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Semiconductor quantum dots (Qdots) have emerged

as novel ultrasensitive optical probes to target, detect,

and image fundamental events occurring within the

biological system. In particular, near-infrared (near-IR)

Qdots holds great promise as in vivo contrast agents for

real-time bioimaging capabilities. In this study,

biocompatible near-IR Qdots are used to image organs,

tissues, and cells. Compared to visible Qdots, we

obtained a significant enhancement in signal detection

sensitivity for imaging deep tissues and organs. In addition,

biomolecules were used to target these optical contrast

agents for multiplexed imaging of cells and organs in vivo.

The ability to simultaneously distinguish emission profiles

of multiple near-IR Qdots will likely emerge as important

tools for addressing fundamental questions in molecular

biology and in medical sciences. ( JALA 2008;13:6–12)

INTRODUCTION

Fluorescence-based optical imaging techniques have
played a pivotal role in the advancement of biomed-
ical sciences. During the past 20 years, various opti-
cal probes have been developed to elucidate
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complex molecular events inside cells and to detect
disease processes.1e3 Currently used fluorescent
probes are dependent on the visible light for detec-
tion; however, the use of these traditional markers
has been limited for practical bioimaging applica-
tions due to several inherent properties of all biolog-
ical tissues. For example, probe fluorescence can be
reduced due to light absorption and scattering
events from the intrinsic extinction properties of all
constituents of tissues (such as hemoglobin, pro-
teins, and water). Further signal reduction can arise
from endogenous fluorophores (such as collagen)
that emit within the visible light bandwidth of the
electromagnetic spectrum (400e700 nm).4 To cir-
cumvent these limitations, there is great interest in
developing novel probes with emission profiles
within the near-infrared (near-IR) window. Also re-
ferred to as the ‘‘diagnostic window’’ (650e900 nm),
the inherent tissue properties at this bandwidth are
at their minimum (Fig. 1A).5

Various near-IR organic dyes, such as Cyanine
and Alexa fluorophore series, have been used to la-
bel cells, tissues, and organ systems in vivo.6,7 How-
ever, these organic dyes suffer from low fluorescence
quantum yield, broad emission peaks, and rapid
photodegradation. Unfortunately, their uses for
multiplexed imaging platforms are limited due to
their narrow excitation profile. In addition, because
only a small number of near-IR organic fluoro-
phores are available, the number of wavelengths
that are readily accessible for in vivo multiplexed
fluorescence imaging platforms remains a major
limitation.
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Figure 1. Synthesis and characterization of biocompatible near-infrared (near-IR) for ultrasensitive in vivo imaging applications. (A) Near-IR
window for in vivo imaging. The absorption profiles and scattering intensity of major tissues and blood components are at their minimum
within the near-IR window. Abbreviations: Hb, hemoglobin; HbO2, Oxygenated hemoglobin; Rayleigh, Rayleigh Scattering. (B) Absorbance
and emission profile of near-IR quantum dots.
During the past decade, semiconductor nanocrystals or
quantum dots (Qdots) have generated much interest in
the biomedical imaging community.8,9 By exploiting the
tunable optical properties of Qdots, intrinsic limitations of
organic fluorophores can be surpassed. Due to enhanced
quantum mechanical effects that occur at the nanoscale,
the emission profiles of Qdots can be controlled during
chemical synthesis by manipulating their size, shape, and
material composition. Furthermore, Qdots are approxi-
mately 20 times brighter than most organic dyes and are
much more resistant to photodegradation. Importantly,
the broad absorption profile allows different wavelength-
emitting Qdots to be excited using a single laser source
for multiplexed capabilities.10 Therefore, the unique physi-
cal properties of Qdots render them as superior multiplexed
optical probes for time-lapsed and ultrasensitive biomedical
imaging applications.

