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Nanocrystal-based organic-inorganic functional hybrid mate-
rials with novel, exceptional properties have been explored in
recent years because of their potential applications in nano-
biotechnology.!!! Viral assembly of inorganic nanoparticles,!
and their polypeptide®™ and ligand-receptor-mediated
organization® and protein-templated synthesis®! are a few
examples in this direction. Of utmost interest in this context
are lipid molecules because of their unique ability to form a
variety of self-organized, supramolecular structures.
Although planar and vesicular lipid membranes have been
used to compartmentalize and to synthesize nanocrystals in a
confined volume, the enormous possibilities of lipid-based,
biocompatible nano/microstructures in nanobiotechnology
have still to be fully exploited. For example, native and
artificial vesicles offer novel possibilities for investigating
(bio)chemical reactions and cellular signal transduction
processes at the nanometer and attoliter scales.”! Further-
more, the interaction between specially designed lipid vesicles
and mammalian cells (adsorption, fusion, endocytosis)®! has
been used to deliver DNA and RNA into cells, and has high
potential for smart diagnostics, controlled drug delivery, and
gene transfer.**®l Inorganic nanoparticles could offer new
ways to image native and artificial vesicles and control
(bio)chemical reactions therein, if it is possible to selectively
position the particles on or within the vesicles.
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In this context, we investigated quantum dots (QDs),
which are inorganic, strongly fluorescent nanoparticles of
exceptional photostability, for the in vivo imaging of cellular
processes.”l Notably, coating hydrophobic QDs with phos-
pholipids is a generic method for making them water-
soluble®®! and biocompatible,™ which is useful for inves-
tigating biochemical reactions in vitro™ and when QDs are
microinjected into live cells.”™

Herein, we report an interesting observation of wide-
ranging potential for cellular imaging and manipulation:
hydrophobic QDs can be readily incorporated into the bilayer
membrane of lipid vesicles. Such lipid/QD hybrid vesicles
(HVs) are capable of fusing with live cells, thereby staining a
cell’s plasma membrane selectively with fluorescent QDs and
transferring the vesicle’s cargo into the cell.

Figure 1a depicts the steps involved in the fabrication of
the HVs. A solution of trioctylphosphine oxide (TOPO)
coated CdSe QDs and lipids in chloroform is dried in a vial to
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Figure 1. a) Steps involved in the formation of lipid/QD HVs. b) Con-
focal fluorescence cross-sectional image of HVs made of DMPC by
hydration swelling. The inset shows vesicles stained with rhodamine-
labeled lipids. Scale bars: 10 um. c) Typical absorption/emission
spectra of the CdSe QDs used in the preparation of HVs. The narrow
emission spectrum indicates the uniform size (ca. 3 nm) of the QDs.

form a multilamellar lipid film, from which vesicles are
spontaneously formed by hydration under water. We inves-
tigated a wide range of phospholipid molecules (different
head groups, various alkyl chain lengths, etc.) as well as
different established methods of liposome formation (classi-
cal swelling, electroswelling)."”! We found that the formation
of the HVs is not limited to any particular class of lipid*!
and/or method of formation. HVs with sizes ranging from
50 nm to a few tens of micrometers can be produced in a
controlled manner.

For ease of observation by confocal microscopy, we first
fabricated giant vesicles (1-50 um) by classical swelling.
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Figure 1b shows representative confocal cross sections of
vesicles, which appear as clear and sharp fluorescent circles at
their perimeters. These images are comparable with those
known to result from vesicles stained with fluorescent organic
dyes,"®™ which are shown for comparison as the inset of
Figure 1b. This result demonstrates that the hydrophobic
QDs must be integrated in or attached to the lipid bilayer of
the vesicle. A high yield of giant unilamellar vesicles was
obtained along with some multilamellar ones, as is usually the
case with this approach. Electroswelling'® produced more
homogeneous unilamellar structures.

