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a  b  s  t  r  a  c  t

The  development  of  new  polymer–liposome  complexes  (PLCs)  as  delivery  systems  is  the  key  issue
of  this  work.  Three  main  areas are  dealt  with:  polymer  synthesis/characterization,  liposome  formula-
tion/characterization  and  evaluation  of the  PLCs  uptake  by  eukaryotic  cells.

Poly(N,N-dimethylaminoethyl  methacrylate)  (PDMAEMA)  with  low  molecular  weight  and  narrow
polydispersity  was  synthesized  by  Atom  Transfer  Radical  Polymerization  (ATRP).  The  polymers  were
synthesized  using  two  different  bromide  initiators  (cholesteryl-2-bromoisobutyrate  and  ethyl  2-
bromoisobutyrate)  as  a route  to afford  PDMAEMA  and  CHO-PDMAEMA.

Both  synthesized  polymers  (PDMAEMA  and  CHO-PDMAEMA)  were  incorporated  in the  preparation
of  lecithin  liposomes  (LEC)  to  obtain  PLCs.  Three  polymer/lipid  ratios  were  investigated:  5,  10  and  20%.
Physicochemical  characterization  of  PLCs  was  carried  out  by  determining  the  zeta  potential,  particle
size  distribution,  and  the  release  of  fluorescent  dyes  (carboxyfluorescein  CF  and  calcein)  at  different
temperatures  and pHs.

The  leakage  experiments  showed  that CHO  covalently  bound  to PDMAEMA  strongly  stabilizes  PLCs.  The
incorporation  of  5%  CHO-PDMAEMA  to  LEC  (LEC  CHO-PD5)  appeared  to  be  the  stablest  preparation  at  pH
7.0 and  at  37 ◦C.  LEC  CHO-PD5  destabilized  upon  slight  changes  in  pH  and  temperature,  supporting  the
potential  use  of  CHO-PDMAEMA  incorporated  to lecithin  liposomes  (LEC  CHO-PDs)  as  stimuli-responsive
systems.

In vitro  studies  on Raw 264.7  and  Caco-2/TC7  cells  demonstrated  an efficient  incorporation  of  PLCs  into
the cells.  No  toxicity  of  the  prepared  PLCs  was  observed  according  to  3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium  bromide  (MTT)  assays.  These  results  substantiate  the efficiency  of  CHO-PDMAEMA
incorporated  onto  LEC  to assist  for  the  release  of the  liposome  content  in mildly  acidic  environments,  like
those found  in  early  endosomes  where  pH is slightly  lower  than  the  physiologic.

In  summary,  the  main  achievements  of this  work  are:  (a)  novel  synthesis  of  CHO-PDMAEMA  by ATRP,
(b)  stabilization  of  LEC  by  incorporation  of  CHO-PDMAEMA  at neutral  pH  and  destabilization  upon  slight
changes  of pH,  (c) efficient  uptake  of LEC  CHO-PDs  by phagocytic  and  non-phagocytic  eukaryotic  cells.
. Introduction

Liposomes are attractive materials for drug delivery because
f their biocompatibility, non-immunogenicity, non-toxicity, and
bility to entrap both hydrophilic and hydrophobic compounds

1].  However, for the delivery process to be efficient, they should
e able to entrap drugs and release them at the target cell, which

n several cases is still an unsolved problem. The factors involved

∗ Corresponding author. Tel.: +54 91161756932; fax: +54 2214249287.
E-mail address: angoza@qui.uc.pt (A. Gómez-Zavaglia).

927-7765/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2012.12.016
© 2012 Elsevier B.V. All rights reserved.

in liposome leakage are not always clear, although an acidic envi-
ronment might be the main responsible. To improve the leakage
process, different approaches have been employed. Among them,
the design of stimuli-sensitive liposomes capable of releasing their
contents in response to environmental changes (e.g.: temperature,
pH) has been described as a promising approach [2].

Thermosensitive liposomes can be prepared by using lipids
whose membranes undergo a gel-to-liquid crystalline phase tran-

sition some degrees above physiological temperature [3].  In
general, a thermosensitive liposome formulation shows maximal
drug release when exposed to temperatures of 40–45 ◦C within
30–60 min. Therefore, an external thermal stimulus is required to

dx.doi.org/10.1016/j.colsurfb.2012.12.016
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:angoza@qui.uc.pt
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P. Alves et al. / Colloids and Surfaces B: Biointerfaces 104 (2013) 254– 261 255

O
Br

O

HH

H

OH

HH

H
O

BrBr+
-HBr

esis o

t
t

c
w
p
b
t
d
e
m
t
t

o
s
i
a
a
p
p
b
o
d

d
l
s
b
s
f
o
a
t
c
m

a
c
b
p
s
f
t
a
b
C
a
k
t
l
s
p
t
t

Fig. 1. Schematic representation of the synth

rigger the thermosensitive liposomes in the target region (i.e.:
umor and adjacent regions, local infections [2,4]).

