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ABSTRACT

Quantum dots are a new class of fluorophores, whose more prominent characteristics include size-tunable, narrow, fluorescence emission
bands and broad overlapping excitation spectra of multiple color dots. Here, we present an efficient, versatile, and gentle approach for intracellu lar
delivery of quantum dots that is easily extended to multicolor optical coding of mammalian cells. In this method, a nine residue biotinylated
L-arginine peptide is used to enhance delivery of streptavidin conjugated quantum dots into mammalian cells.

Fluorescence has long been a favored method of detection
in a variety of biological applications. Recent advances in
fluorescence detection has brought us brighter, more stable
and more spectrally distinct dye and protein fluorophores;1-3

however, limitations including minimal spectral excitation
overlap of dyes with distinct emission spectra, broad emission
spectra, and susceptibility to photobleaching persist. Quantum
dots are a new class of fluorophores which may stand to
revolutionize the use of fluorescence in biology. In contrast
to conventional fluorophores, quantum dots are excitable over
a broad wavelength range stretching from the UV and up to
slightly less than their emission peak, have narrow, size-
tunable, emission bands, and are resistant to photobleach-
ing.4,5

There has been a recent surge in the number of publica-
tions on biological applications of quantum dots. These
papers have described a variety of in vitro and in vivo
applications6-10 including methods for labeling cells with
quantum dots11-15 either by nonspecific cell surface binding
of dihydrolipoic acid coated quantum dots,12 albumin14 or
Pep-1,15 or by specific cell surface binding of avidin
conjugated quantum dots to biotinylated cell surfaces12 or
by use of transferrin,11 antibody,12 or serotonin13 conjugated
quantum dots. These approaches resulted in quantum dot
internalization by endocytosis and with no documented

cytotoxic effects.12,14,15Quantum dots have also been used
for coding microbeads for biological assays.16 This type of
quantum dot multiplexed reagent, which provides a means
for coding thousands of biological molecules, is likely to
find a use in parallel high-throughput screening of drug
candidates. However, a direct method for coding cells by
single quantum dots is likely to perturb cell function less
than the use of quantum dot coded micron sized beads.

There has been considerable interest in using short
arginine-rich peptide sequences for intracellular delivery of
a variety of macromolecules.17 These sequences, which are
generally referred to as protein transduction domains (PTDs),
include short segments from the human immunodefiency
virus 1 (HIV-1) transcriptional activator Tat protein, the
Drosophila homeotic transcription protein antennapedia
(Antp), and the herpes simplex virus structural protein VP22,
as well as homopolymers of arginine.18 PTDs have so far
been used for intracellular delivery of proteins, 40 nm
diameter magnetic nanoparticles,19 and even 200 nm diameter
liposomes.20 Since the diameter of quantum dots (typically
between 5 and 15 nm depending on core composition and
emission wavelength) falls well within the documented size
range of cargoes that have been internalized by PTDs, we
reasoned that this approach should also work for delivering
quantum dots intracellularly.

In this work, we evaluated the use of two versions of a
nine residue biotinylatedL-arginine (L-Arg9) peptide, one of
which had an additional six-carbon linker between the biotin
moiety and the C-terminus of the peptide (biotin-C6-(L-Arg)9),
for intracellular delivery of quantum dots. We found that
coupling either of the biotin-(L-Arg)9 peptides to quantum
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dots via streptavidin-biotin linkages resulted in an increase
of roughly 2 orders of magnitude in intracellular uptake of
quantum dots in a variety of mammalian cell types (embry-
onic mouse fibroblasts (Swiss 3T3), human endothelial cells
(HeLa), and human osteoblast-like cells (MG63)) as deter-
mined by flow cytometry and fluorescence microscopy
(Figure 1a). We confirmed that quantum dots were internal-
ized by use of transmission electron microscopy, which
showed that quantum dots were concentrated in intracellular
vesicles characteristic of endosomes and lysosomes (Sup-
porting Information, Figure 1).

A similar increase in uptake efficiency was seen using
core-shell quantum dots that were directly coated with
cationic surfactants di-dodecyl (C12) or di-hexadecyl (C16)
di-methylammonium bromide as compared to quantum dots
coated with lecithin, suggesting that the highly cationic nature
of the peptide and not its composition may be responsible
for the increased uptake. Because we observed rapid quantum
dot precipitation upon formation of the biotin-C6-(L-Arg)9-
sAv quantum dot complex, we only continued experiments
with the linkerless biotin-(L-Arg)9 peptide. Henceforth, all
the data presented are from use of the (L-Arg)9 peptide which
had the biotin moiety attached straight to the C-terminal end
of the peptide.

