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In recent years, the liposomes, hollow particles with a bilayer 
lipid membrane separating the inner water volume from the sur
rounding solution, have been used as containers for encapsulation 
and delivery of drugs.1–8 Multi-liposomal containers composed 
of dozens of liposomes with different fillings at variable ratios 
have been described.9–12 Such capacious containers were prepared 
via electrostatic adsorption of anionic liposomes on the surface of 
cationic colloidal particles. This approach allows one to enhance 
drug loading and offers a simple and reliable technology for 
fabrication of patient-oriented multi-functional drug formula
tions.

Here, we report multi-liposomal containers based on chitosan 
nanoparticles, with the emphasis on the biodegradability of the 
containers in the presence of proteolytic enzymes. Chitosan is a 
commercially available cationic polysaccharide which can be 
prepared by deacetylation of chitin, the main component of the 
crustacean exoskeleton.13,14 This polymer is metabolised by 
certain human enzymes, e.g. lysozyme.15 The cationic chitosan 
nanoparticles, actually nanogels with controlled size and swelling, 
are synthesized by cross-linking of chitosan macromolecules in 
the presence of bi- or trivalent anions.16,17 The obtained results 
seem to be promising for preparation of biodegradable multi-
liposomal drug carriers.

Liposome–chitosan† complexes  were prepared following the 
procedure described earlier.21 First, anionic PC/CL2– liposomes 
were adsorbed on the surface of chitosan nanogels in buffer 
solution (pH 5.5) that provided the effective (quantitative) electro
static liposome-to-chitosan complexation. Then, pH 5.5 of the 
external buffer solution was changed to pH 7, while the composi

tion of the resulting complex was preserved. For 50 nm anionic 
PC/CL2– liposomes and 300  nm chitosan nanogels, the above 
procedure resulted in ~80 liposomes per one chitosan particle.21 

Biodegradation of liposome–chitosan complex particles was 
initiated by addition of a proteolytic enzyme:‡ lipase hydrolyzed 
ester bonds in the satellite liposomes,22 or lysozyme hydrolyzed 
glycosidic bonds in the chitosan shell,15 or Morikrase which 
was a mixture of enzymes capable of cleaving both ester and 
glycosidic bonds.20 The degradation was controlled by measuring 
particle size in the complex–enzyme suspension by dynamic light 
scattering technique. In a control experiment without enzyme, 
no change in particle size was observed within 96 h (4 days) after 
complex preparation [Figure 1(a), curve 1].

Addition of lipase to a suspension of the liposome–chitosan 
complex eventually decreased the particle size from 550 nm down 
to ~270 nm within 96 h (4 days) [Figure 1(a), curve 2]. Since 
the latter size is close to the size of the initial chitosan particles 
before complexation with liposomes, we can conclude that lipase 
selectively hydrolyzed ester bonds in lipid molecules but did 
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Multi-liposomal containers were prepared via electrostatic 
adsorption of 50  nm anionic liposomes on the surface of 
cationic chitosan nanoparticles (nanogels) 270 nm in diameter. 
The containers are stable in aqueous-salt solutions but degrade 
in the presence of proteolytic enzymes down to 10–15  nm 
particles and release water-soluble substances encapsulated 
into the adsorbed liposomes. Based on the kinetic data, the 
mechanism of the release is discussed. 

†	 Phosphatidylcholine (PC) and diphosphatidylglycerol (cardiolipin, 
CL2–) from Avanti, doxorubicin (Dox) from VeroPharm (Russia) and 
5(6)-carboxyfluorescein (CF) from Sigma-Aldrich were used as received. 
Chitosan was obtained via alkaline deacetylation of chitin18 with a degree 
of polymerization of 200, while a degree of chitin deacetylation was of 
85 mol%. The chemical structures of compounds are shown in Figure S1 
(see Online Supplementary Materials).

	 Small unilamellar PC/CL2– liposomes, including the liposomes loaded 
by NaCl, or CF or Dox, were prepared by the standard sonication 
technique (see Procedure S1, Online Supplementary Materials). The molar 
ratio of the anionic CL2– headgroups nCL = 2 [CL2–]/(2 [CL2–] + [PC]) 
was 0.1. In all experiments, freshly prepared liposomes with an average 
hydrodynamic diameter of 40–50 nm were used.
	 A chitosan nanoparticle suspension was prepared via mixing equal 
volumes of aqueous solution of chitosan (0.005 m) and aqueous solution 
of sodium sulfate (0.005  m) and further dialysis of the mixture with 
10–2  m acetate buffer (pH  5.5).19 Dynamic light scattering measure
ments showed the mean diameter of the ionically cross-linked chitosan 
nanoparticles of 270 ± 25 nm (see Procedures S2, Online Supplementary 
Materials).
‡	 The biodegradation of the liposome–chitosan complex was initiated by 
addition of a Morikrase proteolytic complex from the hepatopancreas of 
the Kamchatka crab Paralithodes camchatica20 (Trinita, Russia), or enzyme 
lipase (Serva), or enzyme lysozyme (Sigma-Aldrich) (see Procedure S3, 
Online Supplementary Materials).
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not attack the chitosan core. In contrast, addition of lysozyme to 
the complex resulted in formation of 120  nm particles in the 
suspension [Figure 1(a), curve 3] that indicated an appreciable 
contribution of the chitosan core hydrolysis in the complex. 
Finally, in the presence of Morikrase, the complex particle 
size decreased down to 10–15 nm [Figure 1(a), curve 4]. This 
size was much smaller than that of both initial components: 
250–300 nm for chitosan particles and 40–50 nm for liposomes. 
Evidently, such deep degradation of the liposome–chitosan 
complex might arise from the combined action of the Morikrase 
enzymes capable of cleaving lipids and chitosan. The above 
results reveal the enzyme-induced biodegradation of the liposome–
chitosan complex to small fragments which can be easily eliminated 
from the human body. Further experiments were performed with 
the most active catalyst, Morikrase.

