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Optical labels enable visualization and detection of mole-
cules, cells, and tissues. These labels have limited multiplexing
capabilities, blink on/off at the single-molecule level, and, in
many cases, they have low brightness. We address each of
these issues through the development of a sub-50 nm
barcoded optical label system by coating fluorescent quantum
dots onto the surface of plasmonic nanoparticles using a layer-
by-layer polyelectrolyte deposition strategy. We denote these
gold nanoparticle–quantum dot hybrid structures as GQHs.
This probe design strategy has the potential to create
thousands of uniquely emitting nonblinking fluorescent
probes. These barcodes can be further conjugated to biore-
cognition molecules, target cells, and have prolonged intra-
cellular retention with minimal toxicity. Our results demon-
strate that plasmonic nanoparticles are ideal templates for
designing nanoscale barcodes.

Quantum dots are semiconductor nanocrystals with
a broad excitation range and tunable emission spectra,
enabling spectral multiplexing at a single excitation wave-
length.[1,2] Their narrow and symmetric emission profile
simplifies color discrimination.[3, 4] Quantum dots are also
brighter and more photostable than conventional organic
fluorophores.[1] Quantum dots have been used as labels for
staining diseased cells and tissues, single molecule analysis in
live cells, and as contrast agents for in vivo cancer detection,
but there is a need to increase the multiplexing capabilities of
quantum dots to address the detection needs in biology and
medicine.[5] Despite the size- and shape-tunable emission of
quantum dots, a maximum of only seven different emitting
quantum dots have been distinguished in cell experiments.[6]

To address this problem, researchers have started to encap-
sulate or dope quantum dots inside 200 nm to 10 mm polymer
beads for protein or nucleic acid detection.[7] This detection
platform has improved the efficiency and accuracy of
molecular analysis and detection in vitro. The use of these
barcodes for studying cells or molecules within cells is limited
by their inefficient cellular uptake. Rejman and co-workers
showed that 500 nm beads are taken up 8–10 times less
efficiently than 50 nm beads.[8] Strategies have been
attempted to encapsulate quantum dots inside sub-100 nm-
sized beads, but it can be difficult to control the number and
ratio of different emitting quantum dots inside nanometer-
sized beads. Such limitation leads to inaccurate coding.

Size reduction of the barcode to the nanoscale is further
constrained by the intrinsic fluorescence intermittency, or
blinking behavior, of quantum dots. This property can
complicate the acquisition, detection, and analysis of the
emission from single quantum dots, as blinking may lead to
false-negative signals. This blinking behavior is not a problem
for microscale barcodes because they contain thousands of
quantum dots loaded inside.[3] Suppression of blinking has
been demonstrated by coupling quantum dots to plasmonic
gold films[9] or by placing these particles near each other on
a flat surface.[10] Plasmonic quantum dots have been recently
developed with a quantum dot core encapsulated in a gold
shell, but this design showed reduced fluorescence, and the
blinking behavior was not characterized.[11] These plasmonic
quantum dots may not be feasible for barcoding as each
nanocomposite only contained a single quantum dot. Finally,
non-blinking ZnSe capped CdZnSe quantum dots can be
prepared by gradually alloying the Zn in the core, but their
emission spectra is difficult to control.[12] We created nano-
barcodes by using a layer-by-layer deposition strategy[13] to
deposit a combination of quantum dots onto the surface of
a gold nanoparticle. The gold nanoparticles enhanced the
fluorescence and reduced the blinking of the quantum dots.
The size of these hybrid structures is approximately 50 nm,
which is small enough to enter cells and interact with
biological molecules.[14]

To develop these nanobarcodes, gold nanoparticles were
coated with different emitting quantum dots with a layer-by-
layer polyelectrolyte deposition strategy. By carefully con-
trolling the amount of the polyelectrolyte deposition, we were
able to control the distance between the gold nanoparticles
and quantum dots. It has been demonstrated that the
maximum enhancement of quantum dot fluorescence can be
achieved when the quantum dot is 11 nm away from the metal
surface.[15] To obtain maximum fluorescence enhancement,
citrate-coated gold nanoparticles were first coated with an
amphiphilic diblock copolymer (polystyrene-block-poly(-
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acrylic acid)).[16] An increase of about 5 nm in the radius of the
nanoparticle can be measured by transmission electron
microscopy. After centrifugal purification, the polymer-
coated gold nanoparticles were coated with a second layer
of positively charged poly(allylamine) polymer based on their
electrostatic interaction. Caruso et al.[17] reported an increase
of 1.2 nm after this addition. The shell thickness was
controlled by repetitively alternating the negative and
positive polymer coating. The gold nanoparticles with pos-
itively charged coating were functionalized with negatively
charged quantum dots, resulting in plasmonic fluorescent
nanoparticle hybrids. Figure 1a shows the nanobarcode
design. Excess quantum dots were purified by repeated
centrifugation. The developed layer-by-layer technique ena-
bled facile manipulation of surface charges of gold nano-
particles, quantum dots, and their hybrids with polyelectro-
lytes. The purified nanobarcodes did not precipitate out of
solution throughout storage in pure water, phosphate buf-
fered saline, and medium with 10 % serum at 4 8C (Supporting
Information, Figure S1).