Currently, visible Qdots have been well characterized and
produced as optical probes for bioassay applications.11 In
contrast, near-IR Qdots have not yet been incorporated for
biomedical applications due to several fundamental chal-
lenges that remain unaddressed. Although various near-IR
Qdot synthetic methods have been proposed, their low quan-
tum yield and their rapid photodegradation upon continuous
optical excitation remain a major limitation. Yet, another
fundamental problem is the inability to interface these inor-
ganic fluorophores with biological molecules, such as DNA
and proteins, for targeted detection and imaging capabil-
ities.12,13 In our previous study, we developed a novel syn-
thetic approach for producing a highly luminescent,
monodisperse, and photostable near-IR Qdots composed of
CdTexSe1�x/CdS alloyed structure.14 In this article, we inves-
tigated the potential use of these near-IR Qdots for deep tis-
sue and bioimaging applications. The characterization of
improved signal detection sensitivity in tissues and organs
will be presented. In addition, for the first time, we demon-
strate the ability to use these near-IR Qdots for multiplexed
in vivo imaging. Potentially, these near-IR Qdots could hold
significant promise for optical-based diagnostic, detection,
and imaging applications.
 atjla.sagepub.comDownloaded from 
MATERIALS AND METHODS

Synthesis of Near-IR Qdots

Highly luminescent near-IR Qdots composed of
CdTexSe1�x/CdS core/shell were prepared using a high-
temperature organometallic approach.14 Briefly, 20 g of
tri-n-octylphosphine oxide (TOPO, tech. 90% purity) was
placed in a three-neck reaction flask and filled with argon
gas. The flask was heated to 150 �C, which causes the TOPO
to melt. At this point, 60 mmol of dimethylcadmium (min.
97% purity) was then injected into the flask and allowed to
stir for 15 min. The temperature of the reaction flask was
then raised to 325 �C, at which point specific amounts of
chalcogenide precursor solutions were injected. Depending
on the desired final emission wavelength, different amount
of Te and Se precursors were injected. To examine the optical
properties of Qdots during synthesis, aliquots were periodically
taken from the reaction flask for absorbance and photolumi-
nescence spectra measurements using UVevispectrophotome-
ter and fluorometer, respectively. Once the Qdots reached
a desired size (as indicated by the measured peak emission
wavelength), the reaction flask was removed from the heat
source to stop the reaction. Passivation of the CdTexSe1�x
Qdots core with a CdS shell was achieved by drop-wise injec-
tion of 400 mL mixture of tri-n-octylphosphine sulphide solu-
tion at a lower temperature. Once the capping process was
finished, the final solution was then cooled to room tempera-
ture and washed with methanol.

Water Solubilization

Water solubilization of organometallic-synthesized near-
IR Qdots was achieved using bifunctional molecule mercap-
toundecanoic acid (MUA, 95%) to replace the hydrophobic
surface TOPO ligands.15 In a typical reaction, Qdots were
mixed with excess of MUA at a molar ratio of w1:20,000
and stirred overnight to displace surface TOPO molecules.
The MUA-coated Qdots are soluble in intermediate solvents
such as dimethyl sulphoxide. DL-lysine was then used to
cross-link MUA surface molecules onto Qdots by using
1,3-dicyclohexylcarbodiimide (99%) mediated chemistry.
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This cross-linking step results in the formation of stable cap-
sule like layer that fully protects the inner Qdots from the
aqueous environment. Purification of the Qdots from excess
reactants was achieved via acetone precipitation and centri-
fugation. The supernatant that contains excess reactants
was discarded, whereas the pellet containing near-IR-emit-
ting Qdots can be dried as powder or dissolved in aqueous
buffer such as Z-(N-morpholino) ethanesulfonic acid
(MES) or phosphate buffered saline (PBS) for future use.

Bioconjugation and Cell Culture

Conjugation of near-IR Qdots with proteins requires the
formation of stable covalent linkage. For this purpose, we se-
lected carbodiimide-mediated cross-linking chemistry.16 For
typical transferrin conjugation, Qdots were first dissolved
in MES buffer (pH 6) at 10 mg/mL. Correct amounts of
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS)
were added to the Qdots solution to obtain a final concentra-
tion of 2 and 5 mM, respectively. The solution was allowed
to react while mixing for 15 min, upon which transferrin dis-
solved in 0.1 M sodium phosphate buffer (pH 7.5) was then
added to initiate the cross-linking process between the Qdots
and proteins. The final reaction solution was stirred for 1 h.
The Qdotseprotein bioconjugates was extracted after the re-
moval of excess reactants and byproducts through gel filtra-
tion column purification.

