose derivatives (Ag-SA and
Ag-PA) show three protons of the terminal methyl
groups of the alkyl chain, around 0.84 ppm. In
Ag-SA, the proton resonances appearing in the range
2.29–2.08 ppm are attributed to the non-equivalent
methylene protons alpha- to the carbonyl group, and
the peaks appearing in the region 1.52–1.03 ppm to

the methylene groups of the fatty acid residue beyond
the alpha-carbon. The respective proton resonances in
Ag-PA are similar to those of Ag-SA. The remaining
signals in the range 4.49–2.72 ppm and 4.50–2.72 ppm
are attributed to the methylene and methine protons of
agarose residue in Ag-SA and Ag-PA respectively,
while those of agarose appear in the range
4.55–3.58 ppm.11,35 These data confirm the formation
of Ag-SA and Ag-PA in the reaction.
The DSC thermograms in the range -25 ºC - 25 ºC (@
2 ºC/min), of the parent agarose, Ag-SA and Ag-PA
products, show Tg values (agarose: -1.7 ºC, Ag-SA:
2.2 ºC & Ag-PA: 2.8 ºC), exhibiting their phase
transitions (Supplementary Data, Fig. S2). The DSC
thermograms in the range 30–500 ºC (@10 ºC/min) of
the parent agarose, Ag-SA and Ag-PA products show
endothermic peaks at 120 ºC, 110 ºC and 117 ºC for
agarose, Ag-SA and Ag-PA respectively presumably
because of their hydrophobicity which lowers their
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Fig. 2—13C-NMR spectra of (a) agarose (b) stearic acid (c) Ag-SA, (d) palmitic acid, and, (e) Ag-PA.

Fig. 3—1H NMR spectra of (a) Ag-SA, and, (b) Ag-PA in DMSO-d6 at ambient temperature.

KONDAVEETI et al.: SYNTHESIS OF SELF-ASSEMBLY OF AGAROSE-FATTY ACID ESTER NANOPARTICLES

affinity towards water molecules.12,36 The thermal data
indicate the formation of a new products, Ag-PA and
Ag-SA, which may be more amenable to processing
than the parent agarose.
Self-assembled nanosized particles

To study the self-assembly of Ag-SA and Ag-PA
in water, the self-aggregated nanosized particles were
produced by a simple dialysis method. Agarose
modified with stearic and palmitic acid formed
stable nanoparticles. These nanosized particles were
studied employing DLS, SEM and TEM.
Self-assembled structures of Ag-SA and Ag-PA in
aqueous medium were examined at a concentration
0.5%. The particle size and distribution of
self-aggregates of Ag-SA and Ag-PA products in
distilled water were determined by dynamic light
scattering. The hydrodynamic radii, (Rh), of
aggregated structures measured from DLS are
shown in Fig. 4. DLS results show the formation of
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micelles in the aqueous solutions of Ag-SA and
Ag-PA with Rh = 4.3 and 4.6 nm respectively, and
aggregates of vesicles of Rh = 236.2 and 237.1 nm
respectively. The DLS showed two peaks, the
first had a range of 4–10 nm which was related
to polymeric micelles, and the second related to
larger aggregates was between 220–250 nm.11
The mean diameter of each nanoparticle was
reproducible with repeated experiments and did
not change with respect to its concentration.
SEM images exhibited significant morphological
differences
between
the
modified
agarose
products and the parent agarose (Fig. 5). The SEM
image of the parent agarose, which showed a
cloud-like morphology that is completely transformed
to particulate structures with discrete voids in
Ag-SA. On the other hand, the morphology of
Ag-PA appeared to have a more integrated nodular
structure (Fig. 5) in ca. 200 nm scale. Therefore,
the
morphology
of
Ag-SA
and
Ag-PA

Fig. 4—The particle size distribution of (a) Ag-SA, and, (b) Ag-PA.

Fig. 5—SEM image of (a) agarose, (b) Ag-SA, and, (c) Ag-PA.
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