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a  b  s  t  r  a  c  t

Hollow  multilayer  nanocapsules  were  successfully  prepared  through  layer-by-layer  assembly  of  two
bioactive polysaccharides,  chitosan  and  fucoidan.  The  stepwise  adsorption  of 10  chitosan/fucoidan  lay-
ers and the consequent  formation  of a multilayer  film  on  polystyrene  nanoparticles  (used  as  templates)
were  followed  through  �-potential  measurement  and  the  removal  of  the  polystyrene  core was  confirmed
by  FTIR  analysis.  The  chitosan/fucoidan  nanocapsules  morphology  and  size  were  evaluated  by  SEM  and
TEM,  which  showed  that  after  the  core  removal,  the  nanocapsules  maintained  their spherical  shape  and  a
decrease  of  size  occurred.  A  cationic  bioactive  compound,  poly-L-lysine  (PLL),  was  chosen  to  evaluate  the
loading  and  release  behaviour  of the  nanocapsules.  The  chitosan/fucoidan  nanocapsules  showed  a good
capacity  for  the  encapsulation  and  loading  of PLL,  which  shows  to be influenced  by  the  initial  PLL concen-
tration  and  the  method  of  encapsulation  used.  The  results  of  fitting  the  linear  superimposition  model  to
ontrolled release the  experimental  data  of  PLL release  suggest  an anomalous  behaviour,  with  one  main  polymer  relaxation.
The  PLL  release  was found  to be pH-dependent:  at pH  2  relaxation  is  the  governing  phenomenon  and  at
pH 7 Fick’s  diffusion  is the  main  mechanism  of PLL  release.

Chitosan/fucoidan  nanocapsules  is  a promising  delivery  system  for water  soluble  bioactive  compounds,
such  as  PLL,  showing  a great  potential  of application  in food  and  pharmaceutical  industries

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Nanoencapsulation systems exhibit high potential as carriers
f bioactive substances. Their subcellular size allows relatively
igher intracellular uptake and their permanence in circulation

or longer, therefore extending their biological activity compared
o micro-sized systems (Mora-Huertas, Fessi, & Elaissari, 2010).
lso, nanoencapsulation may  be beneficial regarding improved
tability and protection capability of labile substances against
egradation factors (Preetz, Rübe, Reiche, Hause, & Mäder, 2008).
ayer-by-layer (LbL) deposition technique is one of the most pow-
rful methods to create multilayer nanocapsules, which can be
pecially engineered with controlled sizes, composition, porosity,

tability, surface functionality and colloidal stability and can be
sed as carriers for bioactive compounds. Also, the step-wise
ormation of multilayer nanocapsules allows introducing multiple

∗ Corresponding author. Tel.: +351 253 604419, fax: +351 253 678986.
E-mail address: avicente@deb.uminho.pt (A.A. Vicente).

ttp://dx.doi.org/10.1016/j.carbpol.2014.07.016
144-8617/© 2014 Elsevier Ltd. All rights reserved.
functionalities (Johnston, Cortez, Angelatos, & Caruso, 2006).
LbL assembly is based on the electrostatic interaction between
oppositely charged polyelectrolytes alternatively adsorbed onto
an appropriate template (Decher & Schlenoff, 2003).

Core–shell nanoparticles can be produced through the depo-
sition of polyelectrolyte layers onto colloidal nanoparticles; by
subsequently removing the core (by dissolution or decomposi-
tion) from the core–shell structure, it is possible to obtain hollow
nanocapsules with different properties, depending on the poly-
electrolytes used (Cuomo, Lopez, Miguel, & Lindman, 2010). Solid
particles such as polystyrene, silica and CaCO3 are the most often
used sacrificed templates for formation of capsules (Szczepanowicz
et al., 2010). In addition, diameter, membrane thickness and perme-
ability of hollow capsules prepared by LbL assembly can be easily
controlled (Caruso, Caruso, & Möhwald, 1998). Different bioactive
compounds can be encapsulated in the hollow inner cavities of
these nanocapsules and they can be released in a well-controlled

manner (Li, Guo, Wen, & Zhang, 2013).

Therefore, multilayer nanocapsules have promising applica-
tions in the release of bioactive compounds in the pharmaceutical
and food industries; however for these applications to be possible,

dx.doi.org/10.1016/j.carbpol.2014.07.016
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.07.016&domain=pdf
mailto:avicente@deb.uminho.pt
dx.doi.org/10.1016/j.carbpol.2014.07.016
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iofunctionality and the use of non-toxic materials are the most
undamental conditions to be met. Therefore, natural polyelec-
rolytes such as chitosan and fucoidan are competitive candidates
s materials for the formation of multilayer nanocapsules. Chitosan
s a cationic polysaccharide obtained by deacetylation of chitin

hich is the major constituent of exoskeleton of crustaceous ani-
als. Chitosan is nontoxic, biodegradable, biocompatible and has

ntrinsic antimicrobial activity, inhibiting the growth of a wide vari-
ty of bacteria (Helander, Nurmiaho-Lassila, Ahvenainen, Rhoades,

 Roller, 2001; Shahidi, Arachchi, & Jeon, 1999). Due to its promising
roperties, chitosan has been one of the most popular biopolymers
or development of bioactive compounds delivery systems for a
ide range of applications (Luo & Wang, 2014). Fucoidan, an anionic

ulphated polysaccharide found in brown algae display diverse
iological activities, including antioxidant, anticoagulant, antibac-
erial, antiviral, anti-inflammatory and antitumor effects (Kusaykin
t al., 2008).