pH-sensitive liposomes, on the other hand, release their
ontents in ischemic tissues or into the endosomal compartments,
here the medium has pHs lower than physiologic. To prepare
H-sensitive vesicles, different methods can be employed: (a) com-
inations of polymorphic lipids with mildly acidic amphiphiles
hat act as stabilizers at neutral pH; (b) synthesis of caged lipid
erivatives, in which an acid-induced hydrolysis of specifically
ngineered chemical bonds results in an increased presence of
embrane destabilizing lipid components [5];  (c) use of pH-

itratable polymers to destabilize membranes due to a change of
he polymer conformation at low pH [2,3].

The attachment of functional polymers to liposomes by means
f hydrophobic anchors has emerged as a strategy to prepare these
timuli-responsive systems. Several amphiphiles have been used
n the design of stimuli-sensitive liposomes [6–9]. Copolymers of
lkylated N-isopropylacrylamide with titratable monomers (e.g.:
crylic or methacrylic acid), can be used to obtain temperature-
H-sensitive polymer-incorporated liposomes [10]. In addition,
oly(methacrylic acid-co-stearyl methacrylate) coatings have also
een used to obtain pH-sensitive liposomes [11]. The attachment
f poly(2-ethylacrylic acid) to the liposome surface also leads to
estabilization at low pH [2].

The optimization of the efficiency of stimuli-responsive drug
elivery systems by incorporating a polymeric material into the

iposomal membrane demands a rigorous control of the polymeric
ynthesis. In this regard, the tailored synthesis of macromolecules
ased on control/living radical polymerization (LRP) method is a
uitable approach [12]. In particular, ATRP is very well established
or different families of monomers [13], and has several advantages
ver other methods, such as, mild work conditions, fast kinetics,
nd very high tolerance to different functionalities [13]. In addi-
ion, the polymers can have different architectures, topologies and
ompositions, providing a high degree of control over polymer
icrostructure [14].
Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) is an

mphiphilic molecule composed of methacrylate, a substituent
ontaining poly(2-ethylacrylic acid), that may  lead to the desta-
ilization of liposomes in response to environment temperature or
H changes. In spite of its capacity to respond to environmental
timuli, PDMAEMA may  easily dissociate from the liposome sur-
ace, returning to the less stable state. This is in part attributed
o the properties of PDMAEMA hydrophobic anchor (chain length
nd/or saturation degree) [5].  This problem could be overcome
y covalently linking cholesterol (CHO) to PDMAEMA to obtain
HO-PDMAEMA. The role of CHO in enhance the anchoring of

 polymer/molecule into the liposomal membrane is already
nown [15,5].  Therefore, CHO would facilitate the anchoring of
he thermo and pH-sensitive N,N-dimethylaminoethyl methacry-
ate (DMAEMA) polymer into the liposomal membrane. In a recent

tudy [16,17],  CHO-PDMAEMA was obtained by oxyanion-initiated
olymerization, a complex and time consuming method. However,
he ATRP method of synthesis is much simpler and uses mild condi-
ions of polymerization along with a rigorous control of the polymer
f cholesteryl-2-bromoisobutyrate (CHO-Br).

properties. To the best of our knowledge, the synthesis of CHO-
PDMAEMA by ATRP was never reported in the literature.

In this work, the stimuli-responsive polymer PDMAEMA was
synthesized by ATRP. In order to evaluate the CHO effect on
the polymer, and consequently on its incorporation in the lipo-
some, two different structures were synthesized: PDMAEMA and
CHO-PDMAEMA. Lecithin was selected to be used for liposome
formulation because of its naturally presence in cell membranes
allowing a good bioacceptability [18]. In order to define the most
appropriate formulation for drug delivery, the stability at different
pHs and temperatures allowed the selection of the most suitable
polymer/lipid ratio. The endocytosis and cytotoxicity of PLCs have
also been evaluated to give a complete picture of this potentially
useful drug delivery system.

