
                 

Characterization of spray dried chitosan–TPP microparticles
formed by two- and three-fluid nozzles

Chitosan microparticles cross-linked by tri-polyphosphate (TPP) anions have been prepared by spray drying. Two different cross-linking
methods have been employed — ex-situ cross-linking whereby aqueous solution of cross-linked chitosan nanoparticles has been spray-dried
by a two-fluid nozzle, and a novel in-situ cross- linking method, whereby solutions of chitosan and TPP have been fed to a three-fluid nozzle
and cross- linking occurred within individual droplets. The size and morphology of the resulting microparticles have been characterised and
their dependence on the cross-linking ratio and the initial chitosan concentration de- termined. Particles produced by the three-fluid nozzle
were found to have favourable properties in terms of stability in aqueous media and they allow the use of higher chitosan concentrations,
which makes them suit- able for microencapsulation applications.

1. Introduction

Spray drying is a widely used particle formation process by which
aqueous or organic solutions, emulsions and suspensions can be
converted into a dry powder with a relatively narrow particle size dis-
tribution. Thanks to short contact times, spray drying is well suited
even for heat-sensitive materials (enzymes, drugs) [1]. In addition,
corrosive and abrasive materials can be readily accommodated be-
cause the contact between the mechanical parts and the materials is
minimal as compared with other particle formation processes such
as granulation.

The physical properties of the resulting product (such as
particle size and shape, moisture content, and flow proper- ties) can
be controlled through the selection of equipment (type of nozzle)
and the manipulation of process variables (gas and liquid flow
rates, atomising gas pressure or inlet temperature). A key step in
spray drying is the atomization of the feed liquid into fine droplets.
This can be achieved by a range of nozzle types — centrifugal nozzles
for the processing of dense suspension, single-phase pressure nozzles
or two-fluid kinetic nozzles for the spraying of low to medium viscos-
ity liquids at both laboratory and industrial scale.

Other nozzle types such as piezoelectric droplet generators have
also been reported in the context of spray drying although their use
tends to be mainly at the laboratory scale [2]. Relatively recently,
three-fluid kinetic nozzles have also been employed for spray drying,
especially for the encapsu- lation of immiscible liquids such as oils or
aromas [3]. The advantage

of spray-drying techniques for application to microencapsulation is
that it is reproducible, rapid, and relatively easy to scale up.

One of the most commonly used compounds for microencapsulation
purposes is chitosan thanks to its availability and excellent properties,
such as being nontoxic, bioadhesive, and biodegradable [4]. For these
reasons, chitosan has been used for the development of drug delivery
systems for conventional drugs, protein drugs and DNA [5,6]. Chitosan
microparticles not only protect the drug molecules from degradation,
but also improve their uptake and bioavailability [7].

Chitosan is a hydro- philic polysaccharide, obtained by the
deacetylation of chitin, which is the second most-abundant
polysaccharide on Earth next to cellulose. Chitin is a basic component
of protective cuticles of crabs, shrimps, lob- sters and cell walls of some
fungi. Chitin is a straight homopolymer com- posed of β-(1,4)-linked N-
acetyl-glucosamine units whilst chitosan comprises of copolymers of D

-glucosamine and N-acetyl-glucosamine [8].
Chitosan is a weak base with a pKa value of the glucosamine residue

of about 6.2–7.0 and therefore is insoluble at neutral and alkaline pH
values [9]. In acidic medium, the amino groups of the polymer are pro-
tonated, resulting in a soluble, positively charged polysaccharide that
has a high charge density (one charge for each glucosamine unit).

Due to the availability of free amino groups in chitosan, it carries a pos-
itive charge and thus reacts withmany negatively charged anions [8]. This
fact is used for the formation of chitosanmicroparticles cross-linked by di-
valent and polyvalent anions. Spray driedmicrospheresmade of pure chi-
tosan cannot be kept suspended in aqueous media for a long time because
of their swelling and dissolution [6]. Therefore, non cross-linked chitosan
microspheres prepared by spray-drying technique are unsuitable for the
purpose of controlled drug delivery systems [10]. Commonly used
cross-linking agents (e.g. formaldehyde) are toxic and thus not allowed
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in pharmaceutical applications [11]. However, the cross-linking of chito-
san by the more benign tripolyphosphate (TPP) anions, as shown in
Fig. 1, has been recently reported [12].

