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Introduction
Delivering therapeutic compounds to target sites is a major 

challenge in treatment of many diseases [1,2]. Nanosized materials 
in form of nanoparticles, micelles and liposomes are among the most 
promising drug delivery systems for the transport of pharmaceuticals 
to the site of action, reducing toxicity and side effects associated 
to several drugs [3,4]. In particular, nanocarriers with appropriate 
physicochemical characteristics such as dimensions and surface charge 
have been recently investigated as delivery systems able to protect drugs 
from enzymatic degradation, improve drug pharmacokinetics and 
enter cells and various cellular compartments [5-7].

Nanoparticles can be constituted of lipids, degradable or non-
degradable polymers, metals and organic/inorganic compounds [8-10]. 
Among these classes, special attention has been drawn to lipids such as 
lecithin and degradable polymers such as chitosan for their outstanding 
physical and biological properties [11,12]. Lecithin is a natural lipid 
mixture of phospholipids resulting in a highly biocompatible material, 
widely used for preparation of various nanoparticulate delivery systems 
including liposomes [13,14]. Chitosan, poly(β-(1,4)-2-amino-2-
deoxy-D-glucose), is one of major polymers used in pharmaceutical 
formulations [15]. Chitosan is obtained by alkaline deacetylation 
of chitin, which exists in the natural structure of crustacean 
exoskeletons [16]. For its multiple properties such as biocompatibility, 
biodegradability, bioadhesion and antimicrobial activity, chitosan has 
been widely employed in pharmaceutical, food and cosmetics fields 
[17,18]. Several studies have highlighted the potential of chitosan as an 
absorption-enhancing agent. It has also received considerable attention 
in novel bioadhesive drug delivery systems with the aim of prolonging 
residence time at the administration site [19,20]. Chitosan has also the 
potential to electrostatically interact with negatively charged lipids such 
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Abstract
Among nanoparticle-based drug delivery formulations, lecithin/chitosan liposomes are promising candidates 

because of their biocompatibility, biodegradability and bioadhesion properties. Lecithin is a mixture of highly 
biocompatible phospholipids, while chitosan represents one of the most used polymers in pharmaceutical formulations. 
Their combination results in positively charged complexes that are able to sustain a specific, prolonged and controlled 
release. Scarce reproducibility and batch-to-batch variation in lecithin/chitosan liposome synthesis, as well as difficult 
scale-up to industrial production, is a major challenge for their utilization. Here we present a strictly controlled procedure, 
based on ethanol diffusion in water, which yields to a precise and reproducible self-organization of lecithin and chitosan 
molecules. We analysed the size, surface charge and stability of chitosan coated liposomes at different lecithin/
chitosan ratios. We found that increasing the lecithin/chitosan ratio both mean particle size and surface charge were 
progressively reduced. A good stability was observed for all formulations, though interactions occurred in liposomes with 
low amount of surface-adsorbed chitosan. Chitosan coated liposomes interact with A549 and Caco-2 cells inducing low 
toxic effects only with prolonged incubation times. In conclusion, the proposed procedure provides good reproducibility 
in the formation of non-toxic and highly stable formulations of chitosan coated liposomes as drug delivery systems.

as lecithin, spontaneously forming supramolecular aggregates [21]. The 
appropriate combination of lecithin with chitosan results in positively 
charged complexes with specific, prolonged and controlled release 
characteristics. Several authors have described the use of chitosan 
as a coating material for liposomes, resulting in formulation with an 
improved oral bioavailability for peptide and protein drugs [22-25]. 
Chitosan-coated liposomes (CCL) containing insulin have been shown 
to produce hypoglycaemic effects in mice after oral administration 
[26]. Moreover, lecithin-chitosan nanoparticles can strongly interact 
with mammalian skin, which is slightly negatively charged, offering a 
better topical delivery of active compounds [27,28]. On the contrary, 
in conventional uncoated liposomes without any surface modification, 
the lack of positive charges does not ensure close contact between 
nanoparticles and skin. As a consequence, uncoated liposomes are 
rapidly removed from skin surface.