Several techniques have been proposed to incorporate bioactive
ompounds within nanocapsules (Johnston et al., 2006). In general,
he bioactive compound can be loaded during the preparation of
apsules (adsorption of the bioactive compound to the surface of a
article that can be subsequently coated using the LbL technique)
Shu et al., 2010) or after the formation of the capsules (diffusion of
ioactive compound from the surrounding medium in which the
apsules are dispersed into the capsule) (Ye, Wang, Liu, & Tong,
005).

Poly-l-lysine (PLL) is a short cationic polypeptide composed
f 27–33 identical l-lysine residues and is industrially produced
y fermentation using Streptomyces albulus ssp. Lysinololymerus
Najjar, Kashtanov, & Chikindas, 2007). This polypeptide exhibits

 strong antimicrobial activity, is stable at high temperatures and
nder both acidic and alkaline conditions and is safe for human con-
umption (Najjar et al., 2007; Yoshida & Nagasawa, 2003); therefore
t is widely used as natural food preservative (Yamanaka & Hamano,
010). PLL inhibits the growth of a wide spectrum of microorgan-

sms including Gram-positive and Gram-negative bacteria; it also
as anti-phage activity (Hamano et al., 2007). Its mechanism of
ction against microbial growth is the electrostatic adsorption to
he cell surface and subsequent interference with cell membranes
Najjar et al., 2007).

In this work, biodegradable hollow nanocapsules were devel-
ped through LbL assembly of chitosan and fucoidan. Nanocapsules
ere built through the alternate deposition of 10 chitosan/fucoidan

ayers on polystyrene (PS) nanoparticles (diameter ≈ 100 nm), used
s templates, followed by removal of the PS core. PLL was  entrapped
n the nanocapsules and its loading and release behaviour was  eval-
ated.

. Materials and methods

.1. Materials

Dispersion of polystyrene nanoparticles with a diameter of
3.8 ± 1.5 nm and a �-potential of −44.8 ± 0.3 mV was obtained
rom Polysciences, Inc. (Polybead® Polystyrene 0.10 �m Micro-
pheres, Warrington, PA, USA). Fucoidan with a MW = 57,260 was
btained from Sigma-Aldrich (Fucoidan from Fucus vesiculosus, St.
ouis, MO,  USA) and chitosan (deacetylation degree ≥95%) was pur-
hased from Golden-Shell Biochemical Co., Ltd. (Zhejiang, China).
actic acid (90%) was obtained from Acros Organics (Geel, Belgium)
nd ethanol, methanol and sulphuric acid were obtained from Pan-

eac (Spain). Tetrahydrofuran (THF), 1,1-diphenyl-2-picrylhydrazyl
DPPH), hydrochloric acid and poly-L-lysine hydrobromide (MW

000–5000 Da) were purchased from Sigma-Aldrich (St. Louis, MO,
SA).
 Polymers 115 (2015) 1–9

2.2. Determination of polysaccharides composition

Fucoidan sample was  hydrolyzed with H2SO4 1 mol L−1 at
100 ◦C during 2.5 h according to other authors (Selvendran,
March, & Ring, 1979). Neutral sugars were converted to alditol
acetates, as previously described (Coimbra, Delgadillo, Waldron,
& Selvendran, 1996) and uronic acids were quantified through
the 3-phenylphenol colorimetric method (Blumenkrantz & Asboe-
Hansen, 1973), modified by Coimbra et al. (1996).

Chitosan sample was hydrolyzed with HCl 6 mol  L−1 at 100 ◦C
during 20 h, followed by glucosamine conversion to alditol acetate
by reduction with sodium borohydride and acetylation, as previ-
ously described (Coimbra et al., 1996). Alditol acetate derivatives
were analysed by gas chromatography with a 30 m column DB-
225 (J&W Scientific, Folsom, CA, USA) with i.d. and film thickness
of 0.25 mm and 0.15 �m,  respectively and using a flame ionization
detector. The oven temperature program used was: initial temper-
ature 200 ◦C, a rise in temperature at a rate of 40 ◦C min−1 until
220 ◦C, standing for 7 min, followed by a rate of 20 ◦C min−1 until
230 ◦C and maintained at this temperature for 1 min. The injector
and detector temperatures were, respectively, 220 and 230 ◦C. The
flow rate of the carrier gas (H2) was set at 1.7 mL  min−1.

2.3. Antioxidant activity of fucoidan

The free-radical scavenging capacity of fucoidan was analysed
using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) test according to
the method of Blois (1958), with some modifications. BHT and BHA
were used as positive controls. Briefly, 0.2 mL  of MeOH and 0.3 mL
of the sample dissolved in MeOH (concentrations ranging from 0.05
to 1.0 mg  mL−1) were mixed in a 10 mL  test tube. DPPH (2.5 mL  of
75 �mol  L−1 in MeOH) were then added to achieve a final volume
of 3.0 mL.  The solution was kept at room temperature for 30 min
and the absorbance was measured at 517 nm (Blois, 1958).

