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An electrostatic complexation of liposomes, composed of anionic

palmitoyloleoyl phosphatidylserine (POPS1�) and zwitterionic dio-

leoylphophatidylcholine (DOPC), with bilayer vesicles composed of

cationic poly(L-lysine)-b-poly(L-leucine) block copolypeptides has

been investigated. The complexation was characterized by several

physicochemical methods with the following main conclusions: (a)

all added liposomes are totally adsorbed on the polypeptide vesicles

up to a certain saturation concentration. (b) The calculated number

of liposomes per a single polypeptide vesicle is about 60. (c) The

liposomes remain intact (i.e., do not leak) after being complexed

with the vesicles. (d) Complexes are stable in physiological ionic

strength solution with [NaCl]¼ 0.15 M. (e) The vesicles are effectively

digested by proteolytic enzyme trypsin even when covered by

liposomes. These findings as well as the high potential for loading of

anionic liposomes and cationic vesicles with biologically active

compounds make these multi-liposomal complexes promising in

the drug delivery field.
Introduction

A bilayer lipid vesicle (liposome) represents a widely-used
container for drug delivery.1,2 The unique structure of lipo-
somes allows encapsulation of both hydrophilic and hydro-
phobic compounds,3,4 and liposomes with targeting moieties
on their surfaces show preferable binding to target cells.1,3,5

Vesicles have been described that release their contents in
response to external stimulus such as heat or light6 or
dissolve in water gases7 as well as pH-sensitive liposomes that
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release entrapped drugs in more acidic areas, e.g. in cancer
tumors.8

Concentration of liposomes within a rather small volume
could lead to multi-liposomal containers capable of simulta-
neously carrying diverse drugs and therefore, lead to an
increase of their therapeutic effect. Recently we have described
electrostatic immobilization of anionic liposomes on the
surface of polystyrene particles covered by graed polycationic
chains (“spherical polycationic brushes”, SPB).9 With this
approach, several dozens of intact (undisrupted) liposomes
with various contents could be concentrated within an approx.
350 nm sphere. However, the non-(bio)degradable polystyrene
core strongly restricts the use of liposome/SPB conjugates for
biomedical applications.

In the present communication, we describe for the rst time
a multi-liposomal container, prepared by complexation of
multiple anionic liposomes with individual cationic poly-
peptide vesicle (CPV). These containers remained stable in
a 0.15 M NaCl solution, but could eventually be destroyed in the
presence of the proteolytic enzyme trypsin, which is well known
to digest poly(L-lysine). The biodegradability of these complexes
makes them promising as a multi-functional drug carriers.
Experimental

A poly(L-lysine)60-b-poly(L-leucine)20 block copolypeptide,
K60L20, (see ESI, Fig. S1A†) was synthesized using transition
metal-mediated amino acid N-carboxyanhydride polymeriza-
tion, which allows control over copolypeptide chain length and
composition.10 The Mw/Mn ratio determined using gel perme-
ation chromatography/light scattering was found to be 1.13.11

In order to prepare the copolymer vesicles, we followed the
procedure described elsewhere.11 Briey, the lyophilized
copolymer was rst swelled in THF and dispersed using
a sonication bath, followed by addition of an equal volume of
deionized water that yielded a slightly turbid suspension. The
latter was exhaustively dialyzed against deionized water to
remove the THF and then against a 10�3 M Tris buffer with
RSC Adv., 2015, 5, 98687–98691 | 98687
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pH ¼ 7 that nally gave a suspension of cationic polypeptide
vesicles (CPVs) (see their structure in ESI, Fig. S1B†). The
dynamic light scattering (DLS) study of the vesicle suspension
with a Brookhaven Zeta Plus showed two populations with the
main contribution of particles with diameter of 200 nm (see ESI,
Fig. S2†).
Results & discussion

The number (concentration) of cationic groups in CPVs,
exposed into the surrounding water solution and available for
electrostatic coupling with anionic liposomes, was estimated
via electrophoretic titration of a CPV suspension in a pH ¼ 7
Tris buffer by a solution of sodium poly(styrene sulfonate)
(NaPSS) in a pH ¼ 7 Tris buffer with use of a Brookhaven Zeta
Plus. As shown earlier,12 a degree of protonation of poly(L-lysine)
amino groups at pH ¼ 7 is close to maximum (100%). The
interaction of two oppositely charged polyions, positive
protonated poly(L-lysine) ions and negative poly(styrene
Fig. 1 EPM of copolymer vesicles vs. n ¼ 0.1 DOPC/POPS1� liposome
concentration. Copolymer concentration 0.05 mg mL�1; [Lys+]outer ¼
1 � 10�4 M; 10�3 M Tris buffer, pH ¼ 7.

