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Abstract: Hyaluronic acid (HA) and chitosan (CH) are biopolymers that are widely used in many
biomedical applications and for cosmetic purposes. Their chemical properties are fundamental to
them working as drug delivery systems and improving their synergistic effects. In this work, two
different protocols were used to obtain zwitterionic liposomes coated with either hyaluronic acid
or chitosan. Specifically, the methodologies used to perform vesicle preparation were chosen by
taking into account the specific chemical properties of these two polysaccharides. In the case of
chitosan, liposomes were first synthesized and then coated, whereas the coating of hyaluronic acid
was achieved through lipidic film hydration in an HA aqueous solution. The size and the zeta-
potential of the polysaccharide-coated liposomes were determined by dynamic light scattering (DLS).
This approach allowed coated liposomes to be obtained with hydrodynamic diameters of 264.4± 12.5
and 450.3 ± 16.7 nm for HA- and CH-coated liposomes, respectively. The chemical characterization
of the coated liposomal systems was obtained by surface infrared (ATR-FTIR) and nuclear magnetic
resonance (NMR) spectroscopies. In particular, the presence of polysaccharides was confirmed by
the bands assigned to amides and saccharides being in the 1500–1700 cm−1 and 800–1100 cm−1

regions, respectively. This approach allowed confirmation of the efficiency of the coating processes,
evidencing the presence of HA or CH at the liposomal surface. These data were also supported by
time-of-flight secondary ion mass spectrometry (ToF-SIMS), which provided specific assessments of
surface (3–5 nm deep) composition and structure of the polysaccharide-coated liposomes. In this
work, the synthesis and the physical chemistry characterization of coated liposomes with HA or CH
represent an important step in improving the pharmacological properties of drug delivery systems.

Keywords: drug delivery system; liposome coating; hyaluronic acid; chitosan; polymeric materi-
als; nanomaterials

1. Introduction

Liposomes are self-assembled phospholipid structures showing biocompatibility prop-
erties. These systems have been applied to improve the bioavailability of hydrophobic
bioactive compounds. Liposomes and nanoparticles are widely used for stabilizing drugs
and improving their pharmacological properties by acting as carriers in drug delivery
processes and promoting the controlled release of drugs at selected target sites [1]. By
modifying the surface of these carriers with polymers, such as polyethylene glycol, they
become able to prevent mechanisms of plasma–protein adsorption, interfering with the
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recognition by the reticuloendothelial system [2,3]. These vesicles are known as stealth
liposomes, and their ability to prolong blood circulation, improving the pharmacological
effects of drugs, is well documented [4–6]. On the other hand, these systems provide
new opportunities in the field of pharmaceutical research and the design of innovative
liposomes. To inhibit/reduce chemical degradation of a liposome and undesirable loss of
the encapsulated drug, polymers can be used to modify the physicochemical properties
of vesicles [7,8]. In particular, the surface properties can be modified to reduce toxicity
and to control drug release [9,10]. Coated liposomes have demonstrated that drug activity
was synergically increased, along with many other desirable biological effects [11]. The
surface modification of liposomes can be obtained by following different processes, such as
polymer adsorption [12]. Furthermore, surface coating with a polymer is able to preserve
liposome stability [13], and this behavior depends on the ability of the polymer to adhere
to the lipid bilayers [14].

Two different strategies can be considered to modify the liposome surface: (i) the
classical adsorption of a polymer, promoting an excess of polymer in solution and inducing
a random distribution at the surface and (ii) the innovative hydration of phospholipids from
a polymeric solution [15]. Moreover, liposomes are systems that are thermodynamically
unstable and the coating could interfere, decreasing the colloidal stability. The study
of chemical modification of vesicles becomes a very challenging aspect and highlights
potential new target sites and applications [16].

Two different polymers were used in the present study to obtain the surface modifica-
tion of liposomes: chitosan (CH; molecular weight: 50–190 kDa; Figure 1a) and hyaluronic
acid (HA; molecular weight: 8.7 kDa; Figure 1b), both at low molecular weights. Chitosan is
a linear copolymer composed of D-glucosamine and N-acetyl-D-glucosamine units, linked
via β-(1→ 4) bonds. It is a biodegradable polymer obtained from the alkaline deacetylation
of chitin [17].

