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ABSTRACT
Quantum dots (Qdots) are nanoparticles exhibiting fluorescent properties that can be used for cell staining. We present here the development
of quantum dots conjugated to Annexin V for specific targeting of apoptotic cells, for both apoptosis detection and staining of apoptotic
“living” cells. For that purpose, Qdots Streptavidin Conjugates are coupled to biotinylated Annexin V, a 35-kDa protein which specifically
recognizes and binds to phosphatidylserine (PS) moieties present on the outer membrane of apoptotic cells and not on healthy or necrotic
cells. By using Annexin V, our Qdots probes are made specific for apoptotic cells. Staining of apoptotic cells was checked using fluorescence
and confocal microscopy techniques and nonfixed cells. It is shown here that Qdots are insensitive to bleaching after prolonged exposure as
opposed to organic dyes. This makes Qdots excellent candidates to continuously follow fast changes occurring at the membrane of apoptotic
cells and facilitates time-lapse imaging as they alleviate any bleaching issue.

Nanotechnologies and nanomaterials are currently gaining
enormous popularity in the fields of biological applications.1,2
In particular, quantum dots (Qdots) are emerging as a
revolutionary means for imaging and optical detection.3-6
This may be accounted for by the unique physical, chemical,
and optical properties7 of these nanocrystals based on
semiconductor materials (e.g., CdSe@ZnS Qdots). Compared
to organic dyes, Qdots exhibit a series of advantages which
make them particularly attractive for staining applications.
First, they present higher extinction coefficients8 and higher
quantum yields9 and they are less prone to photobleaching.3,10
Second, their absorbance properties as well as their emission
wavelength depend on the size of the semiconductor core,
which can be finely tuned.7,11 Their excitation window is
broad and is the same for any Qdot whereas the emission
window is rather narrow (∼20 nm),12 making them particularly suitable for multiplexed staining. More than six Qdots
could be used simultaneously in the same assay with no or
minimal interference among each other.7,13 Finally, their
toxicity should be limited compared to that of organic dyes,
although this point is still under controversy.8,14-16 All these
reasons make them very good candidates for fluorescent
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staining of cells. Indeed, live cell imaging and time-lapse
imaging, which are highly relevant for cellular studies,
require photostable dyes and use multiple targets. Qdots seem
therefore to be logical candidates for such applications and
consist of a promising alternative to fluorescent dyes for the
study of complex processes in cells. Many papers have
already reported on the use of quantum dots for cell staining
or tracking.4,17,18 Qdots have been used for instance for whole
cell staining after their coupling to a specific peptidic
signal19,20 or using various means for internalization,21 or for
specific staining of organelles, e.g., mitochondria or nuclei22,23 as well as the cell membrane.24,25 Single molecules
have also been tracked using Qdots staining.26-29 Finally,
Qdots have been applied for in vivo imaging.4,8,30,31
Apoptosis is an example of biological phenomena that
involve many subprocesses. Apoptosis consists of a programmed or suicidal cell death.32,33 It takes place in tissues
as a means to regulate cell number by counterbalancing cell
proliferation.33 Dysfunction in apoptosis is therefore linked
to disease states33 which are correlated either to a lack of or
to an excess of cell suicides. Understanding processes
underlying apoptosis will help to find new targets for drug
development and curing diseases.34
Apoptosis involves changes at various levels in the cells
and at different time frames, and this cascade of events can
be divided into a succession of three phases: initiation,

