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a  b  s  t  r  a  c  t

Gellan  microgels  with  potential  application  in delivery  systems  were  obtained  by physically  cross-linked
gellan  gum.  The  microgels  were  produced  by  atomization  followed  by  ionotropic  gelation  using  CaCl2
(gellan/Ca)  or  KCl  (gellan/K)  as hardening  agent  and  part  of them  were  coated  with  chitosan  in  order  to
improve  their  resistance  to gastric  digestion.  Size  distribution,  morphology  and  zeta  potential  of  micro-
gels  were  evaluated  before  and  after in vitro  digestion  process.  The  long  term  stability  was  also  evaluated.
Spherical  microparticles  were  obtained  at gellan  concentration  above  0.6%  w/w,  showing  average  size
among  70–120  �m.  Most  of  the  coated  and  uncoated  microgels  showed  stability  in  aqueous  media,  except
the  uncoated  gellan/K  microgel.  The  in  vitro  digestion  evaluation  showed  that  all  particles  maintained
hitosan
n vitro digestion

their  size  and  shape  after the  gastric digestion  step.  However,  the enteric  digestion  caused  disintegra-
tion  of  microgels  indicating  their  potential  application  for enteric  delivery  systems.  The  chitosan-coated
microgels  showed  lower  degree  of  fragmentation  when  compared  to  the uncoated  microgels,  indicat-
ing  that the  coating  process  enable  a better  control  of microgels  releasing  properties  during  the  enteric
digestion.
. Introduction

Microgels are gel particles of micrometric dimensions (Oh, Lee,
 Park, 2009) which present several applications as encapsulation
atrix of bioactive compounds as well as texture modifier agents.
icrogels based on biopolymers such as polysaccharides can be

dded to food, cosmetics and pharmaceutical products without risk
o health, since most of these compounds are nontoxic and bio-
ompatible. Polysaccharides microgels can be formed by physical
ross-linking, in which hydrophobic and electrostatic interactions
re mainly involved in the gel network formation (Das, Zhang, &
umacheva, 2006). The greater advantage offered by microgels is

heir flexibility, since the final properties as well as their response
o the environmental conditions can be easily tuned.

Microgels properties depend on their composition and the pro-
ess conditions selected for their manufacturing. Several methods
an be used to produce microgels (Poncelet et al., 1992; Das et al.,

006; Herrero, Del-Valle, & Galán, 2006; Li, Rouaud, & Poncelet,
008; Perrechil, Sato, & Cunha, 2011; Perrechil, Vilela, Guerreiro, &
unha, 2012). For biopolymer-based microgels, emulsification and
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extrusion processes are the most used for droplets formation before
the gelation step. Among the extrusion-based methods, the atom-
ization process allows the production of micrometer size droplets
through a simple apparatus and without the use of drastic pro-
cess conditions such as intensive heating or organic solvents. The
droplets are collected in a bath containing gelling agents, like salts,
that can diffuse into the polysaccharide droplets to form the micro-
gels (Herrero et al., 2006; Perrechil et al., 2011).

The gellan gum is a negatively charged polysaccharide produced
by the microorganism Sphingomonas elodea.  Gellan is composed
of repeating tetrasaccharide (1,3-�-d-glucose, 1,4-�-d-glucuronic
acid, 1,4-�-d-glucose, 1,4-�-l-rhamnose) units containing one car-
boxyl side group (Jansson & Lindberg, 1983). It has the ability to
form gel by the addition of salts or acids, and the gelation can occur
even at low gellan concentration. The gelation occurs in two steps:
first there is the formation of double helices during cooling, fol-
lowed by the cation-mediated aggregation of the double helices
leading to gelation (Miyoshi, Takaya, & Nishinari, 1996). The bulk
gels of gellan have been widely studied and a wide variety of tex-
tures/mechanical properties is found depending on the gelation

conditions (Sworn, Sanderson, & Gibson, 1995; Tang, Tung, & Zeng,
1996; Yamamoto & Cunha, 2007; Evageliou, Karantoni, Mandala, &
Komaitis, 2010; Vilela, Cavallieri, & Cunha, 2011; Picone & Cunha,
2011; Norton, Cox, & Spyropoulos, 2011). Gellan gum can also form

dx.doi.org/10.1016/j.carbpol.2014.09.019
http://www.sciencedirect.com/science/journal/01448617
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Fig. 1. (A) Extrusion for microgels formation and (B) Atomizer nozzle. H = height from the atomizer nozzle to the salt solution, Dl = diameter of the fluid nozzle exit and
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g = diameter of gas nozzle exit (Adapted from Perrechil et al., 2011).

