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Near-infrared (NIR)-fluorescence imaging is widely recog-
nized as an effective method for high-resolution and high-
sensitivity bioimaging because of its minimized biological
autofluorescence background and the increased penetration
of excitation and emission light through tissues in the NIR
wavelength window (700–900 nm).[1] There have been tre-
mendous efforts to develop high-efficiency fluorescent bio-
logical probes for NIR-fluorescence imaging.[2] Semiconduc-
tor quantum dots (QDs) have attracted much recent attention
as a new generation of fluorescent probes because of their
unique optical properties such as strong luminescence, high
photostability, and size-tunable emission wavelength.[3] While
QDs emitting in the range of 450–650 nm have been well
developed,[3, 4] NIR-emitting QDs have been much less
explored because of their relatively complicated synthesis
and post-treatment manipulations. Furthermore, NIR-emit-
ting QDs are usually prepared in organic phase, and addi-
tional surface modification is employed to render them water-
dispersible for biological applications.[5] The relatively com-

plicated surface modification often results in an increase in
size of the QDs.[6] Only recently, water-dispersed NIR-
emitting CdTe/CdS QDs with tetrahedral structure were
directly prepared in aqueous phase through the epitaxial-
shell-growth method.[5c] Despite these advances, much work is
still needed to obtain NIR-emitting QDs that can be facilely
synthesized in aqueous phase for high-sensitivity and specific
bioimaging.

Herein, we report the first example of ultrasmall-sized
NIR-emitting CdTe QDs with excellent aqueous dispersibil-
ity, robust storage, chemical, and photostability, and strong
photoluminescence (photoluminescent quantum yield
(PLQY): 15–20 %). Significantly, the NIR QDs are directly
synthesized in aqueous phase through a facile one-step
microwave-assisted method (see the Supporting Information
for experimental details and mechanisms) by utilizing several
attractive properties of microwave irradiation such as prompt
startup, easy heat control (on and off), prompt and homoge-
neous heating, and so forth.[7] More importantly, highly
spectrally and spatially resolved bioimaging was possible,
and efficient tumor passive targeting in live mice was shown
by using the prepared QDs.

QDs with different emission wavelengths in the NIR
range (lmax = 700–800 nm) can be readily prepared through
fine adjustment of the experimental conditions (e.g., reaction
time and temperature). Figure 1a,b displays the normalized
ultraviolet photoluminescence (UV-PL) spectra for a series of
as-prepared QDs with controllable maximum emission wave-
length ranging from 700 to 800 nm in aqueous solution. Such
QD solutions are transparent under ambient light conditions,
suggesting the as-prepared QDs are well-dispersed in aque-
ous phase without further treatment (Figure 1c). The excel-
lent aqueous dispersibility of the QDs arises from the surface-
covering mercaptopropionic acid (MPA) that acts as a
stabilizer because of the presence of negatively charged
carboxylic groups.[8] Under UV irradiation the fluorescence of
the as-prepared QDs became darker and the emission
wavelength gradually shifted out of the visible region (Fig-
ure 1d).

The transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images reveal that the NIR-
emitting QDs are spherical particles with good monodisper-
sibility (Figure 2a,b). The existence of a well-resolved crystal
lattice in the HRTEM image further confirms the highly
crystalline structures of the QDs (Figure 2b inset). Further-
more, the size distribution histogram (Figure 2 c), which was
determined by measuring more than 250 particles, shows that
the average size and standard deviation of the as-prepared
NIR-emitting QDs is (3.74� 0.67) nm. Comparatively, the
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corresponding hydrodynamic diameter of the QDs in water is
around 10 nm, as measured by dynamic light scattering (DLS;
Figure 2d). The difference in diameter measured by TEM and
DLS is attributed to different surface species of the as-
prepared QDs in aqueous phase.[8a, 9] Importantly, the ultra-
small size offers great advantages for bioimaging compared to

conventional NIR QDs with larger sizes (DLS: 15–30 nm; see
the Supporting Information for a detailed discussion).[5]