decision, execution. This complex process is triggered by a
series of enzymes named caspases (decision phase) after
activation of a death receptor (initiation phase). Execution
consists of various changes in the cells. First, cells change
at the mitochondrion level. Subsequently, changes occur on
the outer membrane, e.g., changes in membrane mechanical
and electrical properties, cell shrinkage, and redistribution
of phospholipids between the inner and the outer membrane.
For instance, phosphatidylserine groups (PS), which are
normally located on the inner membrane, are externalized.
At a later stage, the nuclear membrane is disrupted, and DNA
fragments and chromatin condensate. At the end, apoptotic
bodies containing the remains from the cell are produced. A
complete picture of apoptotis can be obtained by the study
of multiple cellular targets and through time-lapse imaging
to follow changes over time. In this context, organic dyes
present limitations because of their limited photostability and
tendency for bleaching and due to the restricted number of
dyes that can be used simultaneously without any spectral
interference. Imaging of apoptotic “living” cells typically uses
a combination of several dyes targeting different organelles
and reflecting changes at various sublevels in the cell.35 For
instance, changes at the mitochondrion level can be detected
with specific dyes,36 membrane changes can be imaged with
dyes showing the externalization of PS moieties,37 and DNA
staining shows the permeabilization of the nucleus membrane
and chromatin condensation.38
We focus here on an early and major event in the apoptotic
cascade, the externalization of phosphatidylserine (PS)
occurring through the “flipping” of the cell membrane.39
Targeting PS moieties consist of one of the main methods
to detect apoptotic cells and to isolate them.40 Other methods
rely on the detection of DNA fragmentation and on the
permeabilization of the nuclear membrane. However, PS
externalization precedes any change in nucleus,41 and
moreover it is specific of apoptosis and does not occur in
the case of necrosis, the other form of cell death. Consequently, numerous kits exist for apoptosis studies and/or
detection target PS moieties sitting on the outer membrane
of apoptotic cells. Two main agents enable the specific
recognition of PS moieties. A small protein, Annexin V (35
kDa), which binds to PS in the presence of Ca2+,42 is the
most widely used agent. Zn-based ligands that interact with
phospholipid moieties43,44 have also been developed. In both
cases, the recognition agent is coupled to a second part which
can be detected or trapped (optical detection, radiolabeling,
magnetic particles for cell sorting, immunodetection, ...).45-48
We report here on Qdots functionalized with Annexin V
for detecting and staining apoptotic “living” cells through
specific recognition of PS moieties located on the outer
membrane of the cells. For that purpose we decided to exploit
the well-known streptavidin-biotin interaction, by coupling
biotinylated Annexin to Qdots Streptavidin Conjugates. This
coupling is very strong even if it is not covalent and is
commonly used in biology. It is easy and fast, does not
require any sophisticated chemistry, and can be readily
achieved starting from commercially available products
(biotinylated Annexin V, Qdots Streptavidin Conjugates).
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Apoptotic cells which were stained with Annexin V-functionalized Qdots and counterstained with usual organic dyes
conjugated to Annexin V such as FITC- or Alexa Fluor
647-Annexin V conjugates were imaged using confocal
microscopy. We particularly demonstrated the superiority of
Qdots toward organic dyes with respect to bleaching issues.
Thereby, they appear more suitable for time-lapse imaging
of living cells undergoing the process of apoptosis. Moreover
their photostability allows for more frequent imaging, which
enables the visualization of fast events such as those
occurring at the membrane level.
Two approaches were concomitantly investigated (see
Figure 1): (i) Qdots were first functionalized with Annexin
V and subsequently added to apoptotic cells, or (ii) apoptotic
cells were preincubated with Annexin V, and Qdots were
added later once Annexin V had bound to PS moieties.
Typically, cells were first treated overnight with an inducer
of apoptosis (e.g., etoposide at 50 µM or camptothecin at 6
µM). The medium was then changed to a medium enriched
with calcium (2.5 mM) to enable binding of Annexin V to
PS, and staining agents were added, quantum dots and
organic dyes, either in one step or in two steps. After 60
min of incubation (37 °C, 5% CO2), cells were imaged by
confocal microscopy.
The ratio of Annexin V molecules to Qdots was determined using data from the manufacturer. Qdots Streptavidin
Conjugates present a functionalization level of 5-10 streptavidin molecules/Qdot, and we decided to functionalize Qdots
with approximately two molecules of biotinylated Annexin
V. This corresponds to 1 µL (∼4 pmol) of the commercially
available solution of biotinylated Annexin V (assessed
concentration of 3.6 µM) and 2 pmol of Qdots Streptavidin
Conjugates. Typically, for 0.5 mL of cells in suspension
(approximately 0.5 × 106 cells), we used 2 pmol of Qdots
Streptavidin Conjugates and 1 µL (∼4 pmol) of biotinylated
Annexin V (final concentrations of 4 and 8 nM, respectively).
It should be noted that our Qdots are prone to aggregate
in solution if no care is taken, and thereby they do not
efficiently stain the cells. Actually, the Qdots used for this
work are not coated with PEG (poly(ethylene glycol)), the
latter aiming at alleviating any aggregation issue and any
unspecific penetration into cells. Therefore, Qdots were
dissolved in PBS 1× buffer, the solution was vortexed, and
only the supernatant was added to the cells; this was seen to
improve the situation and to limit aggregation. We also
assume that Qdots may self-aggregate around Annexin V
molecules as each Annexin V is coupled to three to four
biotin residues; subsequently, Annexin V no longer is
recognized by PS moieties or interacts with them.
We decided to simultaneously investigate another approach
to prevent such aggregation from occurring. Apoptotic cells
were preincubated with biotinylated Annexin V, and subsequently Qdots were subsequently added once Annexin V
was assumed to be on the cell surface (for instance, when
cells were positive to a fluorescent dye conjugated with
Annexin V). For this procedure, the Annexin V:Qdots ratio
was changed to 1:1. Typically, we used 2 pmol of biotinylated Annexin V and 2 pmol of Qdots Streptavidin ConjuNano Lett., Vol. 6, No. 9, 2006

