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ABSTRACT

Nanomedicine is an emerging field and requires new tools to achieve its goals, such as nanomaterials
capable of performing various functions as bioactive (macro)molecule delivery in a spatio- and time-con-
trolled manner, biofeedback as for instance imaging the course of a therapeutic treatment, active and
controlled interaction with the biological environment as in vaccine applications. Obviously, these
nanomaterials should be non-toxic, biocompatible, bioresorbable, which means also that the materials
and the manufacturing processes should meet these requirements. This review is focused on colloidal
polyelectrolyte complexes of chitosan and dextran sulfate, (i) because these polysaccharides comply with
the above specifications; (ii) because chitosan is a complex polysaccharide whose physicochemical prop-
erties depend on the molar mass and the fraction of N-acetyl glucosamine moieties within the chain; (iii)
to underline the impact of the physicochemical properties of chitosan on the performances of the colloi-
dal complexes; (iv) to establish the versatility of the coarcervation, a mild, energy-sparing, environment
friendly, straightforward to set-up manufacturing process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of new approaches in life sciences, like nano-
medicine, a cellular level concept of medicine, requires new tools
to address the challenges of a safer, less invasive, cheaper and bet-
ter performing medical practice. For instance, carriers of bioactive
molecule are under intense research work to improve the bioavail-
ability of the drug or reduce its toxicity by appropriate targeting of
cells/tissues/organs or to increase interactions with the biological
environment, as in the vaccine delivery domain. In this latter case,
the carrier should not only deliver the vaccine but also interfere
with the immune system to help induce an appropriate immune
response (adjuvant effect). There are new needs also in imaging
to visualize tissue alteration and also to monitor locally the impact
of a therapeutic protocol. As new tools for nanomedicine, colloidal
carriers tend to be multifunctional that is be capable of performing
several functions like targeting cellular compartment to allow their
imaging concomitantly with the release of an active substance and
observe the local effect of the drug [1-3].

To be successful in this domain, the carriers should be biocom-
patible, bioresorbable, non-toxic, which seems straightforward for
the medical application field, but also the manufacturing aspects
should be taken into consideration. Indeed, the carriers will need
to be produced in high volume at low cost and these aspects should

* Laboratoire Ingéniérie des Matériaux Polymeéres, Université de Lyon, Université
Lyon1, 15 bd A. Latarjet, 69622 Villeurbanne cedex, France. Tel.: +33 4 72 44 85 87.
E-mail address: thierry.delair@univ-lyon1.fr

0939-6411/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2010.12.001

be taken into account early in the design of the carriers. Obviously,
the manufacturing process should comply with regulatory require-
ments; hence, the use of toxic chemicals, chemical reactions and
chemical solvents should be avoided without negatively impacting
the performances of the carriers. In other words, elaboration pro-
cesses should be simple to implement, use only water as solvent,
be energy efficient (for instance, the process should take place at
room temperature) and with polymer materials originating from
natural products. The elaboration of colloidal carriers by the forma-
tion of polyelectrolyte complexes, from aqueous solutions of poly-
saccharides of opposite charges, meets the above requirements and
thus is a very promising technology as reviewed globally by Hartig
et al. in 2007 [3] and more specifically for chitosan by Berger et al.
in 2004 [4].

Colloidal polyelectrolyte complexes can be obtained with a
great variety of naturally occurring polymers. Nucleic acids like
DNA [5] or siRNA [6] have formed nanoparticles used in molecular
strategies, but the most often reported polyanions associated with
chitosan are polysaccharides and to a lesser extent polypeptides
like poly(glutamic acid) [7] or poly(aspartic acid) [8]. As examples
of polysaccharides, carboxymethyl cellulose [9], alginates [10],
carboxymethyl konjac glucomannan [11], hyaluronan and heparin
[12] were used. But the most widely used polysaccharide is
dextran sulfate because it is cheap (when compared to hyaluronan
or heparin), easily available (when compared to glucomannans
for instance) and the presence of the sulfate groups ensures
strong electrostatic interactions with the ammonium groups of
chitosan.
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Therefore, the present paper focuses on the state of the art of
the knowledge on the elaboration and applications of chitosan
and dextran sulfate (DS) colloidal PECs (Fig. 1), with an emphasis
on the direct link between the physicochemical properties of poly-
mer solution, the structure and the colloidal properties of resulting
particles and, finally, the performances of the obtained nanocarri-
ers. Chitosan is a polycation, a copolymer of N-acetyl glucosamine
and glucosamine linked by a 1 — 4 glycosidic linkage. Dextran
sulfate and chitosan are both biocompatible and bioresorbable
polymers with safe safety profiles; therefore, they both constitute
excellent candidates for the production of multifunctional nano-
particles for nanomedicine according to the requirements defined
above.

