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Abstract

Chitosan nanoparticles cross-linked with glutaraldehyde have been prepared in AOT/n hexane reverse micellar
system. The cross-linking in the polymeric network has been confirmed from FTIR data. Because of the adhesive
nature of these particles, their sizes, as measured by QELS, have been found dependent on the particle density in
aqueous buffer. The particle size has also been found to vary with the amount of cross-linking. The actual particle
size of these chitosan nanoparticles with a particular degree of cross-linking has been determined at infinite dilution
of particles in water. The particle size at infinite dilution is �30 nm diameter, when 10% of the amine groups in the
polymeric chains have been cross-linked and it shoots up to 110 nm diameter when all the amine groups are
cross-linked (100% cross-linked). TEM pictures show that these particles are spherical in shape and remain in the
form of aggregation. The biodistribution of these particles after intravenous injections in mice showed that these
particles readily evade the RES system and remain in the blood for a considerable amount of time. The � image of
the rabbit after administration of 99mTechnetium (99mTc) tagged chitosan nanoparticles also confirms the above
observation, as the blood pool is readily visible even after 2 h. The � picture shows distribution of particles in the
heart, liver, kidneys, bladder and the vertebral column. Interestingly, the biodistribution studies of the chitosan
nanoparticles have indicated that these particles are distributed in the bone marrow also, implying the possibility of
using these nanoparticles for bone imaging and targeting purpose. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Chitosan is an interesting natural material oc-
curring in abundance in the environment. Its ex-
cellent biocompatibility and several advantages

due to its unique polymer cationic character ren-
ders it highly useful for pharmaceutical applica-
tion (Thanoo et al., 1992; Illum, 1998). A
polysaccharide comparable to cellulose, compris-
ing copolymers of glucosamine and N-acetyl glu-
cosamine linked by �-(1–4) linkages, chitosan can
be derived by partial deacetylation of chitin from
crustacean shells. The primary amino groups lead
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to special properties that render chitosan very
interesting for pharmaceutical applications (Kristl
et al., 1993). In contrast to most other natural
polymers, it has a positive charge and is mucoad-
hesive (Berscht et al., 1994).

Besides other applications (Felt et al., 1998),
chitosan has been extensively examined for its
potential in the development of controlled release
drug delivery systems (Kawashima et al., 1985;
Thanoo et al., 1992; Akbuga, 1993) and these
controlled release formulations have been made in
the form of chitosan gels (Kristl et al., 1993),
tablets (Nigalaye et al., 1990) and capsules
(Tozaki et al., 1997), in addition to microspheres
and microcapsules (Nishioka et al., 1990; Aiedeh
et al., 1997). Nanoparticles have a special role in
targeted drug delivery in the sense that they have
all the advantages of liposomes including the par-
ticle size, but unlike liposomes, nanoparticles have
a long shelf life and can usually entrap more
drugs than liposomes. Although nanoparticles
made of hydrophobic polymers encapsulating hy-
drophobic drugs have been reported in the litera-
ture, very few studies have been made on the
preparation of drug-loaded hydrogel nanoparti-
cles (Mitra et al., 2002). Nanoparticles made of
hydrophobic polymers are usually taken up by
RES and have short residence time in blood
(Douglas et al., 1986). The surfaces of these hy-
drophobic nanoparticles are made hydrophilic by
conjugating with the polyethylene glycol (PEG)
type of molecules to make these particles long
circulating in blood. We have recently optimized a
method of preparation of ultra low size nanopar-
ticles of hydrogel polymers and have been able to
load water-soluble drugs into them (Maitra et al.,
1999). These hydrophilic nanoparticles evade RES
and remain in circulation for a couple of hours
without PEG conjugation on the particle surface.
These hydrogel polymers can have reactive groups
on the surface which enable the nanoparticles to
be converted to stimuli responsive particles and
they can also be made targetable by attaching
receptor specific ligands. The preparation of
nanoparticles from chitosan, a hydrogel polymer,
for drug delivery can have several advantages
over the use of chitosan microspheres and micro-
capsules. Nanometer range particles have easy

accessibility in the body, being transported via the
circulation to different body sites. Extremely
small nanoparticles, of �100 nm diameter with
hydrophilic surface, have been found to have
longer circulation in blood (Allemann et al.,
1993). Such systems should allow the control of
the rate of drug administration that prolongs the
duration of the therapeutic effect, as well as the
targeting of the drug to specific sites.