olyelectrolyte complexes with oppositely charged polymers such
s chitosan (Amaike, Senoo, & Yamamoto, 1998; Ohkawa, Kitagawa,

 Yamamoto, 2004).
Chitosan is a positively charged polysaccharide obtained by the

lkaline deacetylation of the chitin. The chitosan structure is com-
osed by units of N-acetyl-2-amino-2-deoxy-d-glucopyranose and
-amino-2-deoxy-d-glucopyranose linked by (1 → 4)-�-glycosidic
onds (Dash, Chiellini, Ottenbrite, & Chiellini, 2011). Particles
oated with chitosan show enhanced protective capacity (Zou
t al., 2011; Colinet, Dulong, Mocanu, Picton, & Cerf, 2010; Cook,
zortzis, Charalampopoulos, & Khutoryanskiy, 2011) and notably
ncrease their mucoadhesion properties, since the mucus layer of
he gastrointestinal tract show negative charge (Allen, Flemström,
arner, & Kivilaakso, 1993). The mucoadhesion is a relevant prop-
rty for encapsulation matrix, because it is related to the residence
ime of the particles in the gastrointestinal tract (Gåserød, Jolliffe,
ampson, Dettmar, & Skjåk-Bræk, 1998; Harding, 2003) and to the
bsorption rate of the bioactive compound.

Therefore, the purpose of this study was to investigate the
otential as encapsulating matrix of the gellan microgels produced
y atomization followed by ionotropic gelation using mono (K+)
r divalent (Ca2+) cations as gelation agents. The effect of the chi-
osan coating on the particles properties and stability was also
tudied.

. Material and methods

.1. Materials

Deacylated gellan gum (Kelcogel) was kindly donated by Kelco
iopolymers (San Diego, CA) and it was used without further purifi-
ation. Chitosan (deacetylation degree ∼86%) was  purchased from
rimex Ingredients SA (Iceland). The other reagents were of ana-
ytical grade and purchased from Sigma-Aldrich Corporation (St.
ouis, USA).

.2. Preparation of biopolymers solutions

Gellan solutions were prepared by the dispersion of the powder
n deionized water, followed by heat treatment at 70 ◦C for 30 min
nder magnetic stirring. After that, these solutions were cooled to

5 ◦C using a water bath. The chitosan solution (0.25% w/w) was
btained by dissolving the polysaccharide in sodium acetate buffer
.2 M (pH = 3.0 ± 0.1) under magnetic stirring at room temperature
or 12 h.
2.3. Gellan microgels production

The extrusion process used for the microgels production was
adapted from the Perrechil et al. (2011). The gellan solutions (25 ◦C)
at different concentration (0.4, 0.6, 0.8, 1 and 1.2% w/w) were
extruded by an atomizer nozzle (Dl = 0.7 mm and Dg = 2.5 mm)  into
KCl or CaCl2 solutions to produce the microgels. The height from the
atomizer nozzle to the salt solutions (Fig. 1) was H = 200 mm,  the
feed flow rate was  0.18 L/h and the compressed air (absolute pres-
sure of 200 kPa) flow rate at the nozzle was 1628 L/h (∼150 m/s).
The extruded particles were maintained in the salt solution under
magnetic stirring for 30 min  and then filtered through a sieve with
opening of 0.037 mm.  The concentration of salt solutions was  2.28%
(w/v) KCl or 1.1% (w/v) CaCl2, which resulted in the same ionic
strength (0.3 M).  Morphology, particle size distribution and zeta
potential of these microgels were evaluated, as well as their long
term stability.

