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The present investigation describes the synthesis and characterization of novel biodegradable nanoparticles based
on chitosan. Poly(ethylene glycol) dicarboxylic acid was used for intramolecular cross-linking of the chitosan
linear chains. The condensation reaction of carboxylic groups and pendant amino groups of chitosan was performed
by using water-soluble carbodiimide. The prepared nanosystems were stable in aqueous media. The structure of
the products was determined by nuclear magnetic resonance (NMR) spectroscopy, and the particle size was identified
by dynamic light scattering (DLS) and transmission electron microscopy (TEM) measurements. It was found that
biodegradable cross-linked chitosan nanoparticles experienced considerable swelling because of the length and
flexibility of the cross-linking agent. The aqueous solutions or dispersions of nanoparticles were stable and clear
or mildly opalescent systems depending on the ratio of cross-linking and molecular weight of chitosan, findings
consistent with values of transmittance above 75%. Particle size measured by TEM varied in the rangé of 4

nm. In the swollen state, the average size of the individual particles measured by DLS was in the range of 50
120 nm depending on the molecular weight of chitosan and the ratio of cross-linking.

Introduction Because of its unique physicochemical and biological properties,
including hydrophilicity, solubility in both water and organic
solvents, lack of toxicity, biocompatibility, biodegradability, and
ease of chemical modification, PEG has been employed in a
wide range of biomedical applicatioA%2” A variety of studies
have focused on the modification of chitosan by using PEG.
Porous membranes and biocompatible films were produced by
blending chitosan with PEX&30 or a preparation of semi-
interpenetrating polymer networRs.Graft copolymers were
synthesized to enhance the water solubility of chitosan by
employing water-soluble linkages like PE&33 These modi-
fications can als¥ result in the formation of a hydrogel, which
can be employed in tissue engineetthgr drug releasé?

Chitosan is a basic linear polysaccharide contaipkfity—4]-
linked 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-
deoxy-D-glucopyranose units. Because of the presence of
reactive amino groups, chitosan can be modified easily to create
nano- and microparticles or porous hydrogels.

Various methods have been developed for the cross-linking
of chitosan, which commonly result in gel formation. In this
type of covalent cross-linking reaction, cross-linkers are mol-
ecules with at least two reactive functional groups that allow
the formation of bridges between polymeric chains. The most
common cross-linkers of chitosan are aldehytfespoxides’
cyanated,and other agents? lonic cross-linking reactions with X g i
charged ionsor molecule$ 11 have also been employed by In our previous work® we discussed the preparation and

using ionotropic gelation methods to form hydrogels based on characterization of nanoparticles based on chitosan with high
chitosan. Hydrogels have been utilized in a wide range of molecular weight. Natural di- and tricarboxylic acids with short
biomedical applications, such as enzyme immobilizatfor chains were used for the intramolecular cross-linking of chitosan

as scaffold$? and as carriers for drugfsor implants39.16.17 linear chains. The condensation' reaction of carboxylic groups

Many recent attempts have been made to create chitosarnd Pendentamino groups of chitosan was performed by using
particulate systems. lonotropic gelation methods are based on/Vater-soluble carbodiimide. The prepared colloid systems were
the interaction between chitosan and various arfidEsamples  Stable in aqueous medium at room temperature. We found that
of this method are the emulsion cross-linking method and the Particle size depended on the pH, but, at a given pH, size was

reverse micellar medium method, or coacervatb@ovalently ~ independent of the ratio of cross-linking and the hydrophilic
cross-linked chitosan nanoparticles can be prepared by severafharacter of th? cros.s-h.nklng agent. '
different methods: emulsion cross-linkidtyeverse micellaf? The present investigation reports a method for the preparation

solvent evaporatio®? or spray-drying?® Chitosan nano- and  of nanoparticles based on chitosan by covalently cross-linking,
microsystems can be employed in a wide range of biomedical via amino groups, the chitosan chain with PEG dicarboxylic
applications, such as dri§+821or gene-delivery systenié:25 acid in aqueous media at room temperature. Different molecular
Poly(ethylene glycol) (PEG) is one of the most popular weight chitosans were produced by degrading high molecular
oligomers for the chemical modification of biomaterials. weight chitosan, and were used to study the correlation of size,
molecular weight, and the ratio of cross-linking. The solubility,