Preparation of nanoparticles with this versatile
hydrogel material has been attempted by several
workers with the purpose of utilizing its mucoad-
hesive properties to transport drugs and DNA
across mucosal surfaces (Alonso et al., 1998; Roy
et al., 1999). The polycationic nature of deacety-
lated chitosan results in polycondensation in the
presence of anionic macromolecules. Thus, chi-
tosan–DNA nanoparticles can be prepared by the
method of coacervation (Roy et al., 1999). Be-
sides, the reactive free amino group on the parti-
cle surface makes it possible to chemically
conjugate various other reactive groups, such as
polyethylene glycol (PEG) derivatives, different
ligands, antibodies and other pH and temperature
sensitive moieties (MacLaughlin et al., 1998). Sev-
eral methodologies have also incorporated other
polymers in the preparative procedure, with the
intent of preparing smart hydrophilic nanoparti-
cles under extremely mild conditions (Calvo et al.,
1997).

Considering the advantages of using ultra low
sized hydrophilic nanoparticles for drug delivery,
we have focussed on the preparation of chitosan
nanoparticles of �100 nm diameter. Preparation
of nanoparticles using reverse micelles as a
medium makes it possible to produce ultrafine
particles with narrow size distribution (Leong and
Candau, 1982; Munshi et al., 1995). The aqueous
core of the reverse micellar droplets can be used
as nanoreactor to prepare these particles, since the
size of the reverse micellar droplets is in the
nanometer range and these droplets are highly
monodispersed (Maitra, 1984). The present paper
describes the preparation of cross-linked chitosan
nanoparticles of size �100 nm diameter using
reverse micelles as the media and their physico-
chemical characterization as well as
biodistribution.
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2. Experimental

2.1. Materials

Chitosan (M.W. 400 kDa), glutaraldehyde,
surfactant i.e. sodium bis(ethylhexyl) sulfosucci-
nate (AOT), were purchased from Sigma (St.
Louis, MO). All other reagents used were of
analytical grade. Sodium pertechnetate separated
from Molybdenum -99 by solvent extraction
method was procured from the Regional Center
for Radiopharmaceutical (Northern Region),
Board of Radiation and Isotope Technology,
Delhi, India.

2.2. Preparation of cross-linked chitosan
nanoparticles

Chitosan nanoparticles were prepared by mod-
ifying the reverse micelle medium using a method
previously reported by us (Maitra et al., 1999). A
brief outline of the method is as follows. The
surfactant, AOT, was dissolved in n-hexane
(0.04–0.1 M solution). To 40 ml of (0.04 M)
AOT solution, 400 �l of 0.1% w/v chitosan solu-
tion in 6% v/v acetic acid, 176 �l of Tris–HCl
buffer (0.01%; pH 8.0), 40 �l liquor ammonia, 4
�l of 0.01% v/v glutaraldehyde solution were
added, with continuous stirring at room tempera-
ture. The solution was homogenous and optically
transparent. The system was left, under stirring,
overnight at room temperature. The above
method produced placebo chitosan nanoparticles
with 10% cross-linkage. The solvent was then
evaporated off in a rotary evaporator and the
dry mass resuspended in 20 ml of Tris–HCl
buffer (pH 8.0) by sonication. Some 4 ml of 30%
CaCl2 solution was added dropwise to precipitate
the surfactant as calcium salt of diethylhexyl-
sulphosuccinate (Ca(DEHSS)2). The precipitate
was pelleted by centrifugation at 6000 rpm for 15
min at 4 °C. The cake of Ca(DEHSS)2 after
centrifugation contained some adsorbed
nanoparticles. It was dissolved in 10 ml n-hexane
and the hexane solution washed two to three
times, each time with 1 ml of Tris–HCl buffer.
The phase-separated aqueous layer was drained
out and added to the original centrifugate. The

total aqueous dispersion of nanoparticles was
then dialyzed for �2–3 h using a Spectrapore
membrane dialysis bag (12 kDa cut off). The
dialyzed solution was lyophilized to dry powder
for subsequent use. Lyophilized nanoparticles are
easily redispersable in aqueous buffer. To pro-
duce nanoparticles with a different degree of
cross-linking, a calculated amount of glutaralde-
hyde is added such that the desired percent of
free amine groups of chitosan conjugate with
glutaraldehyde, assuming 100% conjugation effi-
ciency. The flow diagram for the preparation of
chitosan nanoparticles in reverse micelles is
shown in Fig. 1.