2. Elaboration of the colloidal polyelectrolyte complexes
2.1. Colloids from polyelectrolyte neutralization

Polyelectrolyte complexes (PECs) can be obtained in aqueous
solutions by electrostatic interactions between charged domains
of at least two oppositely charged polyelectrolytes. At low ionic
strength, the process is entropy driven, thanks to the release of
small counterions initially bound to the polyelectrolytes. But other
types of interactions can favor the ion-pairing process such as
hydrogen bonding or van der Waals interactions [13]. The forma-
tion of PECs has been extensively studied with synthetic polymers
by the groups of Kabanov [14,15] and Tsuchida and Abe [16]. The
complexes obtained from polyelectrolytes having significantly dif-
ferent molar masses, mixed in non-stoichiometric ratios, were
water-soluble aggregates at the molecular scale. Complexation be-
tween polymers with comparable large and/or strong ionic groups
led to phase separation. To obtain a colloidal dispersion, high dilu-
tion and non-stoichiometric charge ratio conditions are required
[17-19]. Other factors also impact the course of the particle forma-
tion process like the order of reactant addition [20], the addition
rate [21], the respective molar mass of the two counterparts
[17,20,21], their relative (and absolute) concentration [13,22], the
presence of salt and also the pH of the medium[17,23] that can al-
ter the ionization degree of the polymers.

In 2003, Chen et al. first reported the elaboration of submicro-
metric particles by adding an aqueous solution of dextran sulfate
(Mw 12,750 gmol™!) to a chitosan (Mw 400,000 g mol~!; DA
15%) solution dissolved in acetic acid [24]. In these experiments,
DS was in excess and the particle size decreased with the chito-
san/dextran sulfate weight ratio. In 2007, these results were corre-
lated to the n*/n™~ charge ratio: as the charge ratio decreased (n*/n~
of 0.89 and lower) on increasing the amount of DS in the reaction
mixture, the particle size and polydispersity index decreased, the
excess DS improving the colloidal stability of the dispersion [25].
The presence of excess negative charges was evidenced by zeta
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potential measurements. Another important factor impacting the
particle size was the initial concentration of the polyelectrolyte
solutions: lower concentrations led to smaller particle sizes. Inter-
estingly, this trend was not observed in a follow-up work [26],
when the molar mass of DS was reduced from 12,759 g mol™!
down to 5000 g mol~'. The authors attributed this to the increased
capacity of the lower molar mass DS to diffuse within the core of
the particles.

2.2. Conformational aspects

The formation of the particles starts with polyelectrolytes in
solution; hence, the polymer conformation in solution is a perti-
nent parameter to investigate, so as to understand and control
the particle formation process. Domard and collaborators have
extensively investigated the impact of DA on the physicochemical
properties of chitosan in aqueous solution, and they have estab-
lished a general law of behavior [27-29]. Three regions in the DA
range were identified (Fig. 2):

- 0% < DA < 25% in which chitosan, having a high charge density,
behaves as a strong polyelectrolyte (with, for instance, a high
intrinsic viscosity, high second virial coefficient). In this DA
range, the screening of repulsive electrostatic forces by an elec-
trolyte can alter the conformation of the chain;

- 25% < DA <50% where the physicochemical properties of
chitosan remain constant due to balanced hydrophilic and
hydrophobic interactions;

- DA > 50% for which hydrophobic interactions predominate,
favoring polymer chain association.

The stiffness of the polymer chain was assessed by measuring
the persistence length (Lp) of chitosan. Lp varied from 4.5 to
8.8 nm according to DA and Mw. When compared, Lp of DS
(1.5 x 10° g/mol) was 1.6 nm [13]. The conformation in solution
of polyelectrolytes depends on the intensity of electrostatic repul-
sive forces which expand and stiffen the macromolecules, as also
shown by Hlady [30] for dextran sulfate. He found that the intrinsic
viscosity of dextran sulfate decreased from 550 to 100 mLg™!
when the sodium chloride concentration increased from 1 mM to
100 mM.

2.3. Impact of internal parameters on the formation of colloidal
polyelectrolyte complexes

Internal parameters are the DA and the degree of polymeriza-
tion (Dp) of chitosan and also the chitosan-to-DS DP ratio. The
particle formation can be detected via the Tyndall effect, which
occurred very early in the addition process, for charge ratios of
20 i.e. in the presence of low amounts of dextran sulfate. This
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Fig. 1. Chemical structures of the polysaccharides chitosan and dextrans sulfate (DS). DA (%) refers to the degree of acetylation of chitosan.
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Fig. 2. Variations of the solution properties of chitosan (here the radius of gyration)
with the degree of acetylation. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

