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Polysaccharide-based nanostructured polymeric microcapsules were fabricated by the electrostatic layer-
by-layer self-assembly technique and used to encapsulate mixtures of four different polyphenols in order
to achieve their controlled release. The real-time fabrication of the dextran/chitosan multilayer was moni-
tored by quartz crystal microbalance with dissipation monitoring, and the morphology of the nanostruc-
tured polymeric capsules was characterized by scanning electron microscopy. The polyphenol
encapsulation was obtained by reversible permeability variation of the capsule shell in ethanol:water mix-
tures. The loading efficiency in different water:ethanol mixtures and the release rate in acidic conditions
were characterized by UV spectroscopy and HPLC. The higher loading efficiency was obtained with an eth-
anol:water 35:65 phenolic solution, equal to 42.0 ± 0.6%, with a total release of 11.5 ± 0.7 mg of total poly-
phenols per 11.3 μL of microcapsules after 240 min of incubation in acidic environment. The results suggest
that polysaccharide-based capsules can be successfully used to encapsulate and release low water-soluble
molecules, such as polyphenols.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polyphenols are secondary metabolites present in plants. They are a
large family of substances, ranging from simple molecules to complex
structures [1]. These compounds show a wide spectrum of biological
properties such as antioxidant, anti-inflammatory, antibacterial and an-
tiviral activities [2]. Antioxidant properties make polyphenols potential
therapeutic agents against serious diseases, like cancer, diabetes and
cardiovascular disorders [3–8], acting against reactive oxygen species
generated by exogenous chemicals or endogenous metabolism [9] and
preventing cell damages caused by oxidative stress [10].

Several limitations have been associated with low bioavailability of
polyphenols, including limited stability in environmental conditions,
such as temperature, light, moisture, pH, oxygen concentration [11],
low water solubility and rapid catabolism in the upper gastro-
intestinal tract and liver [12] and fast excretion through urinary system
[13]. In vitro studies have shown that biological effects of polyphenols
are extremely dose dependent and are evidenced at much higher con-
centrations than those present in natural sources [14].

The development of effective encapsulation strategies of such mole-
cules is thereforemost desirable in order to fully exploit their therapeu-
tic potential. Encapsulation in micro/nanoscale delivery systems can
improve polyphenols half-life in vivo, preserving their biological activi-
ties, and can enhance their bioavailability. Moreover, encapsulation in
a nanoengineered carrier can be used in order to achieve targeted deliv-
ery of the molecules into the diseased tissue with a controlled release
profile [15]. Several encapsulation strategies for polyphenols have
been proposed so far, mainly based on the use of liposomes, micelles,
emulsions and spray drying techniques [16]. Engineering the structure,
and thus the function, of the delivery system at the nanoscale resolution
plays a pivotal role in the design of new successful treatment regimes.
Moreover, cost is an important factor for the industrialization of such
nanoformulation. In this framework, nanostructured polymeric
capsules (NPC), obtained by the electrostatic layer-by-layer self-
assembly technique, have been shown to possess great potentialities
[17]. NPC are fabricated by the alternate adsorption of oppositely
charged polyelectrolytes onto the surface ofmicro/nanoscale templates,
usually carbonate particles [18]. Once the polyelectrolyte multilayer
which constitutes the capsules shell has been deposited, the template
is removed by dissolution in acidic medium or by chelating agents [19,
20]. By this technique it is possible to fabricate hollow polyelectrolyte
capsules whose shell thickness ranges from few nanometers to tens of
nanometers and with a predetermined composition, structure and
thus functionality. An interesting property of such systems is the possi-
bility to vary shell permeability as a consequence of a specific stimulus

Materials Science and Engineering C 46 (2015) 374–380

Abbreviations: CAE, caffeic acid equivalents; CHI, chitosan; DEX, dextran sulfate; LE,
loading efficiency; TPC, total phenolic concentration; NPC, nanostructured polymeric cap-
sules;QCM-D,quartzcrystalmicrobalancewithdissipationmonitoring;SEM,scanningelec-
tronmicroscopy.
⁎ Corresponding author at: Department of Civil, Chemical and Environmental