As shown in Figure 3a, powder X-ray diffraction (XRD)
characterization indicates that the prepared NIR-emitting

QDs belong to the cubic (zinc) structure, which is also the
dominant crystal phase of bulk CdTe. The positions of the
XRD reflections are intermediate between the values of cubic
CdTe and CdS phase (see the Supporting Information for a
detailed discussion). Energy-dispersive spectrometry (EDS)
measurements clearly indicate the presence of cadmium,
tellurium, and sulfur with relative weight fractions of 79.22%,
11.83%, and 8.95%, respectively, and prove further the
formation of mixed CdTe(S) QDs (Figure 3b).

The stability of fluorescent probes is critically important
for biological applications.[3, 10] Significantly, our NIR-emitting
QDs display superior storage, chemical, and photostability.
The QDs retained almost the original fluorescent intensity
after storage in water for two months. The as-prepared QDs
were similarly stable when dispersed in either phosphate-
buffered saline (PBS, 0.15m) or physiological saline with
minimal fluorescence decrease (ca. 10 %; Figure 3c). Specif-
ically, the PL intensity of the QDs in PBS or aqueous solution
slightly increased after storage for 30 days, and then gradually
decreased to the original intensity after storage for 60 days.
The PL intensity of the QDs in physiological saline kept the

Figure 1. a,b) Series of UV-PL spectra of the NIR-emitting QDs with
controllable maximum emission wavelengths ranging from 700–
800 nm (lexcitation = 450 nm). Photographs of the aqueous solution of
QDs under c) ambient light conditions and d) UV irradiation
(lexcitation = 365 nm). The samples were directly extracted from the
original solution right after reaction without further treatment.

Figure 2. a) TEM and b) HRTEM images (scale bar in the inset: 2 nm),
as well as c) the size distribution, and d) dynamic light-scattering
histogram of the prepared NIR-emitting QDs (lemission =740 nm).

Figure 3. a) XRD and b) EDS pattern of the NIR-emitting QDs (in the
table: 1 = element, 2 = weight fraction, and 3 = atomic fraction).
c) Temporal evolution of the PL intensity of the QDs over two months
in water, PBS, and physiological saline, respectively. d) Photostability
of FITC and the NIR-emitting QDs. The samples were continuously
irradiated by a xenon lamp (365 nm, 450 W).
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slight increase during the 60 days of storage, and then
decreased to the original intensity after storage for 80 days
(data not shown). The PL intensity of the QDs is enhanced by
the formation of CdS shells (see the Supporting Information
for a detailed discussion).

We further evaluated the photostability of the as-prepared
QDs. Figure 3d shows that the fluorescence of fluorescein
isothiocyanate (FITC, an organic dye) rapidly dropped to
only 20% of the original fluorescence intensity in merely
8 min, and became negligible after 15 min. In sharp contrast,
the fluorescence of the QDs was remarkably stable and
decreased only slightly under UV irradiation retaining> 80%
of the original intensity even after irradiation for 25 min. This
comparison indicates a superior photostability of the NIR-
emitting QDs similar to conventional QDs which makes their
use for long-term and real-time bioimaging applications
possible.[3]

To demonstrate their utility as NIR-emitting biological
probes, we further employed our NIR QDs for both in vitro
and in vivo imaging. Importantly, the as-prepared QDs can be
conveniently functionalized with antibodies since they con-
tain a number of surface carboxylic groups.[8] Our QDs were
shown to be chemically stable when conjugated with anti-
bodies. The resultant NIR-QDs/protein bioconjugates were
further applied for targeted immunological cell imaging.
Significantly, the NIR-emitting QDs (lmax = 780 nm) conju-
gated with a goat anti-mouse antibody were first employed for
immunofluorescent targeting of cellular microtubules. Fig-
ure 4a–d shows that Hela cells are distinctively dually labeled

with the QD bioconjugates and a blue-colored nuclei-specific
Hoechst (a commercially available organic dye). The photo-
luminescence of the bioconjugate-labeled Hela cells is very
bright and clearly spectrally resolved.