93; Té’ Whﬁ’.m_bcogelspogdﬁ_”ce $Q°t‘;'g be addressed. FB36-52-512-  gtrycture, and size of these nanoparticles in the dried and swollen
T.Un_i\r?earls.it)f ;rDZ%gC:nm'“m €b-nu. states will be described and discussed. Cross-linked chitosan
# ElizaNor Polymer, LLC. nanoparticles may di;sqlve or form stable colloid systems in
8 BBS Nanotechnology Ltd. aqueous media at acidic and neutral pH. Because they are
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Table 1. Reaction Conditions of the Synthesis of Cross-Linked Transmission Electron Microscop¢TEM). A JEOL2000 FX-II
Chitosan Nanoparticles? transmission electron microscope was used to characterize the size and
stoichiometric morphology of the dried chitosan nanoparticles. For TEM observation,
ratio of quantity of quantity of the chitosan nanopatrticles were prepared from the reaction mixture after

dialysis at a concentration of 1@@/mL. The sample for TEM analysis

chitosan (mg) cross-linking agent PEGDC (mg) CDI (mg) . . NN ) .
was obtained by placing a drop of the colloid dispersion containing
100 25% 46 46 the chitosan nanoparticles onto a carbon-coated copper grid. It was
100 50% 92 92 dried at room temperature and then examined using TEM without any
100 100% 184 184 further modification or coating.
aThe quantity of chitosan is independent of molecular weight. Dynamic Laser Light Scatterin@LS). The hydrodynamic diameters

of cross-linked chitosan nanoparticles were gauged by using a BI-

nanosized at neutral pH, they are attractive candidates as delivery?09SM Brookhaven Research laser light scattering photometer equipped
biosystems for a variety of biomedical applications. with a NdYAg solid-state laser at an operating wavelengtilof
532 nm. Measurements of the average size of nanoparticles were

performed at 25°C with an angle detection of 90in optically

Experimental Section homogeneous quartz cylinder cuvettes. The samples were prepared from
) _ _ the reaction mixture after dialysis. The concentration of the chitosan
Materials. Chitosan (CH; degree of deacetylation (DB)88%, M, derivative solutions was 1Q@y/mL. Each sample was measured three

= 320 000) was purchased from Sigma-Aldrich Co., Hungary. It was times, and the average serial data were calculated.

dissolved in 2.0% aqueous acetic acid solution to give a polymer  Transmittance Transmittances of chitosan nanoparticle solutions
concentration of 1.0% w/w, and then filtered and dialyzed against \yere measured by using a Unicam SP 1800 ultraviolet spectropho-
distilled water until the pH was neutral. The product was dried by tometer at an operating wavelength bf= 480 nm in optically
lyophilization to obtain a white chitosan powder and used for further homogeneous quartz cuvettes. The samples were obtained from the

experiments. Poly(ethylene glycol)bis(carboxymethyl)etier< 600) reaction mixture after dialysis at 25C. The concentration of the
as ana,o-dicarboxylic acid (PEGDC) was purchased from Sigma-  chjtosan derivative solutions was 1 mg/mL.

