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Liposomes  are  generally  used as  delivery  systems, as  they are  capable of encapsulating  a  wide  variety
of molecules  (i.e.  plasmids, recombinant proteins,  therapeutic  drugs).  However,  liposomal  drug  delivery
have to fulfill  different  requirements, such  as  the  effective  internalization  by  the  target cells  and  avoidance
of the  degradative  activity of the  intracellular  compartments.  The use of polymer  lipid  complexes  (PLCs),
by including different  polymers  in the  liposome  formulation,  could improve  internalization  and intracel-
lular  release of drugs. The aim of the  present  work  is  to study the  mechanisms  of cellular  uptaking and
the intracellular  trafficking  of PLCs formed  with  cholesterol-poly(2-(dimethylamino)ethyl  methacrylate)
CHO-PDMAEMA  and lecithin (LC  CHO-PD). Calcein-loaded  liposomes  were  used  to  determine cellular
uptake  and  intracellular  localization  by  flow cytometry  and  confocal  microscopy. Incorporation  of  CHO-
PDMAEMA to  lecithin liposomes  enhanced  the  internalization  capacity  of PLCs. Internalization of PLCs
by human  epithelial-like  cells  (HEK-293)  diminished at  4 ◦C, suggesting  uptake by  endocytosis. PLCs
showed no  co-localization with  acidic  compartments  after  internalization.  Experiments  with  endocyto-
sis  inhibitors  and  co-localization  of liposomes  and albumin,  suggested  the  caveolae  endocytic pathway

as  the  most probable  route  for intracellular  trafficking of PLCs.

In  this  work,  we  demonstrated  an  efficient uptake  of LC  CHO-PDs  by  human  epithelial-like  cells  (HEK-
293) through  the  non-degradative  caveolae  endocytic pathway. The mode  of internalization  and  the
intracellular  fate of liposomes  under study,  suggest  a  promising  use of LC  CHO-PDs  as drug  delivery
systems.

© 2017  Elsevier  B.V.  All rights  reserved.
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isense oligonucleotides, and plasmids [2]. Liposomes and
d-based nanoparticles (LNPs), which mimic the structure
teins, are specially suitable to deliver hydrophobic drugs

 to  a  disease site in vivo [3].  Positive properties of biocom-
, low immunogenicity, low toxicity, low cost of fabrication
of functionalization have driven liposomes to  the forefront
article delivery systems [4]. However, conventional lipo-
mulations generally suffer from poor cell penetration and
lity in  bloodstream; therefore, they need to be modified
ve their performance in vivo [5,6].
ent endocytic pathways could be involved in  the incorpo-
liposomes into eukaryotic cells [7,8], and the direct fusion

es with plasma membrane can occur as well [9]. Endocy-

ess can be  classified in  two broad categories: phagocytosis
ke of large particles and microorganisms) and pinocyto-
ptake of fluid and solutes) [10].  Phagocytosis is  typically

 to specialized mammalian cells, whereas pinocytosis
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 all cells. At least four morphologically distinct pinocytic
 have been characterized: clathrin-mediated endocytosis,
endocytosis, macropinocytosis, and clathrin/caveolae-
ent endocytosis [11].
in-mediated endocytosis involves a strong binding of lig-
pecific cell surface receptors as a  first step. This results
stering of ligand-receptor complexes in  coated pits on
embrane. These complexes, are  formed by  the assem-
osolic coat proteins, being, clathrin the most important
2].  The coated pits then invaginate and pinch off from the
embrane to  form intracellular clathrin-coated vesicles.