The objective of our study is to investigate the effect of composi-
tion (in particular, the TPP/chitosan ratio) and cross-linking method
(ex-situ vs. in-situ) on the properties of chitosan microspheres
formed by spray drying. The particle size distribution, particle mor-
phology, zeta potential and swelling behaviour have been systemati-
cally investigated. A novel cross-linking method, based on in-situ
contact of TPP and chitosan solutions directly at the nozzle orifice
(3-fluid nozzle), has been developed and compared with a more con-
ventional approach of spray-drying a pre-mixed TPP/chisotan colloid
solution using a 2-fluid nozzle.

2. Materials andmethods

2.1. Materials

Lowmolecular weight chitosan (75–85%deacetylated), chitosan from
crabshells (lowviscous) andSTPP— sodium tripolyphosphate (>98%pu-
rity), acetic acid(>99% purity), sodium phosphate dibasic
dodecahydrate (>99%) and potassiumphosphatemonobasic (>99.5%).

2.2. Preparation of chitosan microparticles by spray drying

Chitosan solutions were prepared by dissolving the required amount
of chitosan in aqueous solutions of acetic acid at room temperature — the
exact compositions of individual samples are summarized in Tables 1
and 2 for the ex-situ and in-situ cross-linking methods, respectively.
The chitosan solution was stirred at 1000 rpm for 30 min in each case
to ensure complete dissolution of the polymer. In the case of in-situ
cross-linking (spray drying by a 3-fluid nozzle) the chitosan and TPP so-
lutions were fed separately into the outer and inner sections of the
3-fluid nozzle, respectively, whilst varying the ratio of their flowrates
or concentrations as given in Table 2. The cross-linking process then oc-
curred within individual droplets as shown schematically in Fig. 2.

In the case of the ex-situ cross-linking (spray dried by a 2-fluid
nozzle), different volumes (0–12 ml) of 1–5% (w/v) TPP solution
were added dropwise with a syringe (type 25Gx1″) to the chitosan
solution under constant stirring and then further stirred at 650 rpm
for 60 min to ensure complete cross-linking of chitosan. After the ad-
dition of TPP the solution changes from transparent to opalescent.
Opalescence occurs due to the formation of chitosan–TPP nanoparticles.
Chitosan–TPP nanoparticles prepared from 1% (w/v) chitosan solution
and 1% (w/v) TPP (sample E1) are shown in Fig. 3. The colloidal

suspension of cross-linked chitosan nanoparticles was then spray-dried
by the 2-fluid nozzle.

The solutions were spray dried using the Buchi B‐290 laboratory
spray drier with a high performance cyclone in open mode configura-
tion [13]. The values of operation parameters that ensured stable and
robust process for the entire range of compositions and flowrates
used, were determined experimentally. The inlet temperature of the
drying air was determined based on the following considerations.
An increase in inlet temperature increases the rate of evaporation,
which resulted in the formation of damaged particles (high pressure
of water vapour inside the particles brakes the polymeric shell — so
called “puffing”). Low temperature leads to the production of sticky
product that forms aggregates and fouls the drying chamber. A suit-
able temperature for the spray drying of chitosan by both nozzle
types was found to be 160 °C. The aspirator rate was set at 90%, the
liquid flowrate was constant at 6 ml/min for the 2-fluid nozzle and
the sum of the inner and outer liquid flowrates in the case of the
3-fluid nozzle was in the range of 6–8 ml/min. The atomizing gas flow
rate was 414 normlitres/h for the 2-fluid nozzle and 670 normlitres/h
for the 3-fluid nozzle. This setup was chosen because it ensured the col-
lected material was dry, non-sticky and only a small amount of wasted
material was deposited on the wall of the drying chamber. The outlet
temperature was typically 70–75 °C. The typical mass of dry powder
produced in a single batch was around 0.2–0.5 g.