suggests a kinetically controlled formation process, attributed to
the difference in pKag of the two polyelectrolytes. As the addition
of the reactant proceeded, the solutions became more turbid, sug-
gesting the formation of new particles. The particle size of the
polyelectrolyte complexes increased with the DA of chitosan and
also its molar mass (Fig. 3) [13,22]. Interestingly, the particle for-
mation process depended also on the nature of the polymer in ex-
cess. Similarly, with chitosan, an increase in the molar mass of the
polyanion, when used in excess, resulted in larger particles. But
low molar mass DS always led to aggregated material, conversely
to high molar mass DS and to the fact that this low molar mass
DS, used with excess chitosans, led to well-defined colloids. This
can be understood by taking into account two factors: (i) the mode
of formation of the polyelectrolyte complexes and (ii) the ‘reactiv-
ity’ of the polymers. According to Tsuchida and Abe [16] and Kaba-
nov and Zezin [14], the formation of PECs in the presence of a high
molar mass polymer in excess (host) and a default of lower molar
mass counterpart (guest) takes place via guest-host complexes in
which neutral segments are formed by charge neutralization.
These neutral segments can segregate and form the core of the par-
ticles, the excess polymer forming the outer shell. This model ap-
plies well for cases (a and d) of Fig. 4. But, when the low molar
mass polymer is in excess, this model is no longer valid, so the
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Fig. 3. Influence of the degree of acetylation of a medium molecular weight
chitosan (130,000 g mol~') on the particle size of colloidal PECs. Adapted from [13]
with permission.

reactivity of the low molar mass polyion should be considered.
The reactivity means the capability of the low molar mass polyion
to neutralize the charges of the higher molar mass counterpart. The
low molar mass chitosan is more rigid (due to the g, 1 — 4 glyco-
sidic bond) than dextran sulfate (a « 1 —» 6 glycosidic linkage)
and so less capable of the conformation reorganisations maximiz-
ing the charge neutralization. Hence, low molar chitosan can be
used in excess to lead to stable colloids (Fig. 4 case b). Conversely,
low molar mass dextran sulfate in excess can neutralize the
charges of the high molar mass chitosan to such an extent that
the PECs aggregate, because of the absence of residual charges to
ensure the colloidal stability (Fig. 4 case c).

The presence of the excess polymer at the interface was evi-
denced by the values of zeta potentials, which were negative or
positive when DS or chitosan were respectively in excess. The
organization of the interface could be observed by small-angle
X-ray scattering (SAXS) on conditions where the DPs of each
counterpart were quite different, which corresponds to the
guest-host model mentioned earlier (see Fig. 4) [31].

So, to summarize the effect of the polymer solution properties
on the formation of the PECs particles, all experimental conditions
favoring the ionic neutralization process, leading to segments with
a high density of neutral ion pairs, resulted in highly neutralized
complexes, hence to small particle sizes. But, if the neutralization
is maximal, particles flocculate due to a lack of electrostatic repul-
sive forces, and this is achieved when the charge ratio is close to
unity or during the formation process when the experimental con-
ditions are such that highly neutralized complexes are formed (in
that case, we referred that as the reactivity of the polyions, i.e. con-
ditions when low molar mass dextran in excess is titrated with
high molar mass chitosan).

2.4. Impact of external parameters and mode of addition of reactants
on the formation of colloidal polyelectrolyte complexes

Dextran sulfate, as a salt of a strong acid, is always dissociated,
thus the pH of the medium is determined by the fact that the pri-
mary amines of chitosan should be protonated to allow electro-
static interactions. Hence, the pH limit is below the pKay of
chitosan.

The ionic strength of the mixture impacts the final size of the
colloids as follows: an increase in ionic strength induced a decrease
in the average diameter, which could be related to the increase in
chain flexibility reported in Section 2.2.

Finally, the mode of addition of the reactants and the order of
addition were investigated. When adding the titrant solution drop-
wise to the starting solution, the order of mixing was essential and
the polymer in default had to be added to the one in excess to
avoid the formation of aggregates. In other words, when the charge
ratio reached unity, the system irreversibly aggregated in contrast
with what was reported for synthetic polymers [20]. Conversely,
the one-shot addition of the titrant solution was insensitive to
the order of addition, confirming that the particle formation pro-
cess is kinetically controlled. Hence, a very simple production
method was developed relying on the rapid addition of the titrant
to reach the desired charge ratio [13,22].

Another interesting aspect is the impact of the composition of
the colloidal PECs on their colloidal stability and hence, later, on
the performances of the carriers. Weber et al. investigated the
colloidal stability, in the presence of a physiological salt concentra-
tion, of cationic particles obtained with chitosans of various
degrees of acetylation and molar masses, and DS of two distinct
molar masses [31]. Particles obtained from chitosan samples of
DA inferior to 30% immediately aggregated in 150 mM NaCl. This
probably relates to the solution behavior of chitosan, as it has
been shown that for DA <30%, chitosan behaved as a strong
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Fig. 4. Formation of colloidal polyelectrolyte complexes based on chitosan (M) and dextran sulfate (M) through the hydrophobic segregation of complexed segments. Four
limit cases are considered according to the charge of the colloid and the molecular weight of components (schemes are not to scale). (a and c) high Mw chitosan versus low
Mw dextran sulfate (b and d) low Mw chitosan versus high Mw dextran sulfate. From [22] with permission.

polyelectrolyte with a high charge density [27-29]. Thus, the col-
loidal stability relied mainly on repulsive electrostatic forces. For
DAs equal or above 30%, the aggregation kinetics of the colloidal
PECs depended on the degree of acetylation and also on the DP ra-
tio of the two polymers. The optimal colloidal stability at physio-
logical salt concentration was obtained for a chitosan sample of
DA=51% with a molar mass of 150kgmol~! and a DS of
10 kg mol~'. This composition matches the guest-host model in
which a high DP polymer used in excess hosts low DP guests, the
DP ratio between the host (chitosan) and guest (DS) being 30.
The interfacial chitosan chains stabilize the colloid by electrostatic
repulsive interactions, but also as the charge density is greatly re-
duced, steric repulsion occurred. Worth noticing is that for
DA = 70%, a poor stabilization was observed, probably because as
seen above for the behavior of chitosan in solution, hydrophobic
interactions predominate and lead to the aggregation of the
particles.

