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wing to their unique photophysi-

cal properties, colloidal semicon-

ductor nanocrystals or quantum
dots (QDs) are promising tools for biolabel-
ing, bioimaging, and bioanalysis instead of,
or in combination with, fluorescent organic
dyes and biomolecules." ® In comparison to
organic fluorophores, QDs exhibit many
advantages, such as broad absorption and
narrow emission spectra, a wide spectral
range, long lifetimes, high molar extinction
coefficients, and photostability and chemi-
cal stability.” Nevertheless, some issues still
need to be addressed for their successful
application as biomarkers, one of which is
the intracellular delivery of colloidal nano-
particles. While organic dyes used for track-
ing intracellular events are able to permeate
cell membranes, the size and surface prop-
erties of QDs prevent their diffusion across
the lipid bilayer® QDs often end up in
endocytic compartments instead of their
individual delivery into cell organelles.
Therefore, strategies to eliminate the endo-
cytic pathway, described, for example, for
negatively charged thioglycolic acid (TGA)-
capped CdTe QDs,” and to diffuse through
the cell membrane as individual units
should be developed. From this point of
view, nanoparticles showing good solubility
in water, high colloidal stability, quite small
sizes, and at the same time a low surface
charge which prevents the particles from
aggregation via interaction with various
countercharged species always present in
biological media, should be appropriate
candidates for biolabeling experiments. In
addition, an ideal candidate is expected to
exhibit also compatibility with media of
different polarity, for instance, hydrophilic
(water) and hydrophobic (lipids) ones.
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In this work we demonstrate progress in the colloidal synthesis of amphiphilic CdTe

nanocrystals stabilized by thiolated PEG oligomers with the aim of facilitating cellular uptake

of the particles. High-boiling, good coordinating solvents such as dimethylacetamide and

dimethylformamide accelerate the growth of the nanoparticles yielding stable colloids of

which photoluminescence maxima can be tuned to cover the region of 540—640 nm with

quantum yields of up to 30%. The CdTe nanocrystals capped by thiolated methoxypolyethylene

glycol are shown to penetrate through the lipid bilayer of giant unilamellar vesicles and giant

plasma membrane vesicles which constitute basic endocytosis-free model membrane systems.

Moreover, the penetration of amphiphilic particles through live cell plasma membranes and

their ability to escape the endocytic pathway have been demonstrated.

KEYWORDS: amphiphilic CdTe nanocrystals - colloidal synthesis -
photoluminescence - giant unilamellar vesicles - giant plasma membrane vesicles
- penetration through the cell membrane - endocytosis

One of the most useful model systems to
study membrane related processes in a
controlled fashion is the giant unilamellar
vesicle (GUV). GUVs are spherical mem-
branes generated by an electroformation
using natural or synthetic lipids and they
are used in several applications mimicking
the cellmembrane.'® However, as they have
limited compositional elements, a more
advanced membrane system, the giant
plasma membrane sphere (GPMV), has
been developed. GPMVs are vesicles de-
rived from a native cell membrane by
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paraforlmaldehyde and dithiothreitol treatment."
Very recently both GUVs and GPMVs have been re-
vealed as valuable model membrane systems to study
the membrane penetration process.'?~ '

In this work, we report on further improvements of
the synthesis of amphiphilic CdTe QDs which was
introduced in ref 15. Using low-molecular-weight
methoxypolyethylene glycol terminated with a HS-
group (MPEG-SH) as the stabilizer leads to an inherent
amphiphilicity of the nanoparticles.”>'® Employing
solvents of high polarity and high boiling temperatures
in the synthesis yields nanocrystals exhibiting emission
maxima ranging from 540 to 640 nm and photolumi-
nescence quantum yields (PL QY) of up to 30%. These
particles satisfy the basic requirements for bioimaging
agents as mentioned above. Therefore, for the first
time we show that these amphiphilic QDs are able to
permeate through the endocytosis-free membrane
systems, GUVs, and GPMVs. Moreover, experiments
on live cells reveal the capability of the amphiphilic
particles to diffuse through the cell membrane escap-
ing the endocytic uptake that makes them perspective
candidates for tracking whole cells and intracellular
processes.