2.4. Chitosan coating

Gellan microgels (0.6, 0.8, 1 and 1.2% w/w) formed by ionic gela-
tion with CaCl2 (gellan/Ca) or KCl (gellan/K) were dispersed into a
solution of chitosan under magnetic stirring for 30 min. The addi-
tion of the microgels into the solution of chitosan was  done in two
steps to prevent the formation of agglomerates. First, the gellan par-
ticles were dispersed in sodium acetate buffer 0.2 M (pH 3.0) and
then, chitosan solution (0.5% w/w) was added gradually, resulting
in a final dispersion containing 20% w/w  of particles in 0.25% (w/w)
chitosan solution. The dispersions were filtered through a sieve
opening of 0.037 mm,  and the morphology, particle size distribu-
tion and zeta potential of these microgels (gellan/Ca/chitosan and
gellan/K/chitosan) were evaluated. The long term stability of these
microgels was  also determined in order to compare with uncovered
microgels.

2.5. Stability

To check for microparticle stability, suspensions were prepared
by dispersing 10% (w/w) microgels (1% w/w  gellan) in distilled
water or in sodium acetate buffer 0.2 M (pH 3). These microgel

suspensions were stored at 10 ◦C and fractions were collected to
evaluate their mean size, D32 (Section 2.7.1), during 15 days. The
stability evaluation was  done considering the ratio between the
mean size measured at final time (D) to the initial mean size (D0).
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.6. In vitro digestion

The microgels (1% w/w gellan) were added to phosphate buffer
0.005 M,  pH 6.9, 1 M NaCl + 0.004 M CaCl2) at a ratio of 1 g of each
ample to 4 mL  of buffer (Hoebler et al., 2002). The gastric diges-
ion was simulated by the addition of a gastric juice composed
f porcine pepsin (40 mg/mL  in 0.1 M HCl) to the initial mixtures,
hich was added at a ratio of 0.5 g of pepsin per 100 g of sam-
le (Miller, Schricker, Rasmussen, & Van Campen, 1981; Garrett,
ailla, & Sarama, 1999). The pH was adjusted to 2 by adding HCl
6 M),  and then this mixture was incubated for 1 h at 37 ◦C under
rbital stirring. For the enteric digestion, the resulting mixtures
ere neutralized to pH 5.3 using sodium bicarbonate solution

.9 M,  then a mixture of pancreatin and bile extract (2 mg/mL  pan-
reatin + 12 mg/mL  porcine bile extract) was added. The pH of the
ixture was adjusted to 7 prior to its incubation at 37 ◦C for 2 h

nder orbital stirring. The morphology, particle size distribution
nd zeta potential of the particles were evaluated after the gastric
nd enteric digestion steps. For the zeta potential, aliquots of the
ncubated mixtures were collected and diluted in distilled water
efore the measurement.

.7. Microgels evaluation

.7.1. Size distribution and mean diameter
The particles size distribution was determined by laser diffrac-

ion technique using a Mastersizer 2000 (Malvern Instruments Ltd.,
K). All measurements were performed in triplicate. The average
article size was  determined from the Sauter mean diameter (D32),
hich is defined as the diameter of the sphere with the same vol-
me/surface area of the particle (Eq. (1)).

32 =
∑

nid
3
i∑

nid
2
i

(1)

here ni is the number of particles with diameter di.

.7.2. Optical microscopy
Microgels morphology was evaluated by optical microscopy

sing a Scope A1 microscope (Carl Zeiss, Germany) with a 10×
bjective lens. The particles were poured onto microscope slides
nd carefully covered with glass cover slips. At least 20 images were
btained for each sample. The gellan microgels were stained with
ethylene blue, and the chitosan–gellan microgels were stained
ith Congo Red dye.

.7.3. Confocal scanning laser microscopy (CSLM)
Fluorescein-5-isothiocyanate (FITC) was used for the cova-

ent labeling of gellan, following the method described by Heilig,
öggerle, and Hinrichs (2009). 20 mL  dimethyl sulfoxide (DMSO)
nd 80 �L pyridine were mixed with 1 g gellan and stirred at room
emperature for 30 min. After the addition of 0.1 g FITC and 40 �L
ibutyltin dilaurate, the mixture was incubated for 3 h in a 95 ◦C
ater bath and, finally, cooled down to room temperature. The

esulting gel was then minced, washed with ethanol 99.6% and
ried at 65 ◦C. The covalently labeled gellan powder was dissolved
nd used to prepare the polysaccharide solution. Chitosan solu-
ion was stained using a fluorescent dye Rhodamine B. Each labeled
olution was then used to prepare the uncoated and coated micro-
els as previously described. Samples were examined using a Zeiss