2. Materials and methods

2.1. Polymers synthesis

2.1.1. Cholesteryl-2-bromoisobutyrate synthesis
The initiator was  obtained by esterification of CHO

with 2-bromoisobutyryl bromide (Sigma–Aldrich, Sintra,
Portugal) [19] as presented in Fig. 1. Briefly, 1 g sample of 4-
(dimethylamino)pyridine (DMAP, Sigma–Aldrich, Sintra, Portugal)
(previously recrystallized from toluene) in 10 mL of dry methylene
chloride (CH2Cl2, ACROS, JMGS, Portugal) was mixed with 0.7 mL
of triethylamine (TEA, Sigma–Aldrich, Sintra, Portugal) (dried over
CaH2 and vacuum distilled). The solution was transferred into a
250 mL  three-neck round-bottom flask equipped with condenser,
dropping funnel, gas inlet/outlet, and a magnetic stirrer. After
cooling to 0 ◦C, 3 mL  of 2-bromoisobutyryl bromide in 10 mL  of dry
CH2Cl2 was  added. 1 g of CHO (Sigma–Aldrich, Sintra, Portugal) in
50 mL  of dry CH2Cl2 was  added dropwise to the formed yellow
dispersion, during 1 h under dry nitrogen; subsequently the tem-
perature was allowed to rise to room temperature. The reaction
was kept under stirring for 20 h. Afterwards, the mixture was
washed with a saturated aqueous sodium chloride solution, dried
over magnesium sulphate, followed by evaporation of half of the
solvent. The cholesteryl-2-bromoisobutyrate (CHO-Br) initiator
was precipitated in ethanol (ACROS, JMGS, Portugal) and finally
filtered and dried in vacuum. The final product was obtained in
the form of a white powder and characterized using 1H nuclear
magnetic resonance (1H NMR) (400 MHz, CDCl3): ı = 0.73 (s, 3 H,
cholesteryl CH3), ı = 0.89 (d, 6 H, cholesteryl CH3), ı = 0.95 (d, 3 H,
cholesteryl CH3), ı = 1.07 (s, 3 H, cholesteryl CH3), ı = 0.95–2.40 (m,
28 H, cholesteryl CH and CH2), ı = 1.97 (s, 6H, CH3CBr), ı = 4.60 (m,
1H, CHO), ı = 5.40 (s, 1H, CH C).

2.1.2. Polymers synthesis
PDMAEMA (Sigma–Aldrich, Sintra, Portugal) was  synthesized

by ATRP. Two  polymers were synthesized: a CHO terminated

PDMAEMA (CHO-PDMAEMA) and PDMAEMA. These polymers
were tailored to have the same molecular weight. The pro-
cedure was the same for both polymers, the only difference
being the initiator used: for CHO-PDMAEMA the previously
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Fig. 2. Schematic illustra

btained cholesteryl-2-bromoisobutyrate (CHO-Br) was used,
hile for PDMAEMA was employed a standard LRP initiator, ethyl

-bromoisobutyrate (EBiB, Sigma–Aldrich, Sintra, Portugal). There-
ore, the proper initiator was used in the ATRP of DMAEMA
sing copper (I) bromide as catalyst (Cu(I)Br, Sigma–Aldrich, Sin-
ra, Portugal) and n,n,n′,n′,n-pentamethyldiethylenetriamine as
igand (PMDETA, Sigma–Aldrich, Sintra, Portugal) in tetrahydro-
uran (THF, Sigma–Aldrich, Sintra, Portugal) at 60 ◦C. Succinctly, the

onomer (DMAEMA, 12.7 mmol, freshly passed through a Al2O3
olumn), and the initiator (CHO-Br, 0.41 mmol) were added to a
5 mL  Schlenk flask equipped with a magnetic stirrer and was
rozen and bubbled with N2 to eliminate oxygen. Then, catalyst
Cu(I)Br, 0.41 mmol), the ligand (PMDETA, 0.82 mmol) and the sol-
ent (THF, 2.1 mL,  previously bubbled with N2) were added under
2 atmosphere to the Schlenk flask, which was then sealed and
eoxygenated under reduced pressure and then filled with N2. The
eaction proceeded at 60 ◦C for 24 h. The schematic reaction of this
rocedure is presented in Fig. 2.

After 24 h, the polymerization was stopped by dissolving the
eaction mixture in THF. Then, the product was purified by passing
he solution though a basic Al2O3 column to remove the catalysts.
inally, the solution was precipitated in n-hexane (Sigma–Aldrich,
intra, Portugal) and the obtained powder was filtered and dried
nder vacuum.

.2. Characterization

.2.1. NMR
1H NMR  spectra were obtained using a Bruker Avance III

00 MHz  spectrometer. CDCl3 sample solutions were analyzed in
ubes of 5 mm of diameter, using tetramethylsilane (TMS) as inter-
al standard.

.2.2. Gel permeation chromatography (GPC)
The number-average molecular weight (Mn) and dispersity

Ð = Mw/Mn) of CHO-PDMAEMA and PDMAEMA were determined
y GPC analysis using a Viscotek (Dual detector 270, Viscotek, Hous-

on, USA), with THF as eluent at 30 ◦C (1.0 mL/min), previously
alibrated with narrow polystyrene standards. Number-average
olecular weight (Mn,GPC) and Ð of synthesized polymers were

etermined by TriSEC calibration by using OmniSEC software.
f the ATRP of DMAEMA.