These findings suggest that CCL possess a great potential as drug 
delivery systems improving the permeation of entrapped drugs across 
various biological barriers including skin and mucosal tissue [23,29-
31].
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The current work reports the production of chitosan coated 
liposomes (CCL) by a controlled ethanol injection of lecithin into 
a chitosan/water solution. Different papers have indeed described 
the preparation of CCL, but none was based on a strict control of 
experimental parameters. Injection of lecithin ethanolic solution into 
the chitosan solution is performed in various uncontrolled methods, 
mainly by hand pipetting through a glass pipette. In addition, during 
the injection, the stirring is generally accomplished by unstandardized 
procedure based on magnetic stirrer, without defining the magnetic bar 
and reactor dimensions. Therefore, preparation techniques currently 
described in literature appear to be scarcely reproducible and not 
suitable for large scale manufacturing, due to batch-to-batch variations.

The present study focuses on analysis of strict control operating 
conditions influencing the morphology and in vitro behaviour of 
chitosan coated liposomes. CCL were prepared by injecting ethanol 
solution with highly purified phosphatidylcholine enriched lecithin 
(min. 85.0%) into a water phase by a syringe pump in a controlled 
fashion. The obtained nanoparticles were characterised in terms of size, 
zeta potential and morphology. Finally, due to possible applications of 
CCL as carriers for drug delivery, we also performed a toxicological 
evaluation on A549 and Caco-2 cells, as in vitro models of human lung 
and intestinal epithelia.

Materials and Methods
Materials

Reagents used for the nanoparticle preparations were: 
phosphatidylcholine from soybean (85%) (Phospholipon 85G, Lipoid 
GmbH, Germany), chitosan from shrimp shells (≥85% deacetylated, 
viscosity 100 cP ,1% w/v solution in 1% v/v acetic acid) (Sigma–
Aldrich, UK) and 5(6)-Carboxyfluorescein (Sigma–Aldrich, UK). All 
other regents were from Sigma–Aldrich, UK and were of analytical 
grade. Reagents used for cytotoxicity assays were: CellTiter 96 AQueous 
Non-Radioactive Cell Proliferation Assay kit (Promega, Madison, WI, 
USA), cytotoxicity detection kit plus (Roche, Mannheim Germany) and 
ATPlite (Perkin Elmer, Waltham, MA, USA). Human lung carcinoma 
epithelial cells A549 (#CCL-185) and human colorectal adenocarcinoma 
cells Caco-2 (HTB-37) were purchased from American Type Culture 
Collection (Manassas, VA, USA). A549 cells were cultured in Ham’s 
F12 medium, fetal bovine serum (FBS), penicillin-streptomycin 
solution, L-glutamine, phosphate buffered saline (PBS), Dulbecco’s 
phosphate buffered saline with calcium and magnesium (DPBS), 
all purchased from Lonza (Basel, Switzerland). Caco-2 cells were 
cultured in Dulbecco’s modified eagle medium (DMEM) purchased 
from Life Technologies (Carlsbad, CA). Sodium dodecyl sulfate (SDS), 
staurosporine (STS) and glycerol were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). 

Chitosan coated liposome preparation

Lecithin (30 mM) was solubilized in 4 mL of ethanol and injected 
into 36 mL of 1% acetic acid solution containing different amounts of 
chitosan, namely: 0.456, 0.228, 0.114, 0.045, 0.033 or 0.022 mg/mL, 
resulting in a final lecithin/chitosan ratio of 5, 10, 20, 50, 75 and 100, 
respectively. Ethanol injection was accomplished by a 10 mL syringe 
connected with a PTFE tube (internal diameter 0.7 mm) and a syringe 
pump at constant flow-rate of 1 mL/min. The organic solution was 
injected into the chitosan water phase placed into a glass reactor (50x90 
mm, diameter/height), using a mechanical stirrer (model IKA RW 20 
DZM) equipped with 3-bladed impeller (40 mm diameter). The same 
procedure was employed for the preparation of carboxyfluorescein 

(CF) loaded CCL where a 0.1% CF (w/v) solution was added to initial 
4 mL of lecithin.

