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these macromolecules from enzymatic degradation (1).
In addition, nanoparticles have been proposed for the
treatment of many diseases that need constant drug
concentration in the blood or drug targeting to specific
cells or organs (2). In this respect, nanoencapsulated
therapeutic agents such as antineoplastic drugs have
been used with the aim to selectively target antitumor
agents and to obtain higher drug concentration at the
tumour site (3). This achievement appears to be important since many antineoplastic agents have several
adverse side effects. Nanoparticles can be utilised to
treat diseases that require a sustained presentation of
the drug at several anatomical sites. In this regard, the
direct relationship between route of administration
and particle size should be considered (4).

ABSTRACT: Purpose: The purpose of this study was
to prepare crosslinked pullulan nanoparticles encapsulating bioactive molecules inside the aqueous core of
Aerosol-OT/n-hexane reverse micellar droplets with
narrow size distribution for drug and gene delivery
applications. Methods: The nanoparticles have been
characterised by various physico-chemical methods
such as dynamic light scattering (DLS), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), loading capacity and in vitro release
behaviour in aqueous buffer. The influence of these
nanoparticles on human dermal fibroblasts in vitro has
been assessed in terms of cell adhesion, cytotoxicity
and light microscopy. Results: Size distribution studies
using DLS and TEM show that the particles are spherical in shape with size of 42.0±2.5 nm diameter. Release
of FITC-Dex from nanoparticles increased with time
with 75% of dye released in 6 hours, while only 40% of
the dye was released in the initial 2 hours. Results from
cell adhesion/viability assay suggest that the pullulan
nanoparticles are non-toxic to cells and do not cause
any distinct harm to cells. Fibroblasts were healthy
and maintained their morphology and adhesion capacity. Conclusions: These studies indicated that these
nanoparticles have further merit as possible carriers for
genes and nucleotide drugs for intracellular delivery.

Typically, following systemic administration, small
particles with diameters of less than 5–10 nm are rapidly removed through from tissues via extravasation,
while larger particles with diameters ranging from 10
to 70 nm are small enough to penetrate even very small
capillaries throughout the body, and therefore offer
the most effective distribution in certain tissues (5-6).
Slightly larger particles, ranging from 70 to 200 nm,
demonstrate the most prolonged circulation times (5,
7). In contrast, larger particles with diameters greater
than 200 nm are usually sequestered by the spleen
because of mechanical filtration and are eventually
removed by phagocytes (5, 8). This results in decreased
blood circulation times.

INTRODUCTION
The extensive development of synthetic peptides, proteins, genes and nucleotides for therapy has resulted in
greater use of nanoparticles to target these bioactive
macromolecules to specific cell type while protecting

Nanoparticles may be comprised of several materials
including both synthetic and natural polymers. They
can be classified as non-degradable and biodegradable.
Polymers based on poly (ethylene-co-vinyl acetate) are
typical example of non-degradable system for protein
and nucleotide delivery (9-10). Biodegradable systems
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MATERIALS AND METHODS

have an advantage over non-degradable systems in that
they avoid matrix retrieval that results in improved
patient compliance and lower therapeutic cost. Biodegradable systems include use of poly (lactic-co-glycolic
acid) (11-13). These systems can be further classified
into hydrophobic polymer systems such as poly (lacticco-glycolic acid) nanoparticles (14-15) or hydrophilic
polymer systems such as gelatin, polyethylene glycol
(PEG) or pullulan (16-18). Hydrophobic polymeric
systems are not compatible with water-soluble proteins
or nucleotide drugs and the hydrophobicity of polymers may induce unfolding of protein and nucleotide
drugs resulting in loss of biological activity.