The DPPH scavenging effect was  calculated as follows:

scavevenging effect (%) = A0 − (A − Ab)
A0

× 100 (1)

where A0 is the absorbance at 517 nm of DPPH without sample,
A is the absorbance at 517 nm of sample and DPPH and Ab is the
absorbance at 517 nm of sample without DPPH. The absorbance
measurements were performed in Elisa Biotech Synergy HT (Biotek,
USA).

2.4. Antimicrobial activity of chitosan

The antibacterial activity of chitosan was  tested against
two bacterial strains: Staphylococcus aureus (Gram-positive) and
Escherichia coli (Gram-negative) by the disc agar diffusion test
according to other authors (Bauer, Kirby, Sherris, & Turck, 1966).
Briefly, the chitosan solution (1 mg  mL−1) was  absorbed in steril-
ized filter paper discs (0.6 cm in diameter) and placed on the lawn
cultures of S. aureus and E. coli. The agar plates were incubated for
24 h at 37 ◦C and diameters of the inhibitory zone of clearance (cm)
surrounding the discs were measured to estimate the antimicrobial
activity. Sterile distilled water at the pH of the chitosan solution was
used as control.

2.5. Evaluation of the interactions between chitosan and fucoidan

2.5.1. Quartz crystal microbalance
The adsorption behaviour of fucoidan and chitosan was  eval-
uated using a quartz crystal microbalance (QCM 200, purchased
from Stanford Research Systems, SRS, USA), equipped with AT-cut
quartz crystals (5 MHz) with optically flat polished chrome/gold
electrodes on contact and liquid sides.
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Before carrying out the experiments, the crystal was  cleaned
y successive sonications (40 KHz, 30 min) in ultra-pure water,
thanol and ultra-pure water, followed by drying with a gentle flow
f nitrogen. Adsorption measurements were performed by alter-
ate immersion of the crystal in chitosan (pH 3.0) and fucoidan
pH 7.0) solutions, for 15 min. The variations of the resonance fre-
uency (�F) were simultaneously measured as a function of time
nd the analyses were performed at 25 ◦C, in triplicate.

.6. Preparation of nanocapsules

The chitosan/fucoidan multilayers were assembled on the
olystyrene nanoparticles by LbL deposition technique. The mul-
ilayer build-up was carried out according to other work (Ye et al.,
005) with some modifications. Briefly, 1 mL  of chitosan solution
1 mg  mL−1, pH 3) in 1% of lactic acid was added dropwise to

 mL  of polystyrene particles’ suspension (0.5% v/v) under gentle
gitation and the mixture incubated for 15 min  at room tempera-
ure. The excess of polysaccharide was removed by two repeated
ycles of centrifugation (12,000 × g, 20 min)/washing/redispersion
n water/sonication (40 KHz, 60 min). The washing steps after every
eposition were performed to minimize occurrence of artefacts, i.e.
olyelectrolyte aggregates formed in solution rather than on the
ore template, whereas the sonication step was implemented in
rder to disperse the nanocapsules in solution and minimize their
ggregation. This procedure was repeated, this time using fucoidan
olution (1 mg  mL−1, pH 7) as polyelectrolyte. The alternate depo-
ition of chitosan and fucoidan was repeated until the deposition
f 10 layers.

In order to remove the core of polystyrene particles, chi-
osan/fucoidan nanoparticles were treated with THF for 12 h. The
uspension was then centrifuged at 12,000 × g for 15 min  to remove
HF. This procedure was repeated two times to assure complete
emoval of the polystyrene core and the resulting nanocapsules
ere washed three times with water, centrifuged and redispersed

n distilled water.

.7. Characterization of nanoparticles and nanocapsules

.7.1. �-Potential measurements
The �-potential of coated polystyrene nanoparticles was deter-

ined by dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern
nstruments, UK). Each sample was analysed in a folded capillary
ell. The �-potential values are the average of nine successive mea-
urements.

.7.2. Morphology
The morphology of nanoparticles and nanocapsules was evalu-

ted by scanning electron microscopy (SEM) (Nova NanoSEM 200,
he Netherlands) with an accelerating voltage from 10 to 15 kV
nd by transmission electron microscopy (TEM) (EM 902A, ZEISS,
ermany).

SEM samples were prepared by depositing the suspension of
anoparticles or nanocapsules on Si slides. After drying the sam-
les, they were coated with a thin gold layer (thickness of about
0 nm). TEM samples were prepared by depositing the same sus-
ensions on a carbon-coated copper grid. Before being analysed,
amples were air-dried.

.7.3. Fourier transform infrared (FTIR) spectroscopy

In order to confirm the removal of the polystyrene core, FTIR

nalyses were carried out with a Perkin Elmer 16 PC spectrometer
Perkin Elmer, Boston, MA,  USA) in the wavenumber region of
00–4000 cm−1 using 16 scans for each sample. The nanocapsules
 Polymers 115 (2015) 1–9 3

were dried and then embedded in KBr pellets and pressed into
1 mm  pellets for FTIR measurements.

