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Introduction

Luminescent CdSe@ZnS nanocrystals embedded
in liposomes: a cytotoxicity study in HelLa cells

Vincenzo De Leo,®® Francesco Milano, € ® Aurora Paiano,® Roberta Bramato,®
Livia Giotta,© Roberto Comparelli,® Silvia Ruscigno,? Angela Agostiano,®®
Cecilia Bucci*© and Lucia Catucci @ *P

The use of fluorescent nanocrystals (NCs) as probes for bioimaging applications has emerged as an
advantageous alternative to conventional organic fluorescent dyes. Therefore their toxicological evalu-
ation and intracellular delivery are currently a primary field of research. In this work, hydrophobic and
highly fluorescent CdSe@ZnS NCs were encapsulated into the lipid bilayer of liposomes by the micelle-
to-vesicle transition (MVT) method. The obtained aqueous NC-liposome suspensions preserved the
spectroscopic characteristics of the native NCs. A systematic study of the in vitro toxicological effect on
Hela cells of these red emitting NC-liposomes was then carried out and compared to that of empty lipo-
somes. By using liposomes of different phospholipid composition, we evaluated the effect of the lipid
carrier on the cytotoxicity towards Hela cells. Surprisingly, a cell proliferation and death study along with
the MTT test on Hela cells treated with NC-liposomes have shown that the toxic effects of NCs, at
concentrations up to 20 nM, are negligible compared to those of the lipid carrier, especially when this is
constituted by the cationic phospholipid DOTAP. In particular, obtained data suggest that DOTAP has a
dose- and time-dependent toxic effect on Hela cells. In contrast, the addition of PEG to the liposomes
does not alter significantly the viability of the cells. In addition, the ability of NC-liposomes to penetrate
the Hela cells was assessed by fluorescence and confocal microscopy investigation. Captured images
show that NC-liposomes are internalized into cells through the endocytic pathway, enter early
endosomes and reach lysosomes in 1 h. Interestingly, red emitting NCs co-localized with endosomes and
were positioned at the limiting membrane of the organelles. The overall results suggest that the
fluorescent system as a whole, NCs and their carrier, should be considered for the development of fully
safe biological applications of CdSe@ZnS NCs, and provide essential indications to define the optimal
experimental conditions to use the proposed system as an optical probe for future in vivo experiments.

(fluorescent proteins and organic dyes) show several limit-
ations, such as scarce in vitro and in vivo stability, poor photo-

In the past decade, fluorescent nanoparticles (NPs) have
proved effective tools for the investigation of biological
systems at the molecular scale, with several applications in the
study of complex processes in cells and tissues." The appli-
cation of fluorescent NPs appears particularly appealing in the
field of bio- and medical-imaging when small amounts of
target biomolecules are present and long-term imaging is
required, cases where conventional fluorescent probes
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stability and low quantum yield.*?

Among the NPs, metal chalcogenide nanocrystals (NCs),
also known as Quantum Dots (QDs), show unique and
superior optical properties such as broadband excitation,
narrow bandwidth emission, high quantum yield, resistance to
quenching and high photochemical stability. Single photon,
2-photon, and recently 3-photon excitation of QDs have been
utilized for bio-imaging applications."* These NCs are typi-
cally made from combinations of zinc(u), cadmium(u), sele-
nide, sulfide and several additional components (e.g. surface
coatings) and dopants." The presence of a core containing
heavy metals as an inorganic component raised intense con-
cerns regarding the potential cytotoxicity of fluorescent NCs as
soon as they appeared in the scientific limelight. In fact,
several studies have demonstrated the dangerousness of these
NCs related to the release of toxic ions (e.g. Cd*") which may
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result in potential in vitro and in vivo toxicity.>® Actually other
studies have highlighted that, in addition to the release of
toxic ions, other effects should be considered to explain the
observed cytotoxic effects including the size, the shape and the
charge of NCs, the nature of the capping agents, the presence
of additional structures or functionalization on the NC surface
aimed at modulating their solubility or bioavailability.>®
Therefore the difficulty in comparing the NC toxicity data from
different studies appears dramatically evident due to the use
of a variety of NCs, surface coatings and ancillary structures, as
well as because of the diversity of the bio- and/or chemical assays
employed and the cellular target chosen.” Overall, these consider-
ations suggest that, although many efforts are made in order to
estimate the toxicity of inorganic NCs in vivo and in vitro, the
system as a whole (the NC and its capping agent, inorganic/
organic carrier, and any possible functionalization) should be
considered for the development of fully safe biological and bio-
medical applications of NCs in imaging, diagnostics and therapy.
This aspect is very important when one considers that the overall
toxicity of the system could be significantly different from the
sum of the toxicity of the individual components separately
tested, due to possible synergistic effects.

Among the possible carriers useful for the incorporation of
both hydrophobic and hydrophilic NCs and their delivery in
biological environments, phospholipid based liposomes rep-
resent the most versatile and popular choice.”'° Indeed, lipo-
somes mimic the lipid assembly of biological membranes, e.g.
by forming a double-layer structure and by trapping an
aqueous volume in their core. Moreover, these lipid vesicles
offer exceptional engineering versatility because their physico-
chemical characteristics such as lipid vesicle size, lamellarity,
surface charge and coverage can be easily modified with
several established methodologies.'* ™ All these features make
the liposomes ideal carriers for biomedical imaging, drug
delivery, targeted therapy, and biosensing as well as suitable
carriers for transferring hydrophobic NCs in an aqueous
environment, changing their affinity phase, and, at the same
time, providing a biocompatible shield against the biological
environment.”'*'* Among the liposomes, cationic vesicles are
widely employed in gene and drug (especially anticancer) delivery
applications,"” but the proposed uses are broader, spanning
from use as vaccine delivery systems and adjuvants'® to employ-
ment with bacterial biofilm targets for effective antimicrobial
therapy.'” Nevertheless, in spite of the numerous advantages
arising from the capability in binding anionic molecules and in
interacting with negatively charged biomembranes, cationic
lipids for cationic liposome development may lead to toxic
effects both in vitro and in vivo.'® Therefore, when cationic drug
delivery systems are developed, the contribution of cationic lipids
to the toxicity of the system should be taken into account.

