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Abstract

pH-sensitive niosomal and liposomal formulations bearing alkylated N-isopropylacrylamide (NIPAM) copolymers
were characterized with regard to vesicle—polymer interaction, pH-responsiveness and stability in human serum. The
interactions between the pH-sensitive NIPAM copolymer and the vesicles were studied by spectrofluorimetry, using
covalently-attached pyrene as a probe. In contrast to liposomes, where complexation of copolymer to the lipid bilayer
is essentially mediated by hydrophobic interactions, the binding between niosomes and PNIPAM was mainly driven
by hydrogen bonding. Both formulations were found to rapidly release their contents under mildly acidic conditions.
However, the niosomes lost their pH-sensitivity after incubation in serum, whereas liposomes maintained their ability
to respond to pH only when complexed with a copolymer containing a high proportion of hydrophobic anchor. The
ability of pH-sensitive liposome/polymer complexes to enhance the cytotoxicity of cytosine arabinofuranoside (ara-C)
was evaluated in vitro using macrophage-like J774 cells. Ara-C encapsulated in pH-sensitive liposomes exhibited a
higher cytotoxicity than the control formulation. This study showed that both niosomes and liposomes can be
rendered pH-sensitive by anchoring a randomly-alkylated NIPAM copolymer to their surface. The interactions that
take place between the polymer and the vesicles strongly depend on the vesicle nature. pH-sensitive PNIPAM-based
liposomes can improve the in vitro efficiency of ara-C. © 2002 Elsevier Science B.V. All rights reserved.
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sue targeting using colloidal carriers, which ex-
ploit the so-called ‘enhanced permeation and re-
tention effect (for a review, see Maeda et al.,
2000), delivering drugs to specific cellular com-
partments remains a major challenge. As the pH
of endosomes is lower than that of extracellular
fluids, this feature has been exploited in the design
of systems that facilitate the delivery of active
compounds to the cytoplasm via a pH-dependent
membrane-disruptive and/or fusogenic action.
For example, certain viral infections implicate
membrane disruption by amphiphilic peptides
that undergo conformational transition upon re-
duction of the pH (Carrasco, 1994). Thus, pep-
tides and conjugates, which mimic viral fusion
peptides, have been investigated for the prepara-
tion of pH-responsive/fusogenic carriers (Hahn
and Kim, 1991; da Costa and Chaimovich, 1997),
as well as in DNA delivery (Wagner et al., 1992;
Plank et al., 1994). However, these peptides are
generally less efficient than viral vectors (Schat-
zlein, 2001), and their potential immunogenicity
may somehow restrict their systemic administra-
tion. Accordingly, several synthetic macro-
molecules, which exhibit membrane-disruptive
properties under mildly acidic conditions, have
been proposed to increase the escape of mem-
brane-impermeable compounds from endosomes/
lysosomes. Synthetic polymers offer several
advantages over peptides and proteins such as
simple large-scale production, low cost and low
immunogenicity.

Synthetic membrane—active polymers are gen-
erally polyelectrolytes that respond to acid titra-
tion by a change in their conformation and
affinity for membranes. Poly(ethylenimine) (PEI),
a polycation, has been extensively studied as a
non-viral gene delivery vehicle (for a review, see
Godbey et al., 1999). It has been postulated that,
following endocytosis, PEI acts as a sponge for
protons that are pumped into lysosomes. As the
pumped protons are accompanied by an influx of
chlorate ions, an increase in the osmolarity oc-
curs, inducing lysosomal swelling and bursting
(Boussif et al., 1995). This buffering capacity of
PEI can also lead to inactivation of lysosomal
enzymes due to a pH increase. In addition, PEI
can promote the fusion of negatively-charged

membranes (Oku et al., 1986) and act as a perme-
abilizing agent at high concentrations (Godbey et
al., 1999). Depending on their state of ionization,
polyanions such as poly(2-ethylacrylic acid)
(PEAA), can also destabilize phospholipid mem-
branes (Thomas and Tirrell, 1992; Chung et al.,
1996). Upon protonation of the carboxylic
groups, PEAA undergoes coil-to-globule transi-
tion, partitions into the membrane, and eventually
causes membrane disruption (Thomas and Tirrell,
1992). Similarly, poly(propylacrylic acid) and ran-
dom copolymers of acrylic acid and ethyl acrylate
possess membrane-destabilizing properties within
narrow pH ranges (Murthy et al., 1999; Stayton et
al., 2000). These polymers have recently been used
in the development of non-viral carriers for gene
delivery (Cheung et al., 2001).