2.8. Poly-L-lysine encapsulation

Two  methods for PLL encapsulation were evaluated: adsorption
of PLL in the polystyrene nanoparticles that were subsequently
coated with 10 layers of chitosan/fucoidan and the core was
removed (method 1) and diffusion of PLL into the capsules’ inte-
rior after their formation (method 2). In method 1, a PLL solution
was added to a suspension of polystyrene nanoparticles (0.5% v/v)
and allowed to interact for 15 min  (Shu et al., 2010). From pre-
liminary results (by measuring the �-potential of the nanoparticles
coated with PLL at different incubation times), it was observed that
15 min  of incubation was enough to guarantee the maximum PLL
load capacity. For this method, different PLL concentrations, ran-
ging from 0.25 to 2 mg  mL−1, were tested in order to optimize the
PLL loading.

In method 2, a PLL solution (1 mg  mL−1) was  added to the
chitosan/fucoidan nanocapsules and allowed to diffuse into their
interior during a 2 h incubation period (Ye et al., 2005).

The PLL encapsulation efficiency (EE) and loading capacity (LC) of
the nanocapsules were determinate using the following equations
(Shu et al., 2010):

EE % = total protein − free protein
total protein

× 100 (2)

LC % = total protein − free protein
nanocapsules weight

× 100 (3)

Free and bound PLL were separated by centrifugation
(14,000 × g, 30 min) using Amicon Ultra (10 K) (Millipore, Ireland)
and the absorbance of the free PLL solution was measured at
215 nm (absorbance peak) (Elisa Biotech Synergy HT, Biotek, USA).
The amount of free PLL in the supernatant was  quantified from a
previously prepared calibration curve of absorbance versus con-
centration of PLL.

2.9. Determination of PLL release kinetics

The in vitro release kinetics of PLL was  performed by a dialy-
sis method. The PLL-loaded nanocapsule suspension (1.5 mL)  was
added into a dialysis membrane (molecular weight cut-off 25 kDa;
Cellu-Sep H1, Membrane filtration products, USA) that was  subse-
quently placed into 40 mL  of buffer solution (phosphate buffer for
pH 7 and KCl–HCl buffer for pH 2) under magnetic stirring.

At appropriate time intervals, 0.5 mL  of supernatant were taken
and 0.5 mL  of fresh buffer were added to keep the volume of
the release medium constant. The amount of PLL released from
nanocapsules was evaluated by measuring the absorbance at
215 nm (absorbance peak) (Elisa Biotech Synergy HT, Biotek, USA).
All release tests were run at least in triplicate.

In order to evaluate the release mechanism of PLL from chi-
tosan/fucoidan nanocapsules a kinetic model that accounts for
both Fickian and Case II transport effects in hydrophilic matrices,
the linear superimposition model (LSM), was applied (Berens &
Hopfenberg, 1978):

Mt = Mt,F + Mt,R (4)

where Mt,F and Mt,R are the contributions of the Fickian and relax-
ation processes, respectively, at time t. The purely Fickian process
is described by:
Mt,F = M∞,F

[
1 − 6

�2

∞∑
n=1

1
n2

exp
(
−n2kF t

)]
(5)
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here M∞,F is the compound release at equilibrium and kF is the
ickian diffusion rate constant. Eq. (5) can be simplified using the
rst term of the Taylor series (Pinheiro, Bourbon, Quintas, Coimbra,

 Vicente, 2012b).
As for polymer relaxation, it is driven by the swelling ability of

he polymer and is then related to the dissipation of stress induced
y the entry of the penetrant and can be described as a distribu-
ion of relaxation times, each assuming a first order-type kinetic
quation (Berens & Hopfenberg, 1978).

t,R =
∑

i

M∞,Ri

[
1 − exp

(
−kRi

t
)]

(6)

ere, M∞,Ri
are the contributions of the relaxation processes for

ompound release and kRi
are the relaxation ith rate constants. For

ost cases, there is only one main polymer relaxation that influ-
nces transport and thus the above equation can be simplified using

 = 1.
Therefore, the linear superimposition model for compound

elease from nanocapsules can be described by:

Mt

M∞
= X

[
1 − 6

�2
exp (−kF t)

]
+ (1 − X) [1 − exp (−kRt)] (7)

here X is the fraction of compound released by Fickian transport.
The experimental results were analysed by fitting Eqs. (5) (Fick’s

econd law) and (7) (linear superimposition model) in order to
ssess the transport mechanism involved in the PLL release from
anocapsules at two different pH values.