Figure 1c shows the absorption and emission spectra of
the hydrophobic QDs employed in the production of the HVs.
The spectral properties (position of maxima, narrow emission
spectrum) indicate a uniform size of about 3 nm of the CdSe
QD core;M** our TOPO/QDs have a size of about 5 nm,
which includes the hydrophobic coating. Current limitations
that result from photobleaching of organic membrane dyes in
acquiring high-resolution images, thin z-sectioning for even-
tual 3D reconstruction, and longer-term in situ observations
could be solved using our HVs. Although core-shell QDs!!*!
offer higher photostability compared to core-only QDs,
confocal imaging at higher laser power was performed
uninterruptedly for hours using our TOPO-coated QDs.1¥
The imaging of vesicles, planar lipid bilayers, and lipid
monolayers at the air/water interface can thus be performed
for hours, which is of interest for studying phase diagrams and
phase separation phenomena in lipid mixtures.!'>!?

Calorimetric measurements revealed the ordered-fluid
phase transition temperature 7; of the lipid/QD vesicles at
23.5°C, which is identical to that for pure DMPC bilayers."!
This is actually not surprising considering that the lipid/QD
molar ratio of our vesicles is 3000:1. Furthermore, we studied
the lateral diffusion of QDs in the lipid bilayer above and
below the T of giant vesicles of DMPC immobilized on a glass
plate. Figure 2 shows fluorescence microscopy images of
single QDs obtained from the planar membrane region of an
immobilized vesicle in contact with a glass support. We
observed substantially different diffusion of single QDs
within the membrane below and above the T, of the lipid
bilayer. Figure 2a shows single QDs observed at 5°C (< 7)),
with the inset giving a single-step photobleaching profile of an
individual QD, which proves that the spots are single QDs
(see also the movies in the Supporting Information). We
calculated the lateral diffusion coefficient D from the mean-
square displacements (MSDs) of the diffusing single QDs in
the bilayer membrane, as described in Figure 2b and the
Supporting Information. In the fluid lipid bilayer at 30°C, the
lateral diffusion of the QDs (D =0.3x10"* cm?s™!) is about
ten times slower than that of a lipid molecule (D=4 x
1078 cm?s7');11?*<] this reduced diffusion could be a result of
the larger size of the QDs compared to lipid molecules. The
actual diffusion coefficient might be slightly larger because of
a systematic underestimation of fast particles by the single-
particle-tracking algorithm."¥ In the fluid membrane phase,
75% of the tracked particles follow the diffusion profile
whereas 25 % are less mobile.

The tracked single QDs in the ordered bilayer state (7' <
T,) are nearly immobile, as revealed by the negligibly small
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Figure 2. Imaging of single QDs in the bilayer of an immobilized giant
vesicle. a) Fluorescence micrograph showing representative images of
single QDs in the planar bilayer region attached to a glass surface at
5°C. The inset shows a photobleaching profile of a single QD.

b) Calculated MSD values (mean of three experiments) of the trajec-
tory of single QDs diffusing in a lipid bilayer are plotted as a function
of time at 30°C for a fluid lipid bilayer (top) and at 5°C for an ordered
lipid bilayer (bottom). From the MSD values, it is clear that QDs are
immobile in the ordered lipid bilayer. The diffusion coefficient of QDs
in the fluid lipid bilayer is calculated from the corresponding slope.
(See the Supporting Information for movies of single-molecule experi-
ments and for details of the MSD calculation.) c) Cryo-TEM image of a
collapsed HV at ten times higher QD concentration than that used for
the confocal microscopy images shown in Figure 1b. The ca. 3-nm
QDs (dark spots) are randomly distributed in the vesicle’s lipid bilayer.

MSD values. It is important to mention here that the
switching of the diffusion properties of the QDs occurs at
exactly 23.5°C, which is identical to the lipid phase transition
temperature observed in the calorimetric measurements.
These observations show that the QDs are tightly associated
with the lipid membrane, because otherwise there would be
little or no effect with respect to the membrane state. It has
been suggested that hydrophobic QDs could be incorporated
into lipid bilayers and thereby achieve efficient phase transfer
from organic to aqueous medium,® thus allowing the in vitro
study of membrane association by fluorescence resonance
energy transfer (FRET).®! In spite of these experimental
approaches, the prediction of the exact location of the QDs
relative to a lipid bilayer remains a difficult task, where
artifacts and overinterpretations have to be carefully avoid-
ed.[® For all the applications discussed herein, it is sufficient
to know that the QDs are stably associated with the bilayer,
irrespective of whether they are fully or only partially inserted
in the lipid bilayer.