2.3. Size and morphology of the nanoparticles

Quasi-elastic light scattering (QELS) measure-
ments and transmission electron microscopy
(TEM) were used to establish the size and mor-
phology of the chitosan nanoparticles.

2.3.1. Quasi-elastic light scattering (QELS)
QELS was performed using Brookhaven 8000

(USA) instrument with BI200SM Goniometer,
air-cooled argon ion laser operated at 488 nm as
the light source using 128-channel digital correla-
tor. The time dependence of the intensity auto-
correlation function of the scattered intensity was
derived which gave the self-diffusion of the parti-
cles. The size of the nanoparticles was deter-
mined from the diffusion of the particles (D)
using Stoke–Einstein equation

dh=
kT

3��D

where k is the Boltzmann constant, T is the
absolute temperature, � is the viscosity of the
medium and dh is the hydrodynamic diameter of
the particles. Lyophilized powder (100 �g) was
dispersed in 2 ml water by vortexing and used
for QELS measurement. The sample was subse-
quently diluted to give nanoparticle solutions of
known concentration and the particle size distri-
bution was measured. Nanoparticle with differ-
ent degree of cross-linking, were similarly diluted
for measurement of size distribution.
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2.3.2. Transmission electron microscopy (TEM)
Lyophilized powder (100 �g) was dispersed in

5 ml distilled water to have a clear solution.
Samples for TEM were prepared using the
above clear solution. The sample solution was
put on a formvar coated grid (1% solution of
formvar was prepared in spectroscopic grade
chloroform). A clean glass slide was dipped in
formvar solution to make a formvar film on the
stars, the glass slide was scratched on the edges
and the forvmar film were floated on distilled
water on a spherical container, the 2090 mesh
copper grids were placed upside down on the
floating plastic film. A piece of water filter paper
was blotted on the plastic film and lifted out
from the distilled water. In this way, the plastic
coated grids were prepared. On this grid, a drop
of the sample solution (containing dispersed
nanoparticles) was placed and allowed to air-
dry. A TEM picture was taken in a JOEL JEM
2000 EX200 microscope.

2.3.3. FT-IR studies
The IR spectra of chitosan nanoparticles were

taken in KBr pellet using Perkin-Elmer Fourier
transformed infrared (FT-IR) spectrophotometer
(spectrum 2000) instrument.

2.4. Radiolabeling of placebo chitosan
nanoparticles

Lyophilized chitosan nanoparticles (1 mg/ml)
were dispersed in Tris–HCl buffer (pH 7.2) Nitro-
gen purging, prior to mixing was carried out to
degas all solutions. To 200 �g 99mTc (2.2 mCi) in
saline, 5 mg of solid sodium borohydride was
added directly with continuous stirring followed
by immediate addition of 400 �g of the above
chitosan nanoparticles dispersed in buffer. The
solution was stirred for 20 min at room tempera-
ture The contents were filtered using 0.22-micron
filter (Millipore Corporation) into an evacuated
sterile sealed vial and quality control was per-

Fig. 1. Flowchart of preparation of cross-linked chitosan nanoparticles.
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formed following the method described earlier
(Theobald, 1990).

The labeling efficiency of 99mTc to chitosan
nanoparticle was assessed by ascending instant thin
layer chromatography (ITLC) using silica gel
coated fiber sheets (Gelman Sciences Inc., Ann
Arbor, MI). The ITLC was performed using ace-
tone as the mobile phase. The free pertechnetate
which moved with the solvent (Rf=0.9) was esti-
mated as 15–20% of the total radioactivity added.
Labeling efficiency was calculated using the follow-
ing equation

Labeling efficiency %

=
Total counts−counts of free pertechnetate

Total counts

×100

2.5. Stability study of 99mTc-chitosan
nanoparticles complex

The stability study of the radiolabeled chitosan
nanoparticles was determined in vitro by ascending
ITLC. A total of 400 �g of labeled chitosan
particles (1 mg/ml) in Tris–HCl buffer (pH 7.2) was
incubated at 37 °C. ITLC was performed at differ-
ent time intervals to assess the stability of the
complex.