Figure 1. Numbering and chemical structure of (a) chitosan (CH) and (b) hyaluronic acid (HA).

Chitosan is one of the most widely used biopolymers in biomedical applications
(textiles, cosmetics and food treatment) due to its ability to bind to a variety of natural
or synthetic species such as nanoparticles, polymers, metal ions and cell surfaces. More-
over, owing to its high biocompatibility, biodegradability, absorption capacity and non-
antigenicity, chitosan gels and supports are often adopted in the biomedical field and for the
synthesis of organic–inorganic nanocomposites with bioactive substrates. Chitosan-coated
liposomes have been used as a mucoadhesive delivery system. Their positively charged
surface favors adhesion to cell membranes, which are normally negatively charged [14].

Hyaluronic acid is an anionic glycosaminoglycan and is one of the fundamental
components of the connective tissue of humans and mammals. HA is a polymer constituted
of disaccharides, D-glucuronic acid and N-acetyl-D-glucosamine, connected by alternating
β-(1→ 4) and β-(1→ 3) glycosidic bonds. HA has a polymeric structure, having different
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molecular weights (5 and 20,000 kDa). The molecular weight greatly influences the viscosity
of polysaccharide aqueous solutions.

HA presents a high solubility in aqueous systems and plays a fundamental role in the
inflammatory process and other physiological processes. HA shows high biocompatibility
and has many uses in the biomedical field [18]. The use of HA as a polymer coating for
liposomes is encouraged by its properties of being a protector against vesicle leakage [19],
stealth enhancer [20] and lyoprotectant [21].

In this paper, chitosan and hyaluronic acid were used as coatings for DOPC/DOPE
zwitterionic liposomes. Liposomes that were coated and purified were characterized
through the study of their physical properties, such as the hydrodynamic diameter, ζ-
potential and polydispersity index (PDI), which also provide useful information on its
stability. Subsequently, the chemical characterization of the coated liposomal systems
was performed by nuclear magnetic resonance (NMR), surface infrared (FTIR-ATR) spec-
troscopy and time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis to pro-
vide fundamental information for understanding and optimizing the coating processes.
The final aim of the present study was to synthesize and fully characterize coated liposomes
to obtain vesicles with increased chemical properties for new drug delivery systems. In
particular, the use of hyaluronic acid as a coating system for vesicles could help to develop
carriers with biological properties typical of HA, such as regenerative, moisturizing and
repairing properties.

2. Materials and Methods
2.1. Materials

The following phospholipids were used for liposome preparation: 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, Sigma, St. Louis, MO, USA) and 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE, Sigma, St. Louis, MO, USA). For the coating procedure,
hyaluronic acid (HA; Biophil Italia SpA, Origgio, Italy; 8.7 kDa) and chitosan (CH; Sigma,
St. Louis, MO, USA; low molecular weight: 50–190 kDa; deacetylation grade, 77%) were
used.

The materials were used without any further purification.

2.2. Synthesis of Coated Liposomes

Zwitterionic liposomes were prepared using the thin film hydration method [22] with
a main lipid composition of DOPC and DOPE and a final molar ratio of 1:0.5.

2.2.1. CH-Coated Liposomes

In the case of CH-coated liposomes, the lipid compounds were dissolved in chloroform
and then dried using a rotary evaporator at 37 ◦C, which was further dried in a vacuum
for 24 h. Subsequently, the dried thin film was hydrated using ultrapure water (pH 7.4;
18.2 MΩ·cm) at 20 ◦C and then underwent freeze–thaw cycles in liquid nitrogen and a
water bath at 50 ◦C for 9 cycles. The extrusion through 100 nm polycarbonate membranes
(27 passages) with LiposoFast apparatus allowed the liposomes to be obtained.

The coating was performed as previously reported in the literature [23]. A freshly
prepared CH aqueous solution (4 mg/mL), treated with 0.1% (v/v) acetic acid up to a
final pH of 4.5, was slowly added drop-by-drop, under magnetic stirring, to the liposome
suspension. The coated liposomes were incubated at 4 ◦C overnight.