3. Characterization
3.1. Particle size and morphology

The most common and routine method for the determination of
the mean hydrodynamic diameter of the particle is quasielastic
light scattering or photon correlation spectroscopy. The time-
dependent fluctuations in scattering intensity, due to the Brownian

motion of the particles, can be derived via an autocorrelation func-
tion, which is an exponential decay as the correlator time delay
increases. The most commonly used algorithm for data analysis
is the Cumulant method [32] in which in autocorrelation function,
g(t) was expanded in a power series:

g(1) = exp[— ()t + (14,/2)7> — 3 /37> + -]

where (I') is the mean decay rate (because particle dispersions are
often polydisperse).

From these data, the average diffusion coefficient D is deduced
from

(I)=¢’D
with g the scattering vector.

Hence, the mean hydrodynamic diameter Dy, can be obtained
using the Stokes-Einstein equation:

= kgT /37D

where kg is the Boltzmann constant, T the absolute temperature and
n the dynamic viscosity of the solvent.

The second cumulant algorithm allows the determination of the
polydispersity index PDI of the particle dispersion PDI = u,/(I")2.
For a monodisperse colloid, the PDI should remain below 0.05,
but values up to 0.5 can be used for comparison purposes [33].

Particles in the submicrometer range were obtained on condi-
tion that the polymer concentrations were low enough, around
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0.1-0.3% (w/v). As noted previously, the particle size increased
with the molar mass of the chitosan and so did the PDI. Schatz
et al. obtained particles ranging in the 200-1000 nm range, with
a concomitant increase in PDI from 0.2 up to 0.6 [13,22]. In general,
negative particles, obtained with an excess of DS, are smaller and
less polydisperse than positive ones [22,25,34]. Anyway, the poly-
electrolyte complexation process leads to dispersions that cannot
be regarded as isodisperse, with polydispersity indexes always
above 0.05.

The morphology of the colloidal PECs can be observed by trans-
mission or scanning electron microscopy. The general main feature
from a variety of investigators is that rather polydisperse quasi-
spherical particles can be observed [34-36]. But one has to be care-
ful about the purity of the samples as the excess polymer can alter
the observation: by SEM, Schatz et al. observed smooth spherical
particles obtained with an excess of chitosan (whose average
diameter was well above the value measured by QELS) but after
removing the excess polymer, the particles appeared less smooth
with an average diameter closer to the one obtained by QELS
[13]. With particles obtained with excess DS, Sarmento et al. [36]
could also observe the excess polyanion by TEM, after staining by
uranyl acetate. Colloids of chitosan need to be stained for observa-
tion by TEM, as this material poorly adsorb the incident beam.

3.2. Complex characterization

3.2.1. IR spectroscopy

Chitosan is characterized by bands at 1651 cm~' and 1596 cm™!
corresponding, respectively, to the Amide I band and the NHj
deformation [37]. DS features a characteristic major band at
1229 cm™!, corresponding to the sulfate asymmetric stretching
[38] and a minor one at 1638 cm™".

The formation of the complex was evidenced by the appearance
of a specific band at 1522 cm™!, which was observed for both the
soluble chitosan DS complexes [39] and colloidal ones [37]. The
more complex was formed, the more intense this band, and, more-
over, the band at 1230 cm™! broadened and separated into two
peaks along with the complexation process as already observed
by [38]. Tyaboonchai et al. evidenced the complex formation by a
change in the 1241/1251 cm™! region [40] of asymmetric stretch-
ing to a new band at 1263 cm™! and a shift of the NH bending
adsorption at 1652cm™' and 1599 cm~! for chitosan to
1623 cm~' in the complex, despite DS having a band at
1642 cm ! that could interfere. Sarmento et al. [41]attributed the
formation of the complex to the appearance of bands at
1413 cm™! and 1259 cm™!, though these bands are respectively
very close to the one of chitosan at 1411 cm~' and 1261 cm ™' of
DS.

3.2.2. Differential scanning calorimetry

The change in thermal properties is also a means of character-
izing the formation of the polyelectrolyte complex as shown by
Sarmento et al. [41]. The parent polymers exhibit endothermic
peaks at respectively at 62 °C and 60.6 °C, attributed to the elimi-
nation of the water associated with the polymers and exothermic
peaks at respectively 311 °C and 210 °C, corresponding to the deg-
radation of the polymers. The DS/chitosan colloids exhibited a
broad endothermic peak, whose minimum decreased from 106.5
to 84.9 when the weight ratio of DS increased. The exothermic
peak was more defined and value decreased from 232 °C down to
213.5 °C, thus getting close to the value of pure DS, with an in-
crease in the DS/chitosan weight ratio.

