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Polymer nanocapsules assembled on cationic liposomes have been built through the layer-by-layer (LbL)
technique. Chitosan and alginate, two biocompatible polyelectrolytes, were used to cover the template,
where the Rhodamine B was previously loaded. The multishell formed with the alternate deposition of
the polyelectrolytes, according to the principles of the LbL assembly, was supposed to change the perme-
ability of the capsule wall. The thickness of the multishell was seen increasing with the number of layers
deposited through the observations with the Transmission Electron Microscope. The permeability of the
capsules was studied through Rhodamine B release assays. Nanocapsules with seven layers of polyelec-
trolytes released the dye slowly compared to the capsules with three or five layers. The Ritger-Peppas
model was applied to investigate the release mechanisms and a non-Fickian transport behavior was
detected regardless of the number of layers. Values of diffusion coefficients of Rhodamine B through
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the capsule wall were also calculated.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In the last few years, the development of multi-compartmental
tools is providing delivery devices especially relevant in the fields
of medicine and biology [1-7]. A great number of them is designed
by taking advantage of the self-assembly properties of the constit-
uents [8-14]. Among the emerging materials the polymer capsules
are drawing great attention. They are considered as challenging
devices because of their unique structural properties. Polymer
capsules are structures having mainly spherical shape and are pro-
duced by coating templates made of different materials using dif-
ferent strategies [15-17]. One of the approaches generally
recognized as effective in the assembly of polymer capsules is
the layer-by-layer technique (LbL) [18,19]. This technique is based
on the alternate deposition of oppositely charged polyelectrolytes
onto templates of different size and composition [20-23]. The
main driving force for LbL assembly is the electrostatic interaction
among templates and polyelectrolytes. The electrostatic attraction,
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in fact, rules the polyelectrolyte association and, the repulsion
between assemblies with the same surface charge is essential to
the stability of the assembled micro- or nano-sized containers.
The alternate deposition of polyelectrolytes generates a polymer
wall surrounding the template, which can be removed thus leaving
a spherical volume, generally filled with water, which remains sep-
arated from the external environment thanks to the presence of
the polymer multishell. According to the type of polyelectrolytes
assembled and to the assembly method, new materials are formed
having different properties from those offered by the individual
polymers. The matrix formed by the polymer assembly is a net-
work that controls the permeability of the capsule wall. Permeabil-
ity can be modified varying the number of assembled layers or the
number of interactions between the polymers, for instance, by
changing the pH or the ionic strength [24-28].

Kinetics studies on molecular release from these devices repre-
sent a relevant aspect to evaluate the utility of such systems as
drug delivery devices in biological and biomedical applications.
Drug encapsulation is, therefore, another key point. Polymeric cap-
sules can be filled with drugs before the layer deposition or after
the core removal. In some cases the LbL procedure is applied to
micro- or nano-dispersions of drugs [24,29].
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The interest in the use of compartmentalized systems as drug
delivery devices is due to the opportunity they offer of enhancing
the therapeutic efficacy and of reducing the dose of drug adminis-
tered and, consequently, the side effects of a drug therapy [22,30-32].

The production of containers loaded with drugs is mainly
directed towards the realization of drug delivery systems having
dimensions in the nanometer range because nano-sized systems
should remain in the circulation for longer times compared to
the micro-sized particles, which are subject to clearance via the
lymphatic system [33]. Therefore, the biological activity of
nano-systems would be of a higher extent [34].