2.6. Biodistribution studies

Biodistribution of 99mTc-chitosan nanoparticles
was studied in 2–3 month-old Swiss albino mice.
An injected dose of 100 �l (1 mg/ml) of sterile
radiolabeled nanoparticle suspension was adminis-
tered through the tail vein of each mice, weighing
25–30 g. The animals were sacrificed by cervical
dislocation at different time intervals and different
organs were removed, washed with normal saline
and dried in paper folds. The radioactivity in each
organ was counted using well-type � spectrometer
and expressed as percent injected dose per organ,
taking into account the physical decay in a standard
sample.

2.7. Statistical analysis

Data have been represented as the mean of six

Fig. 2. Size distribution of chitosan nanoparticles by QELS.

individual observations with S.E.M. Significance
has been calculated using Student’s t-test.
2.8. Gamma-imaging

For �-imaging studies, New Zealand rabbit
(weight 2.0–2.5 kg) was used. After intravenous
administration of 1 ml of radiolabeled nanoparti-
cles (400 �g/ml) through the dorsal vein of the ear,
the animal was anesthetized by intramuscular injec-
tion of 1 ml ketamine hydrochloride and 1 ml
calmpose. The animal was fixed on a board in
posterior anterior position and imaging was per-
formed at different time intervals using a planar �
camera.

3. Results and discussion

3.1. Characterization of chitosan nanoparticles

3.1.1. Size of the nanoparticles
We have determined the particle size by quasi-

elastic light scattering measurements. A representa-
tive spectrum is shown in Fig. 2. Chitosan is an
adhesive hydrogel polymer (Robert et al., 1988).
Therefore, in aqueous solution, these nanoparticles
interact among themselves through their Brownian
motion to form clusters. For interacting particles,
the average particle size is always found higher than
the actual size of the particles. The diffusion
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coefficient, D, of these interacting particles can
be studied by QELS. In the low concentration
range, D can be written as (Hou et al., 1988)

D=Do(1+��)

where Do is the intrinsic diffusion coefficient at
infinite dilution when the interaction among the
particles is zero and � is the virial coefficient of
diffusion and is dependent on the interacting po-
tential among the particles, � is the volume frac-
tion of the particles in the medium. The
hydrodynamic diameter, dh, of the dispersed par-
ticles is related to the particle diffusion (D)
through Stokes–Einstein equation as mentioned
earlier. Self-adhesive polymers tend to produce
particle aggregation leading to the formation of
large particles due to strong interparticle interac-
tion (Bernkop-Schnurch and Krajicek, 1998).
With progressive dilution, the inter-particle inter-
action is reduced and at infinite dilution, when
the inter-particle interaction is practically zero,
the particle size (projected) becomes exactly same
as the actual size of the particles (dh

o). As shown
in Fig. 3, we have measured the sizes of the
dispersed particles from their apparent diffusion
coefficient at various particle densities for parti-
cles with different degree of cross-linking. The
figure in the inset shows the variation of particle
size dh

o; at infinite dilution, with degree of cross-
linking. The particle size increases exponentially
with the increase of degree of cross-linking. In
addition to the clustering due to the self-adhe-
siveness of the polymeric materials in the
nanoparticles, the probability of interparticle
cross-linking through glutaraldehyde is also in-
creased with the increased concentration of
cross-linking agent (Munshi, et al., 1997).

From the inset in Fig. 3 it can be clearly
observed that an increase in percentage cross-
linking from 10 to 100% results in an increase of
particle size from 30 to �110 nm diameter at
infinite dilution. Thus, at an intermediate dilu-
tion, when the particle size is �75 nm diameter
for a 10% cross-linked polymer, it is 500–600 nm
diameter for 100% cross-linked polymer at the
same dilution. Observations of TEM reveal more
or less spherical morphology of the nanoparti-
cles. Nanoparticles of lower cross-linking (10%)

appear as smaller aggregates having size range
�50 nm (Fig. 4a), while at higher cross-linking
(100%), much larger particles are observed,
which appear as highly dense aggregates (Fig.
4b).