Engineering, University of Genoa, via Opera Pia 15, 16145 Genoa, Italy.
E-mail address: marco.paini@unige.it (M. Paini).

http://dx.doi.org/10.1016/j.msec.2014.10.047
0928-4931/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2014.10.047&domain=pdf
http://dx.doi.org/10.1016/j.msec.2014.10.047
mailto:marco.paini@unige.it
Unlabelled image
http://dx.doi.org/10.1016/j.msec.2014.10.047
Unlabelled image
http://www.sciencedirect.com/science/journal/09284931
www.elsevier.com/locate/msec


[21–25], usually pH, in order to load and, if required, to release cargo
molecules. The assembly process is versatile and not very expensive, re-
quiring only simple laboratory equipment. Therefore, NPC can be
regarded as a very promising carrier for industrial scale-up.

The main requirement to be satisfied for drug delivery systems is
the use of fully biocompatible and biodegradable carriers. In this re-
spect, the use of biopolymers having well characterized physico-
chemical properties is highly desirable. Natural polysaccharides
have received great attention in the last few years, due to their
unique features for applications in the field of drug delivery systems
[26,27]. Polysaccharides are highly stable, safe, non-toxic and biode-
gradable, and can be easily chemically modified, resulting in a wide
range of derivatives exhibiting different characteristics. Moreover
polysaccharides, and specifically chitosan, have natural bioadhesive
properties towards biological tissues that could prolong the resi-
dence time and therefore increase the absorbance of loaded drugs
[28]. Chitosan, a copolymer of glucosamine and N-acetyl glucos-
amine, is a polycationic, biocompatible and biodegradable natural
biopolymer mainly derived from the outer shells of crustaceans
such as crabs and shrimps. Chitosan has different functional groups
that can be modified with a wide range of ligands. Because of its
properties, chitosan has great potential in biomedical applications,
including drug delivery and tissue engineering [29]. Due to its cat-
ionic nature, chitosan is a good candidate for the layer-by-layer
technique.

One of the polysaccharides which displays complexing properties
with chitosan is the polyanion dextran sulfate, which is obtained by
the esterification of dextran using sulfuric acid. Several dextran
sulfate/drug conjugates have been proposed as drug delivery
systems [30].

In the present work, we describe the fabrication of biocompatible
and biodegradable NPC, composed by cationic chitosan deposited in
alternation with anionic dextran sulfate, and their use for the encap-
sulation of an ensemble of polyphenolic molecules for a synergistic
effect. The deposition process and the structural properties of the
chitosan/dextran sulfate multilayer were characterized by quartz
crystal microbalance with dissipation monitoring (QCM-D). Then
the assembly procedure was used for the deposition of the multi-
layers onto the surface of CaCO3 microparticles, followed by their re-
moval under treatment with the chelating agent EDTA. The hollow
NPC were then used for the encapsulation of polyphenols by means
of the reversible permeability increase of their shell in ethanol:
water mixtures containing polyphenols [31]. Loaded and unloaded
NPC were structurally characterized by scanning electron microsco-
py. The polyphenol release in simulated gastric environment was
characterized by means of UV–vis spectroscopy and HPLC. Finally,
the influence of the thickness of the NPCs shell on the release rate
was evaluated.

2. Materials and methods

2.1. Chemicals

Ethanol, methanol, acetic acid, acetonitrile, Folin–Ciocalteu reagent,
medium MW chitosan (CHI), dextran sulfate sodium salt (DEX) from
Leuconostoc spp. (MW 9000–20,000), NaCl, CaCO3, Na2CO3, ethylenedi-
aminetetraacetic acid (EDTA) and standards of tyrosol, caffeic acid,
vanillic acid and p-coumaric acid were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The polysaccharides were used as received. CHI
and DEX solutions were prepared with a concentration of 0.5 mg/mL
in NaCl 0.5 M. Chitosan was dissolved by addition of acetic acid to a
final concentration of 0.3% (v/v) under continuous stirring overnight.