2.2.2. HA-Coated Liposomes

The coating of the liposomes with hyaluronic acid (HA) was performed with a solution
of low-molecular-weight HA (MW 8.7 kDa; 10 mg/mL) in ultrapure water, type I. The HA
solution (1 mL) was used to hydrate the lipidic film during liposome synthesis, before the
freeze–thaw and extrusion processes. Then, freeze–thaw cycles in liquid nitrogen and a
water bath at 50 ◦C were performed for 9 cycles, followed by extrusion through a 100 nm
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polycarbonate membrane (27 passages) with LiposoFast apparatus, allowed the liposomes
to be obtained.

2.3. Purification of Liposomes

The purification of the CH-coated liposomes was obtained by a centrifugation method.
Dispersion systems were centrifuged at 4000 rpm for 30 min to remove the excess polymer
material. The pellet was then resuspended in distilled water.

The HA-coated liposomes were purified by a dialysis process. The dialysis membrane
tubing (cellulose; MW cut-off 14 kDa; ∅ 6 mm) was pre-wetted and washed with several
aliquots of ultrapure water to clean the membrane surface. The samples were dialyzed in
50 mL centrifuge tubes in ultrapure water at 4 ◦C and were shaken every hour. The dialysis
water was replaced three times, at regular intervals.

2.4. DLS Analysis

All sizing and ζ-potential measurements were made on a Zetasizer Nano ZS90
(Malvern Instrument Ltd., Malvern, UK) at 25 ◦C. All measurements were carried out
on the liposome samples without any dilution. The Nano ZS incorporates non-invasive
backscatter (NIBS™) optics for sizing measurements. The detection angle of 173◦ enables
size measurements of concentrated turbid samples to be performed. However, the scattered
light detected from samples during a ζ-potential measurement was made at the forward
angle of 12◦. All of the measurements were carried out in triplicate, and the results were
reported as mean values ± estimated standard deviation (esd).

As the radii of liposomes were always large enough, compared with the Debye–Huckel
parameters, the ζ-potentials were calculated directly using the Helmoholtz–Smolowkovski
equation (using a Zetasizer) [24]. Sizes were also calculated, using the same experiments,
according to the procedure described by Langley [25].

The analyses were performed in triplicate and the results were reported as mean
values ± esd.

The significant differences (p < 0.05) among data were defined using the one-way anal-
ysis of variance (ANOVA) test and the Tukey’s test, using Prism 8.0 (GraphPad Software,
Inc., San Diego, CA, USA).

2.5. Nuclear Magnetic Resonance (NMR) Experiments

NMR experiments were performed using a Bruker DRX-600 Avance spectrometer
operating at 600.13 MHz for 1 h, equipped with an xyz gradient unit. Spectra were
processed on Silicon Graphics workstations using Bruker TopSpin software (version 3.6.1).

2.6. ATR-FTIR Analysis

ATR-FTIR spectra were collected via a Nicolet IS50 FTIR spectrophotometer (Thermo
Nicolet Corp., Madison, WI, USA) equipped with a single reflection germanium ATR
crystal (Pike 16154, Pike Technologies, Fitchburg, WI, USA) and a deuterated triglycine
sulphate (DTGS) detector (IR) [26]. Before each experiment, the Ge crystal was cleaned with
deionized water and absolute ethanol and dried under a gentle flow of filtered nitrogen.
Typically, 32 scans at a resolution of 4 cm−1, in the range of 4000–800 cm−1, were recorded.
The frequency scale was internally calibrated with a helium–neon laser reference to an
accuracy of 0.01 cm−1. OMNIC software (Version 9.8, Thermo Nicolet) was used for spectra
collection and manipulation. The spectrometer was periodically checked by a Nicolet iS50
validation wheel provided by the manufacturer to check the uncertainty, which stood at
±1 cm−1 (3059 cm−1; k = 2; 95% confidence level).

The spectral measurements were performed in absorbance mode. To obtain a homoge-
nous and reproducible sample layer over the ATR crystal, the amount of sample (enough
to cover the ATR crystal) was dried using a homemade top equipped with a diffusor able
to flow dry nitrogen homogeneously onto an ATR crystal surface. Drying took about 5 min
at a temperature of 23 ± 2 ◦C. Three spectral measurements were recorded for each sample
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and the averaged spectrum was considered for the study. The sample compartment was
normally purged with dry nitrogen but, for these experiments, the flow rate was reduced
to the minimum required to obtain a smooth spectrum, whilst avoiding the sample drying.