3.1.2. FTIR-studies of cross-linked chitosan
nanoparticles

The chitosan nanoparticles were prepared by
cross-linking the polymer with glutaraldehyde
within the reverse micelles. Fig. 5(a,b) exhibit the
FTIR spectra of chitosan and chitosan nanopar-
ticles, respectively.

As seen in Fig. 5(a), the strong peaks in the
range 3400–3200 cm−1 correspond to combined
peaks of hydroxyl and intramolecular hydrogen
bonding. Primary amines also show sharp ab-
sorption at 3500 and 3400 cm−1 arising from the
asymmetric and symmetric stretching of 2 N�H
bonds, but the peaks appear broad here due to
the contributed peaks of O�H stretching and hy-
drogen bonds. For crosslinked chitosan nanopar-
ticles, an additional peak at 1634 cm−1 can be
observed in Fig. 5(b), which corresponds to
stretching vibrations of C=N bond. This strong
peak indicates the formation of Schiff’s base as a
result of the reaction between carbonyl group of
glutaraldehyde and amine group of chitosan
chains. However, this peak is associated with an-
other peak corresponding to the NH2 scissoring
vibration seen at 1650 cm−1 of the primary
amines in chitosan chains, which can be easily
detected when one compares the spectra of the
simple chitosan and cross-linked chitosan poly-
mer, as shown in Fig. 5(a,b). The C�H stretching
vibration of the polymer backbone is manifested
through strong peak at 2926 cm−1. Acetyl
groups absorb in the range 1300–1100 cm−1, as
seen in Fig. 5. The peaks in the fingerprint re-
gion of the spectrum are given by ethereal bonds,
where the symmetric stretch of C�O�C is found
around 1020–1075 cm−1.

3.2. Radiolabeling efficiency of chitosan
nanoparticles

About 80–85% of 99mTc was found to form
complex with the nanoparticles, as calculated
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from the radiolabeling efficiency equation. The
rest of the 99m Tc ions remain as free pertechnetate
ions (�15–20%). Labeled-chitosan nanoparticle
complex (400 �g) was found stable up to 80–85%
in the first 2 h, as calculated from the above
equation. The free pertechnetate, which was 15–
20% up to 4 h, increased to �70% after 24 h of
incubation.

3.3. Biodistribution of nanoparticles

The biodistribution of radiolabeled chitosan
nanoparticles after 30, 60 and 240 min of intra-
venous injection is shown in Fig. 6. The radioac-
tivity (counts per gram organ) in different organs
30 min post injection were found to be as follows:
blood (13%), liver (24%), spleen (15%), lungs

Fig. 3. Particle size variation in relation to particle density (% U/V) and percentage cross-linking (indicated at the right end of the
figure). Inset: percentage cross-linking dependent particle size at infinite dilution.
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Fig. 4. Transmission electron micrographs of (a) 10% and (b) 100% cross-linked chitosan nanoparticles.

(9%), kidney and stomach (8%), while 5% activity
was observed in bone and heart. The radioactivity
recorded in the highly perfused organs, such as
liver, spleen and lungs could be accounted for as
the combined activity of the circulating blood
passing through organs as well as that due to
particle uptake by cells of the reticoendothelial
system (RES) of these organs. Interestingly, after
1 h of administration, the radioactivity decreases
substantially in the RES organs, but that in the
blood circulation remains more or less constant
indicating that RES uptake of these particles is
not very significant. After 4 h of administration of
nanoparticles, a considerable increase of radioac-
tivity was observed in the stomach due to the
accumulation of free 99mTc ions from the dissocia-
tion of the 99mTc–nanoparticle complex. The ob-
servation has been corroborated by analyzing the
� images of rabbit as shown in Fig. 7(a–c). After
injecting radiolabeled chitosan nanoparticles (30
min), the � image demonstrates intense radioactiv-
ity in the head and thoracic regions, in the liver,
kidneys, vertebral column and the bladder (Fig.
7a, b). The entire blood pool can also be clearly
observed in the image. Post injection (2 h) the
liver, kidneys, vertebral column and bladder can

be seen in the image (Fig. 7c). Therefore, the
combined results of the biodistribution of 99mTc
tagged chitosan nanoparticles in mice and � im-
ages of rabbit clearly indicate long circulation of
labeled nanoparticles in blood. Post injection (2
h), a clear observation of the blood pool in the �
image (Fig. 7c) corroborates this fact.