For intracellular staining, HeLa cells (30e50% confluency
plated on 15� 100 mm tissue culture dishes) were incubated
overnight with Qdots bioconjugates at 37 �C. These cells
were plated using Dulbecco’s Minimum Essential medium
with 10% Fetal Bovine Serum, 1% penicillin, and 1% am-
photericin B. After Qdot incubation, HeLa cells were trypsi-
nized and washed with PBS to remove any unbound Qdots.
The Qdot-stained cells were then fixed using 4% paraformal-
dehyde, followed by DAPI stain of the nucleus. Bright-field
and epifluorescence images of cells were then captured using
an Olympus IX71 microscope.

Characterization

Animals were used in accordance with an approved insti-
tutional protocol. Briefly, 4- to 6-week-old ICR mouse were
sacrificed to dissect various tissues and organs including the
femur and the heart. The isolated organs were placed in PBS
and near-IR Qdots (w100 mL of diluted solution) were in-
jected directly into organ cavities. For tissue-penetration
studies, Qdot-injected organs were imaged using a Zeiss
LSM 510 confocal microscope with a Photo Multiplier Tube
detector. The collected optical signals were analyzed using
ImagePro-Plus 5.0 software. For in vivo multiplexed imaging
experiments, near-IR Qdots were injected subcutaneously
into the chest and abdominal cavities of anesthetized new-
born ICR mice. Fluorescence images were then obtained us-
ing a Leica MZ FLIII stereomicroscope mounted with
Charge-Coupled Device camera.
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RESULTS

Optical and Physical Characterization

Highly luminescent, monodisperse, and photostable near-
IR Qdots were prepared using an organometallic approach.
By varying the ratio of Te to Se composition, we were able
to tune the emission wavelength of these Qdots from 650
to 850 nm (Fig. 1B). To improve the stability of these Qdots,
an additional CdS coating layer was grown on the nanocrys-
tal surface. This passivating layer protects the CdTexSe1�x
core from rapid degradation from processes such as photo-
oxidation. Upon continuous optical excitation, photostabil-
ity of the capped CdTexSe1�x/CdS Qdots was significantly
enhanced as compared to the uncapped CdTexSe1�x Qdots.13

By replacing the organic ligands on the Qdots surface with
bifunctional molecules, Qdots were made water soluble. Car-
boxylate groups on the surface of these Qdots are used to
conjugate bio-recognition molecules such as oligonucleotides
and proteins for targeting purposes. Figure 2A schematically
illustrates the entire procedure for preparing biocompatible
near-IR Qdot. Transmission electron microscopy (TEM)
and fluorescence microscopy confirmed that these Qdots
maintained their monodispersity during the surface modifica-
tion process with no significant loss in the fluorescence
emission (Fig. 2BeD). The typical quantum yield for biocon-
jugated Qdots was measured to be approximately 30%. This
value is approximately two- to threefolds higher than any
comparable biocompatible near-IR Qdots prepared using
previously described methods.17 Importantly, these bioconju-
gated Qdots were bright enough to be imaged using an epi-
fluorescence microscope at a single dot level (Fig. 2D, E).

Cell Fluorescence Staining

For multiplexed, long-term and target-specific labeling of
cellular components, we conjugated transferrin, an iron
transport protein, to the Qdot surface using EDC-mediated
catalysis. Incubation of bioconjugated near-IR Qdots with
HeLa cells for 3 h resulted in a significant uptake of Qdots
into cytoplasmic vesicles (Fig. 3AeC). No detectable signals
were observed with unconjugated Qdots or with Qdots bio-
conjugated to an irrelevant protein (bovine serum albumin).
Therefore, the observed enhanced fluorescence within cells
was due to the trapping of Qdots in the endocytic intracellu-
lar vesicles.18 In addition, these Qdots were observed to
maintain their fluorescence intensity after overnight incuba-
tion with cells, demonstrating their stability against environ-
ment-induced degradation.