SM 780-NLO confocal on an Axio Observer Z.1 microscope (Carl
eiss AG, Germany) with a 10 × objective. Images were collected
sing 488 and 543 nm laser lines for excitation of FITC and Rho-
amine B fluorophores, respectively.
olymers 117 (2015) 54–62

2.7.4. Zeta potential
Zeta potential was determined by Dynamic Light Scattering

using a Nanosizer Zeta ZS (Malvern Instruments LTD., UK) with a
detection angle of 173◦. The zeta potential was  estimated from the
electrophoretic mobility measurements using the Smoluchowski
model. The zeta potential of pure polysaccharides was measured
using dispersions (0.1% w/w) in deionized water and in sodium
acetate buffer (pH = 3) for the gellan and chitosan, respectively. The
zeta potential of the microgels was  measured using a microgel sus-
pension in distilled water containing 1% (w/w) of particles. This
concentration was  necessary to obtain proper quality of results and
it was determined through preliminary tests. All measurements
were performed in triplicate.

2.8. Statistical analyses

Significant differences (p < 0.05) between microgel properties
were determined by a one-way analysis of variance, and the com-
parison between the mean values was evaluated by the Tukey
procedure. The statistical analyses were performed using the soft-
ware STATISTICA 7 (Statisoft Inc., Tulsa, USA).

3. Results and discussion

3.1. Microgel morphology

Fig. 2 shows the morphology of gellan/Ca (A–E) and gellan/K
microgels (G–K) at different polysaccharide concentrations. The
gelling agent (hardening) was  added to the gellan droplets after
the coil-helix transition, i.e.,  after the heat treatment in the cooled
solution at 25 ◦C. The coil-helix conformational transition occurred
during the cooling of the gellan solution at temperatures around
30 ◦C (Picone & Cunha, 2011). In most studies concerning gellan
macrogels, gelling agents (salts or acids) are added to the hot solu-
tion, i.e., to the coil gellan solution (Tang et al., 1996; Mao, Tang,
& Swanson, 1999; Evageliou et al., 2010; Picone & Cunha, 2011).
This procedure allows the complete mixture of the system (gellan
and gelling agents) before the macrogel formation, which occurs
when the system crosses through the transition or sol-gel tem-
perature. The direct addition of gelling agents to a solution of
helices (cold gelation) results in inhomogeneous macrogels, since
gelation occurs instantaneously, hindering the dispersion of the
gelling agents throughout the solution. Using a dialysis membrane
that allows the slow diffusion of salts into the gellan solution can
resolve such limitation, making possible the cold gelation of gellan
macrogels (Vilela et al., 2011). However, the cold-set gelation of
microparticles was possible because of their small size resulting in
a high surface area/volume ratio. Therefore a great exposure of the
helix occurs, allowing a fast diffusion of the gelling agents and the
formation of a gel network.

Microparticles composed by the lower concentration of gellan
(0.4% w/w) showed filaments and irregularly shaped structures,
with no spherical particles (Fig. 2A and G). These structures dis-
integrated in few minutes after extrusion probably because the
weaker gel formed did not resist to mixing and flow. The forma-
tion of microgels was observed at gellan concentrations higher
than 0.6% w/w and the increase of the polysaccharide concentra-
tion led to more spherical gels. The gellan gum has the ability to
form gels at considerably low concentration of polysaccharide and
gelling agents in comparison with other gelling polysaccharides,
as �-carrageenan (Perrechil et al., 2011) and alginate (Chan, Lee,