Determination of CF loading into CCL

Free CF was separated from CF loaded CCL by size exclusion 
chromatography using a Sepharose 4B column (Pharmacia, Uppsala, 
Sweden) (1.5 cm diameter, 50 cm length) equilibrated with borate 
buffer. The void volume peak fractions containing CF loaded CCL 
were collected and quantified for liposome and free CF content. UV-
VIS spectrum of each fraction was measured both in isotonic Palitzsch 
buffer and in ethanol/water (70:30) mixture in order to estimate both the 
suspension turbidity (from optical density at 600 nm, when measured 
in buffer), and determine the concentration of CF (from optical density 
at 310 nm of optically transparent ethanol/water). All UV spectra were 
recorded on a Hewlett-Packard 8452 diode array spectrophotometer. 
Total and free amounts of resulting CF (C0 and C1, respectively) were 
used to calculate the encapsulation efficiency (EE) as follows:

EE = (1 − C1/C0) x 100.

CCL characterisation

Dynamic laser light scattering: Particle sizes of nanoparticle 
formulations were measured by dynamic laser light scattering method 
with Zetasizer 3000 PCS instrument (Malvern Instruments, UK). 
The analysis was performed using a 5-mW helium neon laser with 
a wavelength output of 633 nm. Glassware was cleaned of dust by 
washing with detergent and rinsing twice with water for injections. 
Measurements were made at 25°C, at an angle of 90°. Data were 
elaborated using the Contin software.

Particle size distributions of CCL suspensions were also measured 
with Malvern ZetasizerNano ZS DLS instrument operated in 
backscattering mode. Medium viscosity of 0.89 cP and refractive indices 
of 1.590 (CCL) and 1.330 (water) were assumed. Measurements were 
carried at 23°C and were run in triplicate to check for sedimentation 
and solution stability.

Transmission electron microscopy: CCL morphology was 
investigated by negative-stain transmission electron microscopy 
(TEM) with a FEI Tecnai 12 G2 electron microscope with Twin lens 
configuration (FEI Co., Eindhoven, The Netherlands). CCL suspension 
was diluted 100-fold with water and mixed with equal volume of a 2% 
(w/v) ammonium molybdate solution. Formvar-coated copper grids 
were placed on a drop of sample solutions and were left to incubate 
for 5 minutes. Excess of CCL suspensions was blotted from grids using 
filter paper, leaving only a thin film layer on a small part of a grid. CCL 
samples were observed following complete evaporation of solvents 
from the grid. Samples were imaged at 120 kV and micrographs were 
recorded with a side-mounted Olympus Morada CCD (Olympus Soft 
Imaging Solutions GmbH, Münster, Germany).

CCL zeta potential determination

The formation of chitosan layer on liposomal surface was analysed 
by zeta potential measurements of vesicle surface. Zeta potential of 
CCL was determined using a Zetasizer Nano ZS (Malvern Instruments, 
UK). Measurements were run in triplicate for each type of CCL.

CCL stability

Stability of CCL preparations at different lecithin/chitosan ratios 
was evaluated at 25°C over time. Samples were sealed in glass bottles 
containing a water/ethanol (90:10) solution and stored at 25°C for a 
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period of 60 days. Periodically sample aliquots were collected for 
particle size analysis by DLS.

In vitro cell cultures

Human lung carcinoma epithelial A549 cells, used from passages 
88-105, were maintained in Ham’s F12, 10 % FBS, 2mM L-glutamine, 
100µg/mL penicillin, 100 U/mL streptomycin. In vitro cytotoxicity 
assays were performed in 96-well microplates seeding 5x103cells/well. 
Human colorectal adenocarcinoma Caco-2 cells, used from passages 
35-45, were maintained in DMEM high glucose, 10 % heat inactivated 
FBS 2mM L-glutamine, 100µg/mL penicillin, 100 U/mL streptomycin. 
In vitro assays were performed in 96-well microplates seeding 1x104 
cells/well. Fluorescence microscopy was performed on A549 and 
Caco-2 cells seeded on glass coverslips, in 6-well plates for suspension 
cultures, at 1x105 cells/well and 3x105 cells/well respectively. Both cell 
lines were grown in a 5 % CO2 incubator in humidified atmosphere at 
37°C.