Standards of tyrosol, caffeic acid, vanillic acid and p-coumaric acid
weremixed and dissolved in ethanolic (20%, 35% and 50% v/v) solutions
at a concentration of 2.5 mg/mL for each molecule.

2.2. Quartz crystal microbalance with dissipation monitoring

The build-up of DEX/CHI multilayer was monitored by QCM-D
(QCM-Z500, KSV Instruments, Helsinki, Finland). This technique has
been extensively described [32,33], and allows to evaluate simulta-
neously the normalized resonant frequency (Δf) and energy dissipation
shifts (ΔD) [32]. A quartz crystal with gold plated polished electrodes is
excited at its fundamental frequency (5 MHz) and at the 3rd, 5th, 7th,
9th and 11th overtones (12, 25, 35, 45 and 55 MHz). As the mass is de-
posited onto the crystal surface, the oscillation frequency decreases. If
the deposited mass is rigidly attached to the crystal, the frequency de-
crease is proportional to the mass and can be calculated using the
Sauerbrey equation [34]. However, for viscoelastic materials the depos-
itedmass introduces a dissipative energy damping. Using a Voigt-based
model [35], the QCM-D response of a viscoelastic material can be
modeled and the properties of added layers such as mass, density and
thickness can be obtained. In this model, the adsorbed film is represent-
ed by a single Voigt element consisting of a parallel combination of a
spring and dashpot to represent the elastic (storage) and inelastic
(damping) behavior of a material, respectively.

Before adsorption, the quartz crystals were cleaned with H2SO4 at
150 °C for 20 min followed by washing in pure water. A PTFE liquid
chamber with a volume of 2 mL was used in the experiments. Polysac-
charide solutions were alternatively introduced into the measurement
chamber and left in contact with the quartz crystal. After each adsorp-
tion step, pure water was poured into the chamber and left in contact
with the crystal for 1 min in order to remove the unabsorbed polysac-
charides. The data analysis was performed using the QCM Impedance
Analysis software (KSV Instruments, version 3.11).

2.3. NPC preparation

NPC were assembled onto calcium carbonate sacrificial microparti-
cles (6 μm in diameter), obtained by mixing calcium chloride and sodi-
um carbonate solutions according to the reaction [36,37]:

CaCl2 þ Na2CO3 ¼ CaCO3 þ 2NaCl:

108 CaCO3microparticleswere covered by successively deposited layers
of anionic DEX and cationic CHI. Polysaccharides were left to adsorb
onto the microparticle surface for 20 min, after each deposition step
the dispersion of covered particles was centrifuged (2500 rpm for
5 min) and the precipitated covered particles were separated from the
solution. These particles were washed three times in pure water, with
successive centrifugation and separation steps. Four or eight bilayers
were deposited onto the surface of the microparticle. Microparticles
were then dissolved by their dispersion in EDTA solution at a concentra-
tion of 0.5 M at pH 7 followed by three washing steps in pure water.

Knowing the diameter and the number of the prepared NPC, the in-
ternal volume of the NPC batch was calculated, resulting equal to
11.30 ± 0.90 μL.

2.4. NPC loading

The phenolic concentrations in the loading solutions were deter-
mined using the Folin–Ciocalteu assay [38]: 0.2 mL of diluted solution
and 0.5 mL of Folin–Ciocalteu reagent were added to 4.8 mL of deion-
ized water and, after mixing, 1 mL of a 20% Na2CO3 solution was
added. Deionized water was added in order to reach a final volume of
10 mL. Solutions were mixed and incubated at room temperature in
dark conditions for 1 h. Sample aliquots were used for the determina-
tion of total phenolic concentration (TPC) using a UV–vis spectropho-
tometer (Perkin Elmer, Wellesley, USA) at a wavelength of 725 nm.
Concentrations were expressed as mg of caffeic acid equivalents (CAE)
per mL. Caffeic acid was chosen as a standard due to its wide use as ref-
erence when working with phenolic compounds [39–41]. Absorbance
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