Materials: All the chemicals were of reagent grade and
were used without further purification. Pullulan, (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide) MTT, AOT, n-hexane, FITC-Dex
(Mw=19.3 kDa), sodium dihydrogen phosphate, disodium hydrogen phosphate, methanol and acetone were
obtained from Sigma-Aldrich chemical company, Dorset, England, U.K. Double distilled water was used for
all the experiments.
Preparation of Pullulan Nanoparticles: Pullulan nanoparticles were prepared inside the inner aqueous core
of reverse micellar droplets formed by dissolving surfactant, AOT in n-hexane (23). AOT has an advantage
over other surfactants in that it can form aggregates in
non-polar solvents without the addition of any co-surfactant (24). Two types of crosslinked pullulan nanoparticles i.e. nanoparticles without any FITC-Dex into
them (void nanoparticles) and nanoparticles with
FITC-Dex (dye-loaded nanoparticles) were prepared.
Crosslinking of the nanoparticles was done not only to
impart the greater stability to the nanoparticles and
drugs inside the nanoparticles but also to control the
release kinetics of encapsulated macromolecules. To
50.0 ml of 0.05 M AOT in n-hexane solution, 800 µl
of 0.1% w/v aqueous solution of pullulan was added.
10 µl (1.0% v/v) of glutaraldehyde was added to crosslink the nanoparticles. For preparation of FITC-Dex
loaded pullulan nanoparticles, 20 µl of FITC-Dex
solution (35.0 mg/1 ml in water) was added to above
solution. For void pullulan nanoparticles, 20 µl of
water (instead of FITC-Dex solution) was added to this
solution in order to keep the parameter, Wo, constant
(Wo= [water]/ [surfactant]). Both solutions were vortexed for two minutes and stirred overnight at room
temperature. The solutions were homogeneous and
optically transparent at this stage. Nanoparticles were
then recovered from reverse micelles. Briefly, the
organic solvent, n-hexane was evaporated off in a
rotary evaporator and the particles from remaining dry
mass were recovered by precipitation in an excess of
acetone-methanol mixture (9:1 ratio). The precipitate
was washed 3-4 times with acetone-methanol mixture
to remove excess of AOT, the surfactant. Then, particles were resuspended in water followed by dialysis
using 12 kD cut off dialysis membrane against double
distilled water. Dialysis was done for 3 hours at 4° C

Pullulan is a water soluble, neutral linear polysaccharide consisting of α-1, 4 and α-1, 6 glycosidic linkages
(19). Pullulan cannot self-associate in aqueous solution
due to its water solubility. Therefore, mostly hydrophobized pullulan have been used as drug delivery carriers (20-22). These hydrophobized pullulan molecules
can form relatively monodisperse and colloidally stable
nanoparticles (20-30 nm) upon self-aggregation in
water. As these hydrogel, nanoparticles have an inner
hydrophobic core, only hydrophobic substances
including water insoluble drugs or proteins can be
complexed or encapsulated into these nanoparticles
(20-22).
The aim of this study was to prepare hydrogel nanoparticles of pullulan that can encapsulate water-soluble
materials for intracellular delivery and targeting. In
this study, pullulan nanoparticles in the narrow size
range have been prepared inside the aqueous core of
the reverse micelles formed by dissolving dioctylsulfosuccinate sodium salt (Aerosol-OT, AOT) in n-hexane
(w/o microemulsion). These nanoparticles can be used
to solubilize water-soluble proteins and nucleotide
drugs. A water-soluble fluorescent marker molecule,
fluoroscein isothiocyanate dextran (FITC-Dex,
Mw=19.3 kDa) has been encapsulated in these nanoparticles and the particles are characterized by various
physicochemical means such as size measurements,
loading capacity and in vitro release behaviour in
buffer. The influence of these nanoparticles on human
dermal fibroblasts in vitro has been assessed in terms of
cell adhesion, cytotoxicity and light microscopy.
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before loading into the microscope.

with water changed every 30 minutes. The aqueous
suspension of the nanoparticles was lyophilised immediately to dry powder before characterisation. Lyophilized powder was easily redispersable in aqueous
buffer.