3.2.3. Stoichiometry
The complex formation relies on charge neutralization, and the
end point of the titration can be detected by various techniques as

viscosimetry [42,43], corresponding to the viscosity minimum,
potentiometry or conductometry with variations induced by the
change in nature of the free ions in solutions. These methods,
based on the alteration of a physicochemical property of the con-
tinuous phase, provide a global assessment of the complexation
reaction and always yield to a 1:1 charge to charge neutralization,
but they are not a direct evidence of the complex composition. The
complex composition can be obtained by elemental analysis
[44,45], solid-state NMR of the complex [44], X-ray photocorrela-
tion spectroscopy [37] or the depletion method [43,46,47]. The lat-
ter approach depends on the determination of the amount of
polyelectrolyte effectively involved in the complex, by assaying
for the residual free polymers. Knowing the original input, one
can deduce the composition of the colloidal polyelectrolyte com-
plexes. But discrepancies were reported between the global meth-
ods, like potentiometry, and the depletion method, proving that
the determination of the real stoichiometry of the complexes can-
not be obtained by a global method.

When the depletion method was applied to complexes obtained
from chitosan and dextran sulfate, the composition was markedly
different according to the charge ratio and to the nature of the
polymer in excess. When DS was in excess to yield negative parti-
cles, the stoichiometry of the titration was fixed at about 1.7 sul-
fates per amino group. But when chitosan was the polymer in
excess and dextran sulfate was added dropwise to this solution,
the stoichiometry of the complex varied from 6 amino groups
down to 1 per sulfate moiety, when the charge ratio decreased
from 20 down to 1 [37]. This unusual behavior shows, at least with
these polysaccharides, that the complexation process was influ-
enced by parameters other than electrostatic interactions and that
one had to take into account the flexibility of the polymer and the
nature of the ion species (weak for the ammonium, strong for the
sulfate group).

4. Chitosan/dextran sulfate colloidal complexes in
nanomedicine

4.1. Chitosan/dextran sulfate colloidal complexes as drug delivery
systems

This concept comes from the pioneer work of Janes et al., who
were facing problems in incorporating doxorubicin, a well-known
anticancer drug, into chitosan nanoparticles for the controlled re-
lease of the active molecule over an extended period of time
[35]. Doxorubicine bears a primary amine, which upon protonation
can generate electrostatic repulsive forces preventing an efficient
microencapsulation of the drug. To increase the encapsulation effi-
ciency, their idea was to neutralize the positive charge of the drug
by using a negatively charged polymer, namely dextran sulfate.
This strategy allowed an increase in the encapsulation of the drug
by a factor 2 when compared to without any polyanion. But in fact,
the particles were obtained by ionic gelation of chitosan with TPP,
a method widely used by the group of Santiago de Compostela, and
DS was used as a minor component, around 10% w/w in compari-
son with chitosan. This strategy was also used to encapsulate ami-
noglycosides like streptomycin, gentamycin and trobramycin in
chitosan particles obtained by ionic gelation with TPP [48]. The
cross-linking of chitosan was achieved by adding TPP, and the ma-
jor parameter controlling the particle formation and stability was
the chitosan-to-TPP ratio. Excess TPP causing instability and aggre-
gation of the colloids and default TPP leading to poorly defined
particles.

Another approach consisted in making chitosan/DS polyelectro-
lyte complex nanoparticles with DS as the excess polymer and ion-
ically cross-linking the DS chains with zinc sulfate. This time,
negatively charged particles were obtained, and the encapsulation
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of poorly water-soluble amphotericin B could take place during the
mixing of the DS solution containing the drug and the chitosan
solution [40].

The first example of purely polyelectrolyte complex as drug
delivery systems was reported by Tan et al. [49] who investigated
various parameters impacting the elaboration of the microparticles
such as the molar mass and concentration of DS, the drug concen-
tration and the pH of the formulation medium. In contrast to the
work of Janes et al. [35] and Lu et al. [48], doxorubicin was added
to the chitosan solution and not to the DS solution. The authors ob-
tained loading efficiency up to 99% even at a low dose of doxorubi-
cin of 100nM. A similar approach was used to encapsulate
hydralazine, a compound capable of complexing with acrolein, an
endotoxin produced after cell injury. An initial burst of 15-30%
of the total load was evidenced after 5 h, which decreased to a slow
but constant release rate for several days [50]. An initial burst was
also observed by Janes et al. [35], with a much lower constant rate,
though.