.10. Statistical procedures

.10.1. Non-linear regression analysis
Statistical analyses were performed using the analysis of

ariance (ANOVA) procedure with SigmaPlot 11.0 software for
indows. Tukey’s test was applied to detect differences of means,

nd p < 0.05 was considered to be statistically significant.
The equations were fitted to data by non-linear regression,

sing a package of STATISTICATM v7.0 (Statsoft. Inc, USA). The
evenberg–Marquardt algorithm for the least squares function
inimization was used. The quality of the regressions was eval-

ated on the basis of the determination coefficient, R2, the squared
oot mean square error, RMSE (i.e., the square root of the sum of
he squared residues (SSE) divided by the regression degrees of
reedom) and residuals visual inspection for randomness and nor-

ality. R2 and SSE were obtained directly from the software. The
recision of the estimated parameters was evaluated by the stan-
ardised halved width (SHW %), which was defined as the ratio
etween the 95% standard error (obtained from the software) and
he value of the estimate.

. Results and discussion

.1. Polyelectrolytes characterization

.1.1. Chemical composition
The bioactive properties of polysaccharides usually depend on

heir chemical structure. Therefore, the chemical composition of
ucoidan was performed and is listed in Table 1. Regarding the

onosaccharide composition, the fucoidan sample is mainly com-
osed of fucose (Fuc) and uronic acids. Minor amounts of other
onosaccharide constituents such as galactose (Gal), xylose (Xyl),
annose (Man), glucose (Glc), and rhamnose (Rha) were also
etected.
Other authors reported that fucoidan from F. vesiculosus is

ainly composed by fucose, sulphate, and ash (Black, Dewar, &
oodward, 1952), therefore the low percentage of sugars found in
Fig. 1. Scavenging effects on DPPH radical of fucoidan ( ) compared with the pos-
itive controls BHA ( ) and BHT ( ). Error bars represent the standard deviation
obtained in the triplicate experiments.

this sample (about 58%) is probably due to the presence of sulphate
and ash.

The chitosan is mainly composed by d-glucosamine
(408.26 ± 6.11 �g mgsample

−1), with only 7 ± 2% (w/w) of
N-acetyl-dglucosamine.

3.1.2. Bioactive properties
Chitosan and fucoidan are known for their bioactive proper-

ties (mainly antimicrobial and antioxidant activities, respectively)
(Leceta, Guerrero, Ibarburu, Dueñas, & de la Caba, 2013; Wang,
Zhang, Zhang, Song, & Li, 2010), being so, a preliminary study was
conducted in order to verify the functional properties of these
polysaccharides at concentrations as low as the ones typically used
for the formation of nanocapsules through LbL methodology (Sun,
Mutch, Lorenz, & Chiu, 2005; Ye et al., 2005).

The antioxidant activity of fucoidan was investigated by the
DPPH scavenging assay (Fig. 1). The reduction of DPPH (1,1-
diphenyl-2-picrylhydrazyl), a stable free radical, to DPPH-H after
encountering a substance acting as a hydrogen atom donor can be
used as an indicator of antioxidant activity, once when the sta-
ble non-radical form of DPPH is formed, a simultaneous change of
solution’s colour occurs from violet to pale yellow (Szabo, Idiţoiu,
Chambre, & Lupea, 2007). DPPH scavenging activity of fucoidan
is concentration-dependent, and this polysaccharide exhibits a
strong effect on inhibiting the formation of DPPH-H at concentra-
tions between 0.1 and 1 mg  mL−1 (IC50 of 0.23 mg  mL−1). Moreover,
at a concentration of 1 mg  mL−1, fucoidan reaches a scavenging
activity of 90.74%. This value of scavenging activity is in agreement
with the value obtained for crude fucoidan extracted from Undaria
pinnatifida (86.80% at 1 mg  mL−1) (Mak, Hamid, Liu, Lu, & White,
2013).

These results show that at a concentration of 1 mg  mL−1

fucoidan presents a high antioxidant activity, therefore this was
the concentration chosen for nanocapsules formation.

Although the antimicrobial activity of chitosan is well-know,
the chitosan used is this work was tested in order to verify
its antimicrobial activity at the concentration chosen for mul-
tilayer nanocapsules formation (the same concentration chosen
for fucoidan: 1 mg  mL−1). The same concentration of polysaccha-
rides (in this case chitosan and fucoidan) was used based on other
authors (Ye et al., 2005). Therefore, the antimicrobial activity of a
chitosan solution against S. aureus and E. coli was evaluated using
the disk diffusion technique (Fig. 2).

Chitosan exhibited antimicrobial activity against both S. aureus

(Gram-positive) and E. coli (Gram-negative), although this activity
was significantly (p < 0.05) higher against S. aureus. Chitosan has
high antimicrobial activity against a wide range of microorgan-
isms, including fungi, Gram-positive and Gram-negative bacteria,
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Table  1
Composition of fucoidan used to prepare the multilayer nanocapsules.