Very recently, Lukasiewicz and Szczepanowicz [35] demon-
strated that nanocapsules assembled on a liquid oil core
stabilized by AOT (dioctyl sodium sulfosuccinate) and covered
with polyelectrolyte shells of PLL (poly-L-lysine) and PGA (poly-
L-glutamate) are quite safe for use as delivery vehicles. Parekh
et al. [36] produced nanocapsules made of heparin and a block-
copolymer of poly-I-lysine and polyethylene glycol, containing
camptothecin in the core. In order to prevent the clearance of
nanocapsules in the circulation, the outer surface of the nanocap-
sules was modified with polyethylene glycol of 5 kDa or 20 kDa
molecular weight. These authors demonstrated that these
LbL-coated capsules are effective in the preservation of the
lactone form of camptothecin, which is the active form of the
drug. Thomas et al. [37] investigated the release of doxorubicin
encapsulated in hollow biocompatible nanocapsules made of
chitosan/heparin assembled onto SiO, nanoparticles. The doxoru-
bicin encapsulated was successfully internalized in MCF-7 cell
lines and in vivo experiments on BALB/c mice it was revealed
that the drug circulation time was increased compared with free
doxorubicin. Yan et al. [38] demonstrated the loading and
sustained release of 5-fluorouracil, a hydrophobic molecule, in
microcapsules made of poly (L-glutamate)/chitosan assembled
onto melamine formaldehyde (MF) templates. The drug was
encapsulated into the capsule core after template dissolution.

Among the most used models for quantitative studies of drug
release profiles from particles there are the Higuchi model, the
Ritger-Peppas model, the Weibull function, and the Hixson-Crowell
model. All of them take into consideration the relation between
the structure and the function of the device, the release
environment, and the possible interactions between the wall of
the device and the drug molecules [39,40]. These models
describe the transport behavior as strictly related to the Fick’s law
of diffusion and suggest that the description of solute transport
from polymeric matrices can be divided into two categories:
Fickian and non-Fickian behavior.

Recently, we proposed a way for producing hollow nanocap-
sules by covering a liposome core with biocompatible polyelectro-
lytes, namely chitosan and alginate, via the LbL self-assembly
method [25,26] and, moreover, we have demonstrated that these
structures can be used as drug reservoirs of hydrophilic molecules
with high molecular weight on the basis of release assays from
liposome based polymer nanocapsules [41].

In the present study, the investigation is extended to the
encapsulation and release from liposome based polymer nanocap-
sules of a small hydrophilic molecule as a function of the multishell
thickness.

2. Materials and methods
2.1. Materials
L-a-phosphatidylcholine (egg yolk lecithin) was purchased

from Avanti Polar. Lipids, didodecyldimethylammonium bromide
(DDAB), sodium chloride, low molecular weight sodium alginate,

low molecular weight chitosan and Triton X-100, Rhodamine B
and dialysis tubing cellulose membranes, with a molecular weight
cut off at 3.5-5 kDa and at 100 kDa, were purchased from Sigma-
Aldrich.

2.2. Preparation of liposome-templated chitosan/alginate
nanocapsules

Unilamellar liposomes (80 nm) were prepared by reversed
phase evaporation according to the method described by Szoka
and Papahadjopoulos [42] with a 6.5:3.5 M mixture of phosphati-
dylcholine and DDAB. Lipid and surfactant were dispersed in
3 mL of diethyl ether and to this 1 mL of PBS buffer (pH 7.2) con-
taining 0.5 mg/mL of Rhodamine B was added, forming a two-
phase system, which was mixed by means of a sonicator tip to
form a dispersion of inverted micelles. A rotary evaporator
removed the organic solvent, thus, the inverted micelles became
an aqueous suspension of liposomes. Finally, additional two milli-
liters of buffer were added and the suspension was left for further
45 min at the rotary evaporator to remove any trace of solvent. The
final lipid concentration was 16 mg mL™! (i.e., 20 mM). The lipo-
somes were then sequentially extruded through 0.1 and 0.05 pm
polycarbonate membranes before use. The excess of fluorescent
dye was removed through a dialysis membrane (12 h) with a
cut-off of 100 kDa against 500 mL of buffer solution (PBS pH 7.2).
The procedures of chitosan/alginate deposition onto the surfaces
of colloidal particles, as well as lipid core removal, were reported
elsewhere [26].

2.3. Transmission Electron Microscopy

TEM high resolution characterization of the samples was car-
ried out placing appropriately diluted drops of each suspension
on formvar coated 100 mesh size grids for 5 min. Excess of suspen-
sion was adsorbed touching the edge of the grids with filter paper.
Finally, the grids were air dried, observed and photographed with a
JEOL 100S Transmission Electron Microscope.