2.3. Stabilization assays

2.3.1. Liposomes and polymer–lipid complexes (PLCs)
preparations

Liposomes and PLCs were prepared by the reverse-phase evap-
oration procedure [20]. Briefly, lecithin (Calbiochem, Merck KGaA,
Darmstadt, Germany) was  dissolved in chloroform (6.25 mM);
PDMAEMA and CHO-PDMAEMA were also dissolved in chloroform
(0.4 mM).  Then, different PDMAEMA and CHO-PDMAEMA/lecithin
molar ratios (0, 5, 10 or 20%) were prepared from their chlo-
roformic solutions, and further dried under a nitrogen stream.
The dried lipid/polymer film was then rehydrated with a buffered
solution of 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, Sigma–Aldrich Co., St. Louis, MO)  or phosphate saline
buffer [PBS; (K2 HPO4 0.144 g/L; NaCl 9.00 g/L; Na2 HPO4 g/L)], pH
7.0 and vigorously stirred above the transition temperature (37 ◦C).

2.3.2. Particle size and zeta (�) potential measurement
All measurements were recorded at 37 ◦C using a Malvern

Instrument Zetasizer Nano-Z (Malvern Instruments, Malvern, UK).
The average hydrodynamic particle size (Z-average) and poly-
dispersive index (PDI) were determined by using dynamic light
scattering at backward scattering (173◦) with the Zetasizer 6.20
software.

�-potential was  determined using a combination of measure-
ment techniques: Electrophoresis and Laser Doppler Velocimetry
(Laser Doppler Electrophoresis). The �-potential values were
provided directly by the instrument. For both measurements, lipo-
somes and PLCs were dispersed in PBS (pH 7; 37 ◦C). Different pHs
evaluations were adjusted with NaOH 0.1 M and HCl 0.1 M.  An
average value of �-potential was obtained from at least 20 deter-
minations for each sample.

2.3.3. Leakage experiments
The previously obtained polymer/lipid films were hydrated in

29 mM 5(6)-carboxyfluorescein (CF, Sigma–Aldrich Co., St. Louis,
MO)  CF, prepared in PBS (pH 7.0). At these concentrations, CF in
liposomes is self-quenched. Non-entrapped CF was removed from

the external medium by washing and resuspending the liposome
pellets in 10 mM PBS (pH 7.0), according to Hollmann et al. [21].
Calcein-loaded liposomes were used for experiments carried out
at pHs different from 7.0. They were prepared in the same way as
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Table 1
Molecular weights (Mn), conversion and dispersity (Ð) of PDMAEMA and CHO-
PDMAEMA synthesized by ATRP.

PDMAEMA CHO-PDMAEMA

Mn,th (Da)a 5068 5409
Conversion (%)b 92.9 99.1
Mn,GPC (Da)c 4067 5220
Ð (Mw/Mn)c 1.19 1.17
P. Alves et al. / Colloids and Surface

he CF-loaded ones, but using 60 mM calcein (Sigma–Aldrich Co., St.
ouis, MO)  and 10 mM HEPES (pH 7.0) for liposome resuspension.

Release of CF and calcein from liposomes was determined
uorometrically on a Synergy HT fluorescence microplate reader
Bio-Tek Instruments, Winoski, Vermont, USA) with excitation and
mission wavelengths at 485/20 nm and 528/20 nm, respectively.
he release of fluorescent probes was monitored for 37 ◦C and 45 ◦C.
F-loaded liposomes and PLCs were used to evaluate the stability
f the liposomes along time at physiological pH (pH 7.0). Calcein-
oaded vesicles where exposed to different pH environments to
valuate the stability at different pHs at 37 ◦C.

The fluorescence intensity resulting from the release of the
ncapsulated CF or calcein from the vesicles was  recorded
long time. After the last record, 2 �L Triton X-100 (10%, w/v)
Sigma–Aldrich Co., St. Louis, MO)  were added to each sample to
nduce its total lysis (100% release of CF or calcein). The extent of
robe release was expressed as a percentage calculated from Eq.
1)

Release = (F − Fi)
(Ft − Fi)

×  100% (1)

here F is the fluorescence intensity of the sample after each incu-
ation time, Fi is the initial fluorescence intensity of the sample and
t is the total fluorescence intensity of the sample after the addition
f Triton-X100.

.3.4. Cell cultures
The monocyte/macrophage murine cell line Raw 264.7 and

he human enterocyte Caco-2/TC7 cell line were cultured in
ulbecco’s Modified Eagle Medium (DMEM, GIBCO BRL Life Tech-
ologies, Rockville, MD,  USA) supplemented with: 10% (v/v),
eat-inactivated (30 min/60 ◦C) fetal bovine serum (FBS, PAA Labo-
atories, GmbH, Pasching, Austria), 1% (v/v) non-essential amino
cids (GIBCO BRL Life Technologies, Rockville, MD,  USA), and
% (v/v) penicillin–streptomycin solution (100 U/mL penicillin G,
00 �g/mL streptomycin, GIBCO BRL Life Technologies, Rockville,
D,  USA). Cultured cells were incubated at 37 ◦C in a 5% CO2 95%

ir atmosphere.