Fig. 2 Cryo-TEM images of (A) CPV suspension, (B) a 1 mg mL�1 DOPC/
concentration 0.025 mg mL�1; [Lys+]outer ¼ 5 � 10�5 M; liposomes con
100 nm.

98688 | RSC Adv., 2015, 5, 98687–98691
sulfonate) anions, was accompanied by mutual neutralization
of their charges and corresponding change in the electropho-
reticmobility (EPM) of the resulting complex particles. Complete
neutralization of CPV cationic charges by NaPSS anionic charges
(i.e. the EPM ¼ 0 point) was achieved at a concentration of
sulfonate subunits [Sulfo�] ¼ 7 � 10�3 M that is equal to the
effective concentration of cationic L-lysine on the outer CPV side,
[Lys+]outer. According to the assumed unilamellar structure of the
copolypeptide vesicles11 (see also ESI, Fig. S1B†), poly-L-lysine
chains are nearly uniformly (y-y) exposed into the
surrounding solution and inside water cavity of vesicles. From
there, a total lysine concentration in the CPV sample, titrated by
NaPSS, turns to be [Lys+] ¼ 2 � [Lys+]outer ¼ 1.4 � 10�2 M.

In a typical experiment, a pH ¼ 7 buffer solution of CPV with
[Lys+]outer ¼ 10�4 M was mixed with a varying amount of
aqueous suspension of unilamellar liposomes (ca. 40–50 nm in
diameter) prepared by sonication (see synthetic procedure
in ESI, S1†) and composed of a zwitterionic dio-
leoylphophatidylcholine (DOPC) and an anionic palmitoyloleoyl
phosphatidylserine (POPS1�) (see chemical structures of lipids in
ESI, Fig. S3A and B†). The molar fraction of anionic lipid n ¼
[POPS1�]/([POPS1�] + [DOPC]) in the liposomes was equal to 0.1.
Interaction of DOPC/POPS1� liposomes with the CPVs altered the
surface charge of vesicles, which was monitored using a Broo-
khaven Zeta Plus (Fig. 1). Adsorbed liposomes caused the EPM of
liposome/CPV complex particles to decrease down to zero at
0.89 mg mL�1 liposome concentration or [POPS1�]EPM¼0 ¼
1.13� 10�4 M. At higher liposome concentrations, the charge of
particles became negative due to adsorption of an excess of
liposomes over the amount needed for complete neutralization
of the vesicle charge.

A key question concerns the integrity of adsorbed liposomes
that relates to the quality of immobilized liposomal containers.
In order to study complexed liposome integrity, a suspension of
DOPC/POPS1� liposomes lled with a 1 M NaCl solution was
prepared. Formation of defects in the liposomal membrane
should lead to leakage of salt from the liposomes into the
surrounding solution, thus increasing suspension conductivity.
POPS1� liposome suspension, (C) and liposomes/CPV complexes. CVP
centration 1 mg ml�1; 10�3 M Tris buffer, pH ¼ 7; all bars correspond

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (A) Fluorescence intensity of pyrene-labeled n ¼ 0.1 DOPC/
POPS1� liposomes vs. CPV concentration. [POPS1�] ¼ 1.4 � 10�4. (B)
Fluorescence intensity of rhodamine-labeled liposomes complexed
with CPV vs. NaCl concentration. Copolymer concentration 0.052
mg mL�1; [Lys+]outer ¼ 1.4 � 10�4 M; [POPS1�] ¼ 1.4 � 10�4. 10�3 M
Tris buffer, pH ¼ 7.
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Initially, a control experiment was carried out in which
a NaCl-loaded liposome suspension was treated with a Triton
X-100 solution that resulted in disruption of liposomes as ex-
pected, and resulted in NaCl leakage and a subsequent rise in
the conductivity detected by a CDM 83 Radiometer con-
ductometer. A NaCl-loaded liposome suspension was next
mixed with a suspension of the CPVs that resulted in only
a negligible increase in the conductivity. We concluded from
there that the anionic DOPC/POPS1� liposomes maintain their
integrity aer adsorption on the surface of cationic polypeptide
vesicles.