2.4. Rhodamine B encapsulation efficiency

The encapsulation efficiency (EE%) of Rhodamine B into
liposomes and into core-shell capsules was calculated as follows:

EE% (liposomes)
_ amount of Rhodamine B entrapped in liposomes
- amount of Rhodamine B loaded

x 100

EE% (core—shell)
_actual amount of Rhodamine B entrapped in core—shell capsules

theoretical amount of Rhodamine B in core—shell capsules x 100

The theoretical concentration of Rhodamine B in core-shell
capsules was calculated as the expected concentration of the
dye after the dilution of dye entrapped into liposomes after the
polyelectrolyte deposition.

2.5. Rhodamine B release

The samples were dialyzed through a membrane with a cut off of
100 kDa to follow the release of Rhodamine B. The bulk dialysis was
prepared according to the ionic strength of the sample and with PBS
mM at pH 7.2. The samples were left in the bulk to equilibrate for
half an hour and in this time window we did not observe any
change in Rhodamine B concentration. Subsequently a volume of
100 pl of 11 mM Triton X-100 solution was added to the sample
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for liposome rupture and after 20 min the sample was placed again
in the dialysis tube. The time of 20 min was long enough for Triton
X-100 to interact with liposome inducing vesicle-to-mixed micelles
transition [26]. At specific intervals samples were withdrawn for
spectrophotometric analysis, using a Cary 100 Bio UV/Vis
spectrophotometer from Varian. Spectra were collected in the
800-200 nm range, at 25 °C, using quartz cells with a path length
of 1 cm. Absorption spectra were fitted, in the spectral region
between 300 and 450 nm, with a power law: A = Ko7 ¥, where /. is
the wavelength in the range defined above, whereas k (for Rayleigh
scatterers k ~ 4) and Kj are adjustable parameters. Then, the calcu-
lated scattering curve has been extrapolated to 220 nm and finally
subtracted from the measured absorption spectrum. The absor-
bance values collected were converted into concentration values
according to the calibration curve previously established.

3. Results and discussions

Applying the LbL procedure, core-shell capsules were assem-
bled. Cationic liposomes were covered with alginate and chitosan
and the morphology of the capsules was observed by Transmission
Electron Microscopy.

Photographs of core-shell capsules with three, five and seven
layers are reported in Fig. 1. The mean dimension of the core-shell
particles is 250 nm; the particles are quite polydisperse as also
shown in the figure. The capsules loose their spherical shape
because they are dried before the TEM observation. At the same
time, however, the particle shell has a constant thickness in all
the structures visible in Fig. 1A where the particles have three lay-
ers of polyelectrolytes. The values of multishell thickness were cal-
culated by measuring the bar-dimension length of the TEM
photograph and comparing its length to the length of the capsule
wall. The mean values are calculated from observations on ten cap-
sules from three different batches.

A constant and thicker profile can be seen for the core-shell
structures with five layers, in Fig. 1B and, finally, a further increase
of the shell thickness is recognizable around the structures with
seven polyelectrolyte layers reported in Fig. 1C.

The mean values of the multishell thickness are indicated in
Fig. 2, where it seems that a linear increase of thickness is given
by the addition of layers. As shown in the graph, the shell thickness
is 15 nm with three layers, 20 nm with five layers and 25 nm with
seven layers. This parameter is of fundamental importance for
studies of molecular release from the inner core of the capsules.

In order to study the release of small hydrophilic molecules
from the assembled nanocapsules, Rhodamine B was pre-encapsu-
lated into liposomes that were successively covered with polyelec-
trolyte layers and, the release of the dye was analyzed from
samples with three, five and seven layers as well as from the bare
liposomes.

The retention of Rhodamine B in the liposome template was
about 32.5%. After the layer deposition, the amounts of Rhodamine
encapsulated into the core-shell structures with three, five and
seven layers were about 37.5% (1.11 uM), 41% (1.04 uM) and 43%
(0.95 uM) of the expected concentrations respectively. The
expected concentration of dye was the theoretical concentration
calculated from the dilution that the dye entrapped into liposomes
required with the polyelectrolyte deposition. This decrease can be
ascribed to the procedure of preparation of core-shell particles.
The samples are indeed centrifuged after the deposition of each
layer to eliminate the macroaggregates eventually formed after
the polyelectrolyte addition.