In addition to utilization of the NIR QDs for cellular
labeling, we employed the NIR-emitting QDs for in vivo
imaging. The NIR QDs were subcutaneously injected into the
back of a mouse, and then examined by in vivo imaging.
Significantly, the fluorescent signals of the QDs were
distinctively bright, clearly spectrally and highly spatially
resolved, despite the presence of a strong autofluorescence
background in the mouse (Figure 3e,f). This study clearly
demonstrates the advantages of NIR QDs for in vivo imaging
for which the QD fluorescence and biological autofluores-
cence of the mouse are spectrally separated, and that the NIR
emission is less absorbed by tissue than visible lumines-
cence.[1,5] To further investigate the chemical stability of the
QDs in vivo, the NIR QDs were intravenously injected into
the tail vein of the mouse. Most QDs were found to be
accumulated in the liver 0.5 h after the injection. The liver was
then carefully collected and its fluorescence was examined.
Importantly, with comparison to the feeble autofluorescence
of a control group, the liver with QD accumulation displayed
bright fluorescent signals (Figure 5c and d), indicating that

the NIR-emitting QDs are highly stable in the complex
biological environment. We administered the QDs to tumor-
bearing mice through intravenous injection. The injected QDs
were monitored by measuring time-lapse in vivo NIR images.
We observed a color change in the tumor region from black to
olive during 6 h of blood circulation where the olive color
denotes much stronger absorption than the black color. The
results indicate high accumulation of the QDs in the tumor
region through a passive targeting process caused by an

Figure 4. a)–d) Dual-color immunofluorescent cellular imaging photos
(scale bar: 20 mm). The Hela cells are distinctively labeled by the QDs/
protein bioconjugates (red) and Hoechst (blue): a) 458 nm excitation,
detection window: 740–950 nm, b) 405 nm excitation, detection
window: 420–500 nm, c) superposition of the fluorescence images with
405 and 704 nm excitation, and d) superposition of all fluorescence
and transillumination images.

Figure 5. High spectral and spatial sensitivity of QD imaging in a live
mouse in the a) presence and b) absence of biological autofluores-
cence. c) In vivo fluorescence image of the liver after QD accumula-
tion. d) A control image of the liver before injection of QDs is given
for comparison. e) Strong fluorescence of the QDs in the imaging
equipment.
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enhanced permeability and retention (EPR) effect.[11] To our
knowledge, this is the first example of in vivo tumor targeting
by using water-dispersed QDs directly prepared in aqueous
phase (Figure 6).

In summary, water-dispersed NIR-emitting ultrasmall-
sized CdTe QDs were directly prepared in aqueous phase
through a facile one-step microwave synthesis. The QDs
display excellent aqueous dispersibility, high storage, chem-
ical, and photostability, and a finely tuneable emission in the
NIR range (700–800 nm). The QDs can readily be function-
alized with antibodies to produce biologically functional QD–
protein conjugates. Of particular significance is that system-
atic in vitro and in vivo imaging data demonstrate that the
prepared NIR QDs are especially suitable for highly spec-
trally and spatially resolved imaging in cells and animals.
Moreover, in vivo tumor targeting using the water-dispersed
NIR QDs was shown for the first time. In comparison to
conventional NIR QDs of larger sizes, our ultrasmall QDs
offer great opportunities for highly specific, efficient, and
sensitive bioimaging. These unprecedented advantages may
render the NIR-emitting QDs promising tools for in vitro and
in vivo NIR-fluorescence imaging applications.
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Figure 6. In vivo tumor targeting of the NIR QDs. Spectrally unmixed
in vivo fluorescence images of a KB-tumor-bearing nude mice at a) 0,
b) 1 h, c) 4 h, and d) 6 h after injection of the prepared QDs. The
autofluorescence of the mouse was removed by spectral unmixing of
the above images. A high uptake of QDs by the tumor was observed.
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