Monosaccharide composition of fucoidan (�gmonosaccharide mgsample
−1)

Gal Glc Uronic acids Total

36.0 ± 4.1 2.1 ± 0.3 91.7 ± 4.1 568.3
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3.3.1. �-Potential measurements
Rha Fuc Xyl Man 

1.1 ± 0.0 402.1 ± 9.8 29.8 ± 2.3 5.5 ± 3.3 

owever, several works showed that chitosan is more active
gainst Gram-positive than against Gram-negative bacteria (Dutta,
ripathi, & Dutta, 2012). The microbial target of protonated chi-
osan’s actions would be the cytoplasmic membrane and cellular
amage can lead to the disruption of the cellular integrity of the
embrane. In the case of Gram-negative bacteria, the existence of

n outer membrane protects the cells, once it acts as a barrier pre-
enting chitosan from reaching the cytoplasmic membrane in the
ame extent as in the Gram-positive bacteria (Coma, Deschamps, &
artial-Gros, 2003).
These results show that 1 mg  mL−1 is also a suitable concen-

ration for the chitosan solution, once this cationic polysaccharide
xhibits a relevant antimicrobial activity against both Gram-
ositive and Gram-negative bacteria.

.2. Interactions between chitosan and fucoidan

Since LbL deposition is primarily governed by electrostatic inter-
ctions and in order to guarantee a correct deposition of chitosan
nd fucoidan layers, it is necessary to assure that these polyelec-
rolytes exhibit opposite charge. Once these polysaccharides are
eak polyelectrolytes, their dissociation degree depends strongly

n the solution’s pH. The chitosan solution was  found to have a
aximum positive charge (+62.5 ± 4.9 mV)  at pH 3 and fucoidan

olution exhibited a maximum negative charge (−48.4 ± 1.1 mV)
t pH 7.

The ability of these polyelectrolytes to form layers was
valuated through quartz crystal microbalance (QCM) analysis.
eal-time build-up of chitosan and fucoidan nanolayered assem-
lies is reported in Fig. 3.

Fig. 3 shows the consecutive decrease of frequency after the
lternate immersion of the crystal in chitosan and fucoidan solu-
ions, which means that mass is being subsequently deposited
nd confirms the electrostatic interaction between these poly-
lectrolytes and the consequent formation of a stable multilayer
tructure. Also, from Fig. 3 it can be observed that the adsorption
f fucoidan results in higher changes in frequency compared with

he adsorption of chitosan, which is possibly due to the more pro-
ounced hydrophilic character of fucoidan. Hydrophilic surfaces,
uch as fucoidan layer, are rough and can entrap solvents, which
esults in a more viscoelastic multilayered system and contributes

ig. 2. Diameter of inhibition zones (cm) of S. aureus and E. coli for a solution of
 mg mL−1 of chitosan in the disk diffusion assay. Error bars represent the standard
eviation obtained in the triplicate experiments. Different letters represent signifi-
antly different values according to the Tukey test (p < 0.05).
Fig. 3. Change in frequency as a function of time for chitosan (C, 1 mg mL−1 (w/v),
pH 3) and fucoidan (F, 1 mg mL−1 (w/v), pH 7) adsorption.

to the mass increase sensed by the QCM and therefore to higher
frequency changes. On the other hand, hydrophobic surfaces, such
as chitosan layer, often do not wet  and air can be entrapped,
which results in smaller measured mass. A similar behaviour was
observed for �-carrageenan/chitosan (Pinheiro et al., 2012a,b) and
for alginate/chitosan multilayers (Martins, Mano, & Alves, 2010).

The mass corresponding to the observed decrease of frequency
also accounts for the water entrapped in the adsorbed layer (Indest
et al., 2008), therefore a correct mass calculation can only be
obtained for rigid thin films and was  not performed in this work.

3.3. Characterization of core–shell nanocapsules

Once core–shell nanoparticles are the precursors of hollow
nanocapsules, it is important to verify the successive deposition of
polyelectrolytes layers on the polystyrene template and to follow
shell formation.
The alternate deposition of chitosan and fucoidan on the
polystyrene nanoparticles was  monitored measuring �-potential
values at each assembly step (Fig. 4).

Fig. 4. �-Potential change of polystyrene nanoparticles after each chitosan (even
layers) or fucoidan (odd layers) deposition. The first point refers to the bare tem-
plates. Error bars represent the standard deviation obtained in the nine experiments.
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ig. 5. FTIR spectra of polystyrene nanoparticles ( ), chitosan/fucoidan
ore–shell nanoparticles ( ) and hollow chitosan/fucoidan nanocapsules ( ).

Polystyrene nanoparticles templates have a negative charge due
o the presence of sulphate ester groups (Sun et al., 2005), so
he initial step of polysaccharide multilayer construction consisted
n the adsorption of the positively charged chitosan solution. �-
otential alternated between positive (more than +30 mV)  and
egative (less than −30 mV)  values after deposition of chitosan
nd fucoidan, respectively, indicating the successfully deposition

f these polysaccharides on the polystyrene nanoparticles up to
0 layers. Similar results were obtained by other authors for chi-
osan and alginate assembled on polystyrene (Ye et al., 2005) and
iO2–NH2 templates (Liu et al., 2012).

ig. 6. SEM images of polystyrene nanoparticles (a) and hollow chitosan/fucoidan nanocap
anocapsules (d).
 Polymers 115 (2015) 1–9

The �-potential also gives considerable information on the sta-
bility of nanoparticles’ suspensions, once particles with �-potential
values higher than +30 mV  or lower than −30 mV  are generally
considered to be stable due to the strong repulsion forces that
prevent the occurrence of aggregation phenomena among them
(Liu et al., 2012). Therefore, the absolute values of �-potential are
large enough to indicate that nanoparticles of chitosan/fucoidan
are stable, due to the strong electrostatic repulsion existing among
them. Also, the magnitude of �-potential values did not decrease
with the subsequent layer deposition, suggesting that the mobil-
ity of nanoparticles did not decrease and therefore no significant
aggregation occurred (Ye et al., 2005).