4.2. Chitosan/dextran sulfate colloidal complexes as peptides and
protein carriers

Peptides or proteins are fragile natural molecules that can be
damaged during formulation, storage and also can be quickly de-
graded by enzymes after administration. Hence, it is a challenge
to develop carriers whose production process is not deleterious
to these molecules and which still allow a controlled release of
their payloads. The formation of colloidal polyelectrolyte com-
plexes is very mild; it occurs in water and does not require any sur-
factant. Hence, this encapsulation strategy was used in 2003 by
Chen et al., with DS and chitosan as polyions [24]. Their model hex-
apeptide, arginine-rich (so positively charged), is capable of block-
ing the growth and metastasis of human colon carcinoma cells, by
interacting with a vascular endothelial growth factor. The particles
were obtained by adding an excess amount of DS solution in water
(containing or not the peptide) to a solution of chitosan. The
authors evidenced that too high an excess of DS led to a poor incor-
poration of the peptide, which was unexpected. The authors ex-
plained this result on the basis of the formation of water-soluble
complexes of DS and peptide not incorporated within the particles.
So, chitosan-to-DS weight ratios above 0.6. were optimum for the
incorporation, but the greater the ratio, the larger the particles.
In 10 mM phosphate-buffered saline pH 7.4, the release of the pep-
tide depicted a burst up to 24 h (corresponding to 40-60% of the
initial payload) and then it levelled off to a very slow release. This
result suggests that a fraction of the peptide was not bound to the
matrix of the particles via electrostatic interactions. In a latter
study, Chen et al. optimized the encapsulation of Rhodamine 6G
(R6G, a positively charged dye) as a model water-soluble drug
and bovine serum albumin (BSA) as a model protein [25]. The
loaded nanoparticles formed spontaneously upon mixing 0.1 w%
of DS solution (containing eventually R6G) with 0.1 w% of chitosan
solution (containing eventually BSA). The presence of the protein
or dye in the nanoparticle matrix led to a marked increased in
diameter when compared with the so-called empty particles. The
main parameter affecting the entrapment of BSA was the n*/n~
charge ratio: the lower the ratio, the better the entrapment, which
suggests the entrapment efficiency to be directly related to the
fraction of DS in the particle formulation recipe. Moreover, the
maximum incorporation of BSA was achieved when the protein
was below its isoelectric point (i.e. when it was globally positively
charged). All these arguments enlighten the major role of electro-
static interactions between the protein and the polyanion. A simi-
lar trend was observed for the incorporation of R6G. The release of
incorporated molecules was directly related to the ionic strength of
the buffer; the higher the salt concentration, the more molecules

were desorbed. As seen for small molar mass drugs, a burst effect
at day 1 was observed (concerning 40% of the total payload of
BSA), which decreased to a constant release rate over several days.
The release profile of R6G was much faster, the timescale of the
experiment was in hours and the burst release concerned ca. 50%
of the payload in 1 h.

Insulin injections are a current means to treat diabetes, but the
development of oral formulations would be more convenient on a
day-to-day basis. The gastrointestinal uptake of insulin can be im-
proved by the use on nanoparticles whose role would be to protect
the protein from degradation from low pH and protease hydrolysis
that are the major limitations to intestinal adsorption of intact
insulin and transport into systemic circulation. Sarmento et al.
have incorporated insulin into colloidal PECs of chitosan and DS
[41], and the main parameter impacting insulin incorporation
was the chitosan-to-DS weight ratio: high incorporation yields of
80% and higher were obtained for values of the chitosan-to-DS
weight ratio of 0.7 and lower. In other words, as we have seen
for BSA, DS appears to be responsible for the association of insulin
with the nanovectors. The incorporation yields slightly increased
when the pH of the preparation medium was decreased from 4.8
down to 3.2, with no alteration in the particle size, an improve-
ment that the authors attributed to the higher charge density of
insulin with decreasing pH. As the chitosan-to-DS weight ratio
was the major parameter controlling the association of insulin, it
was logically an important parameter on the release of insulin;
the lower the ratio, the less protein was released. But interestingly,
in the ratio range investigated, there was no impact of the chito-
san-to-DS weight ratio on the kinetics, nor on the mode of release
of insulin. The release profiles were highly dependent on the pH of
the medium in which the experiments were carried out: at pH 6.8,
a burst release over 30 min was observed leading to a release of ca.
40% of the total insulin payload, whereas at pH 5.2 and lower, no
insulin was released whatsoever. Consequently, the authors could
show that in simulated gastric fluid at pH 1.2, no release took
place, whereas in intestinal simulated fluids at pH 6.8, insulin
could be released [51]. A burst over the 30 first minutes, concern-
ing 50% of the payload, was observed, then the release took place at
a slower rate over 6 h. Diabetic rats were fed with 50 and 100 Ul/kg
of insulin incorporated within colloidal PECs, and hypoglycemia
was analyzed in comparison with 2.5 Ul/kg of insulin injected sub-
cutaneously. The effect of free insulin at reducing plasma glucose
levels was instantaneous, and within 2 h, the glucose level dropped
at 50% of its original value. The glucose plasma concentration of
rats treated with 100 Ul/kg of insulin incorporated within colloidal
PECs was only reduced to 80% of its original value after 2 h and that
of rats treated with 50 Ul/kg of insulin incorporated within colloi-
dal PECs was statistically similar to that of non-treated rats. But,
interestingly, whereas the glucose plasma level returned to the ori-
ginal value of the rats treated subcutaneously 8 h post-injection,
the glycemia of rats fed with encapsulated insulin remained at
70% of its original value up to 24 h. It is interesting to note that
there is a delay between the glycemia effect time frame, maximal
effect at 8 h post-ingestion and the rapid release of insulin in sim-
ulated intestinal fluid: ca. 60% release within 1 h. The difference in
kinetics of pharmaceutical effect between free insulin and particle-
loaded insulin is explained by the differences in modes of admin-
istrations. By subcutaneous injections, insulin is readily available
in the blood circulation. By oral administration, the authors show
that insulin is transported through the intestinal mucosa via a
two-step process involving binding of the nanoparticles to mucosa
and, then, internalization via special cells of the intestine, the
Peyers’s patches or diffusion of insulin through the tissue. Very
promisingly, the authors showed that the pharmaceutical avail-
ability was increased by a factor 3, thanks to the colloidal PECs
[51].
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Growth factors are proteins that are involved in the develop-
ment of many tissues, like in arterio or angiogenesis, by favoring
cell proliferation and differentiation...These growth factor should
be delivered at a specific location in the body, where needed for
the regeneration of the right organ, in a sustained way to allow
the correct development of the tissue. Growth factors are labile
proteins with a very short half-life and so delivery systems should
also allow the stabilization of the growth factor in their active
forms. Taking these specifications into account, Min et al. investi-
gated the encapsulation of two different growth factors in colloidal
PECs based on chitosan and excess DS [34,52]. Growth factors are
known to interact with polyanions; hence, the protein was pre-
mixed with the DS solution to which the chitosan solution was
added. At the end of the elaboration process, zinc sulfate was
added to harden the colloids of mean diameter around 250 nm.
The entrapment efficiencies were in the 80% range. No burst effect
was observed in the release profiles in PBS buffer, suggesting that
the interactions with DS were stronger than for BSA and insulin,
probably because these proteins bear a cationic pocket [52]. The
controlled release persisted for nearly 10 days, and the activities
of these growth factors were maintained in comparison with the
free protein. These investigations underlie the advantage of
excluding harsh conditions to the profit of mild formulation pro-
cesses (no emulsification, no chemicals) that preserve the integrity
of labile proteins and are environment friendly.