.3.5. Cytotoxicity assays
Cell viability was determined by assessing mitochondrial

ehydrogenase activity by using 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT, Sigma–Aldrich Co., St. Louis,
O). Cells were seeded in duplicate in 24-well plates at 1 × 105

ells per well and incubated for 48 h or 5 d for Raw 264.7 and
aco-2/TC7, respectively. Afterwards, polymer and PLCs with dif-

erent polymer/lipid ratios were added and cells were incubated
or 24 or 48 h. Next, cells were washed twice with PBS and the

edium was replaced by DMEM (without phenol red dye) contain-
ng 0.5 mg/mL  MTT. After 3 h incubation, 0.2 mL  DMSO were added
er well to solubilize formazan crystals. The OD values were reg-

stered in a Synergy HT fluorescence microplate reader at 490 nm
Bio-Tek Instruments, Winoski, Vermont, USA). Cell viability was
etermined according to Eq. (2).

ell viability (%) = (ODt)
(ODc)

× 100% (2)

here ODt is the optical density of the treated cells (with liposomes
r PLCs) and ODc is the optical density of the control cells (non-
reated cells).
.3.6. Cellular uptake by eukariotic cells
Fluorescence microscopy and flow cytometry (FACS) were used

o assess intracellular uptake of lisosomes by Raw 264.7 or Caco-
/TC7 cells. Cells were seeded in 24-well culture plates at a density
a Mn,th = Mw,Initiator + DP × MwDMAEMA (DP = 31).
b Conversition of DMAEMA measured by 1H NMR.
c Measured by GPC in THF.

of 2 × 105 cells/mL and incubated 48 h (Raw 264.7) or 5 days (Caco-
2 TC7) at 37 ◦C as indicated. After incubation, monolayers were
washed with PBS and fresh medium containing calcein loaded lipo-
somes was  added to each well. After incubating for 1 h (Raw 264.7)
or 3 h (Caco-2/TC7) incubation, samples were discarded and the
cells were washed twice with PBS to remove free non-endocytosed
vesicles. For fluorescence analysis the cells were maintained in
0.1 mL  PBS and examined in an inverted fluorescence microscope
(Nikon, Eclipse Ti-U). Cells were observed by epifluorescence with
a 30× objective and with excitation and emission wavelengths at
485/35 nm and 555/15 nm,  respectively.

For FACS analysis after the incubation with liposomes,
Caco-2/TC7 cells were washed and trypsinized for 5 min  with
trypsin-EDTA (0.25%). Trypsinization was stopped by diluting the
liposomes with culture medium and cells were suspended and
transferred to FACS tubes containing PBS. Raw 264.7 were detached
by gently pipetting. FACS was  performed in a FACS calibur by using
Cell Quest software (Becton Dickinson, Mountain View, CA, USA).
For each analysis the green fluorescence (FL1) of 10,000 events was
acquired and plotted against forward light scatter (FSC-H).

2.3.7. Statistics
All assays were performed in triplicate and in three indepen-

dent assays. Analysis of variance (ANOVA) was carried out for all
the assays, using the statistical program InfoStat 2008 (Infostat
Group/FCA. National University of Cordoba. Ed. Brujas, Cordoba,
Argentina). Comparison of means was tested using Tukey methods,
and if P < 0.05, the difference was considered statistically signifi-
cant.

3. Results

3.1. Characterization of PDMAEMA and CHO-PDMAEMA

PDMAEMA is a weak polyelectrolyte (pKa ca. 8.0) that can be pro-
tonated in acid aqueous solutions. The ATRP synthesis of PDMAEMA
allowed a high degree of control over the molecular weight and
polymer microstructure, using relatively mild synthesis condi-
tions. Fig. 2 depicts the schematic reaction corresponding to the
ATRP of DMAEMA using CHO-Br and EBiB initiators. Fig. 3A and
B shows the 1H NMR  spectra of PDMAEMA and CHO-PDMAEMA,
respectively. The most intense bands were similar in both spectra
and were ascribed to PDMAEMA [16,22]: (a) the methyl group at
0.9–1.1 ppm; (b) the peaks related with the CH2 from PDMAEMA
backbone at about 1.8–2.0 ppm; (c) the O CH2 peak at 4.1 ppm;
(d) the (CH3)2 N〈 peak at 2.6 ppm and (e) the CH2 N〈 peak at
2.3 ppm. The presence of the cholesteryl-2-bromoisobutyrate ini-
tiator [16,19] from the cholesteryl CH3 singlet at 0.7 ppm (g) and the
double bound (CH C from CHO) peak at 5.4 ppm (f), both of them
labeled in the spectra, reveals the success of the polymerization

reaction (Fig. 3B).