2.3. Particle size and morphology characterization

Surface morphology of microparticles was examined by Scanning
ElectronMicroscope (SEM) Jeol JCM-5700. Beforemeasurement the
samples of prepared microparticles were sputter-coated (Emitech
K550X) by a thin layer of gold (5 nm). SEMmicrographs were taken
at an acceleration voltage of 20 kV. The internal structure of particles
produced by the 3-fluid nozzle was determined by a Laser Scanning
Confocal Microscope (Olympus Fluoview FV1000 confocal system
withOlympus IX81 invertedmicroscope).

The particle size distribution was measured by the static light scat-
tering method (Horiba Partica LA-950S2) in the wet mode. Chitosan
particles were dispersed in absolute ethanol (in which they are not
soluble) and placed to an ultrasound bath for 5 min. The suspension
was then added to the measurement cuvette filled with ethanol and
measured five times.

2.4. Swelling study

Although cross-linked chitosan is not soluble in water, as a hydro-
philic polymer it has a tendency to swell. The extent of swelling and

Fig. 1. Structure of chitosan-TPP complex (cross-linked).



                 

Table 1
Summary of prepared samples A–F (2-fluid nozzle).

Name of
sample

Typeof
chitosan

Concentration of chitosan
% (w/v)

Concentration of acetic acid
% (v/v)

Volume
[ml]

Concentration of added TPP
% (w/v)

Volume of added
TPP [ml]

TPP/chitosanmass
ratio [–]

A1 Crab shells 0.1 0.5 50 1 2 0.4
A2 Crab shells 0.1 0.5 50 1 4 0.8
B1 Crab shells 0.2 0.5 50 1 0 0
B2 Crab shells 0.2 0.5 50 1 4 0.4
B3 Crab shells 0.2 0.5 50 1 8 0.8
C1 Crab shells 0.4 0.5 50 1 0.1 0.005
C2 Crab shells 0.4 0.5 50 1 0.4 0.02
C3 Crab shells 0.4 0.5 50 1 0.8 0.04
C4 Crab shells 0.4 0.5 50 1 2 0.1
C5 Crab shells 0.4 0.5 50 1 4 0.2
C6 Crab shells 0.4 0.5 50 1 8 0.4
D1 Crab shells 0.6 0.5 50 1 4 0.13
D2 Crab shells 0.6 0.5 50 1 8 0.27
D3 Crab shells 0.6 0.5 50 1 12 0.4
E0 Low-Mw 0.5 2 25 0 0 0
E05 Low-Mw 0.5 2 25 0.5 1 0.04
E1 Low-Mw 0.5 2 25 1 1 0.08
E2 Low-Mw 0.5 2 25 2 1 0.16
E3 Low-Mw 0.5 2 25 3 1 0.24
E4 Low-Mw 0.5 2 25 4 1 0.32
E5 Low-Mw 0.5 2 25 5 1 0.4
F1 Low-Mw 0.5 2 25 1 2 0.16
F2 Low-Mw 0.5 2 25 2 2 0.32
F3 Low-Mw 0.5 2 25 3 2 0.48
F4 Low-Mw 0.5 2 25 4 2 0.64
F5 Low-Mw 0.5 2 25 5 2 0.8

the swelling dynamics is an important indicator of the degree of
cross-linking and it also influences the diffusion and release rates of
substances that may be encapsulated in the particles. The dynamic
swelling behaviour of the chitosan–TPP microparticles in aqueous
media (demineralised water and/or phosphate buffer with pH 7.4,
strength 50 mM) were measured during 3 h (10 min, 1 h, 2 h, 3 h)
at room temperature using the same instrument (Horiba Partica
LA-950S2) as for the measurement of particle size distribution in
the unswollen state. The measurement cuvette was filled with the
aqueous medium and an appropriate amount of chitosan powder
resuspended in absolute ethanol in an ultrasound bath was added im-
mediately. Every measurement was repeated five times.