pH-sensitive liposomes represent another cate-
gory of carriers that have been designed to en-
hance the cytoplasmic bioavailability of drugs (for
a review, see Drummond et al., 2000). The most
studied class of pH-sensitive liposomes consists of
non-bilayer-forming lipids (e.g. dioleoylphos-
phatidylethanolamine (DOPE)) that are stabilized
in bilayer structures at neutral pH by mildly
acidic amphiphiles, such as oleic acid or
cholesterylhemisuccinate. The protonation of the
titratable amphiphile at acidic pH causes mem-
brane destabilization and formation of fusion
competent non-bilayer structures. The major con-
cern about pH-sensitive DOPE formulations is
their relative instability in plasma or serum (Con-
nor et al., 1986), which results in premature drug
leakage (Senior, 1987). Even though the stability
can be increased by using double-chain am-
phiphiles, substantial loss in pH-sensitivity follow-
ing incubation in plasma has been observed (Liu
and Huang, 1989; Collins et al., 1990). Alterna-
tively, intrinsically pH-sensitive liposomes can be
prepared with pH-labile plasmalogens, which hy-
drolysis at acidic pH results in increased liposome
permeability (Gerasimov et al., 1997). However,
the addition of dihydrocholesterol to such formu-
lations to increase the in vivo liposome stability
leads to a significant decrease in pH-sensitivity
(Gerasimov et al., 1997).

Polymers have also been investigated to confer
pH-responsiveness to liposomes. One of the ad-
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vantages of using stimuli-responsive polymers is
the possibility to render almost any liposomal
composition sensitive to pH. For example, egg
phosphatidylcholine (EPC) liposomes can be
destabilized at pH 6.5 by surface-bound PEAA
(Maeda et al., 1988). Moreover, hydrophobically-
modified PEAA has been shown to induce the
fusion of EPC/cholesterol (Chol) liposomes at
acidic pH (Chen et al., 1999). However, in vivo
applications of PEAA-coated liposomes have not
been investigated so far, and it may be expected
that, upon intravenous injection, the abundance
of the negative charges in the polymer would lead
to a fast removal of liposomes by the mononu-
clear phagocyte system (Gabizon and Papahad-
jopoulos, 1992). Kono et al. (1994) have
developed pH-responsive liposomes bearing suc-
cinylated poly(glycidol)s, a poly(ethylene glycol)
(PEG) derivative with carboxylic groups. These
liposomes undergo fusion and leakage below pH
5.5, and can efficiently deliver calcein to the cyto-
plasm of CV-1 kidney cells (Kono et al., 1994,
1997).

The use of N-isopropylacrylamide (NIPAM)
copolymers to confer pH-sensitivity to liposomes
was first reported by Meyer et al. (1998). NIPAM
homopolymer (PNIPAM) collapses above its
lower critical solution temperature (LCST), which
is about 32 °C in aqueous solution (Heskins and
Guillet, 1968). The addition of an ionizable moi-
ety to PNIPAM can increase its LCST above the
body temperature, and make the polymer respon-
sive to pH (Hirotsu et al., 1987; Chen and Hoff-
man, 1995). Hydrophobically-modified NIPAM
copolymers containing methacrylic acid (MAA)
as the pH-sensitive moiety were shown to trigger
the content release of EPC, EPC/Chol and EPC/
Chol/1,2-distearoyl-sn-glycero-phos-
phatidylethanolamine-/N-methoxy(PEG)
liposomes under acidic conditions (Meyer et al.,
1998; Zignani et al., 2000). While PEAA and
succinylated poly(glycidol)s have been only used
to confer pH-sensitivity to liposomes composed of
fluid phase lipids, NIPAM copolymers were
shown to destabilize liposomes made of high tem-
perature phase transition lipids (distearoylphos-
phatidylcholine, 7., =55 °C) (Roux et al., 2000).