Scanning electron microscopy (SEM) studies. The
aqueous dispersion of the particles was put on a glass
coverslip and air dried at room temperature. Once dry,
the samples were sputter coated with gold before
examination with a Hitachi S800 field emission SEM at
an accelerating voltage of 10 keV.

Calculation of Entrapment Efficiency (E %): Entrapment efficiency of the FITC-Dex in nanoparticles was
calculated as follows: After separation of nanoparticles
from the aqueous buffer, the extract including the
repeated washing was collected. To a 100 µl of this
solution, 500 µl of phosphate buffer saline (PBS), pH7.4 was added and the concentration of the FITC-Dex
was measured spectrophotometrically at 493 nm using
a Shimadzu UV-160A UV-visible recording spectrophotometer. Amount of FITC-Dex present was calculated from the standard curve of the drug. Total
amount of FITC-Dex left in the aqueous extract was
subtracted from the amount of FITC-Dex originally
added in the reaction medium and the entrapment efficiency (E %) was calculated from the ratio of the
amount of FITC-Dex entrapped to the total amount of
FITC-Dex added ¥ 100.

Release Profile of FITC-Dex from Nanoparticles: A
known amount of lyophilized powder of crosslinked
pullulan nanoparticles loaded with FITC-Dex was dispersed in 10ml of phosphate buffer saline (PBS,
pH=7.4). 200µl of the solution was distributed in 27
eppendorf tubes and kept at 37° C. At a predetermined interval of time, the solution was filtered
through a UFP2THK24 Millipore filter (100 kD cut
off). Free FITC-Dex present in aqueous buffer passed
through the filter and its concentration was determined spectrophotometrically at λmax= 493 nm.
Cell culture: InfinityTM telomerase-immortalized primary human fibroblasts (hTERT-BJ1, Clonetech Laboratories, Inc., Hampshire, England, U.K.) were
seeded onto 13-mm coverslips in a 24 well plate at a
density of 1x104 cells per well for 24 hours after which
the growth medium was removed and replaced with
the medium containing void nanoparticles. For control
experiments, medium with no particles was used. The
medium used was 71% Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, Dorset, England, U.K.),
17.5% Medium 199 (Sigma, Dorset, England, U.K.),
9% foetal calf serum (FCS) (Life Technologies Ltd.,
Paisley, Scotland, U.K.), 1.6% 200 mM L-glutamine
(Life Technologies Ltd., Paisley, Scotland, U.K.), and
0.9% 100 mM sodium pyruvate (Life Technologies
Ltd., Paisley, Scotland, U.K.). The cells were incubated
at 37° C with a 5% CO2 atmosphere.

Dynamic Light Scattering (DLS) Studies: Dynamic
light scattering measurements were carried out by
using the DLS spectrometer of Zetasizer 3000 from
Malvern Instrument (Worcstershire, UK), with a 10
mW He-Ne laser beam at a wavelength of 488 nm at
20° C. A scattering angle of 90° was used. Before
DLS analysis, the freeze-dried powder of FITC-Dex
loaded particles was dispersed in aqueous buffer and
diluted solutions were filtrated through 0.2-micron
pore size filtration unit (Millipore, Billerica, MA,
U.S.A.). The sample concentration was kept at 1.0 mg/
ml. Autocorrelation function of the intensity was analyzed by the method of cumulants analysis to obtain
the average diffusion coefficient, D, of the particles and
the polydispersity. The hydrodynamic diameter, Dh,
was calculated by means of the Stokes-Einstein equation (Dh = kBT/3πηD, where kBT is the thermal
energy and ηis the viscosity of the continuous phase).