The interaction of the lipid/QD vesicles with living cells
was tested for two different lipid compositions (Figure 3 a-g).
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Figure 3. Interaction of HVs with HEK293 cells. a,b) Confocal micro-
graphs of HEK293 cells 30 s after addition of vesicles: a) construct |
vesicles are totally internalized into the cells; b) construct Il vesicles
selectively labeled the cell membrane without internalization into the
cytoplasm. c) A series of confocal images (recorded at 300-ms scan
rate) showing the fluorescence intensity response of Fluo-3 inside
HEK293 cells at different times after fusion with construct Il vesicles
loaded with 1 mm CaCl,. d) The transient Fluo-3 fluorescence signals
of a few representative cells (numbers correspond to numbered cells
in (c)). e) Cryo-TEM image of construct Il vesicles; the TEM images of
construct | vesicles (not shown) are very similar. f) FCS autocorrelation
curves showing diffusion times of QDs in different environments. The
diffusion time of QDs in the cell plasma membrane observed after the
fusion of HVs with the cell (green curve) is nearly identical to that in
the lipid bilayer of an immobilized giant HV (black curve). The red
curve shows the diffusion of small unilamellar vesicles (SUVs, 20—

100 nm; construct 1) in solution. g) Cartoon illustrating interactions of
construct | and Il HVs with living cells. Orange dots in the interior of
the HVs represent any deliverable water-soluble molecules.

Construct I HVs are designed for transfer into the cell
(Figure 3g). The bilayer of small HVs (20-100 nm; charac-
terized by electron microscopy, as in Figure 3e) consists of
25% positively charged lipid (DOTAP), which is known to
enhance the cellular internalization,™ and 75% DMPC.
Lipid/QD hybrid structures were found inside the cytosol
within seconds after incubation with cells (Figure 3a). This
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efficient uptake might allow further targeting of HVs to
specific locations inside live cells through prior decoration of
the HV surface with specific receptors.'® Despite the
universal use of cationic lipids in DNA transfection exper-
iments,™ the exact mechanism of this event is still not
clear."”

Construct IT HVs were designed to fuse with the plasma
membrane of a live cell (Figure 3g). This process is usually
very difficult to achieve at room temperature.'¥ As in the
preceding experiment, small HVs (20-100 nm, Figure 3¢) are
used which now comprise 25% positively charged lipid
(DOTAP), 0.5% DPPE-PEG2000, and 74.5% DMPC. Fig-
ure 3b shows a confocal image of live cells that were
incubated with construct I vesicles. Interestingly, in this
case the cell membrane is selectively labeled and no
fluorescence was observed in the cytosol even after 1 h of
incubation. The mechanism is not yet understood, but we
speculate that the membrane-incorporated PEG molecules
act as a transient barrier!”” between the cationic liposomal
and anionic cellular membranes, thus preventing them from
becoming internalized. At this distance (nanometer range),
the collective process of electrostatic attraction (resulting
from positively charged lipids) and membrane vulnerability
(resulting from PE lipids and QDs) triggers the fusion
between the membranes.

The appearance of QD fluorescence in the cellular
membrane (Figure 3b) could be a consequence of either
stable adhesion of intact vesicles on the surface of the plasma
membrane or fusion between the bilayer of HVs and the
plasma membrane, thus resulting in integration of the QDs
into the cell membrane. For a better understanding of the
exact event, the HVs were used as nanocontainers filled with
aqueous CaCl, and incubated with cells, which were loaded
with Fluo-3 (a fluorescence indicator to measure the Ca®" ion
concentration in the cytoplasm). After a certain time lag the
cells responded by a transient increase in intracellular Ca*"
ion concentration (Figure 3¢c,d), followed by selective label-
ing of the plasma membrane (similar to Figure 3b for an
experiment without intracellular Fluo-3). The increase in
intracellular Ca*" concentration is transient because the Ca®"
vesicle cargo released into the living cells becomes accom-
modated in the endoplasmic reticulum by the cellular
machinery. The following control experiments were per-
formed to prove the fusion capability of the HV nano-
containers: 1) on addition of 1 mm CaCl,/phosphate-buffered
saline (PBS) without vesicles to the external medium of cells
loaded with Fluo-3, the cells did not give an intracellular Ca*"
response; 2) addition of HV nanocontainers without a CaCl,
cargo to Fluo-3 loaded cells also did not induce an intra-
cellular Ca** response. This result shows that the Ca*" ions
were not generated inside the cells through any kind of
activation of intracellular Ca’" ion stores upon vesicle
interaction with the cellular membrane surface, but were
delivered into the cell from the nanocontainers by fusion.