Figure 1. Two approaches used for staining apoptotic cells with Annexin V-coupled Qdots. (Approach 1) Preincubation of apoptotic cells
with biotinylated Annexin V in a 2.5 mM CaCl2 medium followed by addition of Qdots Strepatvidin Conjugates. (Approach 2) Preparation
of Annexin V-functionalized Qdots subsequently added to cells.

Figure 2. Staining patterns of apoptotic cell using (A) FITC-Annexin V (0.5% v/v, green) and (B, C) both Alexa Fluor 647 (0.5% v/v,
pink) and Annexin V-functionalized Qdots (red). Qdots staining achieved either in two steps (preincubation of apoptotic cells with biotinylated
Annexin V in a 2.5 mM CaCl2 medium followed by addition of Qdots Strepatvidin Conjugates; 4 nM Qdots and 4 nM Annexin V) (B) or
in one step (preparation of Annexin V-functionalized Qdots subsequently added to cells; 4 nM Qdots and 8 nM Annexin V) (C).

gates for 500 µL of cells in suspension. After 60 min of
incubation, cells were imaged.
In both cases, apoptotic HL 60 cells were stained with
Annexin V-functionalized Qdots and the staining pattern was
consistent with a specific PS binding, i.e., a crownlike pattern
Nano Lett., Vol. 6, No. 9, 2006

on the outer membrane of the apoptotic cell, as is the case
when using organic dyes (Figure 2). Cell staining achieved
by using Qdots was compared to results obtained by using
organic dyes such as FITC- or Alexa Fluor 647-Annexin
V conjugates (0.5% v/v). For that purpose, apoptotic cells
1865

Figure 3. Comparison of the staining efficiency of Annexin V-functionalized Qdots (staining achieved in one step using 2 nM of Qdots
and 4 nM of biotinylated Annexin V, red), FITC-Annexin V (0.5% v/, green) and Alexa Fluor 647-Annexin V (0.5% v/v, pink). Laser
intensity set at 4% for FITC excitation and pictures taken every 6 s; laser intensity set at 10% and 20% for Alexa Fluor 647 and Qdots,
respectively, and pictures taken every 10 s. (A) Light microscope pictures and pictures taken at t ) 0, 500, 1000, 1500 s. (B) Intensity
variation as a function of time for the three staining agents conjugated to Annexin V, FITC, Alexa Fluor 647 and Qdots. Intensity measured
and integrated on a whole cell using ImageJ software. Intensity values expressed as relative values I/I0, where I0 is the intensity measured
at the first irradiation of the sample.