The possible intracellular trafficking route of
polymer-based pH-sensitive liposomes following
receptor-mediated internalization is illustrated in
Fig. 1. Following endocytosis, liposomes should
be destabilized in response to polymer collapse
and release rapidly their contents in the endo-
somes. By releasing liposomal content prior to
reach the lysosomes, premature degradation by
hydrolases and peptidases can be minimized
(Huang et al., 1983). This may present an advan-
tage for the delivery of labile macromolecules (e.g.
peptides, antisense oligonucleotides) and certain
anticancer drugs like cytosine arabinofuranoside
(ara-C) that are degraded in lysosomes following
their delivery by non pH-sensitive liposomes
(Huang et al., 1983). Depending on the polymer
and liposome properties, the endosomal mem-
brane can also be destabilized, therefore facilitat-
ing the diffusion of the drug in the cytoplasm.

This manuscript summarizes our recent pro-
gress on pH-sensitive vesicles (i.e. liposomes and
niosomes) obtained through complexation with
hydrophobically-modified NIPAM copolymers.
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Fig. 1. Potential intracellular trafficking route of polymer-
based pH-sensitive vesicles following receptor-mediated inter-
nalization.
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Table 1
Characteristics of the different pH-sensitive polymers

Entry  Formula?® Molecular pH of phase transition at 37 °C  References

weight
A P(NIPAMg;-co-Gly,4-co-Py,) M, =52 500 3.8 Spafford et al., 1998
B P(NIPAMy;-co-Glys-co-ODAm,) M,=260000 44 Francis et al., 2001
C P(NIPAMyy-co-VP,-co-MAA,-co-ODA,) M, =21000 6.3 Leroux et al., 2001
D DODAm-P(NIPAMy,-co-MAA,) M, = 8200 5.6 Roux et al., 2002

@ Subscripts indicate mol% of each monomer.

The pH-sensitive vesicles are characterized with
respect to their interaction with the copolymers,
stability in plasma, pharmacokinetics and ability to
release their contents under mildly acidic condi-
tions. Most of the data presented in this
manuscript is taken from previously published
work.

2. Materials and methods
2.1. Polymer synthesis

The randomly- and terminally-alkylated copoly-
mers of NIPAM were prepared by free radical
polymerization as described previously using either
MAA (Leroux et al., 2001) or glycine acrylamide
(Gly) as pH-sensitive moiety (Spafford et al.,
1998). The selected hydrophobic anchors were
octadecylacrylate (ODA) or octadecylacrylamide
(ODAm) (randomly-alkylated polymers), and
dioctadecylamide (DODAm) (terminally-alkylated
polymer). N-vinylpyrrolidone (VP) was sometimes
added to increase the copolymer hydrophilicity.
The fluorescently-labeled polymer was prepared by
randomly introducing N-[4-(1-pyrenyl)butyl]-N-n-
octadecylacrylamide (Py) in the polymeric chain
(Spafford et al., 1998). The characteristics of the
different polymers are reported in Table 1.

2.2. Liposome and niosome preparation

Large unilamellar EPC or 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylcholine (POPC) lipo-
somes were prepared by mechanical dispersion of
lipids (including Chol) in the appropriate buffer or

marker solution, followed by extrusion through
50—-200 nm pore-size filters as described elsewhere
(Szoka et al., 1980). Niosomes were prepared using
either of n-octadecyldiethylene oxide (EO,C,sHs,)
or n-octadecyltriethylene oxide (EO,C,sH;,;) and
Chol, by the reverse-phase evaporation procedure
(Szoka and Papahadjopoulos, 1978) or by mechan-
ical dispersion, followed by extrusion. The polymer
was added during the vesicle preparation or incu-
bated with preformed vesicles at different polymer
to lipid ratios. For more details on the preparation
of the vesicles please refer to the studies of Polo-
zova and Winnik (1999), Francis et al. (2001),
Zignani et al. (2000). Cationic and anionic vesicles
were prepared by adding, respectively, dimethyl-
dioctadecylammonium bromide (DDAB) or dioc-
tadecyl phosphate (DP) to the lipid/surfactant
mixture. For the in vitro release studies, untrapped
marker/drug and free polymer were removed by gel
permeation chromatography in HEPES/dextrose
buffer, pH 7.2 (20 mM HEPES, 5% w/v dextrose)
(Zignani et al., 2000). Vesicle size was determined
by dynamic light scattering (N4 Plus, Coulter
Electronics, Miami, FL).