The event that triggered the release of Rhodamine B was the
addition of the nonionic surfactant Triton X-100, which, interacting
with liposomes, caused their dissolution and made the loaded dye,

Fig. 1. TEM photographs of core-shell capsules covered with three (A), five (B) and
seven (C) layers of polyelectrolytes. Insets in panels A-C are magnifications of the
respective photographs.

Rhodamine B, free to diffuse from the aqueous core of the nanocap-
sules through the polyelectrolyte multishell. After the liposome
removal, the structure of the capsules remains unchanged as dem-
onstrated earlier [25,26,41]. The release proofs were realized by
dialysis, where 1 mL of nanocapsules suspension enclosed in a dial-
ysis membrane (cutoff of 100 kDa) was placed into bulk made of a
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Fig. 2. Variation of the multishell thickness as a function of the number of
polyelectrolyte layers. The values of thickness are obtained from the TEM images.

buffer solution at pH 7.2 having the same ionic strength as the
sample. In Fig. 3 the time-dependent release profiles of Rhodamine
B from bare liposomes and from core-shell nanocapsules with
three layers are reported as a function of time.

In both the samples the release process started after the addition
of Triton X-100. In a comparison of the release profiles it is evident
that the presence of polyelectrolyte layers offers a barrier to the
escape of the loaded dye, in fact, after the first 30 min the amount
of Rhodamine B released from bare liposomes is about 27% and
the same amount is released from core-shell nanocapsules in 1 h.
Additionally, after two hours 74% of the loaded molecules is released
from liposomes while 48% is liberated from core-shell nanocap-
sules. In Fig. 4, the time dependent release profiles are shown from
nanocapsules having three, five and seven layers. From this chart, at
first glance, it is evident that the release profiles for structures with
three and five layers are quite similar, while a slower release is
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Fig. 3. Percentage release of Rhodamine B from liposomes (empty circles) and from
core-shell capsules with three layers (black circles) after the addition of Triton X-
100.

detected for nanocapsules with seven layers. As seen from the
release profiles, it is noticeable that after 1 h the capsules with three
or five layers can leave 27% of their content whereas capsules with
seven layers need about 4 h to release the same amount of dye.

To investigate more precisely the mechanism of Rhodamine B
release from nanocapsules, the experimental data were analyzed
according to the Ritger-Peppas equation, a power law used to
describe the general solute release behavior from different poly-
meric devices [43-45]:

C n
&= kt (1)

In this relation, C/Cy is the fractional amount of the drug
released at time ¢, n is a diffusion exponent indicating the release
mechanism, and k is a characteristic constant of the system. In
the case of a sphere, values of n lower than 0.43 are found for a Fic-
kian diffusion release mechanism; values of n in a range between
0.43 and 1 indicate anomalous non-Fickian transport. The experi-
mental release profiles have been fitted to Eq. (1) and the results
are reported in Fig. 5A. The values of n deriving from fittings are
represented in Fig. 5B where the line boundary in the figure is
placed at the n value of 0.43 to underline the limit between Fickian
and non-Fickian behavior.

The calculated n values indicate that only bare liposomes
release Rhodamine B with a Fickian transport mechanism. On the
other side, values of n for nanocapsules with three or five layers
are very close to one another and slightly higher than the threshold
value; the n value for seven layer nanocapsules is definitely higher.
It is clear that, for the nanocapsules, a non-Fickian behavior rules
the release mechanism, but this is more pronounced for a higher
value of the number of polymer layers.