In this work, hydrophobic and highly fluorescent
CdSe@ZnS NCs were encapsulated into the lipid bilayer of cat-
ionic, small unilamellar vesicles (SUVs) by the micelle-to-
vesicle transition (MVT) method. N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methyl-sulfate (DOTAP) was
chosen as a cationic lipid for cationic liposome formulation.
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The cytotoxicity of these red-emitting NC-loaded liposomes
(NC-liposomes) was investigated on HeLa cells and compared
to that of empty liposomes. By using liposomes of different
phospholipid composition, we evaluated the effect of the
charge and of the PEG surface coating, which greatly affect the
vesicle—cell interaction and response, on the cytotoxicity
towards HeLa cells. In addition, the ability of NC-liposomes to
penetrate HeLa cells was qualitatively assessed by fluorescence
and confocal microscopy investigations.

Materials and methods
Chemicals

All chemicals of the highest purity available were purchased
and were used without further purification. Cadmium oxide
(CdO, powder 99.5%), selenium (Se, powder 99.99%), oleic
acid (OLEA, technical grade 90%), trioctylphosphine oxide
(TOPO, 99% and technical grade), tributylphosphine (TBP,
99%), trioctylphosphine (TOP, technical grade), tert-butyl-
phosphonic acid (TBPA), diethylzinc (1.0 M solution in heptane),
1-dodecanethiol (DDT), hexamethyldisilathiane (HMDT),
reagent grade salts for 50 mM K-phosphate, 100 mM KCl
(pH 7.0) buffer solutions, sodium cholate (SC), phosphatidyl-
choline (PC), and hexadecylamine (HDA) were purchased from
Sigma-Aldrich (St Louis, USA). 1,2-Dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy( polyethylene glycol)-2000]
(16:0 PEG-2000-PE) and 1,2-dipalmitoyl-3-trimethylammonium-
propane (DOTAP) were purchased from Avanti Polar Lipids
(Alabaster, USA). All aqueous solutions were prepared by using
water obtained by using a Milli-Q Gradient A-10 system
(Millipore, 18.2 MQ cm, organic carbon content <4 pg L™").

Synthesis of CdSe@ZnS core-shell NCs

CdSe@ZnS colloidal core-shell NCs were prepared under an
anhydrous environment under nitrogen flux using a Schlenk
line. CdO (1 mmol) was dissolved in a TOPO: HDA: TBPA
mixture (15:25:1), heated at 290 °C and 2 mL of TBP was
added. CdSe nucleation was promoted at 300 °C upon the
injection of Se (5 mmol) dissolved in 20 mmol of TBP. CdSe
NC growth was carried out at 270 °C for 10 min and then the
temperature was lowered to 110 °C. After one hour the temp-
erature was raised to 150 °C and an appropriate amount of a
Zn(CyHs), : HMDT (1:1) stock solution in TBP (50 mmol) was
added to allow ZnS shell growth until a maximum in the PL
spectra was observed. The as prepared core-shell NCs were pre-
cipitated by methanol and finally dissolved in CHCI;. Capping
exchange of TOPO with DDT was accomplished by adding the
latter to the chloroform solution of CdSe@ZnS NCs (usually in
a molar ratio of 2000:1). The mixture was vigorously stirred
for 24 h at RT; the NCs were then precipitated with methanol
and dissolved in CHCI; in order to remove the excess DDT.

Encapsulation of the CdSe@ZnS core-shell NCs in liposomes

NC-liposomes were prepared by the MVT method as previously
described.”'® Cationic liposomes were tested with or without
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the presence of PEG2000-PE to confer steric stabilization and
stealth property. Control liposomes were made with pure PC
while cationic liposomes were made with a PC/DOTAP
2:1 mol/mol mixture. Lipids, PEG 2000 PE and CdSe®@ZnS
NCs were dissolved in CHCI; to give the desired ratio and
dried on the walls of a conical glass tube. After that, 0.5 mL of
4% SC, in 50 mM K-phosphate and 100 mM KCI (pH 7.0) were
added and after sonication (20 shots with a Branson Sonicator
250) a clear, translucent mixed micelle solution was formed.
The latter was loaded into a glass column (20 x 1 cm) packed
with G-50 Sephadex Superfine equilibrated with 50 mM
K-phosphate and 100 mM KCI (pH 7.0) for detergent removal.
NC-liposomes eluted in a 1 mL fraction after a void volume of
about 1.5 mL. In all cases the final lipid concentration was
6 mg mL . Dynamic light scattering measurements (DLS) on
liposomes were performed using an HORIBA Dynamic Light
Scattering Particle Size Analyzer LB-550 instrument (Horiba
Jobin Yvonne), equipped with a laser diode source (wavelength
650 nm, 5 mW). Measurements were performed at 25 °C with
100 sampling. The determination of the zeta-potential was per-
formed using laser Doppler anemometry (ZetasizerNanoZs,
ZEN 3600, Malvern, UK) after dilution in KCI 1 mM.>
Absorption measurements were performed by a UV/vis/NIR
Cary 5000 spectrophotometer (Varian). The photo-
luminescence (PL) spectra were recorded by using an Eclypse
Spectrofluorimeter (Varian). The relative PL quantum yield
(QY) was estimated by using rhodamine 101 as the reference
dye as previously reported.’