RESULTS AND DISCUSSION

As shown in our recent work, the synthesis of
amphiphilic CdTe QDs capped by thiolated methoxy-
polyethylene glycol (CdTe@mPEG-SH) performed in
toluene or water could deliver only relatively small
nanocrystals of up to ~2 nm in size with an emission
maximum of ~550 nm. This small size suggests that
the conditions of the synthesis permit only an initial
growth of the particles via a coalescence mechanism
when small clusters and nuclei agglomerate to form
larger particles while strongly retarding their further
growth. Using the same synthetic strategy in this work
but, instead of water and toluene, employing solvents
with higher boiling temperatures, dimethylformamide
(DMF) and dimethylacetamide (DMA) (t,, of DMF =
153.1 °C, ty,, of DMA = 166.1 °C)" yields CdTe QDs with
average diameters of up to ~4 nm emitting in the wide
visible spectral region from 540 to 640 nm with a QY of
up to 30%. The absorbance and PL spectra of CdTe@m-
PEG-SH colloids grown in DMA are shown in Figure 1.
Interestingly, in DMA the growth of the nanoparticles is
9 times faster than that in DMF (the PL maxima of
640 nm were reached in 4 h for the reaction in DMA
and in 36 h for DMF) while the difference between the
boiling temperatures of these solvents is only 13 °C
(see above). This observation suggests that besides the
temperature of the reaction mixture, the solvation
capability of the medium toward the precursors and
the evolving nuclei plays an important role as well.
DMA and DMF are known as coordinating solvents
which act as electron-donors and thereby are good
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Figure 1. Absorbance and PL (1., = 450 nm) spectra of
CdTe@mPEG-SH QDs synthesized in DMA as a function of
the reflux time. Absorption spectra are shifted for clarity.
The inset is a sketch of a CdTe particle capped by mPEG-SH.

cation solvators.'” Thus, DMA having the higher boiling
point, a larger donor number, and dielectric constantin
comparison with DMF (27.8 and 26.6 kcal -mol ™', 37.78
and 36.71, respectively'”), facilitates the growth of the
CdTe nanocrystals. Such a large growth rate leads to a
relatively broad size distribution of the CdTe@mPEG-
SH QDs in comparison with that from an aqueous
synthesis; however the PL full width at half-maximum
of the amphiphilic particles is quite comparable to
those obtained in water and lies in the range of 48—
59 nm. The transmission electron microscopy (TEM)
image of the nanocrystals shown in Figure SI1 (see the
Supporting Information) demonstrates their broad size
distribution and reveals their good crystallinity. Apply-
ing size-selective precipitation (as described in detail in
ref 18) using a toluene/hexane (1/3) mixture as the
nonsolvent allows for the separation of several QD
fractions with narrower size distributions. The presence
of differently sized particles is proven also by PL
excitation (PLE) spectra (see Supporting Information,
Figure SI2). In contrast to absorption and PL measure-
ments, PLE enables the user to distinguish between
several species within an ensemble. The quite irregular
(nonspherical) shapes and the broad size distribution
of the nanoparticles observed by TEM suggest that
most probably coalescence is the main growth me-
chanism of the particles in DMF (or DMA) which are
built-up from a number of small species like nuclei and/
or clusters. The low zeta potential (see below) facil-
itates the agglomeration of the small species owing to
their reduced electrostatic repulsion. The evolution of
the absorption maxima of the QDs during the reaction
time (see Supporting Information, Figure SI3) which is
indicative for their size evolution does not show any
clear transition from the coalescence mechanism into
Ostwald ripening which has been shown, for example,
for aqueous TGA-capped CdTe nanocrystals.'® It is
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noted that although the irregular shapes and the
relatively broad size distribution may be considered
as disadvantageous the obtained nanoparticles offer
two desired functionalities necessary for the mem-
brane penetration experiments described below,
namely a widely tunable emission and the amphiphi-
licity. Indeed, as demonstrated in our previous work'>
for green emitting amphiphilic nanoparticles larger
orange emitting CdTe@mPEG-SH QDs synthesized
both in DMA and in DMF exhibit a similar spontaneous
3-phase transfer from toluene via water to chloroform
confirming their unique ampbhiphilic properties (see
Supporting Information, Figure Sl 4).