For targeted multiplexed imaging applications, cell-label-
ing experiments were performed as described in the previous
section. Using near-IR Qdots of two unique emission wave-
lengths (660 and 750 nm), we conjugated these Qdots to
transferrin. By using an appropriate filter system with no
spectral overlap, we were able to label two distinct popula-
tions of HeLa cells (Fig. 3DeI). Due to the narrow emission
profile of our near-IR Qdots, we were able to spectrally iden-
tify and label specific targets of interests. Using our near-IR
t SAGE Publications on June 21, 2016
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Figure 3. Fluorescent labeling of intracellular components using near-infrared (near-IR) quantum dots (Qdots). (AeC) HeLa cells were
incubated with (A) free Qdots, (B) bovine serum albumin (BSA) conjugated Qdots, and (C) transferrin-conjugated Qdots. Qdots used
for these experiments emit at 750-nm wavelength. No significant fluorescence signals were detected in cells incubated with free Qdots
and BSA-conjugated Qdots. In contrast, near-IR Qdots can be observed within vesicle-like structures (arrow). Corresponding bright-field
images are shown on the left panel for each fluorescence images. (DeI) In vitro multiplexed imaging using near-IR Qdots. Two different
sets of HeLa cells were labeled with transferrin conjugated to Qdots emitting at 650- or 750-nm wavelengths. (D) Bright-field image of two
cells and (EeI) the corresponding fluorescence images of the same two cells were obtained. The different cell populations can then be
identified using (E) 650-nm bandpass filters (F) 750-nm bandpass filters. (G) Nuclear staining with DAPI. (H) By using 600-nm longpass filter
set, we observed Qdot localization within the perinuclear region of cells. (I) Superimposed image of E, F, and G. (Scale bar¼ 10 mm).

Figure 2. Surface modification and characterization of near-infrared (near-IR) quantum dots (Qdots). (A) An illustration demonstrating the
synthetic process for preparing biocompatible near-IR Qdots. The tri-n-octylphosphine oxide-coated organic Qdots were first made water
soluble by exchanging with the bifunctional molecule mercaptoundecanoic acid (MUA). Water-soluble Qdots can then be conjugated with
biomolecules such as proteins and DNA for targeted imaging applications. (B) Transmission electron microscopy (TEM) images of mono-
disperse organic-soluble Qdots. (C) TEM images of monodisperse water-soluble Qdots. (D, E) Highly luminescent near-IR Qdots can be
imaged at the single Qdot level. (D) The white arrows indicate fluorescence signals corresponding to single Qdots. (E) The black arrows
indicate corresponding intensity peaks of the two single near-IR Qdots.
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Figure 4. Tissue and animal imaging using near-infrared (near-IR) quantum dots (Qdots). (AeC) Signal-to-noise ratio (SNR) analysis of
mouse femur and heart (red and blue, respectively) imaging with near-IR Qdots. SNR for imaging organs using (A) varying excitation wave-
lengths and (B) Qdot emission wavelengths. (C) Overall improvement in SNR attributed to both longer excitation and emission wavelengths.
This resulted in almost 10-fold enhancement in the signal sensitivity for 750-nm emitting Qdots compared to 550-nm emitting Qdots.
Qdots, it is possible to resolve at least five to six near-IR
Qdots with a proper filter system. The same is not possible
with currently available organic fluorophores due to their
broad emission profile. In addition, with the development
of contrast agents in the second near-IR/IR window
(1025e1150, 1225e1370, and 1610e1710 nm),19 it may be
possible to simultaneously detect, image, and monitor more
than 10 unique targets of interests with minimal signal
interference.

Tissue Imaging and Penetration Depth Study

To quantitatively study the optimal-achievable signal sen-
sitivity and tissue depth penetration of our near-IR Qdots,
10 JALA February 2008  atjla.sagepub.comDownloaded from 
we used standard fluorescence imaging techniques to visual-
ize and compare visible Qdots with near-IR Qdots. Before in-
jection of these Qdots into isolated heart and femur, each
Qdots solution was calibrated to obtain a comparable fluo-
rescence intensities for a given excitation wavelength. The
overall signal-to-noise ratio (SNR) was then determined by
measuring the signal intensities for organs treated with and
without Qdots. The highest optical sensitivity for Qdots
within organs was observed when Qdot excitation and emis-
sion occurred in longer wavelength (Fig. 4A, B). As com-
pared to visible Qdots, the overall improvement in SNR
using near-IR emitting Qdots was estimated to be at least
10 times higher for organs and for in vivo whole animal im-
aging (Fig. 4C). To study the maximum imaging penetration
Figure 5. Deep tissue laser confocal fluorescence imaging using near-infrared (near-IR) quantum dots (Qdots). (AeF) Laser confocal im-
ages of mouse femur injected with near-IR Qdots. Each image represents a different tissue depth. (G) Tissue-penetration depth analysis of
near-IR Qdots in both heart and femur using confocal microscopy. Optical signals are detectable up to 0.8 mm of tissue depth without any
adjustments made on the laser power or optical gain.
 SAGE Publications on June 21, 2016