Next, we demonstrated the deposition of different emit-
ting quantum dots to the surface of the gold nanoparticles to
create nanoscale barcodes. Figure 1 b shows nanobarcodes
composed of green and red quantum dots emitting at 525 nm
and 665 nm, respectively. Different stoichiometric ratios of
the green and red quantum dots were used in nanobarcode
fabrication. Figure 1c shows pink light scattering of the
fabricated nanobarcodes. This pink color is characteristic for
dispersed gold nanoparticles in solution, in comparison to the
purple/black color for their aggregates. Figure 1d,e demon-
strate anticipated green to red fluorescence and spectral
transition as the green-to-red quantum dot ratio decreased.
Figure 1 f shows optical images of the nanobarcodes using
a single excitation wavelength. Such simultaneous excitation
is not possible with conventional organic dyes. We show the
coating of four different emitting quantum dots on the gold
nanoparticle surface (Supporting Information, Figure S2).
This fulfills the requirement for nanobarcoding application
where multiplexing of more than two different quantum dots
is achieved. We can also design these barcodes to emit in the
near IR range, where cellular autofluorescence is low and
tissue penetration is optimal (Supporting Information, Fig-
ure S2b).[18] We then demonstrated the multiplex biological
detection application of these GQHs. Three different cell
lines were first labeled with GQHs before being re-plated into
the triple cell co-culture system. The three GQH-labeled cell
lines were easily distinguished through fluorescence micros-
copy (Figure 1 g).

Transmission electron micrograph images (Supporting
Information, Figure S3) of monodisperse 15 nm citrate-stabi-
lized gold nanoparticles and polymer-coated particles with
narrow size variation showed a core diameter of (14.2�
1.2) nm and a polymer shell thickness of (9.2� 1.4) nm.
Figure S3 c shows a typical transmission electron micrograph
image of the GQH (lem = 600 nm) with an average quantum
dot-to-gold nanoparticle ratio of 4.17� 1.42. We were able to
manipulate the number of quantum dots in the hybrid by
adjusting the initial quantum dot-to-gold nanoparticle ratio,
or using different sizes of gold nanoparticles. We increased

Figure 1. Gold nanoparticle–quantum dot barcodes. a) Preparation of
gold nanoparticle–quantum dot hybrids (GQH). Insets: Representative
transmission electron microscopy images of a polymer-coated gold
nanoparticle and a GQH. Image height equals 50 nm. b) GQH nano-
barcodes. The colorimetric and fluorescence properties of GQHs can
be visualized under ambient light (c) and UV light (d). e) The
fluorescence spectra for each of the GQHs. f) Fluorescence microsco-
py images of a single GQH. The images were first acquired separately
with band-pass filters (lem = 515/30 and lem = 650/50) under a mercury
lamp excitation (lex = 460/50) and a 40 � objective (NA = 0.85) before
superimposition (ImageJ). Image height: 38 mm. g) Multiplex biologi-
cal detection by GQHs. A549, HeLa, and Raw 264.7 cells were first
labeled with GQH530 (green), GQH530-630 (yellow), and GQH630
(red), respectively, before being re-plated into a triple-cell co-culture
system. Microscopy images were then acquired and superimposed
similarly (as in f), except the band-pass filters (lem = 530/10 and
lem = 650/50) and the objective (10 � , NA = 0.30). Image height:
100 mm.
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this ratio to 6.40� 1.53 and
8.00� 2.08 by using gold nano-
particles of 30 and 60 nm cores,
respectively (Supporting Infor-
mation, Figure S4 a,b). Scan-
ning electron micrograph
images demonstrate that quan-
tum dots reside on the surface
of the hybrids (Supporting
Information, Figure S4 c,d).
As the gold nanoparticles
become smaller, the precision
of placing a specific number of
quantum dots on the surface
decreases. However, the
increased heterogeneity may
not be critical for multiplex
experiments as long as the
optical signal can be discrimi-
nated from the GQHs. Using
flow cytometry, we clearly
demonstrate the ability to
spectrally identify the GQHs
(Supporting Information, Fig-
ure S5). This suggests that in
any multiplex experiments
using GQHs, the ability to
spectrally identify the GQHs
may need to be characterized
prior to any multiplex applica-
tion. We also wish to point that
it is difficult to encapsulate
quantum dots inside sub-
50 nm polymeric beads. The
smaller barcode size may be
important for maximizing cel-
lular uptake. An advantage of our strategy is the ability to
engineer barcodes in this small nanometer size range that can
maximize cellular uptake.