Fluorescence correlation spectroscopy (FCS) measure-
ments were performed on the plasma membrane of live cells
after incubating them with construct II vesicles to exclude any
possibility that nanocontainers are simply adsorbed on the
cell membrane, for example, by electrostatic interaction.
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Figure 3f shows the measured autocorrelation functions
(ACFs). The ACFs of QDs in the plasma membrane (green
curve) and in the lipid bilayer of immobilized micrometer-
sized HVs (black curve) are nearly identical, whereas the
ACFs of a solution of small unilamellar vesicles show much
slower diffusion (red curve). This finding demonstrates that
the QDs reside within the plasma membrane of the cell, and
gives additional proof that the observed cell membrane
labeling and subsequent Ca®" influx is caused by fusion
between the vesicle bilayer and cell membrane. By using this
approach, one can potentially carry any water-soluble mate-
rial that can be enclosed inside the nanocontainers and deliver
it into the live cells.

The use of QDs in biological cells always poses concerns
about potential cytotoxicity. Unmodified TOPO-coated QDs
are toxic to live cells,™ probably by releasing Cd** ions into
the cell as a result of poor surface coverage. Proper surface
coating of QDs seems to avoid direct contact of the QD core
with cells.” However, in our experiments the lipid/QD
vesicles did not show any cytotoxic effects even after three
hours of incubation with live cells. This finding indicates, but
of course does not prove, that our QDs are well-embedded in
the membrane rather than being in the membrane/water
interfacial region. The in vivo experiments reported else-
where using lipid-coated QDs also did not show any
cytotoxic effects in embryonic cells, which suggests that lipid
coating is an effective way to make QDs biocompatible.

Our results imply that cell and lipid membranes, and
certainly the walls of polymeric vesicles,”"! can integrate any
kind of hydrophobic nanoparticles whose size matches the
membrane thickness."" The incorporation of, for instance,
nanometer-sized magnetic® ™ or metallic particles’™ into
the membranes will transform the properties of the cells or
vesicles accordingly, and opens up novel possibilities for
manipulating them as individuals or in ensembles with wide-
ranging applications for nanoscale reactors,>?!! cellular
targeting,”! targeted drug delivery,®! contrast agents,”"! etc.
The collective magnetic properties offered by the supra-
molecular membrane systems will add complementary advan-
tages compared to individual, biopolymer-modified, large
magnetic nanoparticles.” Another interesting field of inves-
tigation in the present context is Au nanoparticles; they are
known for their thermal response to radio and photo
irradiations, and presently receive great attention in photo/
radiotherapy as magnetic particles in hyperthermia-aided
diagnostics and treatment.*!

In summary, we have described the fabrication of highly
controllable organic-inorganic HVs where nanometer-sized
particles are confined to 4-nm-thick membranes. The tunable
size, switchable physical properties, response to multiple
external stimuli, and above all the controlled cell fusion
capacity make them very promising tools in nanobiotechnol-

ogy.

Experimental Section

Lipids: 1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC),
1,2-dioleoyl-3-trimethylammonium propane chloride salt (DOTAP),
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[biotinyl-
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(polyethylene glycol 2000)] ammonium salt (DSPE-PEG2000-biotin),
and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine-/N-
[methoxy(polyethylene glycol 2000)] ammonium salt (DPPE-
PEG2000) were purchased from Avanti Polar Lipids.