Cytotoxicity tests

Cellular viability was determined by measuring mitochondrial 
activity and adenosine triphosphate content (ATP), while membrane 
integrity was assessed quantifying lactate dehydrogenase (LDH) 
released into medium from damaged cells. Briefly, 24 h after seeding 
cells were exposed to increasing CCL concentrations for 2 h, 6 h, 
24 h and 48 h incubation times, and cell viability and damage were 
assessed. Positive controls were prepared exposing cells to increasing 
concentrations of STS and SDS. At each incubation time, cellular 
supernatants were transferred onto a 96-well plate for LDH assay, 
while cells were washed with DPBS and tested for their viability. 
Mitochondrial activity was evaluated by recording absorbance at 
490 nm according to manufacturer’s instructions, corresponding to 
the conversion of tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H] (MTS) into its 
reduced formazan form. The amount of ATP was detected by recording 
luminescent signal after treatment. Both absorbance and luminescence 
readings were recorded with the microplate reader Synergy4 (Bio-
Tek Instruments, Inc.), and results of three independent experiments 
reported as a ratio between absorbance and luminescence average 
values of CCL-treated cells and controls.

Cellular interaction studies

The interaction of CCL with cells was studied by fluorescence 
microscopy. Cells were treated from 30 min to 24 h either with CF-
loaded CCL or CF. After treatment, cellular supernatants were 
removed, cells were washed three times with PBS and fixed with 3.7% 
formaldehyde for 10 min. After three washes with PBS, coverslips were 
mounted with 80% glycerol.

Fluorescence microscopy was carried out with a Leica DMI 6000B 
(Leica Microsystems, Wetzlar, Germany) equipped with Leica HCX 
PL APO 63×/1.4 objective lens. Illumination was provided via Leica 
EL6000 mercury metal halide lamp. CF was excited at 480 nm and 
fluorescence emission was recorded at 527 nm with Leica DFC360 FX 
CCD camera. Confocal laser scanning microscopy was carried out with 
Leica TCS SP5 II system utilizing an argon ion laser for excitation at 
488 nm. Sample fluorescence was recorded on a photomultiplier tube at 
wavelengths greater than 500 nm. Objective lens used was HCX PL APO 
lambda blue 63×/1.4 with the pinhole set to 121µm. All fluorescence 
images obtained from three independent experiments were acquired 
and analyzed with Leica LAS AF and ImageJ (Schneider et al., 2012) 
software.

Statistical analysis

Data analysis was performed by unpaired Student’s T test with 
GraphPad Prism program (GraphPad Software, Inc., San Diego, USA; 
www.graphpad.com).

Results and Discussion
General considerations

To overcome limitations associated to many basic preparation 
techniques for liposomes, including the difficulty for scaling up to 
industrial production, an ethanol injection method based on controlled 
injection of organic solution was employed [32]. In general, ethanol 
injection and its modification involves the dissolution of lipids into 
ethanol (or alcohols as methanol or isopropanol) followed by rapid 
addition of organic solution into water.

Despite the easy protocol, further improvements to ethanol 
injection procedure are needed to improve the general pharmaceutical 
characteristics of produced vesicles, including size uniformity, 
batch to batch reproducibility and predictability. To this aim, in this 
current paper the ethanol injection protocol was performed by strictly 
controlling crucial experimental parameters, namely: (a) the rate of 
ethanol injection, (b) the stirring of chitosan-containing aqueous phase 
and (c) the geometry of impeller and glass reactor.

This procedure allowed a controlled ethanol diffusion in water, 
resulting in a precise and reproducible self-organization of lecithin and 
chitosan molecules and leading to homogenous CCL formulations.

