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Abstract
The study of lipoproteins, natural nanoparticles comprised of lipids and apolipoproteins that
transport fats throughout the body, is of key importance to better understand, treat, and prevent
cardiovascular disease. In the current study, we have developed a lipoprotein-based nanoparticle
that consists of a quantum dot (QD) core and Cy5.5 labeled lipidic coating. The methodology
allows judicious tuning of the QD/Cy5.5 ratio, which enabled us to optimize Förster resonance
energy transfer (FRET) between the QD core and the Cy5.5-labeled coating. This phenomenon
allowed us to study lipoprotein–lipoprotein interactions, lipid exchange dynamics, and the
influence of apolipoproteins on these processes. Moreover, we were able to study HDL-cell
interactions and exploit FRET to visualize HDL association with live macrophage cells.
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The development of hybrid nanostructures based on nanocrystals that are stabilized and
functionalized by a biocompatible coating has seen rapid progress over the past decade.1–7

© 2010 American Chemical Society
*To whom correspondence should be addressed. willem.mulder@mountsinai.org. Telephone: +1 2122417717.
◆These authors contributed equally to this work.

Supporting Information Available. Experimental methods and additional figures. This material is available free of charge via the
Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
Nano Lett. Author manuscript; available in PMC 2012 May 18.

Published in final edited form as:
Nano Lett. 2010 December 8; 10(12): 5131–5138. doi:10.1021/nl1037903.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


Among the different coatings, amphiphilic polymer and lipid coatings have shown
unprecedented possibilities since these can be applied in a facile fashion, allow
combinations with reactive and/or functionalized amphiphilic molecules, or may be
comprised of naturally occurring molecules such as phospholipids and apolipoproteins to
create lipoprotein-like nanoparticles.2 In previous studies, we developed lipid-coated
quantum dot technology to create targeted nanoparticles for multimodal molecular imaging
in animal models of cancer and cardiovascular disease.2,4,8 These nanoparticles are
comprised of quantum dots that are stabilized by hydrophobic ligands, which are
subsequently coated by a monolayer of phospholipids. Other nanocrystals that have been
exploited as contrast agents for various imaging techniques using a similar lipidic coating
strategy include gold,9 iron oxide,10 or manganese ferritite.11 Subsequent functionalization
of such lipid-coated nanoparticles can be achieved by the conjugation of targeting
ligands,5,12 such as peptides,4 or, as we have recently demonstrated, by the adsorption of
apolipoproteins, such as apolipoprotein A-I (apoA-I).2 In the latter case the general
nanoparticle morphology closely resembles that of high-density lipoprotein (HDL)13 and we
have shown it to also exhibit important biological HDL functions, such as macrophage
targeting14 and the ability to induce cholesterol efflux.2,15

HDL, popularly known as “good cholesterol”, has a protective role in the development of
cardiovascular disease,16,17 a pathology that may ultimately result in clinical events such as
myocardial infarction and stroke.18 The study of lipoprotein biology in general, and HDL’s
biology in particular, therefore is of key importance to better understand, treat and prevent
cardiovascular disease and help reduce mortality and morbidity caused by this pathology.

Both the increasing interest in lipid-coated nanocrystals and the need to better understand
HDL biology in detail inspired us to develop a hybrid nanoarchitecture that resembles HDL.
The dynamics of lipid exchange and interactions with cells can be studied with Förster
resonance energy transfer (FRET) between the quantum dot core and dye-labeled lipids in
the coating. In recent reports, FRET between quantum dots and organic fluorophores has
been exploited to study fundamental and biological processes,19–22 but this phenomenon has
also been applied to create biosensors23 and imaging probes.24 In the majority of these
studies the organic fluorophores were adsorbed at the surface of QDs via proteins,25

peptides,26 or polymers.27,28 We sought to develop nanotechnology based on lipid-coated
nanocrystals that allows an easier and more precise tuning of the QD/dye ratio to optimize
FRET and enables a detailed investigation of the lipid exchange dynamics of HDL
nanoparticles with their surroundings as well as their biological interaction with cells.