Cell adhesion assay: The effect of nanoparticles on cell
adhesion was determined with cell suspension incubated with or without void nanoparticles. Fibroblasts
(h-TERT BJ1) were expanded in monolayer tissue culture. The cells were detached using trypsin-EDTA
solution and divided into two individual populations.
1x104 cells/1 ml/1 well were seeded with or without
nanoparticles at a concentration of 0.5 mg/ml for 24
hours onto coverslips (13mm diameter; in triplicate) at
37° C in 5% CO2. The cells were washed twice with

Transmission Electron Microscopy (TEM) Studies:
Average particle size, size distribution and morphology were examined by Zeiss 902 transmission electron
microscope at a voltage of 80kV. The aqueous dispersion of the particles was drop-cast onto a carbon coated
copper grid and grid was air dried at room temperature
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PBS, fixed in 4% formaldehyde/PBS (15 minutes,
37° C), washed with PBS again and finally stained for
2 minutes in Coomassie blue in acetic acid/methanol
mixture at room temperature. The triplicate cell populations of adhered cells were counted in three separate
light fields under a phase contrast microscope using an
eyepiece with average normalized to control cell population. The stained samples were observed by light
microscopy and digital images of the fibroblasts were
captured using a Hamamatsu Argus 20 for image processing.

Statistical analysis: All the experiments were repeated
three times in triplicate. The statistical analysis of
experimental data utilised the Student’s t-test and the
results were presented as mean ±S.D. Statistical significance was accepted at a level of p<0.05.
RESULTS

AND

DISCUSSION

Crosslinked pullulan nanoparticles were prepared
using the highly monodispersed aqueous core of
AOT/n-hexane reverse micellar droplets. The surfactant (for example, AOT) when dissolved in non-polar
solvents like hexane forms reverse micelles where the
polar groups of the surfactant molecules are oriented
towards the hydrophilic interior enclosing an aqueous
core, and the hydrophobic chains are extended outwards in the non-polar phase (26). Since these cores are
hydrophilic, the aqueous solution of pullulan and
cross-linking agent were dissolved in this aqueous core
of the reverse micelles. Cross-linking of pullulan and
subsequent formation of nanoparticles take place
inside these cores.

In vitro cell viability/cytotoxicity studies: The MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay is a simple non-radioactive colorimetric
assay to measure cell cytotoxicity, proliferation or viability. MTT is a yellow, water-soluble, tetrazolium
salt. Metabolically active cells are able to convert this
dye into a water-insoluble dark blue formazan by
reductive cleavage of the tetrazolium ring (25). Formazan crystals, then, can be dissolved and quantified by
measuring the absorbance of the solution at 550 nm,
and the resultant value is related to the number of living cells. The cytotoxicity of the nanoparticles was
determined after 24 and 48 hours incubation with
fibroblasts. To determine cell cytotoxicity/viability,
the cells were plated at a density of 1x 104 cells/well in
96 well plate at 37° C in 5% CO2 atmosphere. After
24 and 48 hours of culture, the medium in the wells
was replaced with the fresh medium containing nanoparticles of varying concentrations. After 24 hours (or
48 hours), 20µl of MTT dye solution (5mg/ml in
phosphate buffer pH-7.4) was added to each well. After
4 hours of incubation at 37° C and 5% CO2 for exponentially growing cells and 15 min for steady-state confluent cells, the medium was removed and formazan
crystals were solubilized with 200 µl of DMSO and
the solution was vigorously mixed to dissolve the
reacted dye. The absorbance of each well was read on a
microplate reader (DYNATECH MR7000 instruments) at 550 nm. The spectrophotometer was calibrated to zero absorbance using culture medium
without cells. The relative cell viability (%) related to
control wells containing cell culture medium without
nanoparticles was calculated by [A] test/ [A] control x
100. Where [A]test is the absorbance of the test sample
and [A]control is the absorbance of control sample.

The size of the nanoparticles as measured by DLS was
found to be 42.0±2.5 nm diameter (Figure-1).