Preparation of CCL

As previously stated, the main aim of current paper is the 
production of CCL by a controlled ethanol injection method resulting 
in high batch-to-batch reproducibility of CCL with narrow size 
distribution. To this purpose, a crucial step (i.e. the mixing of lecithin 
and chitosan solutions) was accomplished in a controlled manner by a 
syringe pump under mechanical stirring in a glass reactor. The effect of 
different lecithin to chitosan ratios were investigated, namely: 5, 10, 20, 
50, 75 and 100. Hereafter, the resulting CCL are indicated as CCL-R5, 
CCL-R10, CCL-R20, CCL-R50, CCL-R75 and CCL-R100 throughout 
the text. Ethanol injection involves the dissolution of lipids into ethanol 
(or alcohols as methanol or isopropanol) followed by rapid addition of 
organic solution into water. The addition of lipids to the water phase, 
at temperatures above Tm, causes the self-assembling of lipids into 
liposomes, which are coated with chitosan molecules by electrostatic 
interactions. The main advantage of ethanol injection method resides 
in formation of liposomes with a quite narrow size distribution in one 
step, so avoiding degradation or oxidation of both lipids and drugs.

Dimensional characterisation of CCL

Dimensional and morphological characterisation of liposomes 
is required since their physico-chemical properties and biological 
behaviour are strongly related to their size, shape and lamellarity.

The European Commission defines a nanomaterial as a natural, 
incidental or manufactured material containing particles, in an 
unbound state, as an aggregate or as an agglomerate and where, for 50 
% or more of the particles in the number size distribution, one or more 
external dimensions is in the size range 1–100 nm [33]. According to 
this definition, the size distribution of nanomaterials in a liquid phase 
plays an important role with respect to the final clinical application. 
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Nanoparticles can indeed form secondary particles by soft or hard 
agglomeration mechanisms. To this end, dynamic light scattering (DLS) 
is widely used as an effective technique for determining the average 
nanoparticle size in suspensions and possible presence of nanoparticle 
assemblages. It is known that nanoparticle size distributions analysed 
by DLS strongly depend on instruments and analytical procedures 
used, so two different dynamic light scattering instruments were 
employed. All CCL samples were comparatively analysed by two DLS 
instruments respectively equipped with a detector positioned at 90° and 
in backscattering mode.

The influence of different lecithin/chitosan ratios on CCL size was 
investigated, and DLS results are reported in Figure 1. An increase 
of lecithin to chitosan ratios from 5 to 100, resulted in a progressive 
decrease of mean particle size (from ~220 to ~100 nm). At ratios equal 
to 10, 20, 50 and 75 a small secondary peak was detectable only in 
volume size distribution (Figure 1A). Notably, batch-to-batch analysis 
of CCL sizes and size distributions revealed that the preparation 
procedure is highly reproducible (Figure 1C).

To confirm the relationship between dimensions and lecithin to 
chitosan ratios, CCL formulations were also analysed by a Zetasizer 
Nano ZS that utilizes a non-invasive backscattering arrangement 
(around 170 degrees) for increased sensitivity. In Figure 2 is reported 
the comparative size analysis of CCL-R5, CCL-R10 and CCL-R20 
performed by the two instruments. Results show the same trend 
of Figure 1, with Z-average values generally 10-30 nm smaller in a 
backscattering instrument compared to the 90° instrument.