Aldrich Co., Hungary, and was used as received without further
purification. Water-soluble 1-[3-(dimethylamino)propyl]-3-ethylcarbo-
diimide methiodide (CDI) was applied as a condensation agent. Results and Discussion
Determination of DD and Molecular Weight. The DD of the
chitosan material employed was determined from the integral intensities  Formation of Nanopatrticles. Chitosan is a weak base and
of all protons by its'H NMR spectrun®® The measurement was has low solubility at neutral and alkaline pH values. In acidic
performed in RO containing a few drops of 20% w/w DCID and medium, the amino groups are positively charged, resulting in
trace DSS as a reference. The viscosity average molecular weight wasg highly charged polyelectrolyte polysaccharide. At low charge
determined by measuring the relative viscosity with an Ostwald densities, polyelectrolyte chains collapse in a compact globule.
viscometer. The solvent system used was 0.10 MABDH/0.20 M At high charge densities, polyelectrolytes have an extended coil
NaCl. Molecular weight was calcglated from the intrinsic viscosity conformation. The coitglobule transition is influenced by the
based on the MarkHouwink equation. The values for the constants attraction and repulsion interaction between the polymer seg-
K anda were 1.81x 102 and 0.937 ments3s
Degrzd?)tion (')cfl C.hitojan'l‘gw. mo'?ﬁ:'?\; ‘{E‘\'leigr}t Chitzsans were Polycation or uncharged cross-linked nanoparticles can be
repare oxidative degradation with NaN@erformed at room . e . . .
Fem?oeraturg Chitosan was?dissolved in 1.0% (v?/ew) acetic acid solution pre;pared by the chemical mlod'lflcatlon of chltosqn linear Ch‘?"“s
using PEGDC as cross-linking agents at different ratios.

to produce 1.0% (w/w) chitosan solution. When chitosan was com- . ; : . .
pletely dissolved, 0.10 M NaNQsolution was added to the mixture Polycations were obtained by reacting chitosan with PEGDC.

with magnetic stirring. The reaction mixture was neutralized with 1.0 1ne Stoichiometric ratio of cross-linking was less than 100%.
M NaOH solution to pH 8.0 to precipitate chitosan. The precipitated [N t.h's case, th? carboxy! groups were bounq Covalently, and
chitosan was recovered by centrifugation, washed several times with residual free amino groups of the chitosan chain were available,
deionized water, and dried by lyophilizatigh. which can be protonated in acidic medium, forming polycations.

Chitosan Modification. Cross-linked chitosan nanoparticles were ~Chitosan cross-linked with PEGDC at a stoichiometric ratio of
prepared by the CDI technique. PEGDC was used as the cross-linking100% can result in uncharged nanoparticles in aqueous media
agent. because each of the functional amino and carboxyl groups are

Synthesis of Cross-Linked Chitosan Nanopartictekitosan was covalently bound.
dissolved in 0.10 M hydrochloric acid, PEGDC was added to the Degradation of Chitosan. The depolymerization method
solution, and the solution was then adjusted to pH 6.5 with 0.10 M ysed has been described elsewl3&rk.was shown that the
sodium hydroxide solution. After the dropwise addition of water-soluble mglecular weight of the chitosan depends on the chitosan/
carbodiimide solution, the reaction mixture was stirred &€4or 4 h, NaNO, molar ratio, the initial concentration of chitosan, and
then at room temperature for 20 h. The solution containing chitosan ipe reaction time. Keeping the molar ratio and chitosan
”ag‘}pamd? _‘ggs purified by dialysis for 7 days against distilled water oncentration constant, we determined the effect of time on the
and freeze-dri - : . -

The symhesi ofcrossnked chiosan nanoparices wih pEGDG 274 S8 T MR DI, EERTEEE SEOSE K8 RS
at different stoichiometric cross-linking ratios is summarized in Table was determined, and the molecular weights were calculated

1. : . .
Characterization. NMR Spectroscopylhe chitosan and the cross- according to the MarkHouwink equation.

linked systems were analyzed structurally with NMR spectroscey. 1€ molecular weight of chitosan decreased exponentially
13C, and'H—C HETCOR NMR spectra were obtained on a Bruker " the course of degradation. Most of the depolymerization of
AM 500 MHz instrument. The samples were dissolved ipOD chitosan occurred within the first 15 min of the reaction, and
containing a few drops of 20% w/w DCIHD. The chemical shifts were  then slowed significantly.

represented in ppm, based on the signal for sodium 3-(trimethylsilyl)- ~ To determine the effect of molecular weight on the properties
propionated, as a reference. of nanoparticles, three low molecular weight chitosans v%?gv
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Figure 1. Effect of reaction time on the molecular weight of degraded
chitosan.
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Figure 2. Transmittance of cross-linked chitosan materials.

prepared from commercial chitosan (CH) with a molecular
weight of 320 kDa by depolymerization and were used to
produce nanoparticles by cross-linking. They are DCM1 €
190 kDa), DCH2 i, = 100 kDa), and DCH3NJl, = 55 kDa).