Liposome adsorption on CPVs was quantied using the
earlier described procedure.9 A series of mixtures was prepared
with a constant CPV concentration (0.05 mg mL�1 or
[Lys+]outer ¼ 1 � 10�4 M) and varying concentrations of DOPC/
POPS1� liposomes with 0.05 wt% of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(1-pyrenesulfonyl) (pyrene-PE), (see
chemical structure in ESI, Fig. S3C†), a uorescent lipid incor-
porated into the bilayer during the liposome preparation. Aer
30 minutes the mixtures were centrifuged at 18 000 rpm for
40 min using a J2-21 Beckman micro centrifuge, the uorescent
intensities in the clear supernatants were measured. No
This journal is © The Royal Society of Chemistry 2015
uorescence, i.e. no liposome, was detected in the supernatants
up to 0.98 mgmL�1 lipid concentration or [POPS1�]max¼ 1.24�
10�4 M, which reected complete liposome binding to the CPVs
within the indicated lipid interval (see ESI, Fig. S4†).

The above electrophoretic, conductivity and uorescence
data allows a deeper insight into the structure and composi-
tion of the liposome/CPV complex. As shown in Fig. 1, the
liposome/CPV complex became electroneutral (with EPM ¼ 0)
at a concentration of adsorbed liposomes of 0.89 mg mL�1 or
a total concentration of POPS1� from both liposome leaet
[POPS1�] ¼ 1.13 � 10�4 M. The latter was equal to a concen-
tration of L-lysine subunits on the outer side of vesicles
[Lys+]outer ¼ 1 � 10�4 M. Taking into account a uniform (y-
y) distribution of POPS1� molecules between both leaets
in the membrane of the initial DOPC/POPS1� liposomes13 and
preservation of the liposome integrity aer adsorption, the
above mentioned equality of the two concentrations, [POPS1�]
and [Lys+]outer, at EPM ¼ 0 can only be interpret in terms of
the CPV-induced migration of POPS1� molecules from the
inner to outer membrane leaet (ip-op). Simultaneously,
an equivalent amount of zwitterionic (neutral) DOPC mole-
cules move in the opposite direction: from the inner to outer
leaet, which allows the adsorbed liposomes to retain their
integrity. Earlier, we have described complexation of anionic
liposomes with polystyrene microspheres graed by poly-
cationic chains, “spherical polycationic brushes”.14 We
measured binding of intact (undisrupted) liposomes and the
anionic lipid ip-op in the bound liposomes. We see now
that complexation of anionic liposomes with the CPVs occurs
by a similar process. In both cases, a hydrophilic layer of
graed macromolecules prevents a direct contact of immo-
bilized liposomes with the solid polystyrene and poly-L-
leucine core and thereby ensures the integrity of immobilized
liposomes.

Additional information about the morphology of the
liposome/CPV complex was obtained by cryogenic transmission
electron microscopy (cryo-TEM). Fig. 2A shows a cryo-TEM
micrograph of the polypeptide vesicle. A dark ring in the
gure reects the hydrophobic polyleucine layer of the vesicular
membrane. Polylysine chains projecting from the polyleucine
layer are not visible in the gure since no contrast-enhancing
material was used. A cryo-TEM of the DOPC/POPS1� lipo-
somes by themselves (Fig. 2B) gives sizes in agreement with the
DLS measurements. Fig. 2C is a cryo-TEM micrograph of
liposome/CPV complexes in which CPVs (bigger rings) are
covered by multiple liposomes (smaller rings). Clearly, both
CPVs and liposomes retain their normal spherical shape (do not
disrupt) upon complexation.

The capacity of CPV towards anionic liposomes, i.e. the
maximum number of liposomes capable of complexing with
a single CPV (N), can be estimated comparing the surface area
of a single cationic vesicle SCPV ¼ p(200)2 nm2 and the surface
area occupied by an adsorbed liposome Sad_lip ¼ p(25)2 nm2.
Calculation gives N ¼ SmG/Sad_lip z 60 liposomes with mean
diameter 50 nm per a cationic vesicle.

Another question of great importance concerns the stability
of liposome/CPV complexes in aqueous salt media. When
RSC Adv., 2015, 5, 98687–98691 | 98689
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Fig. 4 Time-dependent changes in size (A) and EPM (B) of liposome/
CPV complex in the presence (curves 1 and 10) and in the absence of
trypsin (curves 2 and 20). n ¼ 0.1 DOPC/POPS1� liposome concentra-
tion 1.76 mg mL�1; copolymer concentration 0.3 mg mL�1

([Lys+]outer ¼ 6 � 10�4 M); trypsin concentration 0.032 mg mL�1;
10�2 M Tris buffer, pH ¼ 7.9.