Morphological characterisation of CCL

CCL morphology was analysed by TEM in order to characterise their 
architecture, lamellarity and size estimation. TEM images for CCL-R5, 
CCL-R10 and CCL-R20 are reported in Figure 3. All samples were 
predominantly constituted of multilamellar, spheroidal vesicles with 
diameters ranging from ~20 nm to over 200 nm. The lamellae thickness 
(shown in bright in negative stain TEM images) ranges between 2.3 and 
3.5 nm. Typical repetition distance between lamellae in close contact is 
3.8 to 5 nm. CCL-R5 sample appeared the most heterogeneous by shape 
and size (Figure 3A). The majority of particles were indeed spheroidal, 
but elongated, straight, cylindrical vesicles, possibly cochleates were 
also frequently detectable in this sample. Cochleates are precipitates 
of cylindrical, elongated phospholipid aggregates that generally form 
upon stepwise addition of divalent inorganic cations (i.e. calcium 
ions) or polycations into small unilamellar vesicles prepared with 
phospholipid mixtures containing negatively charged amphiphiles, such 
as phosphatidylserine (or phosphatidylglycerol). Cochleate cylinders 
are rolled bilayers with a small interlamellar aqueous space due to 
cation interactions with negatively charged lipids. CCL-R10 (Figure 3B) 
and CCL-R20 (Figure 3C) samples did not show elongated particles but 
only spheroidal ones with majority of them having diameters smaller 
than 150 nm. A major difference between CCL-R10 and CCL-R20 
samples seems to be that the former has lamellae more tightly bound 
while the latter has more irregularly separated lamellae.

Figure 1: Effect of different lecithin/chitosan ratios on dimensional char-
acteristics of CCL. Size distribution plot by volume (A) and by number (B) 
obtained with the Zetasizer 3000 PCS instrument. CCL were prepared at differ-
ent lecithin/chitosan ratios (w/w), namely: 5 (red line), 10 (green line), 20 (blue 
line), 50 (grey line), 75 (purple line) and 100 (light blue line). Data of panel C 
refer to Z-average of three different CCL preparations.

Figure 2: Comparative dimensional analysis of CCL. Dimensional character-
istics expressed as Z-average are shown for Zetasizer 3000 (grey bars) and 
Zetasizer Nano ZS (striped bars) instrument. CCL were prepared with the in-
dicated lecithin/chitosan ratios. Data are means of three independent batches 
± standard deviation.
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Effect of aging on CCL
One of the major hurdles in liposome use as drug delivery systems 

is represented by their long-term instability in suspensions. Generally, 

when liposomes encounter one another in suspension, they are 
prone to form aggregates and eventually fuse, resulting in an increase 
of liposome mean diameter and evident sediment formation. As 
pharmaceutical products, liposomes must be stable during the storage 
period and remain uniform in size up to the expiration date. Therefore, 
in the current study, a considerable attention was given to evaluate the 
stability of CCL suspensions over time. Figure 4 reports the stability, 
in term of size analysis, of CCL-R5, CCL-R10 and CCL-R20 stored 
in glass vials at 25°C up to 60 days. A good stability of CCL without 
agglomeration or sedimentation was observed for CCL-R5 (Figures 4A 
and 4B) and CCL-R10 (Figures 4C and 4D). Interestingly, CCL-R20 
(Figure 4E and 4F) that contains a lowest amount of chitosan, showed 
a slight increase of particle size after two months of storage. Small 
amount of surface-adsorbed chitosan in CCL-R20 favours liposome 
vesicle interactions, while higher chitosan amounts (CCL-R5 and 
CCL-R10) render liposomes much more negatively charged and stable 
for long-time. Therefore, the strategy of liposome charging produces 
particle-stabilized liposomes that repel one another due to electrostatic 
repulsion forces.

Effect of active molecule encapsulation
It is well known that conventional liposomes possess the ability 

to encapsulate small molecules in the core, in the bilayer or on their 
surface. The hydrophilic dye molecule, carboxyfluorescein, was 
encapsulated in CCL for testing the effect of an encapsulated drug on 
dimensional and zeta-potential properties of CCL. Moreover, CF made 
the internal volume fluorescent, facilitating liposome visualization 
under fluorescence microscopy. To this aim, CF loaded CCL were 
prepared by adding CF to the ethanolic solution in which lecithin 
was solubilized. CF loading yield was determined after gel filtration 
chromatography that was accomplished in order to separate CF loaded 
CCL from free CF. CF entrapment for all lecithin/chitosan ratios was 
over 80 %.

With respect to dimensional effect of CF on CCL (Figure 5), no 
significant differences in size were observed comparing empty and 
CF loaded CCL, for all tested lecithin/chitosan ratios (i.e. CCL-R5, 
CCL-R10 and CCL-R20). As previously noted for empty CCL, CF 
loaded CCL nanoparticle progressively decreased in size as lecithin/
chitosan ratio increases (Figure 6A).