The cellular uptake characteristics of the biotin-(L-Arg)9-
sAv quantum dot complex were studied in detail in Swiss
3T3 mouse fibroblasts and with quantum dots with an

emission maxima at 655 nanometers (sAv-655 quantum
dots). We found that cells are readily labeled while adherent
to a substrate or in suspension. However, labeling of adherent
cells typically leads to significant binding of the biotin-(L-
Arg)9-sAv quantum dot complex to the extracellular matrix,
leading to a decrease in the amount of quantum dots taken
up by the cells. Optimum labeling was obtained by incubating
freshly trypsinized cells with the precomplexed biotin-(L-
Arg)9-sAv quantum dots, in suspension (0.5 mL total
volume) at 4°C, while mixing for at least 30 min, followed
by incubation at 37°C. We also found that cells are readily
labeled in tissue culture media containing 10% calf serum,
indicating that the cell surface affinity for the biotin-(L-
Arg)9-sAv quantum dot complex is significant. We deter-
mined that the cellular uptake reaches half saturation at about
25-fold molar excess of peptide (Figure 1b) after incubation
with about 1× 10-16 moles of quantum dots per cell (Figure
1c), and after about 10 minutes of incubation (Figure 1d).

We next determined if the biotin-(L-Arg)9 peptide could
also be used to code cells with combinations of multiple color
quantum dots. To demonstrate quantum dot optical coding
feasibility, we used quantum dots that had minimal emission
spectral overlap (emission maxima of 565 (fwhm 32 nm),
605 (fwhm 23 nm), and 655 nanometers (fwhm 30 nm); sAv-
565, sAv-605, and sAv-655 quantum dots) and a binary
intensity scheme (0 or 1) for a total of 23 optical coding
possibilities. Quantum dot cell coding was then done by

Figure 1. (a-d) Flow cytometric analysis of quantum dot uptake characteristics in Swiss 3T3 mouse fibroblasts. Values shown are the
geometric mean fluorescence intensities normalized by the cellular autofluorescence( standard deviations. In (b-d), values,F, were fit to
a saturable binding model,F ) Fmaxx/(K + x), where the parameterK is the value of the dependent variable at half saturation. (a) The cell
uptake efficiency of quantum dots (1.25× 10-17 mol/cell) precomplexed by a 50-fold molar excess of biotinylated (L-arginine)9 is greater
by almost 2 orders magnitude as compared to incubation with bare quantum dots. In contrast, the fluorescence intensity of cells incubated
with quantum dots alone is no different from that of cellular autofluorescence. (b) Half-saturation of quantum dot uptake was reached at
27-fold molar excess of biotinylated (L-Arg)9 peptide (5× 10-18 moles quantum dots per cell; 30 min), (c) after incubation with 1.3×
10-16 moles quantum dots per cell (50-fold molar excess biotinylated (L-Arg)9 peptide; 30 min), and (d) at incubation times of 12 min (2.5
× 10-17 moles quantum dots per cell; 50-fold molar excess biotinylated (L-Arg)9 peptide).
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separately incubating cells, as before, with one of eight
possible combinations of quantum dots (50 molar excess
biotin-(L-Arg)9; 2.5× 10-18 moles total quantum dots/cell).
However, to compensate for differences in emission intensity
of the quantum dots, for multicolor labeling we used four
molar equivalences of sAv-565 quantum dots to one molar
equivalent of sAv-605 quantum dots to two molar equiva-
lences of sAv-655 quantum dots. As a result, the fluorescence
intensity in each color channel was at a maximum for single
color labeled cells but the integrated fluorescence intensity
for all channels was approximately constant, as was presum-
ably the amount of internalized quantum dots.

Following cell uptake, the quantum dot codes were read
quantitatively by measuring the fluorescence intensities in
each of three appropriately chosen detector color channels
on a cell-to-cell basis by flow cytometry (Figure 2a) or at
the subcellular level (pixel-to-pixel) by fluorescence micros-
copy (Figure 2b) or qualitatively by fluorescence microscopy
(Figure 3) (see Methods). In the case of detection by flow
cytometry, each code was detected at a minimum background
normalized fluorescence intensity of about 10 (i.e., for
intensities of “1” of all three colors in the same cell, s111;
sAv-565: 9.9( 1.3, sAv-605: 9.8( 5.7, and sAv-655: 10.4
( 3.1) (Figure 2a). Analysis of the same scenario by
fluorescence microscopy, yielded background subtracted,

mean fractional fluorescence intensities per pixel of sAv-
565: 0.37( 0.11, sAv-605: 0.29( 0.09, and sAv-655: 0.35
( 0.08 (Figure 2b) where the background subtracted, mean
fractional fluorescence intensity was calculated only for
pixels with a fluorescence intensity greater than the mean
plus 10 standard deviations of the background intensity in
that channel. We could also read the codes qualitatively using
fluorescence microscopy by finding brightness and contrast
values of images within each color channel that excluded
cellular autofluorescence while not saturating images with
actual quantum dot fluorescence signal and by then display-
ing the whole set of images with those values (Figure 3).
Hence, this method of coding cells with multiple colors of
quantum dots resulted not only in readily detectable, uniform
labeling at the cell-to-cell level as determined by flow