2.3. Fluorescence measurements

Emission spectra were recorded with a SPEX
Fluorolog 212 spectrometer (Edison, NJ) with an
excitation wavelength of 330 nm for pyrene. The
ratio I/l of the excimer emission intensity to the
monomer emission intensity was calculated as the
ratio of the intensity of the emission of the excimer
at 480 nm to the half-sum of the emission intensi-
ties of the monomer at 377 and 397 nm (Polozova
and Winnik, 1999).
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2.4. In vitro release kinetics

pH-sensitive vesicles (20 mM lipids/surfactants)
containing 35 mM trisodium 8-hydroxypyrene
trisulfonate (HPTS), 50 mM p-xylene-bis-pyrimid-
ium as the collisional quencher (Molecular
Probes, Eugene, OR), and 20 mM HEPES were
added to 2-N-(morpholino)ethanesulfonic acid
(MES)-saline buffer (100 mM MES, 144 mM
NaCl, pH 3.0-7.2) or to HEPES-saline buffer (20
mM HEPES, 144 mM NaCl, pH 7.2) preheated at
37 °C. The content release was calculated from
the fluorescence intensity of HPTS (4., =413 nm,
Aem = 512 nm) over that obtained following sam-
ple lysis in 0.5% (w/w) Triton X-100. The in vitro
release following incubation in serum was done by
incubating first the vesicles in 75% (v/v) preheated
human serum for 1 h at 37 °C. The excess of
serum components was then removed by gel per-
meation chromatography and the release of HPTS
from the vesicles was determined as described
above (Daleke et al., 1990).

2.5. In vitro uptake of vesicles by macrophages
and cytotoxicity assays

J774 macrophage-like cells (kind gift from pro-
fessor Michel Desjardins, University of Montreal,
Quebec, Canada) were grown in Dulbecco’s
modified eagle medium (DMEM, Invitrogen
Corp., Ont., Canada) supplemented with ten per-
cent heat-inactivated fetal bovine serum (FBS)
and containing 1 U/ml penicillin G and 1 pg/ml
streptomycin (Invitrogen). J774 cells were plated
in six-well tissue culture plates (1 ml DMEM-FBS
containing 5 x 10° viable cells) and allowed to
adhere and proliferate for 24 h. Empty liposomes
labeled with [*H]cholesteryl hexadecyl ether (130—
160 nm, unimodal distribution) were added (200
ul) to each well, and incubated at 37 °C with the
cells for 3 h in a humidified atmosphere of 5%
CO,. Cells were then rinsed three times with 2 ml
cold phosphate buffered saline (PBS). Cells were
lysed by adding 1 ml of triton X-100 (1% w/w in
water). Radioactivity of 800-ul aliquots was
counted to assess the liposome uptake.

The ability of pH-sensitive and non pH-sensi-
tive liposomes to inhibit J774 cell proliferation in

vitro was determined using cell proliferation as-
say. EPC/Chol liposomes (4:1 mol/mol, 40 mM
lipids, 150—170 nm, unimodal distribution) con-
taining ara-C (Sigma, St. Louis, MO) were pre-
pared by hydrating the lipid film with a 200 mM
ara-C solution spiked with [*H]ara-C (1 nCi/ml)
(Amersham Pharmacia Biotech, Piscataway, NJ).
Liposomes were extruded as described above. Af-
ter removal of free ara-C by passage over Sep-
hadex G-100 (column i.d. 1 cm, length 10 cm),
liposomes were incubated for 20 h at 4 °C with
polymer C.

J774 cells were plated in 24-well tissue culture
plates (500 ul DMEM-FBS containing 15 x 103
viable cells) and allowed to adhere and proliferate
for 24 h. Liposomes (100 pl) were added to each
well, after which the cells were incubated for 4 h.
Cells were then rinsed twice with 1.5 ml DMEM
and then 1 ml of DMEM-FBS was added. Cell
proliferation was determined by the reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) (Sigma) as described by
Tada et al. (1986). Briefly, MTT (100 pl, 5 mg/ml
in PBS) was added to the cell cultures after 48 h,
and incubation was carried-out for a further 3 h
at 37 °C. One ml of 10% (w/v) sodium dodecyl
sulfate in 0.01 M HCI was added to each well to
dissolve reduced MTT, and the absorbance was
measured at 570 nm after overnight incubation at
37 °C.