As expected, the rate of complex biodegradation rose up if the 
temperature in the mixed complex-Morikrase suspension was 
increased [Figure 1(b)]. Morikrase degraded the liposome–chitosan 
complex down to 10–15 nm particles within 96 h at 4 °C (curve 1), 
72 h at 20 °C (curve 2) and 48 h at 37 °C (curve 3).

After that, we prepared liposomes with an encapsulated water-
soluble substance, adsorbed them on the chitosan nanogel surface 
and studied the kinetics of the encapsulated substance release in 
the course of the liposome–chitosan complex biodegradation. 
Three types of liposomes were used: loaded with NaCl solu
tion, or carboxyfluorescein (CF) solution, or antitumor antibiotic 
doxorubicin (Dox) solution. The release of NaCl increased the 
conductivity of the surrounding solution; the release of CF and 
Dox was accompanied by recovery of their fluorescence partially 
quenched inside liposomes22–24 (see details in Procedure S1, 
Online Supplementary Materials). In the control experiments, no 
release of the encapsulated substances was found within 3 h after 
liposome-to-chitosan complexation. Then, Morikrase was added 
to suspensions of the liposome–chitosan complexes with the 
encapsulated substances; the mixtures were thermostated for 15 h 
at three temperatures: 4, 20 and 37 °C. The kinetics of release is 
presented in Figures 2 and 3. At 4 °C, the release began in 4–6 h 
and ended 10–15 h after Morikrase addition (curve 1); at 20 °C, 
the release started in 3–4 h and ended in 8 h (curve 2), while at 

37 °C, a discernible leakage of the encapsulated substances was 
detected in 2–3 h and come to the end in 4–5 h (curve 3).

To understand the mechanism of the enzyme-mediated escape 
of the liposome content, the rates of encapsulated substance release 
and the rates of liposome–chitosan complex biodegradation were 
compared. (1) In all cases, the release began to be detectable 
only a few hours after Morikrase addition, viz., from 4–6 h at 
4 °C down to 2–3 h at 37 °C (see Figures 2 and 3). During this 
time, the size of particles in the mixed complex–Morikrase suspen
sion changed insignificantly [see Figure 1(b)]. At this stage, the 
Morikrase enzymes apparently attacked ester bonds in lipid 
molecules that led to destabilization of the lipid bilayer and a 
leakage of substances from the liposomes, whereas the chitosan 
core remained nearly unchanged. The total leakage of encapsulated 
substances required from 10–15 h at 4 °C to 4–5 h at 37 °C (see 
Figures 2 and 3) and was accompanied by an additional negligible 
decrease in the particle size [see Figure 1(b)]. The leakage ended 
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Figure  2  Time dependence of the relative conductivity of (NaCl-loaded 
liposome)–chitosan complex suspension after Morikrase addition at (1) 4 °C, 
(2) 20 °C and (3) 37 °C. Concentrations: lipid, 0.4  mg  ml–1; chitosan, 
0.025 mg ml–1; Morikrase, 0.05 mg ml–1; 0.01 m TRIS buffer (pH 7).
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Figure  3  The time dependence of the relative fluorescence of (a) (CF-
loaded liposome)–chitosan complex and (b) (Dox-loaded liposome)–chitosan 
complex after Morikrase addition at (1) 4 °C, (2) 20 °C and (3) 37 °C. 
Concentrations: lipid, 0.4  mg  ml–1; chitosan, 0.025  mg  ml–1; Morikrase, 
0.05 mg ml–1; 10–2 m TRIS buffer (pH 7). 
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Figure  1  Time dependence of particles size of (a) liposome–chitosan 
complex at 20 °C (1) without enzyme, after addition of (2) lipase, (3) lysozyme 
and (4) Morikrase proteolytic complex; (b) Morikrase proteolytic complex at 
(1) 4 °C, (2) 20 °C and (3) 37 °C. Concentrations: lipid, 0.4 mg ml–1; chitosan, 
0.025 mg ml–1; lipase, 0.05 mg ml–1; lysozyme, 0.08 mg ml–1; Morikrase, 
0.05 mg ml–1; 0.01 m TRIS buffer (pH 7 at 20 °C).
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after destruction of all liposomes initially involved in the com
plexation with chitosan but the chitosan core was not still affected 
by the biodegradation. (2) The biodegradation of the chitosan 
core started only after the destruction of liposomes, which was 
accelerated by increasing the temperature. (3) The rate of enzyme-
mediated release did not depend on the type of encapsulated 
substance: a simple inorganic salt (NaCl), or a fluorescent dye 
(CF), or an antitumor drug (Dox).

It is of special note that in all cases, the biodegradation resulted 
in a complete (quantitative) release of substances from the lipo
somes into the surrounding solution. This fact is of particular 
interest for potential use of multi-liposomal chitosan-based con
tainers for encapsulation, delivery and release of drugs.

This work was supported by the Russian Science Foundation 
(project no. 14-13-00255).
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Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2018.03.009.
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