Cell culture and transfection

Cell culture reagents were purchased from Sigma-Aldrich
(St Louis, USA). HeLa cells (human cervix carcinoma) were cul-
tured in DMEM (Dulbecco’s Modified Eagle’s Medium) sup-
plemented with 10% FBS (fetal bovine serum), 2 mM
r-glutamine, 100 U mL™" penicillin and 10 mg mL™" strepto-
mycin in an humidified incubator at 37 °C, under 5% CO,. For
all experiments, only cells at passage number <20 were used.
Cells were confirmed to be contamination-free.

When needed, HeLa cells were transfected with the
PEGFP-Rab5Q79L plasmid. Transfection was performed using
Metafectene Pro (Biontex; Karlsruhe, Germany) according to
the manufacturer’s instructions, using the ratio DNA (ug)/
transfection reagent (uL) 1: 4.

Biocompatibility assay

For cell growth and death assays, 300 pL cells were plated on
24 well plates (8 x 10" cells per well) and, the day after, were
incubated with 10, 20, 40, 80, and 160 pug mL™" of NC-lipo-
somes and empty liposomes (control liposomes) for 24 h or
48 h. Cells incubated with the culture medium without lipo-
somes represented the basic control. After incubation, cells
were detached from the plates using trypsin 0.05%-EDTA
0.02% solution (Sigma-Aldrich; St Louis, USA), treated with
0.4% Trypan Blue (MP Biomedicals; Santa Ana, USA) in order
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to check for cell deaths, and counted using the Biirker
chamber. Trypan Blue stained cells were counted as dead cells.
The data presented come from three independent
experiments.

In viable cells MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenol tetrazolium bromide) is reduced into a purple formazan
product by mitochondrial succinate dehydrogenase resulting
in a colorimetric change measured at 570 nm. This method
was used as an indicator of the viability of the cells. To each
well of a 96-well plate 100 pL of cell suspension (1 x 10 cells
per mL) was added. After overnight incubation, cells were
treated with 10, 20, 40, 80, and 160 ug mL™" of NC-liposomes
(and control liposomes) for different incubation times (1, 2, 4,
8, 24, 48 and 72 h). Cells incubated with culture medium
without liposomes represented the basic control. After the
treatment, the medium was removed and cells were washed
twice with phosphate-buffered saline (PBS). Next, 90 pL of
DMEM w/o phenol red (Gibco; Waltham, USA) and 10 pL of
MTT (Sigma-Aldrich; St Louis, USA) stock solution (5 mg mL ",
prepared in PBS 1x and filtered) were added to each well and
incubated for 4 h at 37 °C. Then, the medium with MTT was
removed and 100 pL of DMSO (Sigma-Aldrich; St Louis, USA)
were added to each well. One well (without cells) with the
same amount of MTT and DMSO represented the sample
blank to measure the background absorbance. The plates were
subsequently read on a Multilabel Plate Reader (Victor X5,
PerkinElmer, USA) at 570 nm. The cell survival percentage was
calculated as the absorbance ratio of treated to untreated cells.
The data presented come from three independent experiments
with 6 replicate wells for each point.

Immunofluorescence microscopy

HeLa cells grown on 11 mm diameter coverslips in 24 multiwell
plates were incubated with NC-liposomes or control liposomes
for 6 h, washed once with PBS and subsequently fixed with 3%
paraformaldehyde. When transfected cells were used, they
were treated with different amounts of NC- and control lipo-
somes the day after transfection. Cells were then permeabi-
lized with 0.25% saponin (Sigma-Aldrich; St Louis, USA) and
subsequently incubated with mouse monoclonal anti LAMP-1
at 1:250 dilution (H4A3 antibody deposited with the
Developmental Studies Hybridoma Bank by J. T. August®') and
mouse monoclonal anti-TfR1 (transferrin receptor-1) at a
1:100 dilution (Boehringer Mannheim GmbH; Mannheim,
Germany) primary antibodies for 20 minutes at room tempera-
ture. After washes in 0.25% saponin, cells were incubated with
the anti-mouse AlexaFluor488 (1:500, Invitrogen, Carlsbad,
USA) secondary antibody for 20 minutes in the dark, at room
temperature and then with DAPI dye (1 pg mL™") (Calbiochem;
Darmstadt, Germany). Coverslips were then mounted with
Mowiol 4-88 (Calbiochem; Darmstadt, Germany) and exam-
ined using a “NIKON Super High pressure mercury lamp
supply power” microscope or the Zeiss confocal LSM710.
Image processing was carried out with Adobe Photoshop CS4
extended version 11.0.
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Results and discussion
Preparation and characterization of NC-liposomes

NC-liposomes were prepared starting from 1-dodecanethiol
(DDT)-capped CdSe@ZnS NCs, obtained by exchanging the
pristine capping layer of trioctylphosphine oxide (TOPO) at the
CdSe@ZnS NC surface. The linear alkyl chains of DDT are
required for an optimal hydrophobic interaction with the
phospholipid tails in the lipid bilayer of liposomes and for pre-
serving a high quantum yield of fluorescence (QY) for
CdSe@ZnS NCs, about 40% relatively to rhodamine 101, as
previously evidenced.® Fig. 1 shows that the capping exchange
procedure negligibly affects the spectroscopic characteristics of
NCs, suggesting that no NC aggregation occurs under the rea-
lized conditions.