3. Results and discussion

The introduction of alkyl chains in PNIPAM
allows its anchoring into lipid membranes, and
this has been exploited for the acid- (Meyer et al.,
1998) and temperature-triggered (Kim et al.,
1997) destabilization of liposomes. An important
consideration in the development of stimuli-re-
sponsive liposomal formulations is their stability
in biological fluid, in the absence of stimulus. The
physical state of the bilayer plays a critical role in
the retention of liposomal content as well as in the
circulation time in vivo (Senior and Gregoriadis,
1982). Fluid-phase liposomes are known to be
leaky in serum, but the addition of Chol in the
membrane increases their stability (Kirby et al.,
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1980). In a previous study (Zignani et al., 2000),
we showed that EPC/Chol liposomes bearing a
randomly-alkylated NIPAM copolymer contain-
ing 5 mol% MAA were stable at pH 7.2 but could
release up to 80% of their contents at pH 4.9. We
also reported that NIPAM copolymers conferred
pH-sensitivity to DSPC/Chol liposomes, which
are intrinsically more stable because of the pres-
ence of a high temperature phase transition lipid.
However, experiments undertaken in biological
fluids suggested a poor anchoring of the polymer
in such liposomal membranes (Roux et al., 2000).
In order to increase the retention of the polymer
at the liposomal surface, two different approaches
were considered: (1) changing the vesicle compo-
nents and (2) modifying the polymer composition
to increase its affinity to the lipid bilayer.

3.1. Approach 1—evaluation of a
non-phospholipid pH-sensitive vesicle formulation

Non-phospholipid liposomes, also known as
niosomes, are physically similar to phopholipid
vesicles in that an aqueous core is entrapped in
one or several membrane bilayers (Baillie et al.,
1985). Depending on the main amphiphile which
is used for their preparation (e.g. polyoxyethylene
alkyl ether), they can form hydrogen bonds via
ether and hydroxyl groups at their surface. The
addition of Chol is usually required to avoid
micelle formation and increase stability since the
small hydrophilic head group of Chol compen-
sates for the large hydrophillic group of the sur-
factant (Bouwstra and Junginger, 1995). The
charge of the niosomes can be modulated by
adding cationic or anionic amphiphiles such as
DDAB or DP, respectively. As NIPAM copoly-
mers can form hydrogen bonds through their
amide and carboxylic groups, this property was
examined as a possible means of increasing the
affinity of the pH-sensitive polymer for the vesi-
cles (Polozova and Winnik, 1999).

The interactions between P(NIPAMg;-co-Gly4-
co-Py,) and different vesicles have been studied by
fluorescence spectroscopy, using covalently-at-
tached pyrene as a probe (Polozova and Winnik,
1999). When pyrene molecules are located in close
proximity to each other as in micellar assemblies,

the fluorescence spectrum presents a broad signal,
associated with chromophore excimers, at 480
nm, as well as more resolved signals at 377 and
397 nm, due to the emission of monomers that are
locally set apart (Fig. 2). However, the association
of the polymer with vesicles causes an increase in
the intensity of the monomer emission, as the
incorporation of the hydrophilic groups in the
bilayers spaces pyrene molecules out from each
other (Fig. 2).

One possible mechanism involved in the com-
plexation of P(NIPAMg;-co-Gly,s-co-Py,) with
vesicle membranes is the insertion of the alkyl
chains in the bilayers via hydrophobic interac-
tions. However, it has been shown that the addi-
tion of neutral POPC liposomes to
P(NIPAMg;-co-Gly,¢-co-Py,) induces only a
slight change in the emission spectrum of the
polymer, suggesting that relatively poor interac-
tions take place between the polymer and lipo-
somes (Polozova and Winnik, 1999). Fig. 3 shows
that the addition of increasing amount of cationic
surfactant (DDAB) into POPC liposomes triggers
an important decrease in the ratio of excimer to
monomer intensity of P(NIPAMg;-co-Gly,4-co-
Py,). As this effect increases with the charge den-
sity of the cationic liposomes, attractive
electrostatic forces seem, in this case, to be the
main driving force for the formation of the com-
plexes. This change in the emission spectrum of
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Fig. 2. Variation in the fluorescence spectrum of P(NIPAMg;-
co-Gly,¢-co-Py,) (polymer A) upon their complexation with
cationic niosomes. A..=330 nm; polymer concentration,
0.002 g/1; total lipid concentration, 0.1 g/l; niosome composi-
tion (w/w), 75% EO,C,gH3,, 20% Chol, 5% DDAB. Adapted
from Polozova and Winnik (1999) with permission from the
American Chemical Society.
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Fig. 3. Change in the ratio I/l as a function of the amount
of charged surfactant in mixtures of P(NIPAMg;-co-Gly 4-co-
Py,) (polymer A) with vesicles of different types: EO,C,sH;,/
Chol/DDAB  niosomes (triangles), EO,C,sH;,/Chol/DP
niosomes (squares) and POPC/DDAB liposomes (circles).
Polymer concentration, 0.002 g/l; total lipid concentration,
0.01 g/l; Tris buffer (5 mM) containing 0.15 M NaCl. Repro-
duced from Polozova and Winnik (1999) with permission from
the American Chemical Society.