thrin coats depolymerize, resulting in  early endosomes
urn mature in late endosomes and finally fuse with
l compartments. This pathway involves acidification of
lar compartments that decreases to  pH 5.9–6.0 in  late
es and drops to pH 5 in lysosomes [13].  Epidermal growth
eptor, the transferrin receptor and transferrin, as well
oprotein are ligands typically incorporated by clathrin-

 endocytosis pathway.
lae endocytosis are mediated by caveolae (small,
bic membrane microdomains rich in  cholesterol and gly-

olipids, associated with a family of cholesterol-binding
called caveolins) [14,15]. Caveolae are  involved in endo-

 ligands such as simian virus 40 (SV40), cholera toxin B
in [16].  As caveolar uptake is a  nonacidic and nondiges-

 of internalization, caveosomes are  directly transported
lgi and/or endoplasmic reticulum, thus avoiding fusion
some and further degradation [17].
pinocytosis refers to  the formation of large endocytic
alled macropinosomes, generated by  actin-driven invagi-

the plasma membrane [18]. Macropinosomes have no coat
t concentrate receptors. Because they are relatively large,
ocytosis is an efficient route for the nonselective endocy-
luble macromolecules. In macrophages, macropinosomas

acidified, and then completely merge into the lysoso-
artment [19].  In non-phagocytic cells, they constitute a

esicle population, which eventually recycles most of its
back to the cell surface without fusing with lysosomes

in/caveolae-independent endocytosis includes endocytic
 dependent on lipid rafts for vesicle formation such
n-mediated endocytosis and the GEEC (glycosylphos-
nositol −enriched endosomal compartments) pathway
ecules internalized by this pathway do not route to  acidic

ents [4].
the fate of internalized molecules is closely related to  the
echanism, targeting these mechanisms could improve the
nce of liposomal delivery. In this sense, the incorporation
es through non-clathrin endocytic pathways constitutes

le strategy.
previous work, we demonstrated that incorporation
terol-poly(2-(dimethylamino)ethyl methacrylate) (CHO-
A) into lecithin liposomes, increased their stability at
H, the uptake by eukaryotic cells, the release of their
n  mild acidic conditions [21].  These promising results
ed us to  go deeper in the characterization of PLCs using
ll models. The present work reports the mechanisms of

ptake and intracellular trafficking of PLCs.

ials and methods
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terol-poly(2-(dimethylamino)ethyl methacrylate) (CHO-
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ccording to  Alves et al. [21].  Bare lecithin liposomes
 PLCs were prepared using the hydration film method
fly, lecithin (6.25 mM)  (Calbiochem, Merck KGaA, Darm-
many) and CHO-PDMAEMA were dissolved in chloroform
.  PLCs were prepared by mixing lecithin and CHO-
A in a  lipid molar ratio of 0.10 (LC CHO-PD/PLCs) and

ried under a nitrogen stream. The dried lipid/polymer film
 rehydrated with a buffered solution of 60 mM  calcein
ldrich Co., St.  Louis, MO)  in 10 mM  HEPES (pH 7.0), and
y stirred above the transition temperature (ca. 37 ◦C), to

 liposome formation. The resulting multillamelar vesicles
ected by centrifugation at 14,000g  (12,300 rpm) for 10 min

 washed twice with 100 mM  HEPES (pH 7.0) to remove
apped calcein. Calcein fluorescense is  self-quenched at
centration. Calcein loaded multillamelar liposomes were

ll the subsequent experiments.

culture

uman epithelial-like cells (HEK-293) were cultured in
’s Modified Eagle Medium (DMEM, GIBCO BRL Life Tech-

 Rockville, MD,  USA) supplemented with: 10% (v/v),
tivated (30 min/60 ◦C), foetal bovine serum (Internego-

 Mercedes, Bs. As. Argentina), 1% (v/v) non-essential
ids (GIBCO BRL Life Technologies, Rockville, MD,  USA)
v/v) penicillin–streptomycin solution [100 U/mL peni-
00 mg/mL streptomycin, (GIBCO BRL Life Technologies,
, MD,  USA)]. Cells were incubated at 37 ◦C in  5% CO2 and
tmosphere.