Figure 1: Typical size distribution of FITC-Dex entrapping
pullulan nanoparticles by DLS measurements prepared
via AOT/n-hexane reverse micelles. The particles are
highly monodispersed with particle size of 42.0±2.5 nm
diameter.
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In order to study the stability of FITC-Dex loaded pullulan nanoparticles (crosslinked with glutaraldehyde)
from the aqueous dispersion system, the release of drug
from nanoparticles was measured in the phosphate
buffered saline (PBS). Results from figure-3 showed
that the release of drug from nanoparticles increased
with time with 75% of FITC-Dex released in 6 hours,
while only 40% of the drug was released in initial 2
hours.

The particles were highly monodispersed with narrow
size distribution. Several TEM images of the particles
were taken at magnification of 140,000 (Figure-2)
.

Figure 3: Release profile of FITC-Dex from crosslinked
pullulan nanoparticles in PBS (pH-7.4) at 37° C. Free
FITC-Dex released from the nanoparticles was filtered
through a Millipore filter and its concentration was
determined spectrophotometrically.
Figure 2: Transmission electron microscope picture of
pullulan nanoparticles taken at a voltage of 80kV. The
aqueous dispersion of the particles was drop-cast onto a
carbon coated copper grid and grid was air dried at room
temperature before loading into the microscope.

This is probably due to time dependent swelling of
densely cross-linked pullulan matrix in aqueous solution and subsequent release of the macromolecular
drug (20). The swelling of matrix was also seen from
the SEM images (figure-4) of the nanoparticles in dried
form and after swelling in buffer (PBS, pH-7.4) for four
hours.

Average size of the particles was determined by measuring the size of around 200 particles. From TEM,
average particle size was found to be 44.0 nm with a
polydispersity index of 2.76 nm, which is in agreement
with the size obtained from DLS measurements. The
TEM picture showed that the particles were spherical
in shape.
The size of the inner aqueous core of reverse micelles is
in nanometer range (27) so the pullulan nanoparticles
prepared inside these nanoreactors were found to be
very small in size (less than 50 nm) with narrow size
range distribution. Another advantage of utilising this
type of reverse micellar system for nanoparticle formation is that the size of nanoparticles can be controlled
by modulating the size of aqueous micellar core (27).
The entrapment efficiency of the nanoparticles for the
drug FITC-Dex was found to be approximately 90%.

Figure 4: Scanning electron microscope pictures of
pullulan nanoparticles. The particles were sputter coated
with gold before examination. The picture shows (a) drug
loaded pullulan nanoparticle in dry state and (b) Highly
swelled pullulan nanoparticle in aqueous buffer after
releasing the drug at 37° C.
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In recent years, the strategy of utilising nanoparticles
as a carrier system for cell specific targeting and delivery of drugs has gained an increased interest. The
immediate goal of designing any delivery vehicle
would be to provide a system that promotes maximal
cell adhesion with minimal inflammatory cell
response. The effect of nanoparticles on the adhesion
of cells onto the glass surface was determined by counting the number of cells adhered to glass surface. Figure5 shows that the particles had no distinct effect on the
adhesion capacity of the cells with 90% of cells adhered
to glass coverslips as compared to control cells (without particles).

Figure 6: Coomassie blue stained cells (a) control and (b)
incubated with pullulan nanoparticles; (n=3). The figure
shows that the cells are well spread and there is no
distinct change in morphology after 24-hour incubation
with pullulan nanoparticles relative to control cells.

Figure 5: Graphical representation of number of cells
adhered onto glass coverslips. 10,000 cells were seeded
with or without nanoparticles at concentration of 0.5 mg/
ml for 24 hours onto 13 mm coverslips at 37° C (n=3,
counted in triplicate in individual microscope fields,
experiment repeated three times in triplicate).

The general morphology of the fibroblasts incubated
with nanoparticles after staining with Coommassie
blue is shown in figure-6. The figure shows that the
cells were well spread and there was no distinct change
in morphology after 24-hour incubation with pullulan
nanoparticles relative to control cells.
The proliferation/viability of fibroblasts was measured
by MTT assay after culturing for 24 and 48 hours. As it
is evident from figure-7, the cytotoxicity of the nanoparticles increases in relation to increasing pullulan
concentration.