Preparation of hybrid vesicles (HVs): 1) Classical swelling:
Chloroform solutions of DMPC (1.5mwm, 100 pL), DSPE-PEG2000-
biotin (0.6mmMm, 5 uL), and CdSe/TOPO QDs (Sum, 10 pL) were
mixed and dried in a vacuum for 4 h in a teflon chamber. The film was
then hydrated overnight at 37°C by incubating with sucrose (0.1m).
2) Electroswelling: Chloroform solutions of DMPC (1.5mwm, 100 pL),
DSPE-PEG2000-biotin (0.6mm, 5 uL), and CdSe/TOPO QDs (5 uMm,
10 uL) were mixed and dried in a vacuum for 4 h on a glass slide
coated with indium tin oxide (Sigma). The film was then hydrated at
37°C by incubating with sucrose (0.1m) and applying an alternating
electric field of 1.2 V/10 Hz during the first 2 h for effective swelling,
and then 2.0 V/4 Hz for the next hour for easy detachment of the
formed vesicles. 3) Immobilization of HVs for confocal microscopy:
Biotinylated HVs in sucrose (0.1M) were incubated on a glass
coverslip, which was pretreated with avidin (0.1 mgmL™") in glucose
(0.1m). The glucose solution was used to keep the osmotic pressure
balanced while allowing quick settling of sucrose-filled HVs.

Live-cell experiments: 1) Cell culture: Adherent human embry-
onic kidney cells (HEK293) were cultured in Dulbecco’s Modified
Eagle Medium (D-MEM; Gibco, Invitrogen, USA), supplemented
with 22% fetal calf serum (Gibco), in a humidified 5% CO,
atmosphere at 37°C. Cells were split at regular intervals. For confocal
microscopy, HEK293 cells were seeded into six-well plates (TPP,
Trasadingen, Switzerland) containing 25-mm-diameter glass cover-
slips (Assistent, Germany), in culture medium (2 mL) containing
2.2 % fetal calf serum. The cells were grown for 24 h at 37°C, washed
with PBS, and used for further experiments. 2) Cell/construct I
vesicles: Chloroform solutions of DMPC (1.5mM, 75 uL), DOTAP
(1.5mwm, 25 uL), and CdSe/TOPO QDs (5 uMm, 10 pL) were mixed and
dried in a vacuum for 4 h, and the film was hydrated at 40°C in PBS
under vigorous mixing. The solution was then sonified in a bath
sonifier for 10 s. This solution (10 puL) of small (20-100 nm) vesicles
was added to the cells suspended in PBS (500 pL). 3) Cell/construct 11
vesicles: Chloroform solutions of DMPC (1.5mm, 75 uL), DOTAP
(1.5mMm, 25pL), DPPE-PEG2000-PE (0.6mm, 5 pL), and CdSe/
TOPO QDs (5um, 10 uL) were mixed and dried in a vacuum for
4 h. The film was hydrated at 40°C in PBS under vigorous mixing, and
the solution was sonified in a bath sonifier for 10s. This solution
(10 uL) of small (20-100 nm) vesicles was added to the cells
suspended in PBS (500 pL). 4) Ca’" imaging experiments: For
intracellular Ca*" signaling tests, HEK293 cells were grown on sterile
microscope coverslips as described above. Cells were loaded with
Fluo-3 dye (Molecular Probes, Invitrogen, USA) 24 h after seeding at
37°C in D-MEM medium containing 2.2% fetal calf serum, by
incubation in serum-free D-MEM medium containing Fluo-3 for
30 min at 37°C. Thereafter, the Fluo-3 containing medium was
replaced by D-MEM medium supplemented with 10% fetal calf
serum and incubated for 30 min at 37°C. Subsequently, dye-loaded
cells were washed with PBS and subjected to Ca?' imaging.
Construct II vesicles were prepared as explained above in CaCly/
PBS (1mMm). A solution (10 pL) of such small (20-100 nm) vesicles
loaded with CaCl, was applied to the cells suspended in PBS (500 pL).

All the fluorescence images were recorded using a Zeiss LSM 510
confocal microscope (Carl Zeiss AG, Germany) with an excitation
wavelength of 488 nm and an emission wavelength of > 505 nm.
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