The good control over the polymer synthesis achieved by the
ATRP method used is supported by the results shown in Table 1.
Considering a theoretical molecular weight of about 5000 Da for
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Fig. 3. (A) 1H NMR  spectrum of PDMAEMA in CDCl3 at 400 MHz [(a) ı = 0.9–1.1
(−CH3 from PDMAEMA), (b) ı = 1.8–2.0 (−CH2− from PDMAEMA backbone), (f)
ı  = 2.3 [(CH3)2−N from PDMAEMA], (d) ı = 2.6 [−(CH3)2−N〈 from PDMAEMA], (c)
ı  = 4.1 (−O−CH2− from PDMAEMA)] (B): 1H NMR  spectrum of CHO−PDMAEMA in
CDCl3 at 400 MHz  [(g) ı = 0.7 (cholesteryl CH3 from CHO), (a) ı = 0.9–1.1 (−CH3 from
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The analysis of the �-potential of these preparations along pH
denoted an isoelectric point at pH ca. 7. Below this value, LEC CHO-
PD5 were positively charged and above, their charge became
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DMAEMA), (b) ı = 1.8–2.0 (−CH2− from PDMAEMA backbone), (f) ı = 2.3 [(CH3)2−N
rom PDMAEMA], (d) ı = 2.6 [−(CH3)2−N〈 from PDMAEMA], (c) ı = 4.1 (−O−CH2−
rom PDMAEMA), (f) ı = 5.4 (CH C from CHO)].

DMAEMA and CHO-PDMAEMA, a theoretical degree of polymer-
zation (DP) was defined as 31. From the 1H NMR  spectra, the peak
ntegration allowed determining an experimental DP of 35, which
s close to the theoretical value and confirmed the target molecular

eight. The reliability of the method became evident when analyz-
ng the other different parameters presented in Table 1, including

 Ð close to 1, the high percentage of conversion and the proximity
etween the theoretical molecular weight (Mn,th) and the experi-
ental molecular weights obtained by GPC analysis (Mn,GPC) and

H NMR.

.2. Physicochemical characterization of liposomes

The efficiency of PLCs prepared from lecithin and PDMAEMA
olymer (LEC PD) and with lecithin and CHO-PDMAEMA polymer
LEC CHO-PD) to entrap CF at 37 ◦C was analyzed for three differ-
nt polymer/lipid ratios: 5, 10 and 20%. CF release was evaluated
fter the maximum release was attained in all PLCs (Fig. 4). The
elease of CF for liposomes prepared from lecithin with 10 and
0% PDMAEMA polymer (LEC PD10 and LEC PD20, respectively)
as above 90%. In the case of PLCs with polymer/lipid ratio equal

o 5%, both polymers (PDMAEMA and CHO-PDMAEMA) exhibited
n improved stability. However, the CF release in LEC CHO-PD5
as ca. three times lower than LEC PD5. These results show the
igher stability of all LEC CHO-PDs, denoting the stabilizing effect
f CHO covalently bound to PDMAEMA. For this reason, further
xperiments were carried out only with LEC-CHO-PDs.

The CF release from LEC and LEC CHO-PDs at 37 ◦C and pH 7

s shown in Fig. 5. These results allowed to evaluate the stabil-
ty of the LEC and PLCs along time and the following conclusions
ould be drawn with respect to the formulations: (a) the incorpo-
ation of 5% CHO-PDMAEMA has a strong stabilizing effect; (b) the
PDMAEMA (white bars) and CHO-PDMAEMA (dashed bars) after 250 minutes incu-
bation at 37 ◦C. LEC: black bars. Mean values ± SD of at least three independent
experiments are shown.

incorporation of 10% CHO-PDMAEMA has a neutral effect; (c) the
incorporation of 20% of polymer has a strong destabilizing effect.
According to these results, LEC CHO-PD5 was selected to evaluate
the effect of temperature and pH in the PLCs.

From Fig. 6A no significant differences were observed in the CF
release from LEC at 37 and 45 ◦C. However, the CF release from
LEC CHO-PD5 at 45 ◦C increased from 4% to ca. 30% after ca. 120 min
incubation, indicating the thermal destabilizing effect of CHO-PD5
on the PLCs.

The effect of pH as stimulus for destabilization of PLCs was  eval-
uated for LEC CHO-PD5 at 37 ◦C. Calcein release was  determined
at different pHs within the range 2.7–12.0. The highest stability
of PLCs was observed at around pH 7.0 (Fig. 6B). In addition, a
strong destabilization effect upon slight changes of pH was also
evident. These results support the potential use of LEC CHO-PDs as
pH-sensitive systems.