Figure 7: Cytotoxicity profile of pullulan nanoparticles on
human fibroblasts after 24 and 48 hours incubation as
measured by MTT assay (experiment repeated three
times in triplicate). Percent viability of fibroblasts is
expressed relative to control cells (n=6). 1x 104 cells/
well in 96 well plate at 37° C atmosphere were cultured
for 24 hours and the medium in the wells was replaced
with the fresh medium containing nanoparticles of
varying concentrations.
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pullulan. Therefore, hydrophilic, nanometer sized pullulan particles, which have the ability to encapsulate
the water-soluble drugs, proteins and nucleotides, can
be proposed as new controlled release drug delivery
and targeting systems.

After 24 hours, the fibroblasts were found to be more
than 100% viable relative to control cells at nanoparticles concentrations as high as 1mg/ml. However, after
48 hours incubation with nanoparticles, the percentage
viability of the fibroblasts decreased slightly but the
difference was not statistically different from the
results obtained after 24 hours. Toxicity of these nanoparticles was sufficiently low on human fibroblasts
since no significant decrease in cell viability was
observed in cells interacting with pullulan nanoparticles for prolonged periods.

CONCLUSIONS
Pullulan nanoparticles were synthesized using the
aqueous core of the reverse micelles formed by dissolving a surfactant AOT in n-Hexane. Since these nanoparticles were prepared in the aqueous core of the
reverse micelles, the size of these nanoparticles was
found to be less than 50 nm with narrow size distribution. The size of these nanoparticles can be controlled
by modulating size of the aqueous core of reverse
micellar droplets. The release of FITC-Dex from the
pullulan nanoparticles was found to increase with
time. The nanoparticles were non-toxic to cells even at
high concentration of nanoparticles. Cells maintained
normal morphology and cell adhesion capacity when
incubated with nanoparticles. The results of this study
are very encouraging for the development of pullulan
nanoparticles as an intracellular delivery system for
drugs and genes. Because of their hepatocyte targeting
capabilities, further investigations with pullulan nanoparticles for receptor-mediated endocytosis would be
advantageous.

It was observed from cell adhesion experiments that
pullulan nanoparticles did not affect the adhesion of
cells as compared to control. Moreover, the MTT assay
also supported these results. Taken together, the
results from the MTT assay and cell adhesion suggest
that the pullulan nanoparticles are non-toxic to cells
and do not cause any apparent harm to cells. The cells
were healthy and maintained their morphology and
adhesion capacity. It is known that cell adhesion is
mediated by the interaction of surface proteins such as
integrins with proteins in the extracellular matrix or
on the surface of other cells or particles (28-29). The
phenomenon of cell adhesion is of crucial importance
in governing a range of cellular functions including cell
growth, migration, differentiation, survival, and tissue
organisation (30). Thus, the carrier system should not
elicit a generic and chronic inflammatory response that
can ultimately result in failure to achieve normal cell
growth and function at the cell-particle surface.
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Pullulan is a water-soluble, viscous polysaccharide consisting of three α-1, 4-linked glucose molecules that
are repeatedly polymerized by α-1, 6-linkages on the
terminal glucose. Pullulan has been used extensively as
an additive in the food industry. The principal advantages of pullulan, a nonionic polysaccharide, as a macromolecular drug carrier are high water solubility, no
toxicity, lack of immunogenicity and usefulness as a
plasma expander (31-33). In addition, Kaneo et al (34)
have shown the evidence for receptor-mediated hepatic
uptake of pullulan in rats. Their results have indicated
that the pullulan has high affinity for asialoglycoprotein receptors on hepatocytes. Subsequently, the pullulan - asialoglycoprotein receptors complex is
internalized into the hepatocyte via receptor-mediated
endocytosis. Xi et al (35) studied the targeting of interferon to the liver through chemical conjugation with
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