were costained with Annexin V-functionalized Qdots and
an Annexin V-conjugated organic dye (e.g., Alexa Fluor 647
or FITC). The matching of both staining profiles confirms
that our Annexin V-functionalized Qdots bind indeed to PS
moieties on the outer membrane of the cell. Furthermore,
Qdots remain on cells after two steps of washing with fresh
medium. Figure 2 illustrates the staining of apoptotic cells
in various conditions, FITC- or Alexa Fluor 647-Annexin
V conjugates, Qdots with a preincubation with Annexin V
(Figure 2B) and Annexin-V functionalized Qdots (Figure
1866

2C). Moreover, control experiments were also carried out
on healthy HL 60 cells (without any induction of apoptosis);
no parasitic staining of cells was observed, which demonstrates the specificity of these Annexin V-functionalized
Qdots as is the case of fluorescent dyes.
To further illustrate the potentiality of our Annexin
V-functionalized Qdots, we diversified the means for inducing apoptosis; several drugs were tested (50 µM etoposide,
4 µM camptothecin (CPT), 3 nM TNF-alpha and 50 µM
cycloheximide (CHX)) as well as UV irradiation of cells (5
Nano Lett., Vol. 6, No. 9, 2006

Figure 4. Changes at the membrane level occurring in a few minutes. Sequences of pictures illustrating the blebbing of the membrane and
taken every 10 s over a period of 200 s. Light microscope picture and fluorescence pictures resulting from both Qdots staining (red) and
Alexa Fluor 647 counterstaining (pink) taken at t ) 0, 20, 40, 60, 80, 100, 120, 140, and 200 s.

min at λ ) 254 nm). Another cell type was also assessed;
RAW 264.7 macrophages were cultivated for 2 days in
appropriate chamber plates for microscopy studies, treated
with, e.g., 6 µm CPT, and Annexin V-functionalized Qdots
were added to cells in a CaCl2 2.5 mM buffer. In every case,
apoptotic cells were stained with Annexin V-functionalized
Qdots (data not shown).
We finally compared Annexin V-functionalized Qdots to
standard organic dyes for time-lapse imaging of apoptotic
“living” cells, i.e., in terms of staining efficiency and
photostability. Two organic dyes were tested here, FITCand Alexa Fluor 647-Annexin V conjugates. The former
one is known to bleach very quickly upon laser or mercury
lamp excitation whereas the latter one presents higher
photostability. When organic dyes were used, cells could not
be imaged for a long period of time. In the case of FITC,
bleaching occurs within 15-20 min (pictures taken every 6
s) with a laser intensity set at 4% (see Figure 3A). Alexa
Fluor 647 was seen to be more resistant to laser irradiation,
but after 25 min of imaging (pictures taken every 10 s, laser
intensity was set at 10%), Qdots still stained the cells whereas
Alexa Fluor 647 had fully bleached (see Figure 3A). It should
be noted that these studies were carried out using standard
image resolution, with an average pixel time of 1 µs and
images of 512 × 512 pixels. Figure 4 represents the variation
of the intensity over time for a prolonged irradiation of cells
stained with either Annexin V-functionalized Qdots or
Annexin V-conjugated organic dyes (FITC or Alexa Fluor
647 conjugated to Annexin V). The intensity of Qdots does
not decrease, whereas the emission of both organic dyes
becomes very low after less than 100 pictures (see Figure
3B). It should be noted that this bleaching issue is particNano Lett., Vol. 6, No. 9, 2006