ke of liposomes by eukaryotic cells

93 cells were seeded in 24-well culture plates (density ca.
lls/mL) and incubated to  early post confluence at 37 ◦C, as

 in the previous section.
layers were washed with phosphate saline buffer [PBS
0.144 g/L; NaCl 9.00 g/L; Na2HPO4 0.795 g/L), pH 7], and
dium containing calcein-loaded liposomes was added to
l. Concentration of liposomes was assessed by  counting
te dilutions in a  haemocytometer and adjusted to obtain
osome/cell of approximately 100:1. After being incubated
n, cells were washed twice with PBS to remove free non-
ed liposomes. For assays carried out in the presence of
sis inhibitors, each inhibitor was  incubated for 1 h with
r to the addition of calcein-loaded liposomes.
ing the incubation with liposomes, cells were washed

oved by trypsination. Afterward they were transferred
tubes containing PBS and acquired by  flow cytometry.
cytosis inhibitors used were: wortmannin (25 nM) and
sin D (9.8 mM),  which inhibit the macropinocytosis pro-
istein (200 mM),  nystatin and b cyclodextrin (4.4 mM),
ibit caveolae endocytosis, and finally NH4Cl  (30 mM) and
mazine (10 mM)  which inhibit clathrin pathways. Wort-

cytochalasin D, genistein, b cyclodextrin were purchased
ma–Aldrich Co., (St. Louis, MO.  USA); chlorpromazine
hased from Sanofi-Aventis (Gentilly, France) and nystatin
hased from Denver Pharma Laboratories (Buenos Aires,
a). Cell viability in presence of endocytosis inhibitors was
ed by adding propidium iodine (PI) (final concentration
hermo Fisher, Waltham MA,  USA) prior to flow cytometer
n.

ytometry analysis was  performed in a  FACSCalibur flow
r by using Cell Quest software (Becton Dickinson, Moun-
, CA, USA). Green (FL1) and red (FL2) fluorescence of
ents were analyzed for each sample.
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Fig. 1. Internalization of bare liposomes and calcein PLCs of lecithin and CHO-
PDMAEMA (LC CHO- PD) by  HEK-293 cells. Results are expressed as the mean of
fluorescence intensity (MFI). Black bars represent the MFI  of cells incubated with LC
CHO-PDMAEMA liposomes, grey bars  represent the MFI  of cells incubated with bare
liposomes, white bars represent the MFI  of cells control cells (without liposomes).
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LCs 
incubated during 30 min  with liposomes at  4 C or 37 C. Values were
 flow cytometry. Asterisks represent significant differences: * p < 0.1; **

 p  <  0.01; **** p  <  0.001 as compared to  control.

cellular localization of liposomes

ultured on glass coverslips (Assistent, Glaswarenfabrik
heim, Germany) were incubated for 30 min  with DMEM
g calcein-loaded liposomes and the endocytic marker
dy [i.e. transferrin Alexa 596 or albumin Alexa 647 (Invit-
gene OR, USA) at concentrations of 10 and 30 mg/mL,

ely]. After incubation, coverslips were washed twice with
 with 3% w/v paraformaldehyde and mounted with anti-

ounting media (Dako- Agilent Technologies, Carpinteria,
.
ess localization of liposomes in  acidic intracellular com-
s, monolayers were incubated for 30 min  with DMEM
g calcein-loaded liposomes, washed with PBS as described
d then incubated for 30 min  with Lysotracker DND-99
olecular Probes, Oregon, USA).

cal images were taken by using a  Leica laser scanning
pe (LSM) (LEICA TCS SP5, Leica Microscopy Systems Ltd.
rugg, Switzerland), and image analysis was done using

Application Suite X (Leica Microsystems) and Fiji – ImageJ
) software.

stics

ays were performed in triplicate and in three independent
eans were compared by  the Tukey’s test (P  <  0.05). Anal-
riance (ANOVA) was carried out by using InfoStat 2008
roup/FCA. National University of Cordoba. Ed. Brujas, Cor-
entina).

ts

lar uptake

◦C, HEK-293 cells efficiently incorporated PLCs. Interest-
lues of mean fluorescence intensity were significantly
4 ◦C (Fig. 1).
cidate the endocytic pathways related with the internal-
f PLCs in  cells, different internalization inhibitors were

 (Fig. 2). The internalization of LC  CHO-PD liposomes
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 significant decrease as compared with controls (p  <  0.05)
esence of caveolae inhibitors genestein, nystatin and b
rin (Fig. 2A). In contrast, internalization was not affected

y clathrin (NH4Cl, chlorpromazine) nor by macropinocyto-

decrease
cytosis (F
which ar
and glyc
rfaces 156 (2017) 38–43

tors (wortmannin and cytochalasin D) (Fig. 2A). Viability
93 cells was  not affected by the inhibitors in the condi-
he present study as no significant increase in the ratio of
e cells as compared to controls, was observed (Fig. 2B).