2.7. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) Measurements

ToF-SIMS measurements were carried out on a TRIFT III spectrometer (Physical
Electronics, Chanhassen, MN, USA) equipped with a gold liquid metal primary ion
source. The liposomes were analyzed as previously described [27,28]. The samples were
maintained overnight in the conditioning pre-chamber with a vacuum value of 10−5 Pa
and then moved to the analyzing chamber, in which the vacuum value was less than
10−8 Pa. Positive and negative ion spectra were acquired with a pulsed, bunched 22 keV
Au+ primary ion beam by rastering it over a 100 µm2 sample area and maintaining static
SIMS conditions (primary ion dose density <1012 ions/cm2). Positive ion spectra were
calibrated with CH3

+ (m/z 15.023), C2H3
+ (m/z 27.023) and C3H5

+ (m/z 41.039). The mass
resolution (m/∆m) was 3000 at m/z 27. Negative ion spectra were not reported because
information added to the discussion resulted in these being redundant.

3. Results
3.1. Physicochemical Proprieties of the Coated Liposomes

The liposomes were synthesized as reported in the Experimental Section, and the
coating methods were performed to obtain liposomes with a modified surface. In particular,
vesicles were coated with one of two different polymers: hyaluronic acid (HA) or chitosan
(CH). The goal of this paper was to characterize these liposomes to obtain information
about their chemical properties and finally, to optimize the coating procedures.

3.1.1. Size Distribution and ζ-Potential

The results obtained from the physicochemical characterization of the coated and
uncoated liposomes are reported in Table 1. The DLS experiments were performed after
the purification processes.

Table 1. Size distribution with polydispersity index (PDI) and ζ-potential for all synthesized lipo-
somes. The values are the average of three measurements (mean ± esd) and different letters in the
same column indicate significant differences (p < 0.05, Tukey’s test).

Liposome
Composition

Mean Diameter ±
esd (nm)

Polydispersity Index
(PDI)

ζ-Potential ± esd
(mV)

DOPC/DOPE 160.5 ± 3.3 a 0.15 25.5 ± 9.4 a

DOPC/DOPE-HA 264.4 ± 12.5 b 0.20 4.9 ± 3.3 b

DOPC/DOPE-CH 450.3 ± 16.7 c 0.35 55.3 ± 8.2 c

The first step was to analyze the size dimensions of DOPC/DOPE zwitterionic lipo-
somes with any surface modification to understand the behavior of CH and HA during
the coating processes. The zwitterionic vesicles showed a hydrodynamic ratio that was in
agreement with the extrusion procedure. The dispersions showed average hydrodynamic
diameters typically obtained for large unilamellar vesicles, since the values are greater than
100 nm [29]. The PDI values suggested that the liposome solution showed the properties of
a pure monodispersing system. The surface charge of 25.5 ± 9.4 mV indicated that such
systems are quite stable in solution.

The size of the zwitterionic HA-coated liposomes revealed higher values with respect
to the uncoated derivatives (264.4 ± 12.5 nm). These liposomes showed an average diame-
ter that was in perfect agreement with the preparation method, and the PDI value suggested
the presence of monodisperse systems. The coating of the liposome with HA deeply modi-
fied the surface charge, and the ζ-potential value showed that aggregation/flocculation
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processes in solution are very likely. The aggregates can increase their size as a function of
storage time.

CH-coated liposomes showed much higher size values with respect to uncoated
derivatives (450.3 ± 16.7 nm), with PDI values suggesting a polydisperse system. The
ζ-potential value confirmed the strong stability of the suspensions versus time. The values
also suggested that the coating process properly occurred, resulting in systems with a
higher average diameter than the uncoated liposomes. The coating therefore influences the
size of the vesicles, improving their stability and thus preventing aggregation in solution.
The higher values obtained could be considered as indicative of excellent stability, since the
line between stable and unstable dispersions is generally set at either +30 or −30 mV [30].

DLS experiments highlighted that the liposomes coated with CH had a higher mean
diameter than those coated with HA, confirming the presence of CH on the surface of
vesicles. The ζ-potential values also confirmed the presence of either of the two polymers
on the liposome surfaces.