Fig. 5 Trypsin-induced metamorphosis of liposome/CPV complex
(schematical presentation). Complex before addition of trypsin (I), initial
stage of complex reorganization (II), aggregates of electroneutral complex
particles (III), particles after disruption of polypeptide vesicles (IV).
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possible biomedical applications of the liposome/CPV
complexes are considered, a special interest is paid to their
stability in physiological ionic strength solution with [NaCl] ¼
0.15 M. We have investigated this question using a uorescence
technique. Cationic polymers are known to be effective uo-
rescence quenchers due to collisional quenching.15 We detected
formation and dissociation of liposome/CPV complexes by
measuring the uorescence intensity of a rhodamine-labeled
lipid, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (Rh-PE) (see chemical struc-
ture in ESI, Fig. S3D†), incorporated into the liposomal
membrane. Addition of an aqueous CPV suspension to
a suspension of rhodamine-labeled liposomes led to a decrease
in the uorescence intensity (Fig. 3A). Further addition of
a NaCl solution to the complex suspension had no effect on the
uorescence intensity up to [NaCl] ¼ 0.3 M (Fig. 3B). Preserva-
tion of the liposome/CPV complexes in physiological solution
was thus conrmed.

Biodegradability is a key requirement for carriers of biolog-
ically active substances. Liposomes are known to decompose
when attacked by lipase, a common enzyme hydrolyzing ester
bonds in lipid molecules and involving in diverse biological
98690 | RSC Adv., 2015, 5, 98687–98691
processes.16,17 Biodegradability of the polypeptide core was
shown in model experiments where decomposition of the
positive complex particles (prepared in an excess of CPVs) was
initiated by addition of the proteolytic enzyme trypsin, capable
of cleaving amide bonds in the polypeptide copolymer. The
proteolysis was monitored by DLS measurement of particle size
in the suspension (Fig. 4A). Initially, only a slight change in the
particle size was found in the absence of trypsin (curve 1).
Injection of trypsin (curve 2) had a negligible effect on the
particle size within rst 1 hour. Then the particle size began to
increase. Approx. 1 hour later, large aggregates were detected in
the system, which nally disintegrated down to 50 nm particles.
In parallel, the EPM of complex particles was monitored
(Fig. 4B) with a negligible change of particle EPM in the absence
of trypsin (curve 10) and a signicant change of their EPM aer
addition of trypsin (curve 20). In the latter case, the EPM even-
tually decreased down to zero and then became negative 2 hours
aer trypsin addition.

Based on electrophoretic and light scattering data, the
following metamorphosis of the liposome/CPV complex can be
proposed (Fig. 5). In the absence of trypsin, only slight changes
in the particle size and their EPM are detected showing the
stability of polypeptide blocks and the vesicular structure of
complex particles (I). Addition of enzyme induces the cleavage
of amide bonds in poly(L-lysine) chains thus decreasing a rela-
tive positive charge of the complex particles (II). In the begin-
ning of the enzymatic reaction, the total charge of complex
particles is high enough in order to suppress particle aggrega-
tion (II). The latter becomes appreciable when EPM of complex
particles approaches zero; partially destroyed CPVs can be also
involved in the aggregates (III). Finally, the unilamellar struc-
ture of CPV is completely destroyed and only free anionic lipo-
somes are found in the suspension (IV) and the remaining
hydrophobic poly leucine fragments precipitated. In biological
environment, liposomes will be hydrolyzed by diverse lipases
This journal is © The Royal Society of Chemistry 2015
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down to smaller species thus ensuring biodegradability of the
entire liposome/CPV complex particle.
Conclusions

We have shown for the rst time electrostatic complexation of
anionic liposomes with cationic unilamellar vesicles whose
membranes consist of a poly(L-lysine)-b-poly(L-leucine) block
copolypeptides. The liposomes were found to retain their
integrity aer complexation. A single 200 nm copolypeptide
vesicle binds several dozens of 50 nm liposomes; the resulting
multi-liposomal complex remains stable (does not dissociate) to
same time, the complex disintegrates when digested by the
proteolytic enzyme trypsin. Facile preparation, stability in
physiological solution, biodegradability and the high potential
for loading of anionic liposomes and cationic vesicles with
biologically active compounds make these multi-liposomal
complexes promising in the drug delivery eld.
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