Zeta-potential analysis confirmed that CF encapsulation had 
limited effect on electrokinetic potential of CCL. As expected, CCL 
were positively charged as a result of chitosan interaction with 
liposome surface starting at +45 mV for CCL-R5 sample. Decreasing 
chitosan amounts, displayed a concomitant decrease of zeta potential 
in CCL-R10 and CCL-R20, of +43 and +34 mV, respectively (Figure 
6B). At all ratios, CF loaded CCL showed a less positive zeta potential 
due to negative charges of CF. The limited decrease was attributed to the 
relatively low concentration of CF in coated liposomes.

Cytotoxicity and cellular interaction studies
To evaluate CCL cytotoxicity, we used A549 and Caco-2 cell lines 

as in vitro models respectively of human lung and intestinal epithelia. 
Before investigating cytotoxicity, DLS measurements on CCL in cell 
culture media at the various incubation times were performed to 
evaluate liposome integrity and stability during experiments. DLS data 
of CCL showed a similar pattern as CCL in 10% ethanolic suspension 
(data not shown). Cell viability and damage were determined after 2 h, 
6 h, 24 h and 48 h exposure to increasing CCL concentrations (Figure 
7 and 8 and supplemental Figure 1 and 2 ). Mitochondrial activity 
impairment was observed only on A549 cells exposed to CCL for 48 

Figure 3: Negative-stain TEM images of CCL. Two representative images 
are shown for each sample: CCL were prepared with different lecithin/chitosan 
ratios (w/w), namely: 5 (A), 10 (B) and 20 (C). Arrows indicate the elongated, 
cylindrical structures. Scale bar indicates 100 nm.

Figure 4: Long-term stability of CCL. Size distribution plot by volume (A, C, 
E) and by number (B, D, F) of CCL prepared with different lecithin/chitosan 
ratios (w/w), namely: 5 (A, B), 10 (C, D) and 20 (E, F). Measurement were 
performed immediately after preparation (red line) and after 15 (green line), 30 
(blue line) and 60 days (grey line).
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lecithin), while CCL-R10 and CCL-R20 affected cell viability from 
456µg/mL. These results were confirmed by ATP content reduction 
(supplemental Figure 3). No effects on Caco-2 cell viability were 
observed at all incubation times, as shown in Figure 8 and supplemental 
Figure 2 and 4. No LDH release into cell culture media was observed in 
both cell lines, suggesting that CCL did not affect membrane integrity.

CCL interaction with both cell lines was investigated by using 
wide-field and confocal fluorescence microscopy. In particular, cells 
were treated with CF labeled CCL at different incubation periods. At 
short time exposure (30 min), CF labelled CCL were already found to 
bind both A549 and Caco-2 cells (Figure 9 and supplemental Figure 5 
for higher image resolution and dynamic range). In A549 samples, cell 
associated fluorescence is better spread than Caco-2, with higher signal 
at 30min for CCL-R5 and lower for CCL-R20. All samples showed a 
similar trend in reduction of unbound particle fluorescence at 6 and 24 
h (Figures 10 and 11 and supplemental Figures 6 and 7). However, even 
if Caco-2 samples generally exhibited less fluorescence intensity, at 6 
and 24 h the fluorescence signal is well localized on cells. Labelled CCL 
interaction was compared with CF alone, which was not found nor as 
unbound particle neither on cell membranes, at all incubation times. 
The overall analysis of samples fluorescence revealed that total amount 
of fluorescent particles was higher for CCL-R5 and decreased with the 

Figure 5: Size distribution comparison between empty and CF loaded CCL. 
Size distribution plot by volume (A, C, E) and by number (B, D, F) of empty (red 
line) and CF loaded CCL (green line) prepared with different lecithin/chitosan 
ratios (w/w), namely: 5 (A, B), 10 (C, D) and 20 (E, F).