Ravindra, & Poncelet, 2009). Concerning to the hardening agent,
more spherical gellan/Ca particles were achieved at lower polysac-
charide concentration in comparison with gellan/K particles. Even
though both salt solutions showed the same ionic strength, the
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Fig. 2. Optical microscopy (10× magnification). Microgels with gelation induced by CaCl2 with (A) 0.4, (B) 0.6, (C) 0.8, (D) 1 and (E) 1.2% (w/w) of gellan concentration. (F)
1%  (w/w) gellan/Ca microgel coated with chitosan. Microgels with gelation induced by KCl with (G) 0.4, (H) 0.6, (I) 0.8, (J) 1 and (K) 1.2% (w/w) of gellan concentration. (L) 1%
(w/w)  gellan/K microgel coated with chitosan. The bars represent 200 �m.
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ype of interaction promoted by salts with different valences is
ot the same (Morris, Nishinari, & Rinaudo, 2012). Monovalent
ations promote indirect crosslinking in the double helices, forming
inkages by shielding the electrostatic repulsion of the carboxy-
ate groups, while divalent cations can establish direct interaction
etween the carboxylate groups of adjacent double helices being
ore effectiveness in gel formation (Tang et al., 1996). Previ-

usly researches have showed that even using the same ionic
trength of salt solutions, the gel hardness is higher with diva-
ent cations (Tang et al., 1996; Vilela et al., 2011). Such results
ould explain the more fragmented structures observed in gel-
an/K microgels, since a weaker gel network is obtained under this
ondition.
Fig. 2F and L shows the gellan/Ca and gellan/K microgels coated
ith chitosan. The shape of the microgels was similar in both sys-

ems, but the filaments observed could be related to an excess of
hitosan that did not associate to the gellan particles.
3.2. Mean size

Fig. 3A and B shows the particle size distribution of gellan/Ca and
gellan/K microgels. In general, the increase of gellan concentration
shifted the particle size distribution toward larger particles size.
Since the same process conditions were used in the extrusion of all
solutions, such behavior could be attributed to the higher viscos-
ity of the dispersion with increased gellan concentration. Viscous
solutions are known to form larger particles during the extrusion
process, since the disintegration of the bulk solution in droplets
becomes more difficult with the increase in the viscosity (Herrero
et al., 2006). However the gellan dispersions showed shear thin-
ning behavior (data not shown), showing a decrease of the viscosity

as the shear rate increase. During the extrusion process the shear
rate applied to the solutions at the droplets formation was  consid-
erably high, reaching values close to 7000 s−1 (estimated by the
ratio between gas velocity and nozzle diameter). The estimated



58 J.A.P. Vilela et al. / Carbohydrate Polymers 117 (2015) 54–62

F  or KC
a ame g

v
d
s
o
p
r
s
e
c
g

l
t
g
s
b
p
u
c

d
g
s
g
t
a
c
c

ig. 3. Particle size distribution curves of the gellan microgels induced by CaCl2 (A)
nd  after the chitosan coating. Different letters show the differences amongst the s

iscosity at this shear rate varies between 9 and 16 mPa  for the
ifferent gellan solutions studied. Compared to the viscosity at a
hear rate of 50 s−1, in which values between 9 and 650 mPa  were
bserved, the difference between viscosity values during extrusion
rocess is smaller, but it could be considered significant. Moreover,
ight after the extrusion process the shear rate begin to decrease
ubstantially and at the moment that the particles reach the hard-
ning bath, the shear rate could be quite low. In this step viscosity
an play a major role and it can be the main factor influencing the
elation process, the morphology and size of the produced particles.

Concerning the gelation step with the different salts, the gel-
an/K microgels showed a great amount of smaller particles than
he gellan/Ca microgels, which was clearer for the gellan/K micro-
els with the lowest gellan concentration (0.6% w/w).  This system
howed a bimodal distribution curve, which can be related to the
reaking of these weaker microgels during the homogenization
rocess (hardening). Such fragile structure could be a result of the
se of monovalent salts combined with the smaller polysaccharide
oncentration (Tang et al., 1996; Vilela et al., 2011).