The particle size and �-potential of LEC and LEC CHO-PDs were
evaluated at 37 ◦C and pH 7.0 (Table 2). For all the studied vesi-
cles, the obtained PDI was  lower than 0.5, indicating homogeneity
in the population. In regard to their size, after the incorporation of
CHO-PDMAEMA onto the liposomes, two  noticeable changes were
observed: PLC became about 50–60% smaller than the bare lipo-
somes; and the negatively charged bare vesicles (−7.7 mV)  became
positive.
Fig. 5. CF release from LEC (full squares), LEC CHO-PD5 (opened squares), LEC CHO-
PD10 (opened triangles), LEC CHO-PD20 (opened diamonds) PLCs prepared with
different molar concentrations of CHO-PDMAEMA along time at 37 ◦C.
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Fig. 6. (A) CF release from LEC (white bars) and LEC CHO-PD5 (dashed bars) after
2  h at 37 and 45 ◦C. (B) Calcein release from LEC (full squares) and LEC CHO-PD5
(opened squares) at different pHs after 2 h at 37 ◦C.

Table 2
Physical characterization of bare liposomes and PLCs at 37 ◦C and pH 7.0.

Z-averagea (nm) Ð �-potential (mV)

LEC 198.82 ± 1.75 0.485 ± 0.013 −7.74 ± 0.222
LEC CHO-PD5 77.31 ± 1.29 0.487 ± 0.014 12.5 ± 2.310
LEC CHO-PD10 80.17 ± 0.96 0.464 ± 0.015 13.3 ± 0.379
LEC CHO-PD20 138.50 ± 0.97 0.447 ± 0.024 9.85 ± 0.528

a

n
t

3

P
t
3
r

T
�

a

c

b

c

0

20

60

40

80

100

%
 F

L1
 p

os
iti

ve
 c

el
ls

LEC LEC_ CHO -PD5

Fig. 7. Percentage of calcein positive cells after incubation of calcein loaded lipo-

(

a Z-average, also known as the cumulants mean. This mean parameter is defined
s the “harmonic intensity averaged particle diameter”.

egative. On the other hand, the isoelectric point of LEC was  close
o 6, since only LEC at pH 4 had positive charge (Table 3).

.3. Liposome uptake by eukaryotic cells

The flow cytometry assays showed that the uptake of LEC CHO-
D5 in both Raw 264.7 and Caco2/TC7 cells was significantly higher

han that of LEC. Indeed, the percentage of FL1 (+) cells were 2.7 and
5.5 fold higher than controls for Raw 264.7 and Caco2/TC7 cells,
espectively (Fig. 7).

able 3
-potential (mV) of LEC and LEC CHO-PD5 at different pHs.

pH LEC LEC CHO PD5

4 17.70 ± 0.231 7.23 ± 0.093
6 −2.94 ± 0.721 3.99 ± 0.966
7 −7.74 ± 0.222 12.5 ± 2.310
8  −3.18 ± 0.726 −5.25 ± 0.367

10 −23.7 ± 0.208 −8.26 ± 0.368
somes. Caco-2/TC7 cells (black bars), Raw 267.9 cells (white bars). Values were
obtained by FACS. The lipid concentration in the incubation was of 87.5 M. Different
letters indicate significant differences (P < 0.05).

The above results correlate with observations by fluorescence
microscopy of cells incubated with calcein-loaded liposomes. Cells
incubated with LEC exhibited weak fluorescence (Fig. 8A and C)
whereas cells incubated with LEC CHO-PD5 showed strong fluo-
rescence (Fig. 8B and D)

MTT  assays revealed that none of the LEC CHO-PDs formulations
was cytotoxic for the cell lines after 24 and 48 h, since all obtained
results showed to have 100% viable cells.

4. Discussion

The development of systems for drug delivery requires a thor-
ough investigation toward stability, toxicity, and internalization by
eukaryotic cells to assure an adequate transport with the highest
release of drugs in the target cells. In the last years, different strate-
gies have been developed to the appropriate design of liposomes
intended for drug delivery. Among them, stimuli-responsive sys-
tems prepared by the addition of some polymers in the liposome
formulation appeared as a suitable strategy to guarantee stabiliza-
tion during vesicles transport, and destabilization once arrived to
the target cells.