http://jla.sagepub.com/


Original Report
depth achievable, we injected 750-nm emitting near-IR Qdots
into isolated hearts and femurs of mice. These organs were
analyzed using a serial-depth confocal microscopy imaging
system (Fig. 5AeF). Fluorescence signals were readily de-
tectable up to 0.8 mm in both organs without the need to in-
crease excitation power or optical gain (Fig. 5G). The
observed depth of probe detection exceeds currently used im-
aging depth of 500 and 800 mm for confocal and two-photon
microscopy, respectively. Such imaging depth can be further
improved by using specific filter set and camera and detectors
with higher quantum efficiency in the near-IR range. These
results demonstrate that near-IR Qdots may potentially be
used as optical agents for high-resolution confocal and
two-photon microscopy to image deep tissue specimens with-
out significantly losing optical signal intensity.

Multiplexed Imaging

To further demonstrate the ability to conduct multiplexed
imaging in live animals, two different wavelength-emitting
Qdots (660 and 750 nm) were injected into the left and right
chest cavity of a mouse. Fluorescence signals from the two
injected areas were very bright compared to the background.
Also, different Qdot signals were easily differentiated using
bandpass filters (Fig. 6). Although still preliminary, various
studies have shown the lack of acute cytotoxicity of Qdots
with the proper surface coating layer.19 Despite the uncer-
tainty of effects due to chronic exposure, single-dose rapid
detection, imaging, and diagnosis using near-IR remain
 atjla.sagepub.comDownloaded from 
a viable option. These near-IR Qdots can also be potentially
used for real-time image-guided intraoperative guidance plat-
forms. For example, targeted near-IR Qdots can serve as
highly sensitive and specific in vivo contrast agents to detect
tumor cells for optimal resection or for diagnostic biopsies.

CONCLUSION

Near-IR Qdots holds great potential as contrast agents for in
vivo imaging of deep tissues or as noninvasive molecular im-
aging platforms. In this article, we demonstrate the use of
newly developed near-IR Qdots for biolabeling, deep tissue,
and multiplexed in vivo imaging applications. These Qdots
were successfully conjugated to biological molecules for tar-
geted cell-labeling applications. Potentially, these Qdots can
be implemented for multiplexed and time-lapsed in vivo mo-
lecular imaging platforms. By comparing these near-IR
Qdots to their visible counterparts using fluorescence and
laser confocal microscopy, the detection sensitivity was
enhanced by at least 10 folds.14,20 Further improvements can
be made by developing more sensitive detection systems in
the near-IR region. Finally, we also demonstrated the ability
to perform multiplexed in vivo imaging using these near-IR
Qdots. Multiplexing can potentially allow researchers to per-
form real-time tracking of multiple biological molecules in
live animals with minimal loss in optical detection sensitivity.
The ability to spectrally distinguish unique sets of near-IR
Qdots can lead to improvements in earlier detection of dis-
eases such as cancer, where multiple markers can be detected
Figure 6. Multiplexed in vivo imaging using near-infrared (near-IR) quantum dots (Qdots). (A) Bright-field images. (B) Fluorescence images
obtained from mouse injected with 650-nm emitting Qdots (arrow) using 650/50 bandpass filters. (C) Fluorescence images from the same
mouse injected with 750-nm emitting Qdots (arrow) using 750/50 bandpass filters. (D) Superimposed images of (A, B, and C) demonstrate
multiplexed near-IR Qdots at the injection site relative to normal mouse anatomy.
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simultaneously using a bioconjugated near-IR Qdots
cocktail.
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