the copolymer is even more significant in the
presence of cationic niosomes (EO,C,sH;,/Chol/
DDAB). Moreover, the I/l ratio reaches its
lowest value with a small amount of cationic
component (2 wt.%) and remains unchanged with
further increase of DDAB. Fig. 3 also shows that,
upon addition of low charge density anionic nio-
somes (EO,C,sH;,/Chol/DP), the Ig/I,, ratio
reaches values close to those obtained with
cationic niosomes. As the negative charge density
further increases, the electrostatic repulsion forces
overcome these interactions. This unusual behav-
ior is indicative of a peculiar binding mechanism
between niosomes and NIPAM copolymers.
Indeed, these results and those reported by
Polozova and Winnik (1999) suggest that the
binding mechanism of PNIPAM to niosomes is
different than liposomes. Hydrophobic interac-
tions via the non-polar side group of the copoly-
mer with neutral liposomes are relatively weak
and the addition of a cationic amphiphile pro-
motes the formation of electrostatic interactions,
causing a stronger complexation. In contrast, the
entire surface of niosomes seems to participate in
the formation of hydrogen bonds between the
amide groups of NIPAM and the hydroxyl
groups of the ethoxylated surfactant, or between

the amide proton of NIPAM and the ether oxy-
gen of the surfactant (Polozova and Winnik,
1999). Moreover, this strong interaction prevails
in the control of polymer adsorption to niosomes,
as it can overcome repulsive electrostatic interac-
tions between the polymer and anionic niosomes.
As stability of the formulation is a prerequisite for
efficient vesicle-mediated delivery of therapeutic
agents, this unique feature in the mechanism of
interaction renders niosomes attractive vesicles for
the preparation of pH-sensitive carriers.

As shown in Fig. 4, the hydrophobically-
modified NIPAM/Gly copolymer (Table 1, poly-
mer B) is able to trigger the release of an
encapsulated fluorescent dye (HPTS) from both
niosomes and liposomes at acidic pH, whereas the
vesicles remain stable at neutral pH (data not
shown). However, the range of pH over which the
copolymer destabilizes the vesicles is different in
both cases, starting at about pH 4.5 and 5.2 for
liposomes and niosomes, respectively. The differ-
ence between both formulations might be ex-
plained by the interactions that take place
between the copolymer and the two types of
vesicles. It has been previously demonstrated that
binding of hydrophobically-modified NIPAM/
MAA copolymer to liposomes does not signifi-
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Fig. 4. Percent HPTS release after 3 min at 37 °C from
EO,C,3H;,/Chol niosomes (3:2 mol/mol) (circles) and POPC/
Chol liposomes (3:2 mol/mol) (triangles) incubated with 0.3
(w/w) of P(NIPAMgy;-co-Glys-co-ODAM,) (polymer B) as a
function of pH (3.0-7.0), before (closed symbols) and after
(open symbols) 1-h incubation in 75% human serum at 37 °C.
Adapted from Francis et al. (2001) with permission from the
American Chemical Society.
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cantly modify its phase transition pH (Meyer et
al., 1998). The acid-triggered destabilization of the
liposomes occurred at the phase transition pH of
the polymer, which is about 4.4 at 37 °C (Francis
et al., 2001; Table 1). However, for niosomes,
destabilization took place at a higher pH than
that of polymer collapse. In this case, the complex
formation is predominantly controlled by hydro-
gen bonding, and this may affect the hydration of
the isopropylacrylamide group and thus, the pH
at which the polymer collapses.