2.5. Determination of zeta potential

The zeta potential of microparticles is a measure of their surface
charge in aqueous media and therefore determines their stability
(tendency to aggregate). It is generally supposed that in order to pre-
vent particles from agglomerating, the zeta potential should be out-
side of the range ±30 mV [14]. In our specific case, the value of the
zeta potential is also an indication of the extent of cross-linking of
the surface polymer chains (presence of charged groups). The zeta

potential was measured by the Zetasizer Nano-ZS (Malvern Instruments,
UK). A sample of powder was first mixed with absolute ethanol and son-
icated for 5 min. The sample was then mixed with demineralised water
and centrifuged for 90 s at 13.5 k rpm (MiniSpin Eppendorf). The super-
natant was then replaced by fresh demineralised water and the whole
procedure was repeated five times. The zeta potential was measured in
demineralised water at 25 °C and the measurement was repeated 5
times for every sample.

3. Results and discussion

This section is structured as follows. The dependence of particle
properties (size and size distribution, surface morphology, swelling
behaviour in aqueous media and zeta potential) on the composition
(type of chitosan, cross-linking ratio) for particles prepared by the
two-fluid nozzle (ex-situ cross-linking) is discussed first. The results
will be presented in the form of parametric studies aiming at identi-
fying general trends that can be used for particle design. In the sec-
ond part of the Results and discussion section, the properties of
particles prepared by the novel in-situ cross-linking method using
a three-fluid nozzle will be discussed and compared with particles
of similar composition but prepared by the two-fluid nozzle.

Table 2
Summary of prepared samples G and H (3-fluid nozzle).

Name of
sample

Typeof
chitosan

Concentration
of chitosan % (w/v)

Concentration of
acetic acid % (v/v)

Flow of chitosan
[ml/min]

Concentration
of added TPP % (w/v)

Flow of TPP
[ml/min]

TPP/chitosan
mass ratio [–]

G1 Low-Mw 1 2 6.31 0 0.32 0
G2 Low-Mw 1 2 6.31 0.5 0.32 0.025
G3 Low-Mw 1 2 6.31 1 0.32 0.05
G4 Low-Mw 1 2 6.31 2 0.32 0.10
G5 Low-Mw 1 2 6.31 3 0.32 0.15
H2 Low-Mw 1 2 7.75 1 0.16 0.021
H2 Low-Mw 1 2 7.75 1 0.19 0.025
H3 Low-Mw 1 2 6.16 1 0.21 0.03
H4 Low-Mw 1 2 6.16 1 0.31 0.05
H5 Low-Mw 1 2 6.16 1 0.62 0.1



                 

Orifice Mean size Median Std. dev. Span (D90–D10)
diameter [mm] [μm] size [μm] [μm] [μm]

1.4 2.4 2.3 1.1 2.7
1.5 3.4 3.3 0.8 2.1
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Fig. 2. a) Scheme of a 2-fluid and a 3-fluid nozzle (cross-section). b) Schematic droplet
structures produced by 2-fluid (left) and 3-fluid (right) nozzles.

3.1. Two-fluid nozzle

3.1.1. Selection of nozzle orifice size
The size of produced particles is affected by the diameter of the or-

ifice in the nozzle cap. Solution of 1% (w/v) low-Mw chitosan (with-
out cross-linking) was spray-dried by a 2-fluid nozzle with 1.4 and
1.5 mm nozzle caps. The size distribution of the resulting particles is
shown in Fig. 4 and summarized in Table 3. For a given volumetric
flowrate, the velocity of atomizing gas decreases when a higher diam-
eter orifice is used. Thus the mean size of produced droplets and

Fig. 4. Particle size distribution (volume basis) for two types of nozzle caps.

subsequently of the powder will increase. The range of accessible
size and size distribution of produced particles can therefore be con-
trolled thought change of the nozzle cap. However, the nozzle cap
also influences the width of the spray cone (wider spray cone for a
larger cap size) and therefore the potential losses due to material ad-
hesion to the walls of the drying chamber. In this particular case, the
particle size distribution achieved by the nozzle cap with a 1.5 mm
orifice was narrower and the spray cone geometry more favourable,
therefore it was used for all subsequent measurements.