In the present study, we have developed FRET nanoprobes, based on the above-mentioned
lipid-coated QD nanoparticle technology, which closely mimics HDL. This nanoparticle has
a FRET donor QD in its core and the near-infrared fluorescent dye Cy5.5 FRET acceptor in
its lipid corona. The incorporation of the dye in the nanoparticle’s lipid corona was
facilitated by its conjugation to DMPE (Figure 1, Supporting Information Methods), a
phospholipid that has an amine group available. Exceptionally stable CdSe–CdS–ZnS core–
shell–shell (CSS) QDs29 were synthesized and coated with an appropriate mixture of Cy5.5
labeled and unlabeled phospholipids using methods we have described previously.2,4,29 The
resulting nanoparticles consist of one QD core per HDL particle and are highly stable in
PBS and serum. The emission spectrum of these CSS QDs and the absorption spectrum of
the Cy5.5-lipids significantly overlap (Supporting Information Figure 2), which is a pre-
requisite for FRET. We further exploited the broad and narrow absorption bands of the QD
and Cy5.5 dye, which allowed us to selectively excite the donor QDs. The amount of Cy5.5
in the coating could be easily adjusted by adding more labeled lipid to the mixture.
Subsequently, apolipoprotein A-I (apoA-I) was added and left to incubate overnight, after
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which the product was purified to obtain single QD core and Cy5.5 labeled HDL-like
nanoparticles (QD-HDL-Cy5.5), schematically depicted in Figure 1a.

To investigate the occurrence of FRET, we acquired emission spectra (Supporting
Information Methods) of QD-HDL nanoparticles that contained varying amounts of Cy5.5
in their lipid coating. The emission spectra (Figure 1b), recorded for an excitation
wavelength of 400 nm, where the QDs absorb efficiently and the Cy5.5 dye has little or no
absorbance, revealed a dramatic decrease in the QD emission intensity with an increasing
amount of Cy5.5. This decrease was accompanied by an increase in the intensity of the
Cy5.5 emission peak. For QD-HDL particles that contained 1% Cy5.5 labeled lipid in their
coating, which corresponds on average to 3 Cy5.5 dye molecules per particle, the QD
emission was almost completely quenched. These observations clearly demonstrate the
occurrence of FRET from the QDs to the Cy5.5 dye molecules. To further verify that the
decrease of the QD emission intensity and increase of Cy5.5 intensity was due to FRET we
measured the fluorescence lifetimes of the QD emission for different samples. In Figure 1c
the fluorescence decay curves portray a significant reduction in the QD excited state lifetime
with increasing amounts of Cy5.5. The increased decay rate of the QD fluorescence
observed within the first 10 ns after excitation is ascribed to energy transfer from a QD
donor to a Cy5.5 dye molecule acceptor.

Near infrared fluorescence (NIRF) imaging is a semiquantitative imaging modality30 that is
applied to visualize NIRF probes in cells and small laboratory animals, primarily mice. This
imaging method is fast, sensitive, and allows multiplex imaging, that is, the visualization of
multiple species.31,32 In addition to studying particle–particle and particle–cell interactions,
the Cy5.5-coated QD-HDL nanoparticle may also be exploited as a NIRF probe that can be
excited by a broad wavelength range via the QD but exhibits the typical Cy5.5 NIRF
emission. We tested the ability of fluorescence imaging to observe FRET in samples that
contained QD core HDL with varying amounts of Cy5.5 labeled lipids. To that end we
applied three different filter set combinations on a black wells plate that contained 100 µL of
differently labeled diluted (~1 µMol lipid) HDL samples and measured the photon counts.
These were normalized to the maximum value for a certain filter set. In the first QD setup,
we aimed to visualize the QD excitation and emission by exciting the samples with an
excitation passband of 445–490 nm, while applying an emission passband of 610–630 nm.
In the second Cy5.5 setup, a dedicated filter set was applied to directly visualize Cy5.5, that
is, an excitation passband of 615–665 and an emission passband of 695–770 nm. The third
setup, which we will refer to as the FRET setup, had the QD excitation passband and the
Cy5.5 emission passband. In the QD setup, we observed a signal from all the HDL samples
that contained a QD core, but quenching from the HDL samples that were also labeled with
Cy5.5 was clearly observed (Figure 1d, top). The Cy5.5 setup noticeably showed an
increasing photon count for samples that contained a higher Cy5.5 content. In the FRET
setup, energy transfer occurred for all the dual-labeled samples with the highest photon
count for the sample that contained 1% Cy5.5. Altogether, the experiments presented in
Figure 1 convincingly demonstrate the occurrence of FRET in our dual-labeled HDL
nanoparticle. Below we will demonstrate how changes in the FRET can be used to probe
lipid exchange between nanoparticles and to study the association of the lipoprotein
nanoparticles with cells.