The changes in microgels size after the chitosan coating was
ependent on the initial gellan concentration (Fig. 3C and D). Micro-
els at lower gellan concentration (0.6 and 0.8% w/w)  showed no
ignificant changes in particle size, independent of the salt used for
elation. On the other hand, microgels at higher gellan concentra-

ion showed a decrease in particle size. Ribeiro, Neufeld, Arnaud,
nd Chaumeil (1999) observed that the size change after chitosan
oating was dependent on the chitosan molecular weight and the
oating time. A decrease of particles size was observed only for
l (B). Mean size (D32) of the gellan microgels induced by CaCl2 (C) or KCl (D) before
ellan concentration with or without the chitosan layer.

the coating with the low molecular weight chitosan. Deacetylation
degree is another chitosan property that influences the complex
formed, since it exerts influence on the charge density determin-
ing the amount of chitosan attached to the anionic microparticle
surface (Kiang, Wen, Lim, & Leong, 2004). However in our work the
chitosan molecular weight and deacetylation degree were the same
in all samples and the difference observed could be related to the
gellan/chitosan ratio, since the formation of polyelectrolyte com-
plexes is affected by the systems composition. We  assumed that the
size decrease could be associated to the electrostatic interactions
between the polysaccharides (oppositely charged), promoting par-
ticles compaction with water loss and consequently changing the
particles structure and size.

3.3. Zeta potential

Fig. 4A shows zeta potential of the gellan/K and gellan/Ca micro-
gels before and after the chitosan coating. The zeta potential of pure
gellan dispersed in water was −44.27 ± 3.71 mV  and after the for-
mation of the gellan-salts microgels the gellan/Ca particles showed
negative zeta potential values around −12 mV,  while zeta poten-
tial of gellan/K particles was  around −17 mV.  These results suggest
that screening charge performed by calcium was  higher, which
can be related to the higher effectiveness of divalent cations in

the formation of gellan gels (Tang et al., 1996). The polysaccha-
ride concentration did not significantly affect the zeta potential
of microgels. This result showed that the salt concentrations used
were in excess in both cases, with KCl or CaCl2.
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Fig. 4. (A) Zeta potential of the gellan microgels with gelation induced by CaCl2 (gellan/Ca) or KCl (gellan/K) before and after the chitosan coating (gellan/Ca/chitosan or
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ellan/K/chitosan). Pure chitosan (— —) and pure gellan (—). Capital letters show th
how  the differences amongst differents formulations made with the same gellan c
ellan, (B2) rhodamine-labeled chitosan and (B3) Merged image of (B1) and (B2).

The positive zeta potential values of microgels after coating
ith chitosan confirmed that indeed the particles were recov-

red. The zeta potential of pure chitosan dispersed in sodium
cetate buffer (pH = 3) was also determined, and showed a value
f +69.07 ± 2.13 mV.  Anal, Tobiassen, Flanagan, and Singh (2008)
eported that zeta potential values of chitosan solutions were
trongly positive between pH 3.0 and 5.5, with almost constant
alue around +52 mV.  Zhang and Kosaraju (2007) showed that the
eta potential of pure chitosan at pH 3.0 was +56.1 mV.  The differ-
nce among the values could be attributed to minor differences in
he dispersant media, molecular weight and deacetylation degree
f the chitosan or even the presence of small amount of impuri-
ies in solution (Delgado, Gonzalez-Caballero, Hunter, Koopal, &
yklema, 2005). All chitosan-coated microgels showed lower zeta
otential values than pure chitosan dispersion, which also confirms
he polyelectrolyte complex formation. Fig. 4B shows the confocal

icroscopy of gellan/Ca microgels. The gellan is green (Fig. 4B1) and
hitosan is red (Fig. 4B2). The Z-scanning showed “solid” spherical
ellan particles covered by a thin chitosan layer. The overlapping
f both images suggests that gellan forms the particle core while
hitosan is covering it (Fig. 4B3), as expected according to the layer-
y-layer approach (Guzey & McClements, 2006; Yang, Xia, Tan, &
hang, 2013; Luo & Wang, 2014). As observed for the uncovered
articles, gellan concentration did not affect the zeta potential of
he coated microgels. The gellan/Ca particles showed higher zeta
otential values after coating than gellan/K for all gellan concen-
rations. This result is corroborated by the charge balance, since
he same amount of chitosan was used to coat both particles. Thus

he particle with higher negative value before coating became the
article with lower positive value after coating. Although the same
hitosan content was used to coat all particles, we  cannot guarantee
hat the same amount of chitosan was attached per area of surface.

able 1
icrogels stability at different pH values.