3.1.2. Effect of TPP/chitosan ratio on microparticle size and morphology
The influence of the TPP/chitosan mass ratio on the mean particle size

for crab shell (samples A to D) and low-Mw (samples E and F) chitosan is
shown in Fig. 5 and summarized in Table 4. The data show that although
a higher TPP/chitosan ratio generally leads to a higher mean particle size,
the particle size also depends on the concentration of the spray-dried
colloidal solution. In the case of samples E and F, a monotonous increase
of the mean particle size with increasing TPP/chitosan ratio can be ob-
served. However, in the case of samples A–D the trends are more com-
plex. The same TPP/chitosan mass ratio can be achieved by a different
combination of initial chitosan concentration and added TPP solution
(Table 1). Note that samples A1 and A2 are relatively small despite the
high TPP/chitosan ratio. This is caused by the low initial chitosan concen-
tration — after drying of a droplet with a similar initial volume, the resid-
ual mass and therefore the size of the resulting particle is lower. In the
cases B3 (TPP/chitosan ratio=0.8) the high amount of TPP has lead to
particle agglomeration. An excess of TPP at the particle surface can
cross-link not only chitosan chains within each particle, but also the par-
ticles between one another. This manifests itself by the larger span of the
size distribution (sample B3, Table 4) and it can also be seen in the SEM
images in Fig. 6, which shows that the individual particles are actually
rather small (dilution effect) but they form agglomerates.

The TPP/chitosan ratio affects not only the particle size but also
the particle morphology, which is illustrated in Fig. 6 for sample B
(crab shell chitosan) and Fig. 7 for sample E (low-Mw chitosan). In
both cases, the morphology changes from brain-like structured for
low cross-linking ratio to particles with a smoother surface for higher
cross-linking ratios. However, the higher cross-linking ratio results in
a much more irregular shape, characteristic of skin-forming materials
that undergo a buckling transition once cooled.

Table 3
Particle size distribution (volume basis) for two types of nozzle caps.

Fig. 3. a) TEM image of chitosan–TPP nanoparticles. b) Size distribution (by volume) of
chitosan–TPP nanoparticles for sample E2.



                 

Name of
sample

Mean
size [μm]

Median
size [μm]

Std. dev.
[μm]

Span (D90–D10)
[μm]

A1 3.1 2.9 1.4 3.5
A2 3.4 3.0 1.9 4.6
B1 2.2 2.0 0.9 2.2
B2 3.9 3.1 1.3 3.2
B3 7.7 6.8 4.5 9.5
C1 2.8 2.6 1.3 3.1
C2 2.7 2.5 1.3 3.1
C3 4.1 3.8 1.9 3.4
C4 4.1 3.8 2.0 4.8
C5 3.4 3.2 1.5 3.7
C6 4.8 4.7 1.7 4.3
D1 4.9 4.5 2.3 5.5
D2 6.2 5.9 2.2 5.6
D3 6.4 6.0 2.5 6.0
E0 2.8 2.6 1.5 3.5
E05 3.6 3.5 0.9 2.4
E1 3.0 2.9 1.5 3.1
E2 3.7 3.5 2.6 3.7
E3 3.9 3.6 1.8 4.3
E4 5.2 5.0 1.7 4.2
E5 5.7 5.5 1.9 5.0
F1 4.7 4.6 1.5 3.8
F2 6.3 6.0 2.2 5.6
F3 8.4 7.6 4.4 8.9
F4 9.0 7.7 6.8 9.3
F5 9.7 9.1 4.0 9.9

Table 4
Particle size distribution (volume basis) for samples A–F (2-fluid nozzle).

Fig. 5. Mean particle size as function of the TPP/chitosan ratio for samples A–D (a),
E (b) and F (c). The error bars indicate the standard deviation of the distribution
(cf. Table 4).