ularly of importance for tracking very fast processes during
a long period of time. In the present case, once a cell has
entered the apoptotic cascade, ensuing events, e.g., membrane
blebbing and PS externalization, happen very fast, even
within less than 5 min depending on the cell line and the
inducer. When organic dyes are used, due to this bleaching
issue and the limited amount of pictures that can be taken,
pictures must be spaced from 4 to 5 min, and when apoptosis
occurs, only a few pictures illustrate the process. Moreover,
high-resolution pictures (longer pixel time up to 6.4 µs and
higher pixel number up to 1024 × 1024 pixels) must be
avoided as it would mean longer exposure times to the laser
light. For instance, with such a temporal space, events such
as membrane flipping and blebbing cannot be followed and
imaged in time, as their time scale is shorter than the imaging
frequency. Figure 4 illustrates the changes at the membrane
level on an apoptotic cell, which happen in less than 2 min.
Pictures were taken every 10 s for that purpose. Using an
organic dye, it is not possible to follow the whole process:
fluorescent dyes (e.g., Alexa Fluor 647) bleach too fast and
too much. On the contrary, at the end of the experiment,
Qdots still stained the sample and the membrane of the cell
undergoing apoptosis without any decrease in intensity.
From these positive results one can imagine several
applications of such Annexin V-conjugated Qdots. We have
focused here on one particular application that consists of
imaging “living” cells undergoing apoptosis; using Qdots
enables not only frequent but also high-resolution imaging
of cells as it alleviates any bleaching issues. Thereby it is
possible to follow the time-course of the process of apoptosis.
For instance, cell response delay can be imaged after
application of the stimulus to induce apoptosis; this could
1867

be achieved using a double staining based on Qdots at the
single cell level. Using Qdots could make possible doseresponse studies on apoptotic cells, for (i) studying the onset
delay of apoptosis depending on the drug or inducer dose
and for (ii) the quantification of PS at the surface of apoptotic
cells. This may be easier to perform using fixed cells and
not “living” cells. Kinetics studies can also be carried out
on fixed cells, the process of apoptosis being stopped at given
time values and cells being subsequently stained.
It should be noted indeed noted that our Annexin Vconjugated Qdots are rather large, especially compared to
their organic counterparts, as they comprise two layers of
proteins, one layer of 5-10 streptavidin molecules and one
layer of 1-2 Annexin V molecules. The size of the resulting
conjugated Qdots (∼20 nm) limits the diffusion time toward
PS moieties. Therefore, real time studies of apoptosis onset
may be hindered if using these Qdots, especially if working
with “living” cells for deeper biological studies as the
diffusion issue may hinder “real-time” studies. However a
direct coupling of Annexin V on Qdots should limit this
diffusion issue and facilitate kinetics studies on “living” cells.
Conclusion. In this paper we have presented a novel
method for photostable detection and imaging of apoptotic
cells using Qdots. These quantum dots are functionalized
with Annexin V proteins and target the PS moieties which
are externalized during the apoptosis process and which are
located on the outer membrane of apoptotic cells. The
preparation of Annexin V-functionalized Qdots was successfully achieved using a streptavidin-biotin interaction,
starting from commercially available products. Apoptotic
cells, treated with CHX (50 µM) and TNF-alpha (3 nM),
CPT (4 µM), etoposide (50 µM), or UV irradiation (λ )
254 nm) for 5 min, were successfully stained with Annexin
V-conjugated Qdots using two procedures. In the first one,
cells are preincubated with biotinylated Annexin V and Qdots
Streptavidin were successively added, whereas in the second
one, Qdots were first functionalized with Annexin V and
then added to apoptotic cells. Both methods gave comparable
results, similar to those of conventional staining techniques
(organic dyes). Thereby we have demonstrated the efficiency
of our Qdots functionalized with Annexin V that can
specifically recognize and stain apoptotic cells. Moreover
we have illustrated the usefulness of Qdots photostability
over periods of several hours as opposed to organic dyes
which suffer from photobleaching in around 30 min. Photostability of staining agents enable more frequent imaging
of cells; thereby fast events such as those occurring at the
membrane of apoptotic cells can be visualized. With organic
dyes, which are prone to bleaching phenomena, such events
would be missed.
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