We previously found that incubation of DSPC/
Chol liposomes complexed with NIPAM copoly-
mer in human serum leads to a substantial shift in
the pH of destabilization, suggesting partial ex-
traction of the copolymer from the bilayers (Roux
et al., 2000). In the case of niosomal formulations,
the cooperativity of hydrogen bonding in the
complexation of PNIPAM to vesicles was thought
to favor a more stable anchoring of the polymer.
However, Fig. 4 shows that, following incubation
in serum, the niosomes completely lost their pH-
sensitivity. This was partially attributed to prema-
ture collapse of the polymer in serum (Francis et
al., 2001). It is known that some ions influence the
phase transition of PNIPAM (Park and Hoffman,
1993). Indeed, niosomes complexed with hydro-
phobically-modified NIPAM/Gly polymer (poly-
mer B) released almost 20% of their contents at
pH 7.2 in the presence of 4 mM calcium ions
(Francis et al., 2001). A similar loss of pH-sensi-
tivity after incubation in serum was also observed
for the control liposome formulation (Fig. 4),
although in this case, the liposomes were shown
to retain their contents in the presence of calcium,
as well as in serum (Francis et al., 2001). Still, for
both formulations, possible extraction of the poly-
mer by serum components or adsorption of serum
proteins on the vesicle can decrease pH-
responsiveness.

The ability of these pH-sensitive vesicles to
facilitate the transfer of a fluorescent marker (i.e.
calcein) in the cytoplasm of J774 macrophage-like
cells has been qualitatively assayed by fluores-
cence microscopy (Francis et al., 2001). Upon
liposome phagocytosis, the cells displayed a weak
and vesicular fluorescence reflecting the presence
of the probe in the endosomal/lysosomal com-

partments. Unfortunately, niosome/polymer com-
plexes were unable to efficiently deliver calcein to
macrophages cytoplasm, as demonstrated by the
punctuated fluorescence pattern observed (Francis
et al., 2001). This was attributed to a premature
collapse of the copolymer in the incubation
medium causing a release of the dye before inter-
nalization of the vesicles. In contrast, cells treated
with liposome/polymer complexes displayed a
more diffuse fluorescence, indicating rapid diffu-
sion of the dye in the cell cytoplasm (Francis et
al., 2001). However, these experiments were car-
ried in the absence of serum, thus minimizing
extraction of the polymer from vesicles by the
incubation medium. Accordingly, even though
PNIPAM can bind with strong avidity to nio-
somes, the overall stability of the resulting formu-
lation remains inadequate in physiological fluids
and would require further optimization.

3.2. Approach 2—adjustment of the polymer
composition

As extraction of the copolymer from the vesicle
bilayer is thought to be the major limitation in the
stability of liposome/copolymer complexes, an-
other approach was to modify the polymer com-
position to increase its affinity to the lipid bilayer.
In comparison with the first generation of P(NI-
PAM-co-MAA-co-ODA) typically containing 2
mol% ODA (anchor) (Meyer et al., 1998; Zignani
et al., 2000; Leroux et al., 2001), the ODA content
was increased to 4 mol%. The MAA content was
also decreased to 2 mol%, in order to bring the
phase transition pH (Table 1, polymer C) to a
value close to the endosomal pH (5.5-6.5). Fi-
nally, VP was added to provide the polymer
enough water-solubility. Fig. 5 shows that this
copolymer triggered, within 8 min, the release of
24 and 59% liposomal contents at pH 4.9, de-
pending on whether the copolymer was simply
incubated with preformed liposomes or incorpo-
rated during the liposome preparation procedure.
These liposomes were stable at neutral pH. The
lower content release obtained with the complexes
prepared by the incubation method could be ex-
plained by a lower binding to the lipid bilayer due
to the presence strong intra/interchain hydropho-
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Fig. 5. Percent HPTS release after 8 min at 37 °C from
EPC/Chol liposomes (3:2 mol/mol) at pH 4.9 and 5.8, before
(closed bars) and after (open bars) 1-h incubation in 75%
human serum. P(NIPAMgyy-co-VP,-co-MAA,-co-ODA,) was
either incorporated during liposome preparation (open and
shaded bars) or incubated overnight at 4 °C with liposomes
(black bars). Mean + S.D. (n = 3).