3.1.3. Particle behaviour in aqueous media
This studywas done using samples E and F.When the chitosanmi-

croparticles were added into aqueous media (deionised water and/or
phosphate buffer pH 7.4, buffer strength 50 mM), three qualitatively
different types of behaviour were observed. At low cross-linking ra-
tios (sample E0, E05 and E1) the particles dissolved immediately. At
TPP/chitosan ratio above approximately 0.16, the particles retained
their integrity but swelled to a different extent that depends on the
cross-linking ratio. The swelling ratio (defined as [mean diameter
after 10 min]/ [mean diameter in 0 min]) for samples where it could
be measured is shown in Fig. 8. It is interesting to note that both sam-
ples E and F follow the same trend, i.e. the swelling ratio appears to
depend only on the overall particle composition and not on the man-
ner in which this composition was achieved. The third type of behav-
iour was observed for samples F4 and F5 whose aqueous suspensions
were unstable and spontaneously formed agglomerates immediately

after addition to the aqueous medium. The tendency of microparticles
to form stable suspension in water or to form agglomerates is related
to their surface charge. The zeta potential of samples E and F was
therefore measured and its dependence on the TPP/chitosan ratio is
shown in Fig. 9. Note that the transition from stable suspension to ag-
glomeration occurred around ζ=+17 mV in this case, i.e. between
samples F3 (stable) and F4 (agglomeration). From the practical
point of view, when the cross-linked chitosan particles are used as ve-
hicles for controlled delivery, the knowledge of the range of cross-
linking ratios that lead to stable particles is essential. This study
shows that although a high cross-linking ratio is favourable from
the swelling point of view, it must not be too high to avoid undesired
phenomena such as agglomeration.

For selected samples (E3 and E5) the dynamics of swelling was in-
vestigated in the course of 3 h in both deionised water and phosphate
buffer. The results are summarized in Figs. 10 and 11. As can be
expected from its lower cross-linking ratio, sample E3 swelled in
water more than sample E5 and this is evident by a shift of the size
distribution to higher values. However, in a phosphate buffer the be-
haviour is different due to its high ionic strength diminishing the zeta
potential of the particles. The particles change size by both swelling
and agglomeration in this case. In Figs. 10b and 11b there is evidence
of a growing peak around 100 μm, which is the result of agglomera-
tion. In the case of sample E5, the extent of agglomeration is much
more significant than for sample E3. For the intended application of
these particles as drug carriers, the kinetics of drug release could be
controlled through the amount of TPP and the degree of cross-linking.

3.2. Three-fluid nozzle

In the case of the 2-fluid nozzle discussed above, it was necessary to
work with chitosan (low Mw) concentration not exceeding 0.5% (w/v).
After dropwise addition of TPP to higher concentrations of chitosan, the
falling droplet was immediately cross-linked and gelled, forming “fish
eggs” in the size range of few mm's instead of the desired colloidal dis-
persion. In the case of the 3-fluid nozzle, the cross-linking process
takes place in the droplets after the nozzle exit, and therefore it is possi-
ble to work with higher chitosan concentrations. Chitosan polymer



                 

B1 effect of the TPP/chitosan ratio in the final particles on the particle
size is shown in Fig. 12a and the particle size distributions are
summarised in Table 5. Similarly to the 2-fluid nozzle, the mean size
of the produced particles increases with the cross-linking ratio. The ab-
solute particle sizes are comparable to those obtained from the 2-fluid
nozzle but the zeta potential (Fig. 12b) is significantly higher, achieving
values greater than +50 mV for samples G3 andG4. Consequently, the
produced microparticles are stable in aqueous media without any ten-
dency to agglomerate. A higher TPP/chitosan ratio (0.15) leads to negat-
ing the chitosan positive charge and makes particles unstable. The
swelling ratio of the particles is shown in Fig. 13 and by comparing it
with Fig. 8 it is evident that in the case of a 3-fluid nozzle the swelling
ratio is lower than for a 2-fluid nozzle at the same TPP/chitosan ratio.
A possible explanation could be the locally higher TPP concentration
during the cross-linking process with the 3-fluid nozzle. The SEM im-

B2 ages of samples G2 and G5, which represent the limiting low and high
TPP/chitosan ratios, are shown in Fig. 14. There is a similar transition
from “brain-like” to smooth external particle surface with increasing
TPP/chitosan ratio, but unlike in the 2-fluid nozzle, no buckled shapes
can be seen — the particles with high TPP/chitosan ratio retained their
spherical shape, presumably due to higher shell thickness caused by
the higher initial chitosan concentration.