3.4. Characterization of hollow nanocapsules

After the removal of polystyrene core by repeated dipping in
THF, hollow capsules can be obtained. The hollow capsules usually
have the shape of the template and their stability and permeability
features depend on the polyelectrolyte complex used (Cuomo et al.,
2010).

3.4.1. Fourier transform infrared (FTIR) spectroscopy
In order to confirm the removal of the polystyrene core from

chitosan/fucoidan nanoparticles, FTIR spectroscopy was carried
out. IR spectra of the polystyrene nanoparticles, chitosan/fucoidan
core–shell nanoparticles and hollow chitosan/fucoidan nanocap-
sules can be seen in Fig. 5.
The characteristic bands of benzene residue in polystyrene
appear between 3000 and 3108 cm−1, 762 and 703 cm−1 for
both polystyrene nanoparticles and chitosan/fucoidan core–shell
nanoparticles, indicating the presence of the polystyrene core.

sules (b). TEM images of polystyrene nanoparticles (c) and hollow chitosan/fucoidan
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Fig. 7. Effect of PLL concentration on encapsulation efficiency ( ) and loading
A.C. Pinheiro et al. / Carboh

owever, after core removal by dissolution on THF, the character-
stic polystyrene peaks disappear, confirming that the polystyrene
ore has been completely removed and that hollow nanocapsules
ave been formed.

.4.2. Morphology
Morphological characteristics of polystyrene nanoparticles and

ollow chitosan/fucoidan nanocapsules were examined using SEM
nd TEM and are presented in Fig. 6.

Microscopy images of the polystyrene template (Fig. 6a and
) show that particles are spherical and smooth and present an
verage diameter of approximately 90 nm.  After the deposition of
hitosan and fucoidan layers, the dissolution of the supporting core
y repeated dipping in THF resulted in the shrinking of the structure
nd on a consequent decrease of its size (to about 50 nm), but they
ere found to maintain their spherical shape without rupturing of

he wall as can be seen in Fig. 6b and d. Nanocapsules’ diameter
ecreased due to the disorganization of the supporting core that

ed to a skink of the cyst wall (Liu et al., 2012). Contrary to the
ehaviour observed by other authors (Ye et al., 2005), the swelling
f nanocapsules (i.e. increase of size) during the polystyrene core
emoval did not occur.

Fig. 6c and d shows that nanocapsules exhibit a reduced elec-
ron density compared with the core–shell nanoparticles, which is
nother indication of their hollow structure (Ye et al., 2005).

.4.3. Encapsulation and in vitro release of PLL
Chitosan/fucoidan nanocapsules present per se bioactive poten-

ial due to the properties of their constituents; however, in order
o evaluate the ability of these nanocapsules to encapsulate and
elease a bioactive compound, PLL was incorporated. The results
btained using two different encapsulation methods (method
—adsorption of PLL in the polystyrene nanoparticles and method
—diffusion of PLL into the capsules’ interior after their formation)
howed that for the same PLL initial concentration (1 mg  mL−1), the
igher encapsulation efficiency (EE) was obtained using method

 (EE = 45.1 ± 1.5% against EE = 26.01 ± 5.5% for method 2). The
oadings achieved are generally higher when the bioactive com-
ound is loaded during the preparation of capsules due to the
igh surface area of the capsule and due to the fact that, when
he bioactive compound is loaded after capsules’ formation, the

aximum concentration of bioactive inside the capsules is often
imited to the concentration in the solution (Johnston et al., 2006).
eing so, method 1 was  chosen as the method for PLL encapsula-
ion. The mechanism of PLL encapsulation is based on the strong
lectrostatic interactions that are established between negatively
harged polystyrene nanoparticles and positively charged PLL (�-
otential = +26.0 ± 1.5 mV).

The encapsulation efficiency and loading capacity of nanocap-
ules as a function of PLL concentrations (from 0.25 to 2.0 mg  mL−1)
re represented in Fig. 7. This bioactive compound concentration
ange was also used by other authors for encapsulation of bovine
erum albumin (BSA) in water soluble chitosan/dextran sulphate
ollow nanocapsules (Shu et al., 2010).

The encapsulation efficiency (EE) and the loading capacity (LC) of
he chitosan/fucoidan nanocapsules strongly depend on the initial
LL concentration used. The highest EE and LC values were observed
t a PLL concentration of 1 mg  mL−1 and this was the concentration
hosen for subsequent in vitro release experiments. The mecha-
isms of PLL release from chitosan/fucoidan nanocapsules were
valuated at 37 ◦C (temperature within the human gastrointesti-
al system) and at two different pH values: 2 (pH of the stomach)

nd 7 (pH of the small intestine).