HDL, which measures 7–13 nm in diameter, is comprised of a fatty core of triglycerides and
cholesteryl esters that is coated and stabilized by phospholipids and apolipoproteins.33

Besides HDL, many other lipoprotein classes34 exist and several studies have shown that
they can take up cholesterol35 and vividly exchange components, including the
phospholipids.36 Our FRET QD-HDL-Cy5.5 nanoparticle is very well suited to study lipid-
exchange, since the area under the emission peaks in the spectrum of the sample depends on
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the amount of Cy5.5-lipid present in the particle’s corona, and changes in the emission
spectra can be studied with a high temporal resolution of less than 0.4 s. This implies that
when a lipid-coated QD sample, which does not contain Cy5.5-lipids, is mixed with lipid
nanoparticles that do contain Cy5.5-lipids, and lipid-exchange occurs, the areas under the
emission spectra of the QD and Cy5.5 change. In Figure 2a, different exchange processes
are schematically depicted. In Figure 2b, the time evolution of the integrated intensity of the
Cy5.5 emission divided by the integrated intensity of the QD emission (ICy5.5/IQD) is plotted
for QD-HDL samples that were mixed with Cy5.5-labeled HDL, or with Cy5.5-labeled
micelles, at the same concentrations of Cy5.5. This ratio was observed to gradually increase
after mixing, eventually reaching an equilibrium value. In addition, we found the
equilibrium ICy5.5/IQD ratio to be higher when the mixing was done at a higher Cy5.5-HDL
concentration. This implies that in the latter case more Cy5.5-labeled lipid is transferred to
the QD core HDL nanoparticles. In Figure 2c, the intensities of Cy5.5 and QD are
individually depicted, showing that the trends observed in Figure 2b result from a
simultaneous decrease in the QD emission intensity and increase in the Cy5.5 emission
intensity.

Besides the targeting function,37,38 apoA-I is known to provide stability to the HDL lipid
nanoparticle.39 Studying exchange rates of lipids between HDL particles (and other lipidic
aggregates) using the above-mentioned methodology may therefore shed light on the
stabilizing properties of apoA-I. To that end, we tested four different situations (Figure 2d)
where 0.025 nmol/mL QD core lipid nanoparticles, either with or without apoA-I included
in their lipid coating, were mixed with equimolar amounts of either HDL or micellar
nanoparticles that contained Cy5.5 labeled lipids. For reasons of clarity, we solely present
the intensity of the QD emission for the exchange data in Figure 2d. Mixing HDL-like
nanoparticles that are both functionalized with apoA-I resulted in the slowest exchange rates
while mixing apoA-I functionalized with unfunctionalized nanoparticles showed
intermediate exchange rates. The fastest exchange rates were observed when lipid-coated
QDs were mixed with Cy5.5-micelles. In addition, we observed that the exchange rates were
temperature dependent. A strong increase in exchange rate is observed between 6 and 37 °C
(Supporting Information Figure 3). The experiments confirm that apoA-I has stabilizing
properties,40–42 since lipid-exchange was significantly decreased for the lipid nanoparticles
that were functionalized with apoA-I, that is, HDL nanoparticles, as compared to the lipid
nanoparticles without this apolipoprotein.

The most important mechanism through which HDL exerts its protective role against
cardiovascular disease is the removal of excess cholesterol from peripheral cells, especially
from lipid-laden macrophages, and its transport to the liver, a process referred to as reverse
cholesterol transport.14,43 FRET measurements can also be applied to investigate
interactions between HDL and cells, as schematically illustrated in Figure 3a. To that aim,
we incubated THP-1 macrophages, a cell line that grows in suspension and does not adhere,
with QD-HDL-Cy5.5. A decrease in ICy5.5/IQD was observed (Figure 3b) for dual labeled
lipid nanoparticles, indicative of Cy5.5-lipids exchanging with the cell membrane. A
noticeable difference was observed between the apoA-I stabilized HDL particles and the
lipid particles that were not functionalized with apoA-I (QD-Micelle-Cy5.5). The much
slower exchange observed for the apoA-I particles confirms its stabilizing function.
Fluorescence microscopy images of THP-1 macrophages that were incubated with QD-
HDL-Cy5.5 and Cy5.5-labeled micelles are presented in Figure 3c and Supporting
Information Figure 4, respectively. These data corroborated our hypothesis that the Cy5.5-
labeled lipids transferred to the cell membrane, but we cannot rule out the occurrence of
other associative processes such as uptake. Alternatively, we prelabeled THP-1
macrophages with Cy5.5-lipid micelles (Supporting Information Figure 4) overnight and
subsequently incubated with QD core HDL that was not labeled by Cy5.5-lpids. After
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mixing, we observed a temporal decrease of IQD, indicative for lipid-exchange from the cells
to the nanoparticle (Figure 3d). These results confirm the vivid exchange of lipoprotein
components with cells.

Lastly, we performed a proof-of-principle study where we aimed to visualize FRET of QD-
HDL-Cy5.5 nanoparticles in living adhered J774A.1 macrophages via fluorescence
microscopy. Such experiments can provide information about the mechanism of uptake and
the intactness of the lipid nanoparticle after uptake by the cell.