B3

Fig. 6. SEM images of samples B1–B3.

chains and TPP ions are in intimate contact for a short time period during
the formation of the spray. It is crucial to find feasible parameters (con-
centration of chitosan and TPP, flowrates of both solutions and the
flowrate of atomizing gas) to avoid gelation in the nozzle outlet, resulting
in blockage of the nozzle or the formation of bigger agglomerates. In
analogy with the 2-fluid nozzle experiments, the TPP/chitosan ratio
was systematically varied and its influence on the size, zeta potential
and swelling behaviour of the resulting particles investigated. Similarly
as in the 2-fluid nozzle case, the same TPP/chitosan ratio can be achieved
either by varying the concentration for fixed flowrates (samples G) or by
fixed concentrations and variable flowrates (samples H).

3.2.1. Fixed flowrates, variable TPP concentration
In the first series (samples G, Table 2) the flowrates of both TPP

and chitosan solutions were kept constant, the chitosan concentra-
tion was also constant but the TPP concentration was varied. The

3.2.2. Fixed concentrations, variable flowrates
In this case the concentrations of chitosan and TPP were fixed (both

1% w/v) and the variable parameter was the ratio of the volumetric
flowrates of the internal (TPP solution) to the external (chitosan
solution) liquids, in the range from 1:10 to 1:50. With increasing TPP/
chitosan flow ratio (therefore mass ratio in the final particles), the
mean size of the particles rises aswell (Fig. 15a, Table 5),which is consis-
tent with the trends already observed in the 2-fluid nozzle and 3-fluid
nozzle with variable concentration. The zeta potential was around
+50 mV (Fig. 15b) and therefore the particles were stable in water.
However, from the SEM images (Fig. 16) it is apparent that not all parti-
cleswere cross-linked. The existence of particleswith a brain-like surface
morphology, which are characteristic for non-cross-linked chitosan,
demonstrates that at the low TPP/chitosan ratios the flow of the inner
liquid (TPP solution) was insufficient to fully cross-link the particles.
When the TPP/chitosan ratio was increased (sample H5), some smooth
particles characteristic of good cross-linking can already be seen in the
SEM image. The existence of non-cross-linked particles alsomanifests it-
self in the dissolution tests where a certain fraction of particles was
dissolved immediately after addition into water. It is important to choose
sufficient flowrate and concentration of TPP to minimise the non cross-
linked fraction.

3.2.3. Inner structure of particles
Finally, confocal microscopy was used to confirm the core–shell

structure of particles formed by the 3-fluid nozzle. Conditions identical
with the G samples (Table 2) were used, but the chitosan solution was
coloured by fluorescein isothiocyanate (FITC) and the inner TPP solu-
tion was coloured by 7-(diethylamino) coumarin-3-carboxylic acid
fluorescent dye. The excitation source and the emitted wavelength for
FITC were 488 and 518 nm, respectively, and for 7-(diethylamino)
coumarin-3-carboxylic acid the excitation and emission wavelengths
were 405 and 473 nm, respectively. The cross-sections of a confocal
image of a sample of the particles in the x–y, y–z, and z–x planes are
shown in Fig. 17 (please note the false colours were use instead of the
original emission colours of the fluorescent dyes to ensure better con-
trast). The confocal image confirms that the particles indeed have a
core–shell structure and also that in spite of some degree of mixing,
there are distinct regions containing only one of the dyes. This implies
that the characteristic time of drying is shorter than the time that
would be needed for complete mixing of the internal and external
phases that form the droplets.



                 

E05 E1

E3 E5

Fig. 7. SEM images of selected samples E.