Crossl-100%
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NMR Results. The structures of the chitosan used for the
synthesis and the resulting cross-linked nanosystems (Figure
3) were characterized by NMR spectroscopy. The assignments
and chemical shifts of th#H and3C signals of DCH3 chitosan
and chitosan nanoparticles based on DCH3 cross-linked with
PEGDC at 50% were determined. The chemical shift values
are in accordance with results published for chitin and chitosan
and their oligomerg®40-42

Proton chemical shift values are given in Figure 4, which
illustrates the difference between the signs of the original DCH3
chitosan material (I) and the chitosan nanoparticles based on
DCH3 cross-linked with PEGDC at 50% (I1). The assignments
and chemical shifts of théH signals are given as follows:
DCH3 chitosan: 'H NMR (DCI/D;0): 6 = 4.92 (1-k
deacylated)p = 4.63 (1-H acylated with acetic acidy) =
3.21 (2-H),6 = 3.47-4.18 (3-H, 4-H, 5-H, 6-H),0 = 2.08
(NCOCH). DCH3 cross-linked with PEGDC at 50%H NMR
(DCI/D,0): 6 = 4.90 (1-H, deacylated)p = 4.61 (1-Hc
residual NCOCHand acylated with PEGDC), = 3.19 (2-H),

0 = 3.45-4.15 (3-H, 4-H, 5-H, 6-H)p = 2.06 (NCOCH), 6
= 3.65-3.75 (c-CH and b-CH of PEGDC),0 = 4.24 (a-CH
of PEGDC).

The 13C assignment was performed on the basis'i@
projection. Figure 5 demonstrates the difference between the
signs of the original DCH3 chitosan material (lll) and the
chitosan nanoparticles based on DCH3 cross-linked with
PEGDC at 50% (VI). The assignments and chemical shifts of
the13C signals are given as follows: DCH3 chitosdAC NMR
(DCI/D20): 6 = 101.33 (1-Gg), 0 = 97.70 (1-G), 0 = 56.15

Solubility. The solubility of chitosan derivatives was evalu- (2-C), 0 = 70.28 (3-C),0 = 76.71 (4-C),0 = 75.06 (5-C),0
ated in deionized water at pH 6.5. Solutions were clear and = 60-42 (6-C). DCH3 cross-linked with PEGDC at 50%C
opaque aqueous colloid systems and were stable at roomNMR (DCIID:0): 6 = 97.67 (1-G deacylated)p = 56.13
temperature for several days. Figure 2 summarizes the transmit{2-C); 0 = 70.26 (3-C),0 = 76.68 (4-C),0 = 75.04 (5-C),0
tance of the various nanoparticles composed of different = 60-39 (6-C), and the signs of PEGDIC= 69.83 (c-CH), 9
molecular weight chitosans cross-linking with PEGDC at — /0-42 (b-CH) andd = 67.90 (a-CH).
different cross-linking ratios. At lower concentrations of cross-  1he degree of cross-linking was evaluated from the integral
linker, the solubility of the nanoparticles was greater, and the intensity of signs by using thtd NMR spectra of cross-linked
solutions were clear. This was caused by the protonation of the chitosan nanopatrticles. In the case of a 25% stoichiometric ratio,
free amino groups of the chitosan chain. The molecular weight the degree of cross-linking was between 15 and 25%. Increasing
of the original chitosans did not influence the transmittance the stoichiometric ratio caused the degree of cross-linking to
values. The difference between the values was negligible. Asincrease. In the case of cross-linking at a stoichiometric ratio
the cross-linking increased, the particles became more compactof 50%, it was between 2340%, and it was 3160% at a
and the solutions became opalescent. In the case of degradegtoichiometric ratio of 100%.
chitosans, the values are similar at each cross-linking ratio. A Figure 6 shows th&H—13C hetero single quantum correlation
considerable difference between the values of transmittance wagHSQC) spectrum of chitosan nanoparticles. The assignments
found at a stoichiometric ratio of 100% only. were performed on the basis 4l and13C projection.
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Figure 3. Schematic representation of the synthesis and structure of cross-linked chitosan derivatives.
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1 and in dried states. TEM micrographs confirmed the nanosize
‘\ of the dried, cross-linked chitosan particles. Figure 7 shows the
distribution of these derivatives. The size of the dried particles