As previously reported by other workers the
particle size, polymer composition and surface
characteristic of nanoparticles determine the par-
ticle distribution profile and stability in the body
(Van Oss, 1978; Tabata and Ikada, 1989; Vro-
man, 1991; Gref et al., 1994; Storm et al., 1995).
Longer circulation of nanoparticles, with mini-
mum uptake by the cells of RES is desirable in
terms of better targetability of the nanoparticles.
The major obstacle to active targeting of colloidal
particles in the body system, has been the ability
of the cells of the RES to rapidly remove intra-
venously applied particulates from the systemic
circulation (Tomlinson and Davis, 1986). The
usual strategy taken to avoid the uptake of
nanoparticles is by coating the particle surface
with hydrophilic polymers, like polyethylene gly-
col (PEG) derivatives such as poloxamers and
poloxamines. It has been postulated by several
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authors that decrease in uptake of PEG coated
particles is possibly due to the presence of steric-
barrier which decreases the adsorption of plasma

proteins (opsonins) on the surface of these
nanoparticles (Allen and Hansen, 1991). It has
been demonstrated that the RES evasion and long

Fig. 5. FTIR spectra of (a) chitosan polymer and (b) cross-linked chitosan nanoparticles.
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Fig. 6. Organ distribution of 99mTc radiolabeled chitosan nanoparticles, 30, 60 and 240 min post injection.

circulation by the particles are possible if the
nanoparticles are of ultra-low size (usually �100
nm diameter) and have surface hydrophilicity. By
preparing nanoparticles of hydrogel polymers in
the aqueous core of reverse micellar droplets, we
have achieved both the characteristics of the parti-
cles and have demonstrated that these particles
are RES evading and have long circulation in
blood (Gaur et al., 2000). Chitosan being a hy-
drogel polymer forms nanoparticles with adequate
surface hydrophilicity and hence these particles
exhibits long circulation in blood even without
surface PEGylation. Because of the limited stabil-
ity of chitosan–99mTc complex we could not ob-
serve any significant radioactivity or any � image
beyond 4 h of injection.

In addition to the long circulating property of
the nanoparticles, a small percentage of these
nanoparticles are observed to be localized in the
bone of the animals (Fig. 7a–c), 30 min and 2 h
post injection with radiolabeled chitosan nanopar-
ticles as well as in the biodistribution profile in
mice (Fig. 6). The observation that the chitosan
nanoparticles are accumulating in the bone albeit
to a lesser extent (5%) in comparison to other

body tissues, indicates that the polymer of the
nanoparticles may be interacting with a blood
component with high affinity for bone marrow
endothelium. In a previous study by other work-
ers, involving different co-polymer coated parti-
cles, the particles have been observed to be
cleared by the sinusoidal endothelial cells of the
bone marrow, where they become localized inter-
nally within the dense bodies of these cells (Porter
et al., 1992). Considering that the chitosan
nanoparticles are ultra-small (�100 nm in diame-
ter) and display the ability of localizing in the
bone tissue, we can assume that they may have
application in radio diagnostic imaging, other
than use for drug delivery.

4. Conclusions

Ultra-low size (�100 nm diameter) nanoparti-
cles of water-soluble hydrogel polymer, such as
chitosan, can be prepared in the aqueous core of
reverse micellar droplets and can be cross-linked
through glutaraldehyde. The size of the particles
depends on the particle density as well as on the
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Fig. 7. Gamma images of rabbit, 30 min post injection (a, b) and 120 min post injection (c).
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degree of cross-linking. For a particular degree of
cross-linking, the particle size has been deter-
mined at infinite dilution of the particle solution.
The particles have high level of radio labeling
efficiency with 99mTc, although the complex is not
very stable particularly beyond 4 h of prepara-
tion. The biodistribution and � imaging of the
chitosan nanoparticles establish that these parti-
cles are RES evading and circulate in the blood
for considerable amount of time. Gamma imaging
also confirms that a small amount of these parti-
cles goes to bone marrow also.
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