3.1.2. Nuclear Magnetic Resonance (NMR)

To study the conformational properties of coated liposomes, proton NMR spectra
were recorded at 600 MHz and 298 K. In Figure 2, the spectrum of DOPC/DOPE in D2O is
reported. The assignment was carried out as previously reported [31,32] and the typical
behavior of the vesicles in solution was revealed: a large signal confirmed the presence of
macrosystems in solution and the poor resolution of resonances was a typical characteristic
of amphiphilic molecules that form aggregates [33].

Figure 2. 1H-NMR spectra of: (a) DOPC/DOPE uncoated liposomes; (b) DOPC/DOPE HA-coated liposomes. (c) Magnifi-
cation of the 1H-NMR spectrum of coated liposomes highlighted the large signal of vesicles in solution.

The NMR spectrum of HA-coated liposomes showed the presence of large signals
typical of vesicles (signals at an upfield shift) and the presence of proton signals assigned
to HA in solution. In particular, in the range of 3.3–4.5 ppm, NMR signals of the H1–H5
and H1–H6’ protons of glucuronic acid and acetylglucosamine were evident. At 1.98 ppm,
the signal of methyl groups of acetylglucosamine were found [34,35]. The chemical shift
and the signal width of the HA proton suggest the presence of HA on the liposome
surface, which highlights that the coating process occurred properly and that HA was
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homogeneously distributed on the liposome surface. The purification process, by means of
dialysis, allowed the statement that there was not any free HA in solution.

Figure 3 reports the NMR spectrum of the CH-coated liposome recorded in D2O at
298 K after the purification processes. In this case, all the NMR signals suggested the
presence of large systems in solution. The NMR proton signal at 5.5 ppm was assigned to
the H1 of the chitosan, the signal at 3.52 ppm was due to the H3 proton and the H2 signal
was at 3.25 ppm. The signal in the range of 3.75–4.34 ppm was assigned to H4, H5, H6 and
H6′ protons. The signal at 2.00 ppm was due to the methyl group, -NHCOCH3, of chitin,
present in the sample due to the non-total deacetylation of the compound. The large signals
at an upfield shift (range 0.5–1.5ppm) were assigned to the DOPC/DOPE liposome [31].

Figure 3. 1H-NMR spectra of: (a) DOPC/DOPE liposome; (b) DOPC/DOPE coating with CH.

The NMR spectrum confirmed the different sizes obtained for the two different coated
liposomes. In particular, the HA-coated DOPC/DOPE systems showed a lower size
compared with the CH-coated DOPC/DOPE derivatives. The NMR proton signals of HA
and CH suggest the presence of these polymers on the surface of the vesicles.

3.1.3. FTIR-ATR Analysis

Characterization by FTIR-ATR spectroscopy was carried out to examine the influence
of a polysaccharide coating on the liposome structure. Figure 4 shows the spectra of a
DOPC/DOPE system before and after the coating with the polysaccharides (Figure 4a) and
the overlay of the spectra (Figure 4b).

In the 3000–4000 cm−1 spectral range, the band at around 3380 cm−1 that was formed
due to the stretching of the aminic N-H belonging to liposomes, was completely embedded
into the broadband due to the strong stretching of the hydroxyl groups and additional
NH stretching of the amide groups of the polysaccharides. Symmetric and asymmetric
C-H vibrations in the 2850–2855 cm−1 range did not show any shift due to the presence of
polysaccharide. These wavenumbers have been routinely used to study the phase behavior
of lipids because their shift to higher values is attributed to the lipid transition from the
gel phase into the liquid–crystalline phase, causing the hydrocarbon chains of the lipids to
become more disordered [36]. Regarding the very intense band at 1738 cm−1, attributed to
C=O stretching of the lipid ester group, the absence of change in terms of wavenumber and
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band shape confirms the very low interaction between the lipids and polysaccharides and,
consequently, there is no modification of the hydrogen bonds structures in the interfacial
lipid carbonyl groups.

Figure 4. ATR-FTIR spectra for (a) stacked and (b) overlapped DOPC/DOPE (green); DOPC/DOPE-HA (blue);
DOPC/DOPE-CH (black) liposomes.