First, we performed experiments where we incubated macrophages with QD-HDL-Cy5.5
and control nanoparticles for 5 min. These were subsequently washed to remove the
aforementioned nanoparticles from the medium. Fluorescence microscopy images were
recorded with different filter sets to directly visualize QDs and Cy5.5-lipids, as well as to
visualize the occurrence of FRET, 10 min after washing the cells. Figure 4a presents
brightfield images of untreated and cells that were incubated with HDL-Cy5.5, QD-HDL,
and QD-HDL-Cy5.5, respectively. Cy5.5 fluorescence (Figure 4b) was observed in the cell
membrane of cells incubated with HDL-Cy5.5 and QD-HDL-Cy5.5, confirming exchange of
lipids with the cell membrane, in line with the data presented in Figure 3, but also inside the
cell, indicative for particle uptake. QD fluorescence was observed inside cells that were
incubated with QD-HDL or QD-HDL-Cy5.5 (Figure 4c). The QDs were most likely present
in vesicular structures, that is, endosomes. In the FRET microscopy setting, we observed
pronounced Cy5.5 fluorescence in cells that were incubated with QD-HDL-Cy5.5 (Figure
4d), confirming the occurrence of particle uptake and applicability of our FRET technology
in cell fluorescence microscopy experiments. We ascribe the marginal fluorescence
observed in cells incubated with HDL-Cy5.5 to direct excitation of Cy5.5, which was also
observed when we directly imaged this sample (Figure 1d). Additional live microscopy
images of cells incubated with QD-HDL-Cy5.5 nanoparticles HDL-Cy5.5 can be found in
Supporting Information Figure 5.

To establish the temporal evolution of QD-HDL-Cy5.5 particles, we acquired fluorescence
microscopy images at different time points after washing, using the different filter settings.
The Cy5.5 setting allowed us to visualize the Cy5.5-labeled lipids, while the QD setting
showed the location of the oleic acid coated QD cores. The FRET microscopy setting was
applied to investigate the possible temporal dissociation of the nanoparticle, since the
different components, that is, fatty core and lipid/apolipoprotein corona, of HDL are known
to behave differently with cells. In general, the consensus is that HDL does not enter the cell
as an intact entity, but adheres at the cell surface and can exchange its fatty core. The
hydrophobic cholesteryl ester core is transferred from the HDL particle to the cell via
scavenger receptor BI.44,45 In Figure 5a, the Cy5.5 fluorescence can be observed to be
primarily localized in the cell membrane, especially at early time points, becomes more
diffuse in time, but remains visible. At early time points, the QD fluorescence is found
primarily in the cytoplasm and becomes more homogenously distributed at later time points
(Figure 5b). Figure 5a,b also shows that the HDL labels do not enter the nuclei of the cells.
Most interestingly, we found the Cy5.5 fluorescence to decrease over time for the FRET
filter set combination, which implies that the Cy5.5 and QD label dissociate in time due to
the disassembly of our QD-HDL-Cy5.5 nanoparticle once it is associated with the
macrophages.

The data presented in Figure 5 reveal that our nanoparticle both exchanges lipids with the
cell membrane and deposits the QD core but was also taken up by cells as, at least partially,
an intact entity that disassembled in time. Additional live microscopy images of cells
incubated with the control nanoparticles HDL-Cy5.5 or QD-HDL can be found in
Supporting Information Figure 6. Further studies will be performed to clarify the exact
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mechanism of uptake, but the value of our dual labeled lipid nanoparticle FRET technology
to investigate cell lipoprotein interactions was convincingly demonstrated in these live cell
fluorescence microscopy experiments.

In the present study, we have shown QD core and Cy5.5 dual-labeled HDL nanoparticles to
be of great value to study lipid exchange dynamics for lipoprotein nanoparticles via FRET.
We have demonstrated a methodology to follow lipid-exchange between HDL and other
lipidic nanoparticles and confirmed the stabilizing features of the apoA-I.39 In a setup where
nonadherent macrophage cells were incubated with QD-HDL-Cy5.5, or Cy5.5-lipid-labeled
macrophages with QD-HDL, we were able to measure interactions between the cells and
HDL. Lastly, we have shown the value of dual-labeled HDL to visualize, using FRET
fluorescence microscopy, the temporal fate of lipoproteins once associated with
macrophages. It was observed that the lipids from the HDL nanoparticle exchange with the
cell membrane and, once taken up by the cell, in time dissociate from the QD core. Besides
labeling the lipids of QD core HDL, we anticipate this FRET effect to occur if apoA-I is
labeled with an organic fluorophore, thereby allowing the investigation of its dynamics and
cellular fate.