Figure 2. Quantitative analysis of cell multicolor coding with
quantum dots. Swiss 3T3 fibroblasts were labeled with (s000) blank
control, (s100) sAv-565 quantum dots, (s010) sAv-605 quantum
dots, (s001) sAv-655 quantum dots, (s110) sAv-565 and sAv-605
quantum dots, (s101) sAv-565 and sAv-655 quantum dots, (s011)
sAv-605 and sAv-655 quantum dots, and (s111) sAv-565, sAv-
605, and sAv-655 quantum dots. (a) Analysis by flow cytometry.
Values shown are the geometric mean of the fluorescence intensity
of labeled cells divided by the fluorescence intensity of unlabeled
cells( standard deviations from two separate experiments for each
color channel. (b) Analysis by fluoresence microscopy. Values
shown are the mean fractional fluorescence intensities+/- standard
deviations for two to four cells for each coding scenario.

Figure 3. Qualitative analysis of cell multicolor coding by
fluorescence microscopy. Swiss 3T3 fibroblasts were labeled in
suspension as described. Images shown are (column 1) differential
interference contrast (DIC), (column 2) fluorescence with 565/20
nm emission filter, (column 3) fluorescence with 610/20 nm
emission filter, and (column 4) fluorescence with 654/24 nm
emission filter. Cells were labeled with (row 1) blank control (row
2) sAv-565 quantum dots, (row 3) sAv-605 quantum dots, (row 4)
sAv-655 quantum dots, (row 5) sAv-565 and sAv-605 quantum
dots, (row 6) sAv-565 and sAv-655 quantum dots, (row 7) sAv-
605 and sAv-655 quantum dots, (row 8) sAv-565, sAv-605, and
sAv-655 quantum dots. Fluorescence images within each column
were scaled to the same brightness and contrast values such that
the fluorescence signal overlap of each color quantum dots into
adjacent detector channels was minimized (scale bar) 20 µm).
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cytometry but also at the subcellular level (pixel-to-pixel)
as determined by fluorescence microscopy. Despite the
precautions taken to minimize fluorescence signal overlap,
there are instances where fluorescence signal from one color
quantum dots is detected in an adjacent channel. While this
does not prevent the detection of the optical codes as
described, it will limit the number of additional usable codes.
It is possible to further minimize overlap either by selecting
quantum dots whose emission spectra is further separated
or possibly by selecting fluorescence band-pass filters with
a narrower bandwidth.

The endocytic localization of the biotin-(L-Arg)9-sAv
quantum dot complex in our case is consistent with recent
reports on the mechanism of transduction of PTD linked
cargo.21,22 While the endocytic quantum dot localization
limits the usefulness of this method for determining cell
proliferation since endosomes/lysosomes are not evenly
divided during mitosis,23 it could also be a potential
advantage since the quantum dots, once internalized, are
concentrated yet isolated from most cell signaling events.
In addition, it is still possible to determine cell lineage from
the fluorescence intensity in each color channel, especially
by fluorescence microscopy where even single quantum dot
containing endosomes/lysosomes are readily detectable. This
is in particular true since optical coding with the biotin-(L-
Arg)9-sAv quantum dot complex extends to the subcellular
level. We have in separate work shown that quantum dots
are stable in endosomes/lysosomes in phagocytic cells in
liver, spleen, and lymph nodes in living mice for at least 4.5
months.24 It is then possible that the biotin-(L-Arg)9-sAv
quantum dot method for coding cells as described could be
used to track cells in vivo over very long time periods. The
described method for coding cells could also be used for
cell tracking experiments in vitro, especially in cases
involving co-culturing of multiple cell types or multiple
genetically engineered cell lines.

In this paper, we describe a very efficient, versatile, and
gentle (i.e., efficient labeling in 10% calf serum) method
for coding mammalian cells with quantum dots. In the current
format there are eight optical codes (three colors and two
intensities) that are easily detected by appropriately chosen
color channels in either flow cytometry or fluorescence
microscopy. The method can also easily be extended to more
optical codes by use of additional spectrally separated
quantum dots. It is also possible that the total number of
distinct optical codes may be increased by use of more than
two intensities. The use of additional codes, however, will
be limited by spectral overlap of different colored quantum
dots. Another advantage of this method is that it relies on
now commercially available streptavidin-coated quantum
dots (Quantum Dot Corporation; Haywood, CA) and an
easily obtainable custom synthesized nine residue (L-Arg)9

peptide and is therefore readily adapted for use in any
experimental setting.
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