NC-liposomes were obtained by the MVT method, starting
from mixed micelles composed of detergent and phospholipid
molecules. PC, DOTAP and PEG-modified lipids (PEG) were
selected to achieve different lipid vesicles with a comparable
size and with different surface charge, which are parameters
affecting the liposome—cell interaction, cellular uptake and
definitely cell toxicity.'"® The sonication of a lipid-CdSe@Zn$
NC thin film added with a high critical micellar concentration
(CMC) detergent solution leads to the formation of a mixed
micelle solution, with the CdSe@ZnS NCs trapped within the
hydrophobic region of the micelles. The removal of detergent
molecules from mixed micelles by means of a size-exclusion
chromatography leads to the merging of bilayer fragments until
closed vesicles containing NCs are formed. Some examples of
liposomes assembled in this work are shown in Fig. 2.

Fig. 3 shows that the UV-vis absorbance and fluorescence
spectra of NCs embedded in PC/DOTAP and PC/DOTAP/PEG
liposomes closely resemble those of CdSe@ZnS NCs in chloro-
form solution, keeping a narrow emission peak at 4 = 605 nm.
The weak red-shift observed in the NC—-liposome spectra with
respect to signals recorded for NC chloroform solution arises
from the rearrangement of the surface charge carriers due to
the modified chemical surrounding. The light scattering con-
tribution of the NC-liposome suspensions is barely visible in
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Fig. 1 Absorption (green line) and photoluminescence (orange dot line)
spectra (lex = 400 nm) of CdSe@ZnS core—shell NCs in chloroform after
(A) and before (B) the capping exchange procedure. Schematic sketches
of DDT (1-dodecanethiol)- and TOPO (trioctylphosphine oxide)-capped
NCs are merely qualitative and the dimensions of the different com-
ponents are not to scale.
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to scale.
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Fig. 3 Absorbance (green line) and fluorescence spectra (orange
dotted line, lex = 400 nm) of NC-PC/DOTAP-liposome (A) and NC-PC/
DOTAP/PEG-liposomes (B). In both samples the NC concentration was
0.1 pM.

their absorption spectra, thanks to the small size of the lipo-
somes obtained by means of the MVT method. Similar results
were obtained for the other NC-liposomes (data not shown).
NC-liposomes and control liposomes were characterized by
DLS analysis and C-potential measurements in order to get
information on vesicle diameter, surface charge and colloidal
stability (Table 1). It should be noted that two types of NC-lipo-
somes were prepared, with 0.1 pM and 1 uM NC concen-
trations, corresponding to lipid/NC ratios of 80000:1 and
8000:1 respectively. A QY of about 8% was measured for
0.1 pM NCs embedded in liposomes, a value much higher
than that obtained by other authors for this kind of prepa-
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Table 1 Characterization of NC-liposomes and control liposomes by DLS analysis and -potential measurements. Errors are expressed as standard

deviations (n = 3)

Lipid/PEG ratio

Lipid/NC ratio Hydrodynamic

Liposome sample NC conc. (uM) (mol/mol) (mol/mol) diameter (nm) ¢ potential (mV)
PC/DOTAP 2:1 — — 45+ 5 +37 5
NC-PC/DOTAP 2: 1 0.1 80000:1 52+5 +35+5
NC-PC/DOTAP 2: 1 1 8000:1 717 +40 + 8
PC/DOTAP/PEG 2:1:0.05 — 60:1 — 77+3 +15+7
NC-PC/DOTAP/PEG 2:1:0.05 0.1 60:1 80000:1 805 +12+ 8
NC-PC/DOTAP/PEG 2:1:0.05 1 60:1 8000:1 98 £10 +11+7

PC — — 40+ 2 —-12+2
PC/PEG 3:0.05 — 60:1 — 61+5 -2.5+£0.3

ration. This parameter strongly indicates the goodness of the
liposome preparation method, the good interaction (interdigi-
tation) between the NC organic coating and the phospholipid
hydrophobic tails and ultimately a good shield effect of the
bilayer from the surrounding aqueous environment. The QY
decreases to 3% for a 1 pM NC-liposome suspension. In a pre-
vious work, we demonstrated that the lowering of the QY value
with the increasing concentrations of NCs in liposomes is
mainly ascribed to self-quenching phenomena coming from
NC crowding within the lipid bilayer.’

Assessment of NC-liposome toxicity on the cell viability of
HelLa cells

In vitro cytotoxicity tests are mainly used for screening com-
pounds with a potentially toxic effect and for establishing
whether these molecules affect cell proliferation or lead to cell
death. Toxicity assays are also used for monitoring markers of
cellular activity.”> The toxicological effects of NC-liposomes
were assessed in vitro by cultures of HeLa cells, one of the
most commonly used cellular model for this kind of
assays.”>>* Indeed, HeLa cells, the first human cell line estab-
lished in culture,®® are robust and characterized by short dou-
bling time allowing the rapid detection of biological activity
and/or toxic effect of the molecules of interest.>***

The first set of experiments was carried out to investigate
the effect of the cationic NC-liposomes on cell proliferation
and death. Proliferation assays are used to monitor the growth
and division of a cell population and are performed by
measuring the number of viable cells, cellular divisions or
DNA synthesis.”® The easiest assay for the estimation of cell
proliferation and cell death is based on the use of Trypan Blue.
Trypan Blue is a dye that allows discrimination between viable
cells with an intact plasma membrane and dead cells with a
damaged plasma membrane. Indeed, the dye will penetrate
only disrupted membranes and, thus, dead cells will turn
blue.”” Therefore, using this dye exclusion assay it is possible,
by counting only viable cells, to measure the rate of prolifer-
ation.”” Furthermore, the number of blue cells will give infor-
mation on the percentage of dead cells.*”