cellular localization

scent microscopy analysis showed a  good correlation
 cytometry results, indicating that LC CHO-PD liposomes

d better with HEK-293 cells as compared with bare lipo-
ig. 3).
nfirm the role of caveolae in  the incorporation of  LC
0 liposomes by the cells, we  used calcein-loaded PLCs in
e assay along with lysotracker (a fluorescent marker of

llar acid compartments) and different fluorescent proteins
ransferrin and albumin that traffic to  different compart-
ig. 4). As  mentioned in the introduction, transferrin is
ted by cells using clathrin mediated endocytosis, whereas

is typically incorporated by the caveolae pathway.
ation of HEK-293 cells with lysotracker or transferrin
no co-localization of liposomes and these probes after
n  the other hand, there was co-localization of liposomes
min, indicating a  similar internalization pathway and
lar traffic (Fig. 4).

ssion

termine the effectiveness of liposomes as drug-delivery
intracellular trafficking must be carefully assessed. In
ous work, we  designed stimuli-responsive multillamelar
he incorporation of CHO-PDMAEMA in lecithin liposomes.
mer incorporation had a  stabilizing effect on the PLCs in
d a pH-dependent release of liposome content [21].  In

nt work, we aimed to gain insight into the internalization
lar traffic of multillamelar PLCs in  epithelial like cells. We
he use of multilamellar liposomes based on their high effi-

 encapsulation and a relative slow release of the entrapped
ds [23,24].  On the contrary, small unilamellar liposomes
ave a  very weak capacity to trap drugs and usually exhib-
rst release of its content [23,24].
had a noticeable better internalization in eukaryotic

 bare liposomes (Fig. 1). In  previous studies, we deter-
at the incorporation of CHO-PDMAEMA to bare liposomes
a  positively charged surface, which may promote the
n of liposomes with negatively charged eukaryotic cell

[21]. In general, PDMAEMA shows a  better rate of uptake
oxicity than other cationic polymers such as polyethylen-
].

 present study, cellular uptake of multilamellar PLCs
y decreased when the incubation temperature decreased
to 4 ◦C. It is known that endocytosis is an energy depen-
hanism, and, therefore, it can be strongly inhibited by

 the temperature or by using ATP-depleting metabolic
s [26].  Our results are  in  agreement with previous works,
ave established that the majority of cells internalize
s through an endocytic pathway [27].  Even very small
lar liposomes can be taken up by cells using an energy-
t pathway [28]. Moreover, it has been shown that the

PDMAEMA is actively taken up by cells through endocy-
.
incorporation by eukaryotic cells was significantly
d in  the presence of inhibitors of caveolae-mediated endo-
ig. 2). This pathway involves the formation of caveolae,
e small membrane microdomains rich in  cholesterol
osphingolipids that are also associated with caveolins
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Fig. 2. Flow cytometry analysis of the  effect of endocytosis inhibitors in the uptake of calcein LC CHO-PD liposomes. (a)  Overall fluorescence intensities of cultured cells.
The  mean of fluorescence intensity (MFI) of control cells was considered as 100%. The MFI  of cells treated with endocytosis inhibitors were referred to control cells. (b)
Viability of cultured cells evaluated by  the incorporation of PI. In both figures white bars  correspond to cells without inhibitors; black bars correspond to  cells treated with
macropinocytosis inhibitors; grey bars correspond to cells treated with inhibitors of clathrin pathways and striped bars correspond to cells treated with inhibitors of caveolae
pathways.  Asterisks represent significant differences: * p <  0.1; ** p  <  0.05; and *** p <  0.01 as compared to control.

Fig. 3. Fluorescence microscopy images of HEK-293 cells after incubation with calcein-loaded liposomes. Microphotographs correspond to merged images (grey scale and
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Fig. 4. Representative images of confocal optical sections of HEK-293 cells incubated with LC CHO-PD liposomes in the presence of markers of different endocytic pathways.
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