Comparing our results with other release studies from the lit-
erature, it seems that opposing behaviors are found from the
release mechanism analysis. In fact, the n values given by Yan
et al. [38] suggested a Fickian type of transport for 5-fluorouracil
released from poly (L-glutamic acid)/chitosan microcapsules.
Nevertheless, 5-fluorouracil is a small molecule and its molecular
weight is comparable with the one of Rhodamine B. Moreover,
Shu et al. [44] observed a Fickian mechanism of transport for
bovine serum albumin (BSA) from capsules of water-soluble
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Fig. 4. Percentage release of Rhodamine B from core-shell capsules with three
layers (black circles), five layers (blue circles) and seven layers (red circles) after the
addition of Triton X-100. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 5. (A) Release profiles of Rhodamine B from bare liposomes and from nanocapsules with three, five and seven layers fitted to the Ritger-Peppas equation. (B) Values of
the exponent n calculated from the experimental data. The line drawn in the graph indicates the boundary between the values of n typical of Fickian (<0.43) or non Fickian

diffusion (>0.43).

chitosan and dextran sulfate encapsulating the protein, despite
the high molecular weight of the BSA. In a previous investigation,
we explored the release of FITC-dextran molecules with different
molecular weight from nanocapsules with five alternating layers
of alginate and chitosan. The release mechanisms determined
were a non-Fickian transport type for all the tested molecules
[41]. All this considered, it could be deduced that every single sys-
tem, loaded with different molecules, has its own peculiar release
behavior depending on the assembly conditions and on the mul-
tishell composition.

Apparent diffusion coefficients of Rhodamine B, through the
polyelectrolyte multishell, were calculated with the following
equation, according to the model used for other similar systems
[46,47]:

C B Dappt 0.5
&) @

where Dy, is the apparent diffusion coefficient, h is the multishell
thickness, with values of about 15, 20 and 25 nm obtained from
the TEM images for core-shell structures with three, five and seven

Table 1
Best-fit values calculated from fitting of the data to Eq. (2).
Dapp (x1071%) (cm?/s) R?
3 Layers 6.7 (x0.4) 0.9855
5 Layers 9.9 (20.3) 0.9955
7 Layers 0.66 (+0.14) 0.8978

3-layer capsules

layers respectively. Values of the apparent diffusion coefficient cal-
culated from Eq. (2) are reported in Table 1.

The Dgpp values shown in the table highlight the different diffu-
sion coefficients of Rhodamine B from structures with seven layers
compared to structures with five and three layers. According to the
difference noticed in the release profiles there is a difference of one
order of magnitude between the apparent diffusion coefficients of
Rhodamine B from capsules with seven layers compared to the ones
with three and five layers. It seems that the presence of a thicker
multishell provides a barrier that slows down the molecule diffu-
sion as represented in the sketch of Fig. 6. Moreover, these values
are in agreement with the information collected earlier concerning
the diffusion coefficients for the passage of dextran of FITC-dextran
through five layer nanocapsules. In that case, it was observed that
the diffusion coefficients were all much lower compared to those
of Rhodamine B, and that the multishell wall worked as a filter
for molecules having molecular weight of 40 kDa or higher.

4. Conclusion

Liposome based polyelectrolyte nanocapsules have been assem-
bled through the layer-by-layer (LbL) technique. Chitosan and algi-
nate were used to cover the template. Transmission Electron
Microscopy was used to investigate the variation of the thickness
of the multishell with the number of layers deposited. The perme-
ability of the capsules changes according to the wall thickness and
the relation between these two parameters was studied through
Rhodamine B release assays. Even capsules with only three layers

7-layer capsules

Fig. 6. Schematic representation of the effect of the multishell thickness on the molecule release.
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of polyelectrolytes are able to provide a barrier to the dye release,
as seen from the comparison between the escape of Rhodamine B
from bare liposomes and from three layer structures. Nanocapsules
covered with seven layers of polyelectrolytes released the dye
slowly compared to the capsules with three or five layers. From
the data fitting to the Ritger-Peppas model the release transport
was determined as non-Fickian type regardless of the number of
layers. This finding seems to be in contrast with the results of other
studies [38,44], where either low or high molecular weight mole-
cules were released with a Fickian type of transport. Nevertheless
polymer capsules are so different to one another that every single
system, loaded with different molecules, has its own peculiar
release behavior depending on the dimension, on the assembly
conditions and on the multishell composition. Values of diffusion
coefficients of Rhodamine B through the capsule wall were also
calculated, thus providing other additional information concerning
the potential of these systems as drug delivery devices.
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