In order to discriminate the toxicity contribution ascribed
to the inorganic NCs from that due just to the organic carrier,
NC-liposomes made of different lipid blends were tested: cat-
ionic NC-PC/DOTAP-liposomes and cationic NC-PC/DOTAP/

This journal is © The Royal Society of Chemistry 2017

PEG-liposomes, as well as their respective control liposomes
consisting of the empty carriers. Indeed, the potential toxicity
of NCs depends on the carrier composition, the surface
coating, their size and surface charge that significantly affect
the NC internalization across the cell membrane and then the
intracellular distribution.”® To study the effect of NC-lipo-
somes on cell proliferation and death, HeLa cells were seeded
into 24 multiwell plates (8 x 10 cells per well) and treated for
24 h and 48 h with 10, 20, 40, 80, and 160 pg mL™" of empty
PC/DOTAP-liposomes (L) and NC-PC/DOTAP-liposomes (L +
NCs) concentration. For the NC-liposomes tested in these
assays, the lipid/NC ratio was set at 80000 :1; thus the final
concentrations of NCs corresponding to the previous lipid con-
centrations were 0.17, 0.34, 0.68, 1.36, and 2.7 nM. HeLa cells
incubated with DMEM without liposomes (NT) were used as
the control. After treatment, the cells were collected and
stained with Trypan Blue. Then, the unstained viable cells and
stained dead cells were counted. In Fig. 4A only data obtained
with 160 ug mL™" liposome treatment are shown. No signifi-
cant changes in the number of viable cells were observed fol-
lowing the exposure of HeLa cells to the different amounts of
PC/DOTAP-liposomes + NCs for 24 h compared to untreated
cells (NT) (Fig. 4A and data not shown). Conversely, after 48 h
of treatment with the highest liposome concentrations tested,
ie. 160 ug mL™' of the PC/DOTAP-liposomes and NC-PC/
DOTAP-liposomes, a small but significant increase of the
number of viable cells of (12 + 3)% (P < 0.05) and (14 + 5)%
(P £ 0.05), respectively, was observed (Fig. 4A).

In order to establish whether liposomes and/or NCs alter cell
death, HeLa cells treated with 10, 20, 40, 80, and 160 pg mL™" of
PC/DOTAP-liposomes + NCs were harvested after 24 h and 48 h
and dead cells were counted. The percentage of the dead cells
was calculated as the ratio between blue dead cells and total
cell number. Control cells after 24 h of incubation in culture
medium show a dead cell percentage of 2% and this percen-
tage increased to about 3.5% after 48 h, although this change
is not statistically significant (Fig. 4B, NT). Treatment for 24 h
with 160 pg mL™" of PC/DOTAP-liposomes determined an
increase of the death percentage of about 3-fold (P < 0.05)
while treatment for 48 h determined an increase of 1.6-fold
(P £ 0.05) compared to untreated cells (NT) (Fig. 4B).
Interestingly, similar results were obtained after the incubation
with the PC:DOTAP-liposomes containing NCs (Fig. 4B). In

Toxicol. Res., 2017, 6, 947-957 | 951
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Fig. 4 Effect of PC/DOTAP-liposomes + NCs, and PC/DOTAP : PEG-liposomes + NCs on Hela cell proliferation and death. HeLa cells were treated
with liposomes (L) or liposomes containing NCs (L + NCs), as indicated, for 24 h and 48 h. Cells incubated with DMEM without liposomes were used
as control (NT). Viable (A) or dead (B) cells treated with PC/DOTAP-liposomes + NCs were counted to determine the rate of proliferation expressed
as cell number per mL (A) or the percentage of cell death expressed as the ratio between dead cells and total cell number (B). Viable (C) or dead
(D) cells treated with PC/DOTAP/PEG-liposomes + NCs were counted to determine the rate of proliferation expressed as cell number per mL (C) or
the percentage of cell death expressed as the ratio between blue dead cells and total cell number (D). Bars represent mean + S.D. of three
independent experiments in triplicate. Statistical significance was measured by comparing values with values of control untreated cells at the same
time point (*P < 0.05 and **P < 0.01 ***P < 0.001). For all treatments in the figure, the liposome concentration was 160 ug mL™ and the NC

concentration was 2.7 nM.

fact, the inclusion of NCs caused a significant increase of the
percentage of death of about 3-fold (P < 0.05) after 24 h and of
about 1.7-fold (P < 0.05) after 48 h compared to control
untreated cells (Fig. 4B). An increase of death percentage after
exposure with liposomes was also observed in HeLa cells
treated with 6, 12 and 24 pg of PC:DOTAP-liposomes + NCs
for 24 h or 48 h compared to control cells, while no change in
cell death was observed after treatment with 3 pg of liposomes
(data not shown).

These data suggest that the toxicity observed is due to the
liposome carriers and not due to the presence of the DDT
capped CdSe@ZnS NCs in the liposomes.