Absorbance and fluorescence spectra of the GQHs
retained both plasmonic and fluorescent properties. Gold
nanoparticles of 15 nm showed the characteristic plasmonic
wavelength shift from 518 nm to 536 nm and 537 nm after
deposition of the polymers and quantum dots, respectively
(Supporting Information, Figure S6 a). We did not observe an
absorbance peak in the red wavelength that is typical for gold
nanoparticle aggregation, indicating that these are single gold
nanoparticles. Quantum dots alone and the GQHs showed
virtually identical fluorescence spectra (Supporting Informa-
tion, Figure S6 b).

We next used single particle spectroscopy to determine
whether there was a fluorescence enhancement and inter-
mittence suppression of the quantum dots when they are
placed on the surface of the gold nanoparticle. The nano-
particles were diluted into ultrapure water and examined
using two-photon excitation fluorescence correlation spec-
troscopy (TPE-FCS).[19] We have previously demonstrated
a connection between two-photon excitation saturation and
blinking in quantum dots.[19] In the case of the single color

particles, autocorrelation decays were collected for GQH600
(Figure 2a). The insert of Figure 2a shows the autocorrelation
decay for the P600 nanoparticles (without a gold nanoparticle
core). This decay for P600 is typical of quantum dots
displaying blinking dynamics, as they transit the two-photon
excitation volume because it shows no apparent leveling off at
short lagtime t.[19] In comparison, the GQHs display a clear
leveling of the autocorrelation decays at short t, suggesting
suppression of blinking. Additionally, the gold coating vastly
increases the brightness of the nanoparticles. Figure 2b shows
count rate trajectories for nanoparticles with 665 nm emitting
quantum dots with and without a gold nanoparticle core. The
trajectories are normalized to the count rate per particle. We
determined the brightness h from the autocorrelation ampli-
tudes (level region of autocorrelation decay, G(0) values), and
the average count rates CRav. As G(0) is equal to 1/Nav, the
relative brightness per particle can be determined (h = G(0) �
CRav). For GQH600, h = 20 kHz/particle, and for GQH665,
h = 40 kHz/particle, whereas for P600, h = 11 kHz/particle
and for P665, h = 8 kHz/particle. Thus, at least a doubling in
brightness was observed.

The nanoparticles with both 600 and 665 nm emitting
quantum dots on the gold nanoparticle surface were analyzed

Figure 2. Enhanced quantum dot brightness with suppressed blinking. a) Fluorescence correlation
spectroscopy autocorrelation decay of GQH600. Insert: quantum dots emitting at 600 nm without a gold
core. The region at t<10�3 s contains information on blinking (see arrow). Note that there is no leveling
off of the decay for the insert, indicating blinking. b) Normalized count-rate trajectories for nanoparticles
containing 665 nm emitting quantum dots with (black) and without (red) a gold core. Note the large
increase in brightness with the gold core. c) Fluorescence cross-correlation decay of gold nanoparticles
coated with 600 nm and 665 nm emitting quantum dots embedded. The large amplitude indicates
nanoparticles containing both color quantum dots. d) Count-rate trajectories from 600 nm (red) and
665 nm (black) fluorescence channels observed for GQHs coated with both 600 and 665 nm quantum
dots. The simultaneous events show both quantum dots are on the surface of the gold nanoparticles.

Angewandte
Chemie

8775Angew. Chem. Int. Ed. 2012, 51, 8773 –8777 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


using a combination of FCS and fluorescence cross-correla-
tion spectroscopy (FCCS).[20] Typical cross-correlation decay
is shown in Figure 2c. Figure 2d shows a count rate trajectory
for the two-color particles. The trajectory plot indicates many
events occurring simultaneously in both detection channels.
This is suggestive of nanoparticles that emit fluorescence of
both colors. Confirmation comes in the large cross-correlation
amplitude (Figure 2 d).