4. Conclusion

The influence of TPP (biocompatible ionic cross-linker) on the size
and morphology of chitosan microparticles produced by spray drying
with a 2-fluid and a 3-fluid nozzle was investigated rigorously. The
mean diameter of prepared particles was found to increase with in-
creasing TPP/chitosan ratio in both types of nozzle. A spherical
shape of chitosan particles with a brain-like surface gradually changes
to an irregular shape with a smooth surface as the TPP/chitosan mass
ratio increases. There is both a lower and an upper limit on the cross-
linking ratio that leads to practically useable microparticles. Too small
amount of cross-linker (TPP) leads to excessive degree of swelling or
even complete dissolution of the microparticles in water. On the
other hand, too high content of TPP leads to unfavourable surface
charge and particle agglomeration in aqueous media. The positive
charge of chitosan amino groups is negated by TPP, the zeta

Fig. 8. Swelling ratio (after 10 min in water) of samples E and F as function of the TPP/
chitosan ratio.

Fig. 9. Zeta potential of samples E (a) and F (b) as function of the TPP/chitosan ratio.
The error bars indicate the width of the zeta potential peak (standard deviation).



                 

Fig. 10. Evolution of the mean particle size (a) and the particle size distribution (b) of
sample E3 during swelling. The error bars indicate the standard deviation of the
distribution.

Fig. 12. a) Mean size (a) and zeta potential (b) of samples G. The error bars indicate the
standard deviation of the distribution in each case.

potential is lowered and the particles are unstable in water. Inter-
estingly, the value of zeta potential depends on the preparation of
the TPP–chitosan solution and not only on the TPP/chitosan mass
ratio, as was shown by samples F1 and E2 but even more pro-
foundly on samples prepared by the three-fluid nozzle whose
zeta potential was generally significantly higher than for particles
of comparable composition prepared by the 2-fluid nozzle.

A novel method of producing cross-linked TPP–chitosan micro-
particles with in-situ cross-linking using a 3-fluid nozzle has been
demonstrated and its parametric dependence investigated. The use
of separate dosing of TPP and chitosan solutions into the spray nozzle
makes it possible to work with chitosan concentration higher than
0.5% w/v, which was not possible in the case of the 2-fluid nozzle.
This method makes it possible to produce denser cross-linked chito-
san particles, and is amenable to continuous processing. However, it
is necessary to avoid process parameters that cause nozzle blockage
and at the same time to minimise the fraction of non cross-linked

Fig. 11. Evolution of the mean particle size (a) and the particle size distribution (b) of
sample E5 during swelling. The error bars indicate the standard deviation of the
distribution. Fig. 13. Swelling ratio (after 10 min in water) of samples G.



                 

G2 H1

G5 H5

Fig. 14. SEM images of samples G2 and G5. Fig. 16. SEM images of samples H1 and H5.

particles which may be formed when the difference in the flowrates
of the inner and the outer liquid is too large. Laser ScanningConfocal
Microscopy confirmed that particles produced by the 3-fluid nozzle
have a core–shell structure, which makes this technique a suitable can-
didate for the encapsulation of active compounds into cross-linked chi-
tosan particles in the future.
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Table 5
Particle size distribution (volume basis) for samples G and H (3-fluid nozzle).

Fig. 15. a)Mean particle size (a) and zeta potential (b) of samplesH. The error bars in-
dicate the standard deviation of the distribution in each case.



                 

Fig. 17. Laser scanning confocal microscopy image of particles produced by a 3-fluid
nozzle.
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List of the related products

Item No. Product Name Specification CAS Pkg.

C105802 Chitosan medium viscosity, 200-400 mPa.s 9012-76-4 100G

C105801 Chitosan low viscosity ,<200 mPa.s 9012-76-4 25G

C105803 Chitosan high viscosity, >400 mPa.s,from shrimp shells 9012-76-4 25G

C105800 Carboxylated chitosan from shrimp shells,≥ 75% deacetylated ,Water-soluble 9012-76-4 100G

C105799 Chitosan ≥95% (deacetylated) ,viscosity 100-200 mPa.s from shrimp shells 9012-76-4 100G
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