The synthetic approach described above leading to
larger amphiphilic QDs with tunable PL with maxima
reaching 640 nm greatly extends the opportunities
for applications in bioimaging experiments since
this allows for a proper choice of a QD-dye pair for an
efficient separation of their PL signals. For membrane
penetration experiments orange QDs emitting with a
maximum at 610 nm and red QDs emitting with a
maximum at 634 nm were chosen in order to distin-
guish their luminescence from the green emitting
membrane dye 3,3’-dioctadecyloxacarbocyanine per-
chlorate (DiO). As a control sample, hydrophilic CdTe
crystals stabilized with TGA having a similar size (ca.
3 nm) were used in parallel permeation experiments.
The optical characteristics of the orange emitting
samples are shown in Figure 2. CdTe@TGA QDs carry
deprotonated carboxyl groups on their surface and
hence possess negative charge. Zeta potential mea-
surements reveal a value of —65 mV. On the contrary,
amphiphilic CdTe nanoparticles have a slightly positive
zeta potential of 4 mV which favors their versatile
solubility and should prevent aggregation via electro-
static interaction in biological media (see below). As
opposed to ligand exchange procedures, the stable
bonding of the stabilizer to the nanocrystal surface
imparts a high colloidal stability against deteriora-
tion. The short chain length of the H3C(OCH,CH,),SH
molecule assures the quite small sizes of the resulting
nanoparticles which is also beneficial for biological
applications.

To test the ability of the QDs to permeate through
lipid bilayers, GUVs prepared in sucrose via electro-
formation were incubated in phosphate buffered sal-
ine (PBS) containing amphiphilic and hydrophilic (as a
control sample in parallel tests) particles in equal
concentrations. Confocal microscopy images obtained
during 3 h are shown in Figure 3 where the red back-
ground stems from the QD fluorescence and the black
circles are interiors of the “empty” GUVs. The uptake
was quantified during a period of 3 h by acquiring the
intensity profile of the inner part of the GUVs. The
intensities of the QD fluorescence background and
the empty GUVs have also been quantified as refer-
ences (see Figure 3). More than 100 GUVs have been

DUBAVIK ET AL.

0.04 20

-~~~ CdTe@TGA
— CdTe@mPEG-SH
0.03 4 1.5';:'
] S,
s 2
2 ?
5 0.02 10¢e
@ 2
2 E
|
o
0.014 0.5
0.004 0.0

450 500 550 600 650 700 750
Wavelength [nm]

Figure 2. Absorbance and PL (1., = 450 nm) spectra of the
amphiphilic CdTe@mPEG-SH QDs and the hydrophilic
CdTe@TGA QDs colloids used for the GUV experiment.
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Figure 3. Confocal microscopy images acquired after 0.5, 1,
2, and 3 h of incubation of GUVs with CdTe@mPEG-SH QDs
in PBS (left); corresponding emission intensity profiles of
the regions of interest shown on the left (right). The black
cycles (e.g., no. 1) are “empty” vesicles which do not contain
QDs, while the red ones (e.g., no. 2) contain penetrated QDs.
The intensity and the contrast were adjusted for better
visualization.

observed in order to estimate the uptake efficiency
after 3 h and overnight incubation. Approximately 40%
of the GUVs contained QDs after 3 h, while after
overnight incubation this number increased to 60%.
Many parameters such as membrane curvature, size of
the vesicle, unilamellarity of the membrane, and lipid
packing may account for the heterogeneous penetra-
tion. It should be noted that even after overnight
exposure the QDs still have retained their emission.
In the control experiment performed with CdTe@TGA
QD colloids no penetration was observed presumably
because of their aggregation (see Figure S| 4) which
was also reported previously for TGA-capped CdTe
QDs in PBS.2° We also note that only lowering of the
pH of the CdTe QDs colloid down to approximately 7
(from the initial 9—10) already leads to a slow destabi-
lization and subsequent aggregation of the particles.
We further tested the colloidal stability of both
types of QDs in various buffers (cf. also Boldt et al.")
including PBS, GPMV buffer, MEM cell medium, and
air buffer which are the main buffers used for cellular
maintenance (see Supporting Information, Table SI1).
The experiments revealed that the amphiphilic

voL.6 = NO.3 = 2150-2156 = 2012 ACNJANIC)