We then demonstrated biological applications of these
barcodes by modifying their surfaces for cellular uptake. It is
well-known that positively charged particles and molecules
enter cells spontaneously.[21] HeLa cells were treated for 24 h
with positively or negatively charged quantum dots and
GQHs. The positively charged GQHs showed superior intra-
cellular fluorescence signals to their negatively charged
counterpart, and positively and negatively charged quantum
dots. The intracellular fluorescence of these positively
charged hybrids was retained over three days, as demon-
strated by confocal microscopy (Supporting Information,
Figure S7) and flow cytometry (Figure 3a). These positively

charged hybrids (GQH+) showed a four-fold higher uptake
amount on Day 1, with a signal-to-noise ratio of 2200
compared to a value of 500 for the similarly positively
charged quantum dots. The value remained as high as 200 for
GQH(+) compared to a value of below 50 for the similarly
positively charged quantum dots on Day 3, demonstrating the
prolonged retention with high signal-to-noise ratios for
GQH(+) inside cells. It is known that nanoparticle size and
shape affects how much and how long a nanoparticle stays
within a cell. Single quantum dots smaller than 6 nm can

rapidly exocytose out of some mammalian cells. By placing
the quantum dots on the surface of the gold nanoparticle, the
overall size increases, which increases the total number of
quantum dots inside the cells. These GQHs are 52 and
260 times less toxic than CdTe and CdCl2 based on compar-
ison of the half maximal inhibitory concentrations (IC50) of
viability (Supporting Information, Figure S8). This is not
surprising, as previous studies have shown that a ZnS shell
mitigated cytotoxicity.[22]

Next, we examined whether these nanoscale barcodes can
be conjugated to biological molecules and bind to cellular
targets. Negatively charged nanobarcodes containing carbox-
ylic acid groups were conjugated to the iron-transporting
human or bovine protein transferrin or bovine serum albumin
using carbodiimide chemistry. They were then incubated with
HeLa cells. Successful conjugation was confirmed by a gel
shift assay (Supporting Information, Figure S9) showing
retarded migration of the protein-conjugated GQH com-
pared with their unconjugated counterparts. Figure 3b shows
that the human transferrin protein facilitated cellular uptake
of the conjugated GQH by flow cytometry. This is also
confirmed by wide-field and confocal fluorescence microsco-
py (Supporting Information, Figures S10, S11). Our cell line
specifically expressed receptors for human transferrin. The
cellular uptake is attributable to human transferrin receptor-
mediated endocytosis, as demonstrated by a competition
assay, in which excess human transferrin abolished the
cellular uptake human transferrin-conjugated GQHs. Celluar
uptake was noted for both bovine transferrin and bovine
serum albumin-conjugated GQHs. However, such uptake was
significantly less compared to their human transferrin-con-
jugated GQH counterpart. The increased cellular uptake
likely attributed to the ligand–receptor specificity between
human transferrin and its receptor on the human-derived
HeLa cells.

In summary, we have developed the first nanobarcodes
composed of gold nanoparticle cores and quantum dot
encoded shells by layer-by-layer polyelectrolyte deposition.
This technique enabled precise spatial control between
quantum dots and plasmonic gold nanoparticles. Such control
is critical for mediating fluorescence intermittence. The
nanobarcodes preserved intrinsic optical and plasmonic
properties of quantum dots and gold nanoparticles. These
nanobarcodes were free of fluorescence intermittence and
could be conjugated to biorecognition molecules for targeting
applications. We demonstrate potential biological applica-
tions of these nanobarcodes to long-term cell tracking, which
might be important in identifying stem cell differentiation and
monitoring and detecting tumor metastasis. More impor-
tantly, our approach is simple and applicable to designing
other types of multifunctional nanosystems.

Received: March 8, 2012
Revised: May 31, 2012
Published online: July 29, 2012

.Keywords: cellular uptake · fluorescence detection ·
gold nanoparticles · nanobarcodes · quantum dots

Figure 3. Cellular uptake of GQHs. a) Flow cytometry quantitatively
showed significantly higher signal-to-noise ratio per cell (S/N) of
positively charged GQHs (GQH+), which remained as high as around
200 on Day 3. b) Flow cytometry quantitatively showed significantly
higher signals for the human transferrin (Tf)-conjugated GQH (�) in
comparison to bovine Tf or bovine serum albumin (BSA). Error bars:
standard deviation of two sample replicates with 1000 (a) or 10000
(b) cells each. * p<0.001, ** p<0.05 compared to GQH (+) of the
same day (a) or to GQH (�) human Tf conjugates (b).
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