The effect of PEG liposome coating on the cell toxicity was
subsequently evaluated. PEG is non-ionic, low fouling and pos-
sesses high solubility in both aqueous and organic solvents,
thus enabling the formulation of stealth liposomes. PEG
indeed inhibits non-specific and specific protein interactions
on the liposome surface, including those involved in the
immune response, increasing the duration of the persistence
of liposomes in blood circulation.>® PEG is also characterized
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by excellent biocompatibility, lack of toxicity, low immunogeni-
city, antigenicity and good excretion kinetics, and can be used
for developing liposomes with fusogenic properties.”*>°

HeLa cells were thus treated for 24 h and 48 h with stepwise
amounts 10, 20, 40, 80 and 160 pg L™" of PC/DOTAP/PEG-lipo-
somes + NCs. No significant change was observed in the viable
cell number after treatment with all doses of PC/DOTAP/PEG-
liposomes for 24 h compared to untreated cells (Fig. 4C and
data not shown). Similar results were obtained after 24 h of
the treatment with NC-PC/DOTAP/PEG-liposomes. Treatment
for 48 h with 10, 20, 40, and 80 pug mL™' of PC/DOTAP/PEG-
liposomes did not affect proliferation (data not shown) while a
decrease of viable cell number of (13 + 6)% (p < 0.01) was
observed after treatment with 160 pg mL™" (Fig. 4C). In con-
trast, a small but a significant increase in the viable cell
number was observed after treatment for 48 h with 10, 20, 40
and 80 pg mL™! (10 + 5)% (P < 0.05) of NC-PC/DOTAP/PEG-
liposomes (Fig. 4C and data not shown).

The percentage of cell death was also evaluated for cells
treated with PC/DOTAP/PEG-liposomes + NCs for 24 h and
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48 h, with 10, 20, 40, 80 and 160 ug mL ™" amounts. Cells were
then stained with Trypan Blue and counted. Control cells after
24 h of incubation in culture medium show 2.7% of cell death
and this percentage increases to about 3.7% after 48 h,
although the difference between the two samples is not stat-
istically significant. No change was observed in death percen-
tage for cells treated with increasing amounts of PC/DOTAP/
PEG-liposomes + NCs for 24 h compared to untreated cells
(Fig. 4D and data not shown). In contrast, an increase of 1.4-
fold (P < 0.05) was observed after 48 h of treatment with
160 pug mL™" of PC/DOTAP/PEG-liposomes and NC-PC/DOTAP/
PEG-liposomes, respectively (Fig. 4D).

Overall, the experiments conducted with PEG coated lipo-
somes indicate that only minor changes occur with respect to
cell proliferation, but a marked decrease of cell death is
observed after 24 h, if compared with the outcome of the
corresponding PEG-less liposomes (Fig. 4B). After 48 h,
however, the results become similar.

MTT assay

To further investigate the toxic effect of NC-liposomes, an MTT
viability assay was performed. Cell viability assays are often
used to assess cell health by measuring markers of cellular
metabolic activity such as enzyme activity, or by monitoring
the trafficking of cellular components and organelle func-
tion.?” In particular, the MTT assay is based on the capacity of
mitochondrial succinate dehydrogenase to reduce MTT into a
formazan product in metabolically active cells. The amount of
formazan produced is directly proportional to cell viability.**
Therefore the MTT assay can be used to discriminate metaboli-
cally active cells that do not divide and cells that proliferate.*
HeLa cells were seeded into 96 multiwell plates (1 x 10*
cells per mL) and treated for 1, 2, 4, 8, 24, 48 and 72 h with
PC-liposomes and PC/DOTAP-liposomes + NCs at NC concen-
trations of 2 and 20 nM, thus significantly increasing the NC
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concentration compared to previous experiments. Untreated
cells were used as the control. The percentage of cell viability
was evaluated by the MTT assay, in which the decrease of viabi-
lity was calculated by setting the value obtained with no treat-
ment at 100%. In Fig. 5A is shown the effect caused by incu-
bation with 120 pg mL™" of liposomes for 1, 8, 24 and 48 h. No
significant change was observed after treatment with empty
PC-liposomes compared with control cells. Conversely, in cells
treated with empty PC/DOTAP-liposomes a decrease of viability
was observed compared to untreated cells (Fig. 5A). Indeed,
there was a decrease of viability of (11 + 9)%, (22 + 9)% (P <
0.05), (39 + 12)% (P < 0.001) and (32 + 9)% (P < 0.001), after 1,
8, 24 and 48 h of treatment, respectively. Similar results were
observed after the incubation of NC-PC/DOTAP-liposomes with
2 nM of NCs that determined a time-dependent cell viability
decrease of (14 + 16)%, (15 = 9)% (P < 0.01), (31 + 14)% (P <
0.001) and (38 + 18)% (P < 0.001), compared to untreated cells,
after 1, 8, 24 and 48 h of treatment, respectively. A decrease of
viability was also observed after treatment with NC-liposomes
containing 20 nM of NCs by (9 + 9)%, P < 0.05; (22 + 15)%, P <
0.05; (27 + 9)%, P < 0.001; and (31 + 4)%, P < 0.001, after 1, 8,
24 and 48 h of treatment, respectively (Fig. 5A). These data
again indicate that DOTAP has a toxic effect on cells as viability
decreases after treatment with cationic vesicles but not incu-
bating cells with PC-liposomes without DOTAP. Furthermore,
the viability of cells treated with liposomes containing NCs, at
all concentrations, was similar to the viability of cells treated
with PC/DOTAP-liposomes suggesting that no toxic effect is
due to DDT capped NCs in the concentration range tested.