WWww.acsnano.org

2152



TF-PIP

Figure 4. Confocal microscopy images, acquired after 3 h of
incubation, demonstrating the penetration of the CdTe@m-
PEG-SH QDs into GPMVs visualized by merging (right panel)
the TF-PIP dye green fluorescence (left panel) and the QD
red emission (middle panel). The arrows show the vesicles
containing QDs. The black GPMVs are “empty” vesicles
which do not contain QDs while the red ones contain
penetrated QDs. The intensity and the contrast were ad-
justed for better visualization.

CdTe@mPEG-SH crystals remain homogenously dis-
persed in all the biological buffers while the hydro-
philic CdTe@TGA QDs tend to aggregate in all of them
(see Supporting Information, Figure SI5) presumably
due to the interaction with Ca and Mg ions present in
all the media. A controlled clustering of negatively
charged CdTe@TGA particles by interconnection via
Ca’" ions acting as electrostatic chelating linkers was
previously demonstrated by Mayilo et al.? It is con-
sidered that aggregation/clustering on the cell surface
results in endocytosis®> which is most probably the
main reason why the hydrophilic nanoparticles cannot
escape the endocytic uptake. However, our data show
that in contrast to hydrophilic particles, the amphiphi-
lic QDs do not form aggregates in the buffers men-
tioned and, thus, have the ability to diffuse through the
GUV membrane preserving their colloidal stability in
biological media.

To further investigate the penetration of the amphi-
philic QDs we used GPMVs composed of a natural cell
membrane as an intermediate model membrane sys-
tem between the entirely artificial GUVs and a real live
cell plasma membrane. Clear visualization of the QD
permeation was achieved employing a two channel
detection approach where the vesicle membrane has
been visualized with the green emission of the Top-
Fluor-phosphatidylinositol phosphate (TF-PIP), a mem-
brane lipid dye incorporated into the membrane (see
Figure 4) whereas the QD distribution in the system has
been monitored via the red band-pass filters. As seen
from the resulting merged image (Figure 4), the vesicles
take up the amphiphilic nanocrystals during incubation.
Although the penetration was slower than in the case of
the GUVs we observed approximately 40% of GPMVs
containing QDs after 10 h of incubation.

After proving the penetration of the amphiphilic
CdTe@mPEG-SH QDs into the endocytosis-free syn-
thetic model membrane system (GUVs) and a cell-
derived membrane system (GPMVs) we have tested
their permeation also in living cells. After 1 h of
incubation of the cells with both CdTe@mPEG-SH
and CdTe@TGA particles the penetration has been
observed by confocal microscopy. Endosomes con-
taining fluorescing molecules were shown to appear
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as bright fluorescent spots inside the cells.** As seen
from Figure 5, several bright spots which are the
endosomes containing QDs were formed inside the
cells incubated with hydrophilic CdTe@TGA particles,
whereas only a few dim spots were observed inside the
cells incubated with amphiphilic CdTe@mPEG-SH QDs.
Moreover, there was almost no fluorescence signal
inside the cells except that from the endosomes in
cells exposed to the CdTe@TGA nanocrystals, while
intense fluorescence from free nonclustered particles
was observed in cells exposed to the CdTe@mPEG-SH
nanocrystals which presumably originates from the
QDs having penetrated individually through the mem-
brane. The intensity of the endosome signal also shows
that CdTe@TGA QDs were exclusively endocytosed,
which makes the vesicles emit brighter while the
CdTe@mPEG-SH containing vesicles are relatively dim-
mer due to the small fraction of the nanocrystals
confined inside the endosomes. Although the occur-
rence of both direct penetration and endocytosis has
been proposed for several molecules such as cell
penetrating peptides®> and retroviral particles,®® the
complete physicochemical mechanism is not yet thor-
oughly elucidated.