Figure 6: Size distribution and zeta potential comparison between empty 
and CF loaded CCL. Comparative analysis of dimensional (A) and zeta-poten-
tial characteristics (B) of empty (grey bars) and CF loaded CCL (striped bars). 
Samples were prepared with indicated lecithin/chitosan ratios. Data are means 
of three independent batches ± standard deviation.

Figure 7: Cytotoxicity on A549 cells. Viability (squares) and membrane in-
tegrity (circles) assays of A549 cells exposed to increasing CCL concentrations 
(CCL-R5 red line, CCL-R10 green line, CCL-R20 blue line) for 24 h (A) and 
48 h (B). Positive control curves obtained with STS (dash-dot black lines) are 
reported. (*P<0.05). Results are shown as mean ± standard deviation of 3 
independent experiments.

h (Figure 7 and supplemental Figure 1). In particular, CCL-R5 showed 
significant reduction from 114µg/mL (expressed as concentration of 
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increase of lecithin/chitosan ratio. Finally, morphology of both cell 
types was not affected by the treatments confirming non-toxic effects of 
CCL at observed time points.

Conclusions
Coated liposomes composed of lecithin (primarily constituted of 

phosphatidylcholine) and high molecular weight chitosan represent 
an interesting carrier for nanomedicine applications. The structure 
of nanoparticles is formed by ionic interactions between lecithin and 
chitosan providing a prominent surface charge resulting in bioadhesive 
properties. CCL sizes prepared at different lecithin to chitosan weight 
ratio was always below 200 nm and TEM analysis revealed that 
nanoparticles were mainly characterized by a spherical shape with 
the presence of some cochleates at low lecithin to chitosan ratios. 
Furthermore, liposome coating by a chitosan layer was confirmed 
by TEM images and zeta potential analysis. In addition, our results 
demonstrated that surface coating with chitosan preserved liposome 
stability at least for 60 days. CF has been successfully encapsulated in 
CCL allowing to investigate CCL interactions with cells by fluorescence 
microscopy. Presented data indicate that the use of appropriate lecithin 

Figure 8: Cytotoxicity on Caco-2 cells. Viability (squares) and membrane 
integrity (circles) assays of Caco-2 cells exposed to increasing CCL (CCL-R5 
red line, CCL-R10 green line, CCL-R20 blue line) concentrations for 24 h (A) 
and 48 h (B). Positive control curves obtained with STS (dash-dot black lines) 
are reported. (*P<0.05). Results are shown as mean ± standard deviation of 3 
independent experiments.

Figure 9: CCL interactions with A549 and Caco-2 cells. Representative 
confocal laser scanning microscopy images of CF loaded CCL after 30 minutes 
of incubation. A549 cells (A) and Caco-2 cells (B) exposed to CCL with lecithin/
chitosan ratios of 5 (left), 10 (center) and 20 (right). Images are the overlay of 
fluorescence and transmitted light (DIC) signals. Scale bar indicates 50 µm.

Figure 10: CCL interactions with A549 cells at increasing incubation 
times. Representative fluorescence images of A549 cells with CF loaded CCL 
at increasing incubation time. Incubation times of 30 min (A), 2 h (B), 6 h (C) 
and 24 h (D) are shown. Rows show from left to right untreated cells (left) and 
cells treated with CCL-R5, CCL-R10 and CCL-R20. Fluorescence signals are 
overlaid on transmitted light (DIC) images. Scale bar indicates 50µm.

Figure 11: CCL interactions with Caco-2 cells at increasing incubation 
times. Representative fluorescence images of Caco-2 cells with CF loaded 
CCLs at increasing incubation time. Incubation times of 30 min (A), 6 h (B) 
and 24 h (C) are shown. Rows show from left to right untreated cells (left) and 
cells treated with CCL-R5, CCL-R10 and CCL-R20. Fluorescence signals are 
overlaid on transmitted light (DIC) images. Scale bar indicates 50 µm.
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to chitosan ratios results in a formation of non-toxic, highly stable 
formulations optimally suitable as drug delivery systems.
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