Distilled water 

D/D0

Time (days) 0 6 10 15
Gellan/Ca 1A 1.00A 0.98B 0
Gellan/K – – – –
Gellan/Ca/chitosan 1A 0.98A 0.96A 0
Gellan/K/chitosan 1A 1.05A 1.00A 0

ifferent letters indicate significant differences at p < 0.05 in the same sample/buffer syst
rences amongst the formulations with different gellan concentration. Small letters
tration. (B) Confocal microscopy of gellan/Ca/chitosan microgels: (B1) FTIC-labeled

However, it seems that the amount of chitosan used was in excess
and all samples achieved an equilibrium state.

3.4. Stability

Particles stability in aqueous systems at different pH values was
evaluated from the variation of mean diameter ratio (D/D0) dur-
ing 15 days of storage. This period of storage seems to be enough
for some applications in food or pharmaceutical products with
high water content. Table 1 shows the microgels stability in water
(pH ∼ 6.3) and in sodium acetate buffer (pH ∼ 3).

In general, microgels size remained almost unchanged during
the 15 days of storage except the uncoated gellan/K, which quickly
dissolved when added to distilled water. Probably the interaction
between the gellan chains and this monovalent cation were not
strong enough to prevent the salt diffusion to the water, leading to
gel network disruption. On the other hand, the gellan/K microgels
remained stable in sodium acetate buffer. The amount of H+ ions
present at this low pH solution prevented the gel network desta-
bilization, either by avoiding the salt migration to the solution due
to a osmotic equilibrium or even by the diffusion of H+ ions into
the gel network, reinforcing it. Nitta, Ikeda, and Nishinari (2006)
reported an enhancement of gellan gel rigidity through immersion
of macrogels in solutions containing monovalent cations, an evi-
dence of these ions diffusion into the gel network and their positive
effect in the stability of the gels. The H+ ions of the acidic solution
could show a similar effect that was observed in the presence of
monovalent cations of salts.
The coated microgels also showed good stability in both disper-
sant. It is interesting to notice that even the KCl-induced microgel
remained stable in distilled water after the chitosan coating. It
seems that the external layer of chitosan avoids the potassium

Sodium acetate buffer

D/D0

 0 6 10 15
.99AB 1A 0.94B 0.92B 0.94B

 1A 1.00A 0.98A 0.91A

.99A 1A 1.20B 1.05A 1.02A

.99A 1A 1.06B 1.04AB 0.99A

em.
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ig. 5. Effect of digestion steps on the zeta potential of microgels induced by CaCl
ellan/K/chitosan).

igration to the water or this salt became unnecessary or less
elevant to maintain the gel network after the polyelectrolyte
omplex formation between gellan and chitosan. The stability
f polyelectrolyte complex is dependent on the polysaccharides
harge density, which can result in attractive or repulsive inter-
ctions depending on the medium conditions (Hamman, 2010).
he medium pH used in this work (pH ∼ 6.3 or pH ∼ 3) apparently
id not affect the polyelectrolyte interactions keeping the complex

ntact.
.5. In vitro digestion

The gellan microgels induced by CaCl2 or KCl, with or with-
ut coating of chitosan were subjected to in vitro digestion.

ig. 6. Particle size distribution at the initial (A), after gastric digestion (B) and after ente
igestion (E) and after enteric digestion (F).
an/Ca) or KCl (gellan/K), with or without chitosan coating (gellan/Ca/chitosan and

Microgels properties (zeta potential and particle size distribution
and morphology) along the different process steps (initial, after gas-
tric and after enteric digestion) are showed in Figs. 5 and 6. The
gastric digestion step led to a slight decrease on the zeta potential
of uncoated microgels while a significant decrease was  observed for
the coated microgels. The gellan has a pKa value around 3.5 (Mao
et al., 1999; Picone & Cunha, 2013), which means that a decrease
in the gellan negative charge could be observed when this polysac-
charide is poured in a medium with pH lower than 3.5. Concerning
to chitosan, a decrease in its positive charge could be observed

in pH values above 6.3 (Anal et al.,  2008; Picone & Cunha, 2013).
Based on the pKa values of gellan and chitosan we can infer that
the immersion into the gastric fluid (pH = 2) promoted a decrease
of gellan negative charge, promoting a partial displacement of

ric digestion (C). Optical microscopy of gellan/K microgel at initial (D), after gastric
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hitosan from the coating layer, dissociating partly the gellan-
hitosan complexes, explaining the decrease observed for the zeta
otential values.