bic domains. Our results also demonstrate that
the pH-sensitivity of the formulation prepared by
incorporating the polymer during the liposome
preparation procedure was essentially preserved
following 5-h incubation in human serum, with
46% of HPTS released at pH 4.9 (Fig. 5). Another
method to increase the affinity of the copolymer
to the lipid bilayer is to prepare a terminally-alky-
lated copolymer bearing two octadecyl chains at
one extremity and a shorter PNIPAM segment
(Table 1, polymer D). Such pH-sensitive lipo-
somes were recently shown to maintain their pH-
sensitivity in serum and exhibited, in vivo, a
circulation time which was even higher than the
control formulation (60% increase in AUC)
(Roux et al., 2002). This suggests that the termi-
nally-alkylated NIPAM copolymer can to some
extent sterically-stabilize liposomes at neutral pH,
although this effect remains marginal in compari-
son to PEG.

As the ultimate goal is to produce a pH-sensi-
tive liposomal formulation that will facilitate the
cytoplasmic delivery of drugs, the in vitro effi-
ciency of the formulation was assessed on J774
macrophage-like cells using ara-C as model anti-
cancer drug. Ara-C was chosen because of its
susceptibility to degradation by lysosomal en-
zymes (Huang et al., 1983). First, we verified
whether the randomly-alkylated polymer/lipo-
some complexes and the control liposomes were

taken up to the same extent by J774 cells. Indeed,
below the LCST, it has been demonstrated that
PNIPAM copolymers could reduce liposome-cell
interactions (Yamazaki et al., 1999). No signifi-
cant difference was observed between the uptake
of the copolymer-coated liposomes versus the
non-coated one (data not shown). Compared with
the control formulation, a small but significant
increase in the ara-C efficiency was observed when
the drug was loaded into the pH-sensitive lipo-
somes (Fig. 6). The polymer alone was not toxic
at the concentrations tested (data not shown).
Thus, rapid release in the endosome probably
ensures more efficient delivery of ara-C to the
cytoplasm. Increased drug efficacy with liposomal
ara-C has been observed with other pH-sensitive
formulations. Compared with pH-insensitive for-
mulations, ara-C loaded in pH-sensitive targeted
liposomes was found to be more cytotoxic to
L-929 cells (Connor and Huang, 1986), CV-1 cells
(Brown and Sylvius, 1990) and KB cells (Rui et
al., 1998).

We have to point out that ara-C is not an
optimal model for evaluating the performance of
this specific pH-sensitive formulation. Indeed, it
turned out that in the presence of the copolymer,
ara-C precipitated. Accordingly, the polymer was
incorporated in the bilayer by incubation with
preformed liposomes, a procedure which does not
lead to maximal drug release under acidic condi-
tions (Fig. 5).
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Fig. 6. Toxicity of ara-C encapsulated in control (closed
circles) and pH-sensitive (open circles) EPC/Chol liposomes
(4:1 mol/mol) toward J774 cells. Mean + S.D. (n=)5).
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4. Conclusion

The concept of pH-responsive vesicles was orig-
inally proposed more than two decades ago. De-
spite initial promising results, this approach is still
granted with limited success. In order to be effi-
cient, a pH-sensitive colloidal formulation should
bear a number of essential properties, which in-
clude biocompatibility of the carrier, stability in
serum, long circulation time in vivo, interaction
with targeted cells and internalization, rapid re-
lease following the application of the stimulus,
and finally escape of the drug from the endoso-
mal/lysosomal compartments. To date, all these
characteristics have not been combined into one
formulation with great success. Still a lot of work
remains to be carried out to produce a clinically
viable formulation. Because of their great versatil-
ity polymer/vesicle complexes may provide a
means of achieving such a goal. PNIPAM offers
interesting characteristics that have not yet been
fully exploited in the design of pH-sensitive carri-
ers. Stability in serum and rapid release under
acidic conditions can be achieved with PNIPAM
formulations. However, it is still unknown
whether the attachment of a targeting ligand will
compromise pH-responsiveness. Moreover, de-
spite the recent progress, PNIPAM liposomal for-
mulations need to be further optimized with
respect to their circulation time in vivo and ability
to efficiently deliver their contents to the
cytoplasm.
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