Generally this technology can be applied to investigate the (exchange) behavior of a variety
of lipid-coated QDs, such as PEG-lipid coated QDs that are extensively used in the field of
target-specific imaging and drug delivery.2,4,8,12,46 In addition, this technology may be
applied to other lipidic nanoparticles such as nanoemulsions47 or liposomes,48 as well as to
nanoparticles composed of block copolymers.49 Importantly, lipid-coated and dye labeled
QDs offer unique possibilities to study fundamental principles of FRET between QDs and
organic fluorophores, since the nanotechnology allows facile variation of the number (or
type) of dye molecules per QD as well as the manipulation of the QD-dye distance, key for
efficient energy transfer, using e.g. lipids with different acyl chain lengths. Lastly, our
approach may be applied to create (bio)sensors23 using lipid-coated QDs that are equipped
with lipid-dye molecules of which the dye is cleaved, for example, by the presence of
enzymes, ions, or at certain pH.

In conclusion, lipid-coated and dye-labeled QDs represent a versatile probe to study FRET
as well as fundamental and biological processes via FRET, such as lipid-exchange between
nanoparticles and nanoparticle uptake by cells.
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FIGURE 1.
Förster resonance energy transfer (FRET) in quantum dot (QD) core high-density
lipoprotein labeled with lipid conjugated fluorophore. (a) Schematic representation of a
quantum dot core and Cy5.5-lipid dual labeled high-density lipoprotein (QD-HDL-Cy5.5)
nanoparticle. (b) Emission spectra of QD-HDL with varying amounts of Cy5.5-lipid for
excitation at 406 nm. (c) Fluorescence decay curves of the QD emission (620 nm, excitation
at 406 nm) for QD-HDL with varying amounts of Cy5.5-lipid. The contribution of the
instrument response function (IRF) is neglectable. (d) Fluorescence images of different HDL
preparations acquired with a QD excitation and emission passband (top), a Cy5.5 excitation
and emission passband (middle), and a QD excitation and Cy5.5 emission passband (FRET
setup).
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FIGURE 2.
Lipid-exchange between different types of lipidic nanoparticles monitored by optical
techniques. (a) QD-HDL (or QD-micelle) mixing with HDL-Cy5.5 (or Cy5.5-micelle)
results in the occurrence of FRET after Cy5.5-lipids exchange. (b) Intensities of the Cy5.5
emission divided by the intensity of the QD emission (ICy5.5/IQD) for QD-HDL samples that
were mixed with Cy5.5 labeled HDL at two different concentrations. (c) The individual
intensities ICy5.5 and IQD of the data presented in (b). (d) Temporal course of IQD after
mixing QD-HDL and Cy5.5-HDL, QD-HDL and Cy5.5-micelles, QD-micelles and Cy5.5-
HDL, and QD-micelles and Cy5.5-micelles.
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FIGURE 3.
Lipid-exchange between lipid nanoparticles and cell membrane. (a) Schematic
representation of the QD-HDL-Cy5.5 exchanging Cy5.5-lipids with the cell membrane and
the effect on FRET. (b) ICy5.5/IQD of QD-HDL-Cy5.5 and QD-Micelle-Cy5.5 samples that
were mixed with THP-1 macrophage cells at different temperatures. (c) Fluorescence
microscopy image of THP-1 cells that were incubated with QD-HDL-Cy5.5 showing the
incorporation of Cy5.5-lipids in the cell membrane. (d) IQD of QD-HDL that were mixed
with THP-1 cells that were prelabeled with Cy5.5-lipids.
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FIGURE 4.
Live cell fluorescence microscopy of macrophages. (a) Brightfield images of J774A.1
macrophages that were left untreated or incubated with differently labeled HDL
nanoparticles. (b) Cy5.5 fluorescence was observed in cells that were incubated with HDL-
Cy5.5 or QD-HDL-Cy5.5. (c) QD fluorescence was observed in cells that were incubated
with QD-HDL or QD-HDL-Cy5.5, while (d) FRET was only observed in cells that were
incubated with QD-HDL-Cy5.5.
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FIGURE 5.
Temporal course of the fluorescence signal of macrophages incubated with QD-HDL-Cy5.5.
(a) Cy5.5 fluorescence images and (b) QD fluorescence images revealed the presence of
Cy5.5 and QDs at all the time points, albeit the signal intensity decreased and became more
diffuse in time. (c) FRET was observed to disappear after 10 min, indicative for the
dissociation of the QD and Cy5.5-lipid label.
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