Although the gastric digestion step had showed some effect in
he microgels zeta potential, Fig. 6A and B showed that this step
id not change significantly the size distribution of the particles.
hen all microgels studied could be considered quite resistant to
he digestion conditions of the stomach.

The enteric digestion step showed a more pronounced effect
n zeta potential of the particles (Fig. 5). The uncoated micro-
els showed an increase in the magnitude of zeta potential,
esulting in high negative values. The gellan/K microgels showed
eta potential values very similar to that found for pure gellan
ispersed in water (pure gellan = −44.27 ± 3.71 mV). It could sug-
est that an almost complete destabilization of the gel network
ccurred. A hypothesis can be raised to explain this destabiliza-
ion. It seems that the cations responsible to maintain the gel
etwork were sequestered by ionized bile acids, causing the dis-
uption of the gel (Hur, Lim, Decker, & McClements, 2011). The
ellan/Ca microgels showed smaller absolute values of zeta poten-
ial, showing that these particles were more resistant to simulated
nteric digestion, since the gel network disruption was  only par-
ial.

The zeta potential of chitosan-coated microgels changed from
ositive to negative values after the enteric digestion step. This
hange is again related to the displacement of the chitosan layer,
hich was linked to gellan through electrostatic interactions.
fter the complex dissociation, the carboxylic groups of the gel-

an chain were again exposed, being responsible for the negative
eta potential values (Anal & Stevens, 2005). The gellan net-
ork of the coated-microgels was also partly disrupted after the

oss of the chitosan external layer, since the final zeta potential
alues were close to the values obtained for pure gellan disper-
ion.

Such gel network disruption suggested by zeta potential values
as confirmed by the particle size distribution results (Fig. 6B and
), which shows that a physical fragmentation was observed after
he enteric digestion. The microgels were broken into smaller par-
icles, which could also be observed in optical microscopy (Fig. 6E
nd F) using a representative morphology (gellan/K microgels).
egarding the effect of the enteric digestion step on the coated
icrogels, two processes could be observed. First, the results sug-

est that the pH of the simulated enteric juice was responsible
y the destabilization of the gellan–chitosan complex, with sub-
equent sedimentation of insoluble chitosan. After that, we can
onsider that the particles have been subjected to the same pro-
ess that occurred with pure gellan microgels, in which the gel
isintegration took place.

Although all samples showed structure breakdown after enteric
igestion, the particles size distribution (Fig. 6C) indicated a

ower fragmentation of the chitosan-coated microgels. This was
videnced by the bimodal size distribution of such samples,
n which the second peak (20–100 �m)  represents a consider-
ble number of undamaged particles, which was  also observed
hrough optical microscopy observation. Therefore, the presence
f the outer chitosan layer decreased particle disintegration,
elaying the erosion process and thus extending the particle
esistance. This delayed disintegration was also observed in algi-
ate beads coated with chitosan (Anal & Stevens, 2005), in
hich was demonstrated that stronger binding forces in the
olyelectrolyte complex matrix increases the time taken for the
omplete particles disintegration. Concerning to the effect of

nteric conditions on the particles studied, in general, the coated-
icrogels showed greater resistance than the gellan/Ca microgels,
hich in turn showed lower disintegration degree than gellan/K
articles.
olymers 117 (2015) 54–62 61

4. Conclusions

All microgels, except the gellan/K, showed good stability in
aqueous media (pH 6.3 and pH 3). The chitosan coating enhanced
the stability of the gellan/K microgels and prevented the disrup-
tion of such microgel in aqueous media. The in vitro digestion test
indicated that the gellan microgels were resistant to the simulated
gastric conditions. However, the coated microgels showed a partial
displacement of the external layer of chitosan after this digestion
step. The subsequent enteric digestion step led to a fragmenta-
tion of the microgel structures. Such network disruption was more
intense for the uncoated microgels. The additional chitosan layer
increased the particles resistance to the enteric conditions, since
a significant amount of undamaged particles was observed even
after 2 h in the simulated enteric juice. Finally, micrometer-sized
particles which could be used as vehicle for bioactive compounds
were produced at mild conditions, using a simple process and bio-
compatible ingredients.
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