An alternative to the encapsulation of proteins is the surface
adsorption of the biological macromolecules onto preformed col-
loids. This strategy was selected by Drogoz et al. and Weber et al.
for the delivery of sub-unit vaccines [31,53]. The development of
safe, though efficient, vaccines is based on the use of one, or sev-
eral, protein(s) constituting the pathogen, rather than the whole
pathogen itself. Proteins alone do not trigger the immune system
efficiently enough and they must be associated with adjuvants,
compounds whose role is to stimulate the immune system. For this
particular application, colloidal carriers have been under intense
investigation [54], and particles obtained from safe, biodegradable
materials via a mild formulation process are quite attractive. The
coacervation approach is quite versatile for controlling the particle
size and interfacial properties by playing with the polymer concen-
tration and the n*/n~ charge ratio, as we have seen in the ‘Elabora-
tion Section’. Drogoz et al. showed that, according to the global
surface charge of the colloidal PECs, negative or positive, the
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adsorption kinetics of a model antigen, the p24 capsid protein from
the HIV-1 virus, were quite different: less than 2 h were necessary
to reach surface saturation of the negative particles, whereas more
than 20 h were required for the positively charged ones. The rea-
sons for these differences were not clearly understood; apparently,
electrostatic attractive forces were not responsible for these differ-
ences since, in the experimental conditions, the global charge of
both the carriers and p24 were of similar nature. The maximal
binding capacity of the particles, i.e. the maximal amount of pro-
teins loaded per g of carrier, was of 600 mgg~! and 120 mgg~!,
respectively, for the negative and the positive colloidal PECs [53].
Such a high loading capacity was attributed to the (at least) partial
diffusion of the protein within the shell, constituted by the excess
polymer at the interface of the colloids.

Theses carriers were assessed in mice by subcutaneous injec-
tions in blab-C mice and compared with Freund’s adjuvant, a bac-
terial extract regarded as a gold standard but too toxic to be used in
humans. The specific antibody titers obtained with either posi-
tively or negatively charged colloids were similar to those resulting
for immunizations with Freund’s adjuvant and were dose depen-
dant on the amount of injected protein (see Fig. 5).