To investigate the effect of PEG on toxicity, the MTT assay
was also performed in cells treated with PC/DOTAP/PEG-lipo-
somes + NCs at the concentration of 2 nM and 20 nM for 1, 2,
4, 8, 24, 48 and 72 h. In Fig. 5B the results after the treatment
for 1, 8, 24 and 48 h are shown. Treatment of cells with PC/
PEG-liposomes determined no change in cell viability
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Fig. 5 Hela cell viability assessed by the MTT assay. (A) Cells were treated with 120 ug mL™* of PC-liposomes (PC), PC/DOTAP-liposomes
(PC/DOTAP), PC/DOTAP-liposomes containing NCs at the concentration of 2 nM (PC/DOTAP/NC 2 nM) and 20 nM (PC/DOTAP/20 nM). Cells
incubated with DMEM without liposomes were used as control (NT). (B) Cells were treated with 120 ug mL™ of PC/PEG-liposomes (PC/PEG),
PC/DOTAP/PEG-liposomes (PC/DOTAP/PEG), PC/DOTAP/PEG-liposomes containing NCs at the concentration of 2 nM (PC/DOTAP/PEG/NC 2 nM)
and 20 nM (PC/DOTAP/PEG/NC 20 nM). Cells incubated with DMEM without liposomes were used as the control (NT). The cell viability was
calculated by setting the value obtained with no treatment at 100%. The data are the mean + S.D. of three independent experiments. Statistical
significance was measured by comparing values with values of control untreated cells (*P < 0.05, **P < 0.01 and ***P < 0.001).
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(Fig. 5B). Treatment with PC/DOTAP/PEG-liposomes decreased 48 h, respectively. A decrease of the cell viability was also
cell viability compared with untreated cells by (13 + 11)%, observed after treatment with NC-PC/DOTAP/PEG-liposomes
(22 +11)% (P < 0.05), and (35 + 8)% (P < 0.001), after 1, 24 and  containing NCs at the concentration of 2 nM by (18 + 22)%,
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Fig. 6 Cytotoxic effect of DOTAP and PEG in liposomes assessed by the MTT assay. (A) Cells were treated with 0 (NT), 24, 120 and 600 ug mL™? of
PC-liposomes (PC), PC/DOTAP-liposomes (PC/DOTAP) for 24 h and 48 h. (B) Cells were treated with 0 (NT), 24, 120 and 600 ug mL™* of PC/PEG-
liposomes + DOTAP (PC/PEG and PC/DOTAP/PEG,) for 24 h and 48 h. Cell viability was calculated by setting the value obtained with no treatment at
100%. Data are the mean + S.D. of three independent experiments. Statistical significance was measured by comparing values with values of control
untreated cells (*P < 0.05, **P < 0.01 and ***P < 0.001).

Tfr/INCs LAMP-1/NCs

TfrINCs

Fig. 7 Immunofluorescence analysis of intracellular localization of red emitting NCs. Hela cells treated with cationic PC/DOTAP-liposomes for
15 min or 1 h were fixed and subjected to immunofluorescence analysis using anti-TfR (A) and anti-LAMP-1 (B) antibodies, as indicated, followed by
FITC-secondary antibodies (green). For each image, magnifications of the boxed areas are shown in the respective lower insets. (C) 3D surface plots
of the images presented in A. (D) 3D surface plots of the images presented in B. Experiments were conducted with 40 pg mL™* of NC-liposomes
containing 20 nM DDT-capped CdSe@ZnS NCs.
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(12 + 18)%, (21 + 8)% (P < 0.001) and (30 + 14)% (P < 0.001)
for 1, 8, 24 and 48 h, respectively. Similar results were observed
after incubation with NC-PC/DOTAP/PEG-liposomes with 20
nM of NCs. The viability decreased by (18 + 10)% (P < 0.01),
(37 £ 10)% (P < 0.001); (37 = 10)% (P < 0.001); and (40 + 7)%
(P < 0.001) after treatment for 1, 8, 24 and 48 h, respectively.
These data indicate that, as expected, the addition of PEG in
the composition of liposomes does not have any toxic effect
and confirms that the decrease in cell viability observed is due
to the presence of DOTAP into liposomes.

To further study the role of PEG and DOTAP in cytotoxicity,
cells were treated with PC-, PC/DOTAP- and PC/DOTAP/PEG-
liposomes at a stepwise concentration (24, 120 and 600 pg mL ™)
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for 24 h and 48 h and subjected to the MTT assay. Data
obtained indicate that the treatment with PC-liposomes deter-
mines a decrease of viability compared to untreated cells of
about (40 + 29)% at 24 h, although not statistically significant,
and (20 = 10)% at 48 h (P < 0.05) but only at 600 ng pL™*
(Fig. 6A). The addition of DOTAP to the liposomes caused a
strong decrease of cell viability compared to untreated cells,
both at 24 h and 48 h (Fig. 6A). In particular, viability
decreased by (39 + 12)% (P < 0.001) and (37 + 13)% (P < 0.001)
after 24 h of incubation with 120 pg mL™" and 600 pg mL ™" of
PC/DOTAP-liposomes, respectively, while treatment for 48 h
determined a decrease of cell viability of (32 + 9)% (P < 0.001)
at 120 pg mL™" and (36 + 5)% (P < 0.001) at 600 pg mL™"