m varied in the range of 424 nm. The size of the dried cross-
linked particles is smaller and their size range is narrower than
the swollen particles obtained from DLS. Because PEGDC is a
/ flexible hydrophilic oligomer, cross-linked chitosan can undergo

|
U. \ ]\ JL significant swelling.
A~ — . (| |) Particle Size by DLS.Solution samples were prepared from

the reaction mixture after dialysis. The concentration of the
polysaccharide solution was 10@/mL.

L In polydispersed systems, the final results depend on the

(I) method of fitting. The average hydrodynamic diameters were

calculated by the non-negative least-squares (NNLS) method,
A N which separated the different peaks at multimodal distribution

S0 454035 30 28 20 and provided more exact results at multimodal systems than
_ . (ppm) _ those obtained with other methods. The intensitglay time
Figure 4. 500 MHz *H NMR spectra of DCH3 chitosan (1) and correlation function was evaluated by means of an NNLS fit,
chitosan nanoparticles based on DCH3 cross-linked with PEGDC at called an automatic routine, which was applied to determine
50% (). ’

the intensity diameter distribution. The effect of dust was

Particle Size by TEM. Chitosan material can be prepared cancelled by averaging numerous simultaneous measurements.
as a film. However, the cross-linked chitosan nanoparticles Table 2 summarizes the average hydrodynamic diameters of
separated into spherical particles in an agueous environmentswelled chitosan nanoparticles.
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Figure 5. 500 MHz 13C NMR spectra of DCH3 chitosan (l1I) and chitosan nanoparticles based on DCH3 cross-linked with PEGDC at 50% (VI).
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Figure 7.  TEM images and size distribution of chitosan nanoparticles cross-linked with PEGDC based on DCH3 at 25% (A), DCH1 at 25% (B),

DCH3 at 100% (C), and DCH2 at 100% (D).

Different molecular weight chitosans were cross-linked at polysaccharide rings also influenced the swelling of cross-linked
different stoichiometric ratios. The cross-linking agent is a nanoparticles. Weak correlations were found between the
hydrophilic oligomer with a long flexible chain, resulting in a hydrodynamic diameters of swelled particles and the stoichio-
loosely cross-linked chitosan. The nanosystems produced aremetric ratio of cross-linking. The DLS measurements indicate
soluble in agueous media and can swell. Depending on the crossthat the average hydrodynamic diameter of individual nanopar-
linking ratio, the residual amino groups of these macromolecules ticles is between 50 and 120 nm.
can be protonated, and the hydrodynamic diameters increase Chitosans with different molecular weights were used for the
because of the repulsive interaction. The conformation of modification. It was found that by decreasing the molecutliB'V
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Table 2. Average Hydrodynamic Diameter of Chitosan diameters of individual particles were in the range of-3Q0
Nanoparticles Determined by DLS nm, but aggregates were found in all cases, likely caused by
ratio of secondary interactions. Weak correlations existed between the
cross-linking hydrodynamic aggregate size of the nanopatrticles and the stoichiometric ratio of cross-
chitosan agent diameter (nm) size (nm) linking. Considerable decrease in particle size was observed for
25% 108 + 12 430 + 40 degraded chitosan. There was a direct but weak correlation
CH 50% 105 4+ 15 300 4 20 between the particle size and the molecular weight of the
100% 100 + 15 570 + 60 chitosan used to make the particle.
0, .
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