In an additional experiment, Alexa-488-labeled
Transferrin which is taken up by clathrin/dynamin
dependent endocytosis®’?®
localization of endocytotic vesicles and QDs. The high
colocalization of the nanoparticles and Transferrin in-
side the cell shown in Supporting Information, Figure SI
6(a—d) proves that the QDs which cannot penetrate
through the membrane individually are endocytosed.
Moreover, we quantified the fluorescence intensity
stemming from the free QDs inside the cells along a
z-stack series of the cell to see whether the localization
of the free particles inside the cell is homogeneous.
Supporting Information, Figure SI 6e shows that the
intensity remains relatively constant along the cell axis
indicating a homogeneous distribution of the QDs
within the cellular cytoplasm.

was used to visualize the

CONCLUSIONS

In this study, we have further improved the synthesis
of amphiphilic CdTe@mPEG-SH nanocrystals via the
use of the high-boiling coordinating solvents dimethy-
lacetamide and dimethylformamide. The optimized
procedure yields QDs in the size range from 2 to
4 nm, emitting in the wide visible region of 540—
640 nm with enhanced quantum yield of up to 30%.
The permeability test performed using GUVs and
GPMVs for the first time demonstrated the ability of
amphiphilic nanoparticles to penetrate through lipid
bilayers. Further experiments performed on live cells
demonstrate the nonendocytic uptake of the amphi-
philic particles, while hydrophilic CdTe@TGA QDs
were solely accumulated in endosomes. This makes
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Figure 5. Bright field (left panels) and confocal microscopy (middle panels) images of live cells acquired after 1 h of incubation
in the presence of CdTe@TGA (top) and CdTe@mPEG-SH (bottom) QDs demonstrating the distribution of the amphiphilic
particles over the whole cell interiors with partial confinement in the endosomes and accumulation of the hydrophilic
particles solely inside the endosomes. The intensity and the contrast were adjusted for better visualization. Simplified scheme
of the penetration of the corresponding QDs into a cell (right panel). Lipids constituting the cell membrane are shown as a
circle representing a hydrophilic head with a tail depicting their hydrophobic part.

CdTe@mPEG-SH QDs promising agents for tracking
whole cells and intracellular processes. Moreover, their
high colloidal stability in various biological media and
stable emission properties can be exploited for a better

EXPERIMENTAL SECTION

Synthesis of (dTe@mPEG-SH Nanocrystals. All chemicals used
were of analytical grade or higher.

The short chain stabilizer H3C—(O—CH,—CH,);—SH was
synthesized according to the method reported in refs 15 and 29.

The preparation of amphiphilic QDs was carried out both in
DMA and in DMF solutions. In a typical synthesis, 0.16 g (0.69
mmol) of Cd(CH3COO0), and 0.33 g (0.9 mmol) of mPEG-SH was
dissolved in 30 mL of DMA (or DMF) followed by deaeration by
argon bubbling for 30 min. Under vigorous stirring, H,Te gas
generated by the reaction of 0.1 g (0.228 mmol) of Al,Tes lumps
with an excess of 0.5 M H,SO, solution was injected into the
reaction mixture with a slow Ar flow. The molar ratio of Cd**/
Te? /mPEG-SH was 1/1/1.3. Formation and growth of the
nanoparticles proceeded upon reflux. The reaction was termi-
nated after the PL maximum reached 640 nm (4 h in DMA, 36 h
in DMF). Purification of the QDs was achieved by precipitation of
the as-prepared colloidal solution of the CdTe nanoparticles
from DMA or DMF by the addition of a toluene/hexane mixture
(colloid/toluene/hexane = 1/1/3) followed by dissolution of the
precipitate in pure solvent (e.g., water or toluene).

As a reference sample for the membrane permeability
experiment, hydrophilic CdTe nanoparticles stabilized by TGA
were prepared according to the procedure reported in ref 30.
Prior to the GUV permeation experiment the CdTe@TGA nano-
particles were purified by a reprecipitation procedure as de-
scribed in ref 18. Here we notice that various aspects of the
aqueous synthesis of CdTe nanocrystals have been reviewed in
recent publications.?'3?