4.3. Imaging applications

Min Huang et al. have obtained gadolinium-loaded colloidal
PECs, for magnetic resonance imaging (MRI) using a chitosan sam-
ple covalently grafted with Gd diethylenetriaminepentaacetic acid
(DPTA) [55]. Particles around 300 nm in diameter, with a negative
global charge, were formed using the polyelectrolyte complexation
strategy, by adding dropwise an aqueous solution of chitosan-Gd
derivative into DS. The coacervation strategy was also used to ion-
ically entrap Gd during the particle formation process, and finally,
a combination of both strategies was tested. After formation, the
colloids were hardened with zinc sulfate. Particles with chemically
bound Gd did not release the gadolinium, whereas a burst effect
was observed on day one, concerning 50% of the total payload of
the ionically entrapped Gd. The enhancement of MRI signals ob-
tained with the colloidal PECs was similar in peak intensity and
trend to Magnevist, a contrast agent commonly used in humans.
But, to obtain this result, much larger amounts of PECs were neces-
sary. In vivo, the particles were rapidly cleared by the kidney, as
readily evidenced by MRI.
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Fig. 5. Antibody titers in mice immunized with p24/particles and in comparison with Freund’s adjuvant. Animals, 3 per group, received 3 injections of 10 or 1 ng of p24
protein mixed with Freund's adjuvant or sorbed onto cationic or anionic particles based on chitosan Mw = 136,000 g mol !, DA = 11.5% and DS Mw = 1.5 x 10° g mol~". For
each animal, the IGg titers of serum sample taken on days 14, 28 and 35 was determined individually. CPL stands for colloidal polyelectrolyte complexes the + or — represents

the global charge of the particles. From [53] with permission.
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5. Conclusions

Many investigations reported here show that the formation of
colloids from oppositely charged polysaccharides is a method that
meets the requirements for the developments of carriers for
nanomedicine.

First, considering the materials used, chitosan is a well-known
and characterized polymer, the only existing cationic polysaccha-
ride and is widely available from biomass as it is obtained from
chitin, one of the most abundant polymers on Earth. Dextran sul-
fate is a biodegradable negatively charged polysaccharide widely
used for pharmaceutical applications [40].

Second, the particle formation process can be regarded a typical
green manufacturing approach: it is environment friendly, using
only water as solvent and no toxic chemicals, and energy efficient,
the reaction takes place at room temperature with a moderate stir-
ring rate. Moreover, this process consists in mixing two solutions
and thus is simple enough to be potentially scaled up.

Third, the particle formation process is mild, by essence, as seen
above, thus it can be used to encapsulate fragile molecules like pro-
teins with preservation of their functionality, as we have seen for
the growth factors for instance.

Fourth, the particle formation process is versatile, low or high
molecular weight (macro)molecules can be entrapped, either
water soluble (positively or negatively charged, hence they can
interact with one of the counterparts in the manufacturing pro-
cess) or non-water soluble (in that case a polar water-soluble sol-
vent can be used to dissolve the molecule see [40]). Very
interestingly, molecules of biological interest can be loaded at
the interface of the colloidal PECs, post-synthesis. Finally, MRI
agents can be incorporated within the core of the matrix, opening
thus the field of biological imaging to this technology.

Fifth, the colloidal PECs are mucoadhesive, are pH responsive
[51], allow the sustained release of low and high molar mass bio-
active substances, interact positively with the immune system,
can be internalized by various cells, display a very low cytotoxicity,
are biodegradable and bioresorbable.

To come back to the versatility of the particle formation process,
the properties of the final colloids can be varied by the relative
polymer concentration and the charge ratio, but also by their
intrinsic properties, that is, the DP and also for chitosan, the DA.
As the formation of the particles begins with polymers in solution,
every factor affecting the conformation of the polymer chains in
solution will have an impact of the final properties of the colloidal
PECs. Thus, the modulation of the performances of the final nano-
carriers is feasible and requires a good understanding of the phys-
icochemical properties of the polymer solutions.

To be complete, one has to address the limitations of dextran
sulfate/chitosan colloidal complexes. The first limitation could
probably be the cost of the polymers when compared to the syn-
thetic ones, which would limit the applications to the high-added
value ones. As for any polymers obtained from biomass, there is a
need for well-standardized production/purification procedures, in
particular for chitosan as the impact of the DA on its conforma-
tional behavior is essential. For the colloidal chitosans obtained
with an excess of polycation, the colloidal stability should be main-
tained in physiological media. This is a crucial issue as chitosan,
with a pKag around 6.5, is poorly charged at pH7.4 and thus the sta-
bilization of the colloidal chitosans should be achieved by other
means than purely electrostatic phenomena. The positive charge
of the colloidal chitosans obtained with an excess of polycation
may have a thrombogenic effect that will need to be taken into
consideration prior systemic injections of these carriers. But these
limitations will also fuel new investigations for the improvement
of this type of carriers.

6. Prospects

The versatility of the particle formation process is another
means of fuelling investigations for the future. Hence, nanocoacer-
vation of chitosan and dextran sulfate should be an effective tool
for the elaboration of multifunctional nanomedical systems, as
suggested in the introduction of this paper, to challenge the issues
of targeting the delivery of drugs to localized areas in the body, not
only organs but also tissues, cells and subcellular compartments;
of getting a feedback control of the therapy by including biomolec-
ular sensors, like in vivo imaging probes; and allowing, more than a
therapeutic medicine, a regenerative nanomedicine by the spatio-
temporal delivery of appropriate cues for the reconstruction of lo-
cally damaged organs.

On a more down-to-earth aspect, to become a true industrial
product, the scaled-up manufacturing of colloidal PECs will need
to be fully addressed.

The numerous results obtained from various teams working on
the nanocoacervation of chitosan and dextran sulfate underline the
high potential of this technology for both the short- and long-term
development of human medicine.
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