In the range between 1700 and 1500 cm−1, the lipids showed weak bands that were
completely embedded in the strong absorption due to the polysaccharide carboxylic/amidic
groups.

The intense bands at 1240 cm−1 and 1170 cm−1 can be attributed to the asymmetric
stretching of phosphate diester (PO2) and the symmetric stretching of ester groups (CO-O-
C) in the lipids. The coating by the polysaccharides induces a shift of the ester absorption
to 1160 cm−1 for the CH coating and to 1158 cm−1 for the HA coating. These shifts could
be attributed to partial hydrogen bond rearrangement due to the high sensitivity of these
vibrations in the hydrogen bond network.

Considering the FTIR analysis as a whole, the presence of polysaccharides is well
documented by the bands assigned to amides and saccharides in the 1500–1700 cm−1 and
800–1100 cm−1 regions, respectively. In addition, the absence of wavenumber shifts and
changes in band shape suggests that the polysaccharide coating did not induce major
changes in lipid structure.

3.1.4. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Direct measurement of the lipid composition before and after the coating would
add important information. ToF-SIMS analysis was performed with the aim of support-
ing NMR and IR data. Samples for spectrometric analysis in a vacuum were prepared
on a silica surface, which was followed by nitrogen flow drying. To obtain a sensitive
and unambiguous measure, all the samples were prepared at the same time with the
same amount of compound. The presence of the polysaccharide coating was monitored
using reference spectra of bilayers with 1:0.5 DOPC/DOPE, prepared on SiO2, as was
carried out for the other samples. Figures 5 and 6 show the positive ion spectra of
DOPC/DOPE coated with chitosan and hyaluronic acid, respectively. In the mass range of
m/z 150–300, representative for lipids, many fragments were revealed, in particular: the
oleate (C18H33O2) peak at m/z 281; other characteristic fragments at m/z 221 (C8H15NO6

+)
and m/z 207 (C7H13NO6

+); the phospholipidic fragment at m/z 184 (C5H15NPO4
+). After

coating the fragments of DOPC/DOPE, the spectrum was very low in intensity and was
dominated by the fragment at m/z 169, which was not fully characterized but is very
common in polysaccharides, including HA and CH. Because of the surface selectivity
of ToF-SIMS measurements, these results confirm the presence of a surface coating of
polysaccharide.
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Figure 5. ToF-SIMS positive ion spectra of (a) DOPC/DOPE-CH (red); (b) CH (blue).

Figure 6. ToF-SIMS positive ion spectra of (a) DOPC/DOPE-HA (red); (b) HA (blue).

All these experimental data confirm that the coating procedure is correct for zwit-
terionic liposomes, highlighting that this method is easy and reproducible and allows a
very useful drug delivery system to be obtained. Biopolymer-coated liposomes represent
a promising and innovative line of research to increase their biological applications and,
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in particular, to improve the pharmacological properties of drugs that can be transported
to active receptor sites. These systems would be useful to reduce the biodegradability or
toxicity problems of encapsulated drugs.

4. Conclusions

The chemical characterization of coated liposomes represents a very important step in
the development of new drug delivery systems. In the present work, zwitterionic liposomes
coated with two polysaccharides: chitosan and hyaluronic acid, which are widely used for
biomedical applications, were synthesized and characterized.

The average size of vesicles being increased after coating with CH and HA, to-
gether with the ζ-potential, suggested a proper coating procedure. The ζ-potential of
DOPC/DOPE-CH suggested the better physical stability of these preparations, indicating
a lower probability of aggregation of liposomes versus time.

The coated liposomes were analyzed by surface infrared (ATR-FTIR) spectroscopy,
nuclear magnetic resonance (NMR) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS).

The NMR spectra showed the presence of two polymers on the surface of the lipo-
somes. In fact, the proton signals of both liposomes showed broad unresolved peaks,
which are typical of aggregates. The comparison of these vesicles suggest that CH coats
the vesicles more efficiently.

The analysis of both the infrared and secondary ion mass spectra confirmed the
presence of chitosan on the surface of the liposomes. In particular, the ToF-SIMS mass
spectra, which investigates the very surface layer of systems (up to a maximum depth of
3–5 nm), provided crucial information on the coating processes.
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