Characterization of (dTe@mPEG-SH Nanocrystals. UV—vis absorp-
tion spectra were collected with a Cary 50 spectrophotometer
(Varian). Fluorescence spectra were measured using a Fluoro-
Max-4 spectrofluorimeter (HORIBA Jobin Yvon). All spectra were
taken at room temperature. The PL QYs of the QD solutions were
determined according to the procedure described in ref 33 by
comparison with Rhodamine 6G and Rhodamine 101 dyes in
ethanol assuming their PL QYs to be 95% and 96%, respectively.
Samples for TEM were prepared by dropping diluted nano-
particle solutions in toluene onto copper grids coated with a
thin Formvar-carbon film with subsequent evaporation of the
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delivery of agents for therapeutic applications. The
data acquired also provide new insight into the inter-
action of nanoparticles with an artificial lipid mem-
brane as well as with natural cell membranes.

solvent. TEM images were obtained on a Tecnai T20 microscope
(FEI), operating at 200 kV. The zeta-potentials were measured on
a Beckman Coulter Delsa Nano C particle analyzer. The values
were averaged from three measurements.

GUV Preparation. The GUV preparation by electroformation is
described in detail in ref 34. Briefly, dioleoyl phosphatidylcho-
line (1,2-dioleoyl-sn-glycero-3-phosphocholine) (DOPC) (Avanti,
AL, USA) and the membrane dye DiO (Invitrogen, CA, USA) were
mixed in chloroform. Then this mixture was deposited on
platinum wires. After chloroform evaporation, the platinum
wires were dipped into sucrose solution and exposed to 10 Hz
AC for 1 h and following 2 Hz AC for 30 min with a 2 V voltage.

For microscopy, the GUVs were mixed with PBS in Bovine
Serum Albumin (BSA) coated LabTek chambers. Afterward,
amphiphilic CdTe@mPEG-SH QDs and in parallel, as a control
sample, hydrophilic CdTe@TGA QDs colloids (final concentra-
tion of 0.25 uM) were added to the chambers. The mixtures
were incubated at room temperature.

GPMV Preparation. Chinese Hamster Ovary (CHO) cells were
cultured in alpha MEM medium (for a description of the medium
as well as for the buffers used see Supporting Information, Table
SI1) supplemented with 10% Fetal Calf Serum up to 70—80% of
confluence. GPMVs were isolated by chemically inducing cell
blebbing with 25 mM paraforimaldehyde and 2 mM dithio-
threitol in GPMV buffer (150 mM NaCl, 10 mM Hepes and 2 mM
CaCl, (pH 7.4)) for 1 h at 37 °C as previously described.? The
membrane dye TopFluor PIP (Avanti, AL, USA) was added to
GPMVs in a concentration of 0.1 M. They were observed in BSA-
coated Labtek chambers similar to GUVs. The mixtures were
incubated at 4 °C.

Colloidal Stability Test. Equal concentrations of amphiphilic
and hydrophilic QDs were mixed with the biological buffers
listed in Table SI1 (see the Supporting Information), and subse-
quently imaged by confocal microscopy.

Cell Penetration Test. CHO cells were seeded on MatTek
chambers (#1.5) and incubated in cell culture MEM medium
supplemented with 10% Fetal Calf Serum up to 70—80% of
confluence for 2 days at 37 °C. Afterward, equal amounts of
amphiphilic and hydrophilic QDs (as a control sample in a
parallel test) were added to the cell media (the final concentra-
tion was approximately 1 «M). The cells were incubated in QDs
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containing media at 37 °C for an additional 1 h. Then, they were
washed with PBS and observed with confocal microscopy in
PBS. For the Transferrin endocytosis test, Alexa488-labeled
Transferrin (Invitrogen, CA, USA) was added to the media with
a final concentration of 5 ug/mL. The cells were washed after
5—10 min incubation at 37 °C.

Confocal Microscopy Imaging. Confocal microscopy images
were acquired using a Zeiss LSM 510 microscope equipped
with a 40X NA 1.2 UV—vis—IR C-Apocromat water-immersion
objective and a 488 nm argon-ion laser. NFT 545 and NFT 635
filters were used to separate the green signals from the
membrane dyes and from orange or red fluorescing QDs,
respectively. For additional filtering, a band-pass 505—530 for
green, a long pass 585 for orange, and a band-pass 615—685 for
red emissions were employed. Imaging was performed in 0.5, 1,
2, and 3 h after QDs injection and after overnight incubation.
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