For this purpose, the following goals were accomplished along
this work: (a) synthesis of CHO-PDMAEMA by ATRP; (b) efficient
incorporation of CHO-PDMAEMA on lecithin liposomes formula-
tions with consequent stabilizing effect of the obtained PLCs at
physiologic conditions and destabilization in response to envi-
ronmental stimuli; (c) efficient uptake of the obtained PLCs by
eukaryotic cells.

a) To the best of our knowledge, the ATRP method was never used
for the synthesis of CHO-PDMAEMA. The advantage over other
methods, such as oxyanion-initiated polymerization [16,17]
and reversible addition–fragmentation chain transfer (RAFT)
polymerization [23], is mainly related with the mild conditions
and simplicity of the polymerization. The stringent control of
the polymer architecture, leading to Ð close to 1 and high per-
centage of conversion (Table 1), is another notable advantage
of the LPR method. The resultant control of the homogeneity of
the polymer in terms of both structure and length is of great
importance because it permits a straightforward and more reli-
able interpretation of the biophysical studies carried out in this

work.

The novel synthesized CHO-PDMAEMA shelled in the liposo-
mal  surface substantially reduced the potential dissociation of
the polymer from the liposome, thus increasing its long-term
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stability (Fig. 4). As a whole, this kind of systems, also called
polymer-incorporated liposomes, presents two advantages: (i)
the presence of CHO stabilizes the lipid membrane; (ii) the
CHO covalently linked to PDMAEMA precludes the excision of
PDMAEMA from the formulations.

b) Further analysis on LEC CHO-PDs stability led us to conclude
that, within the studied range of polymer/lipid ratios, the incor-
poration of 5% CHO-PDMAEMA in LEC led to the best PLC at 37 ◦C
and pH 7.0 (Figs. 5 and 6B). At this pH, the obtained LEC CHO-
PD became positively charged (Tables 2 and 3). This can be
explained considering that the cationic character of PDMAEMA
induces a positively charged surface when incorporated in the
liposome formulation. Moreover, it has been reported that a
net positive charge of drug delivery systems may  promote the
association with negatively charged eukaryotic cell surfaces, as
well as the destabilization of the plasma membrane or endo-
somal compartment promoted by the fusogenic properties of
the lipids [24]. The exposure of positive charged liposomes
to endosomal membranes is a prerequisite for electrostatic
interaction between cationic nanoparticles and anionic lipids
[25,26]. Therefore, the positive charged LEC CHO-PDs appear
as appropriate nanoparticles for drug release when exposed to
negatively charged membranes, such as those from endosomes.

Fig. 5 depicts the stabilization effect of low concentrations
(5%) of CHO-PDMAEMA on LEC formulation. Above this con-
centration, the excess of incorporated polymer might lead
to a co-existence of saturated LEC CHO-PDs with free CHO-
PDMAEMA, which might result in a highly destabilizing factor
(Fig. 7).

The complete destabilization observed at pH slightly below
or above 7 (Fig. 6B) is derived from the change in PDMAEMA
conformation under mild acidic or alkali conditions, strongly

supporting the use of LEC CHO-PDs as pH sensitive drug deliv-
ery systems [27]. From the pharmaceutical point of view, the
significance of the PLCs’ destabilization above pHs 7 is rather
low, however it is also an interesting and expected result
osomes and PLCs. Top panel represents Raw 264.7 cells, bottom panel represents
th calcein LEC CHO-PD5.

due to the weak polyelectrolyte character of the incorporated
PDMAEMA. On the other hand, the increase of CF release at 45 ◦C
indicates that the formulations investigated in this work also
respond to temperature stimuli.

(c) The synthesis of CHO-PDMAEMA and physicochemical char-
acterization of PLCs provided the basic requisites to support
the biological assays performed in the last part of this work
(Figs. 7 and 8), toward the evaluation of the toxicity of PLCs
and their interaction with eukaryotic cells. The efficiency
of LEC CHO-PD5 to traffic into intracellular compartments
is clearly noticed when compared with bare LEC liposomes
(Figs. 7 and 8).

Destabilization of liposomes in mild acidic conditions (pH 5–6)
such as those found in early endosomes represents an advantage
for the delivery of labile macromolecules that may  be degraded
by the low pH and hydrolases or peptidases present in lysosomes
[6]. Leakage experiments revealed an almost complete release of
the fluorophore at pH 5.5 (Fig. 6B) suggesting a rapid delivery in
eukaryotic cells after paghocytosis of the liposomes. It is known
that PDMAEMA has cytotoxic effects on macrophages and epithelial
cells [28] although LEC CHO-PDs preparations showed no effects on
the viability of Raw 264.7 and Caco-2/TC7 cells in the assayed condi-
tions. The final concentration of CHO-PDMAEMA in liposomes was
probably lower than 8 �g/mL, the minimal dose producing harmful
effects.

The efficiency of CHO-PDMAEMA incorporated onto LEC demon-
strated to be efficient in improving the stability at physiological
conditions and at the same time in assisting the release of the
liposome content in mildly acidic environments.

5. Conclusion
This work reports promising results regarding the development
of stable liposomes with stimuli-responsive properties that can be
loaded with therapeutic drugs. Three main characteristics were
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