Rab5Q79L NCs Merge

Rab5Q79L

Fig. 8 Fluorescence microscopy analysis of the intracellular localization of red emitting NCs loaded into PC/DOTAP/PEG-liposomes (A) and
PC/DOTAP-liposomes (B—C). Hela cells were transfected with GFP-Rab5Q79L (green) for 24 h and treated with NC-liposomes for 6 h. Experiments
were conducted with 40 pg mL™* of NC-liposomes containing 20 nM DDT-capped CdSe@ZnS NCs. Cells were then fixed and subjected to fluor-
escence microscopy analysis. For each image, magnifications of the boxed areas are shown in the respective lower insets.
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(Fig. 6A). Finally, cells were treated with PC/PEG-liposomes
with or without DOTAP at stepwise concentrations of 24, 120
and 600 pg mL~" for 24 h and 48 h. No significant change was
observed after 24 h and 48 h of treatment at the concentrations
of 24 ug mL™" and 120 pg mL™" compared to untreated cells.
A viability decrease was observed only after treatment with PC/
PEG-liposomes at 600 pg mL " after 24 h (24 + 10)%, (P < 0.05)
and 48 h (30 + 10)%, (P < 0.05). The addition of DOTAP to the
PC/PEG-liposomes caused a significant dose-dependent
decrease of cell viability compared to untreated cells. In fact,
cell viability remained unchanged after 24 h and 48 h of treat-
ment with PC/DOTAP/PEG-liposomes at a concentration of
24 pg mL ™" while it strongly decreased by (22 + 11)% (P < 0.05)
and (40 + 13)% (P < 0.001) after treatment for 24 h at 120
pg mL™" and 600 pug mL™, respectively. Cell viability further
decreased at 48 h to (35 + 8)% (P < 0.001) and (56 + 8)% (P <
0.001) at the concentrations of 120 pg mL™" and 600 pg mL™,
respectively. These data suggest that DOTAP has a dose- and
time-dependent toxic effect while the addition of PEG to the
liposomes does not alter significantly the viability of the cells.

Evaluation of cellular uptake of NC-liposomes by fluorescence
and confocal microscopy

Red emitting NCs are considered a suitable tool in cell and
tissue imaging applications under visible light, as they allow
limiting the issues related to the native autofluorescence of
biological samples. Furthermore, a fluorescence QY between
3% and 8% was measured for our vesicles whereas a QY
ranging from 1% to 5% has been reported to be sufficient for
cell-labeling studies.’

The cellular uptake and localization of 40 pg mL™" cationic
PC/DOTAP-liposomes  containing 20 nM DDT-capped
CdSe@ZnS NCs was firstly investigated by fluorescence
microscopy and confocal microscopy. As early endosomes can
be reached in 15 min while late endosomes and lysosomes are
reachable in about an hour, cells were incubated with NC-lipo-
somes for 15 min or 1 h and stained with specific monoclonal
antibodies against different cellular antigens. In particular,
transferrin receptor, a marker of early endosomal compart-
ments, and LAMP-1, a marker of late endosomes and lyso-
somes, were respectively used (Fig. 7).

These immunofluorescence experiments showed that NC-
liposomes colocalized with both transferrin receptor and
LAMP-1, indicating that NC-liposomes are internalized into
cells through the endocytic pathway, enter early endosomes
and reach lysosomes in 1 h (Fig. 7).

Rab5 is a marker of early endosomes and it was demon-
strated that the expression of the constitutively active mutant
Rab5Q79L increases the size of early endosomes.*** Larger
endosomes could allow a more precise localization of NCs as it
is easier to distinguish the confining membrane of the orga-
nelle from the lumen. Therefore, the intracellular localization
of NC-liposomes was studied by fluorescence microscopy
using HeLa cells transfected with the pEGFP-Rab5Q79L
plasmid. This plasmid expresses the Rab5Q79L protein tagged
with the Enhanced Green Fluorescent Protein (EGFP). After
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transfection, cells were treated with 40 pg mL ™" of PC/DOTAP/
PEG-liposomes (Fig. 8A) and PC/DOTAP-liposomes (Fig. 8B and
C) containing 20 nm DDT-capped CdSe@ZnS NCs for 6 h, fixed
and analysed. Interestingly, red-emitting NCs colocalized with
Rab5-containing endosomes and were positioned at the limiting
membrane of the organelles (Fig. 8). This observation suggests
that hydrophobic CdSe@ZnS NCs are retained in the phospholi-
pid palisade of liposomes, which is integrated in the lipid mem-
brane of endosomes after the uptake event. To the best of our
knowledge, it is the first time that a similar behaviour is high-
lighted. Even if our experiments do not allow us to follow the ulti-
mate fate of vesicles such as degradation and efflux, the fluo-
rescence images have shown a poor release of NCs from the lipid
carrier in the cytosol, suggesting a greater stability of our lipo-
somes with respect to those previously reported.*

Conclusions

In this work, we showed that MVT is an efficient method for
encapsulating hydrophobic, fluorescent NCs in liposomes for
intracellular delivery purposes, with very good photochemical
properties, stability and dispersibility in biological media.

A systematic investigation into the in vitro response of HeLa
cells exposed to luminescent CdSe@ZnS NCs embedded in
liposomes provided insights relevant to their toxicity. The
results provide clear evidence that the toxic effects of NCs, in
the concentration range tested, are negligible compared to
those of the lipid carrier. In particular, obtained data suggest
that the cationic phospholipid DOTAP has a dose- and time-
dependent toxic effect on HeLa cells. In contrast, the addition
of a PEG coating to the liposomes does not alter significantly
the viability of the cells.

Finally, using the MVT method and dodecanethiol-capped
QDs, we were able to obtain NC-liposomes with diameter
<100 nm and to preserve a very good QY. Fluorescence micro-
graphs showed that NC-liposomes are internalized into cells
through the endocytic pathway, enter early endosomes and
reach lysosomes in 1 h. Interestingly, CdSe@ZnS NCs coloca-
lized with endosomes and were early positioned at the limiting
lipid membrane of these organelles. Fluorescence micrographs
showed also a poor NC release into the cytosol indicating
greater stability of our liposomes. All these findings suggest
that bright, dodecanethiol-capped NCs embedded in small
unilamellar liposomes at very low concentrations could be
used not only for in vitro but also for in vivo experiments.

Summarizing, the overall results of the work confirm that
the fluorescent NCs, their carrier and any surface functionali-
zation should be considered for the development of fully safe
bioimaging in vitro and in vivo applications of CdSe@ZnS NCs.
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