From Fig. 8a (profile release of PLL at pH 2) and b (profile release
f PLL at pH 7) it can be seen that the release of PLL occurs within
he first two hours, at both pH values. This rapid release of the
capacity ( ) of nanocapsules using method 1.

bioactive compound can be found in other polymeric multilayer
nanocapsules (Shu et al., 2010; Ye et al., 2005). Depending on the
application, a slower release rate could be requided, however this
can be achieved by addopting some strategies, such as the addition
of a crosslinking agent (Ye et al., 2005). Even though, the release test
performed just with free PLL (results not shown) showed a burst
PLL release, suggesting that the nanocapsules can slow the release
of PLL.

Also, Fig. 8 shows that nanocapsules present a pH-dependent
release pattern. In order to evaluate the mechanism of PLL release
from nanocapsules at pH 2 and pH 7, the exprimental results were
analysed by fitting Fick’s second law (Eq. (5)) and LSM (Eq. (7)). For
both pH conditions, LSM fitting curves showed a better descrip-
tion of the experimental data (Fig. 8), indicating that this transport
mechanism cannot only be described by Brownian motion of PLL
in the nanoparticles, i.e. it does not strictly follow Fick’s behaviour,
but is governed by both Fickian and Case II transport, with only one
main relaxation of the nanocapsules.

Table 2 presents the regression analysis results of the LSM
fitting, showing that this model adequately describes the experi-
mental data with relatively good regression quality (R2 > 0.90) and
that almost all parameters were estimated with good precision.

The parameter X is defined as the Fick’s diffusion contribution
to the total release from the nanocapsules (M∞,F /Mt) and it
can be observed from Table 2 that for pH 2 X < 0.5 and for pH 7
X > 0.5, which indicates that at pH 2 relaxation is the governing
phenomenon and at pH 7 Fick’s diffusion is the main release
mechanism. These results may  be related to the magnitude of the
electrostatic interactions between the polyelectrolytes at different
pH values. The pKa value of the anionic sulphate groups of fucoidan
is around pH 2, therefore, at this pH these groups are half proto-
nated and consequently partially uncharged, which means that
electrostatic interactions between fucoidan and PLL or chitosan
are weaker. This leads to the loosening of nanocapsules’ structure
and promotes the release of PLL due to polymer relaxation. Also
the relaxation rate constant (kR) decreased with the increase of
pH, supporting this hypothesis. On the contrary, at pH 7, most of
the amino groups of chitosan are in the NH2 form (once the pKa
of chitosan is around 6.5) and the sulphate groups are in the SO3−

form, therefore also at this pH, weak electrostatic interactions
between the polyelectrolytes and relaxation as the dominant
mechanism would be expected. However, comparing with pH 2,
this behaviour is not so accentuated, and the main release mech-
anism is Fick’s diffusion, which suggests that other phenomena,
besides the electrostatic interactions, may  be involved. As for
the Fickian rate constant (k ), this parameter increased with pH,
F

reflecting the predominance of Fick’s behaviour at pH 7. A similar
behaviour was observed for the release of methylene blue from a
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Fig. 8. Profile of PLL release from chitosan/fucoidan nanocapsules at 37 ◦C and pH 2 (a) and pH 7 (b): experimental data (x); description of Fick’s model (i = 0) (–) and of Linear
Superimposition Model (i = 1) ( ).

Table 2
Results of fitting the Linear Superimposition Model (LSM) (i = 1) to experimental data of PLL release. Evaluation of the quality of the regression on the basis of RMSE and R2.
Estimates’ precision is evaluated using the SHW% (in parenthesis).

pH RMSE R2 X kF (min−1) kR (min−1)

0.299 

0.565 

n
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i
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n
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a

2 0.160 0.903 

7  0.113 0.915 

anolayered coating composed of �-carrageenan (also a sulphated
nionic polysaccharide) and chitosan (Pinheiro et al., 2012b).

. Conclusions

This work demonstrated that layer-by-layer deposition of
hitosan/fucoidan layers on a sacrificial template allows the pro-
uction of biodegradable hollow nanocapsules with potential
ntioxidant and antimicrobial activity and with great potential to
ct as a controlled delivery system for bioactive compounds. Chi-
osan/fucoidan nanoparticles showed to be stable and they were
ound to maintain their spherical shape without rupturing of the
all after the core removal. Poly-l-lysine, a cationic bioactive com-
ound, was encapsulated in the nanocapsules and its loading and
elease behaviour was evaluated. The nanocapsules showed a good
apacity for the encapsulation and loading of PLL. The results of
tting the linear superimposition model to the experimental data
f PLL release suggested an anomalous behaviour, with one main
olymer relaxation, and PLL release was found to be pH-dependent.
his work allows clarifying release mechanisms involved at two dif-
erent pH values found within a human gastrointestinal tract, which
s of utmost importance to control the rate of release of bioactive
ompounds under those circumstances.

Due to the bioactive and non-toxic nature of chitosan/fucoidan
anocapsules and due to their responsiveness at different pHs,
hese capsules are envisaged as a nanocarrier system to protect and
elease bioactive compounds for food and pharmaceutical applica-
ions.
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