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ABSTRACT

In this paper, we report the development of rod-shaped semiconductor nanocrystals (quantum rods) as fluorescent biological labels. Water-
soluble biocompatible quantum rods have been prepared by surface silanization and applied for nonspecific cell tracking as well as specific
cellular targeting. Quantum rods are brighter single molecule probes as compared to quantum dots. They have many potential applications
as biological labels in situations where their properties offer advantages over quantum dots.

The challenges of biological imaging demand further devel- 2 to 10 nm and with lengths ranging from 5 to 100 nm. In
opment of new molecular probes and contrast agents thataddition to the properties inherited from QDs, such as size-
have better sensitivity, longer stability, good biocompatibility, tunable broad absorption, narrow symmetric emission, and
and minimum invasiveness. The convergence of nanotech-extreme resistance to photobleaching, QRs have many unique
nology and biotechnology has created many innovations to properties that make them potentially better probes for some
meet this challenge. A variety of different approaches in biomedical applications than QDs. For example, QRs have
making new nanoprobes have been developed in recent yeardarger absorption cross sectibtfaster radiative decay rate,

For example, nanoparticle-based bio-bar codes were reportechnd a bigger Stokes stifand can be functionalized with
for ultrasensitive detection of proteifigioble metal nano-  multiple binding moieties. Furthermore, a single quantum
particles have been reported as molecular rulers based orrod exhibits linearly polarized emission unlike the plane-
plasmon coupling,and magnetic nanocrystals have been polarized light from a single quantum dbthe emission of
shown as effective contrast agents for magnetic resonancesingle QRs can be reversibly switched-eaoff by external
imaging3* Among various nanomaterials developed, semi- electric fields!* These unique properties make QRs highly
conductor nanocrystals, also known as quantum dots (QDs),desirable for certain biological applications and bring new
represent one of the most successful new biological probes.possibilities for biological imaging.

Compared to conventional organic fluorophores, QDs have  In this paper, we report the use of surface-modified CdSe/
advantageous properties, including tunable emission, excep-CdS/ZnS core/shell QRs as a biological label and demon-
tional photostability, high multiplexing capability, and high  strate that QRs can be used in a variety of bioimaging
brightnes$® QDs are now commercially available and used applications. Further, for single molecule fluorescence imag-
in an ever-widening array of biological applications. ing, they are much brighter than QDs.

The ability to manipulate the shape of semiconductor  Similar to QDs, high-quality QRs as synthesi¥ate only
nanocrystals has led to rod-shaped semiconductor nanocrysspluble in organic solvents. Hence it is necessary to design
tals, hereafter referred to as “quantum rods” (QR3)QRs g surface coating method to transfer QRs into aqueous
are semiconductor nanocrystals with diameters ranging fromso|uti0n and render them biofunctional. We deve|0ped a

* Correspondence should be addressed to AP.A. (alivis@berkeley.edu). coating method for surfacg silanization Of.QRS' To overcome
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Figure 1. (a) A cartoon illustrating silanization of quantum rods. Cross-linked silanes are priming molecules for the surface coating. (b)
TEM image of silanized rods in neutral phosphate buffer. Scale=iE00 nm. (c) TEM image of silanized dots in neutral phosphate buffer.

Scale bar= 100 nm. (d) The UV-vis absorption and emission spectra of silanized QR and QD. The blue curves are the absorption spectra;
the red curves are the emission spectra. (e) Silanized QRs are biocompatible and nontoxic to living cells. The red fluorescence in the
images is from QRs in human breast cancer cells MDA-MB-231 afte (left) and 24 h (right) transfected with Chariot. These are merged
images of transmission and fluorescent micrograms. Scale barisn20

control, promoting uniform coating and a highly reproducible of QRs was also evidenced by direct delivery with Chaldot,
process. The silanization procedure thus developed for QRsa peptide noncovalently interacting with QRs and transferring
could be readily applied for making water-soluble QDs and the cargo through the cell membrane (Figure 1e). QRs are
other types of nanoparticles, representing a general methocaccumulated inside intracellular vesicles close to the nucleus
to modify surfaces of nanoparticles. QRs after silanization over time, with no dramatic difference from the intracellular
were stable in aqueous buffer for over 2 years. All experi- distribution of QDs'®
ments in this paper were performed on QRs and QDs going Silanized QRs can be conjugated with various biomol-
through the same silanization procedure. For comparisonecules through surface amino, mercapto, or carboxyl func-
purpose, we selected silanized QRs and QDs with the sameional groups. Since antiboehantigen affinity is one of the
fluorescence wavelength (emission maxima at 593 nm) andmost specific biological interactions and widely used for
the same quantum yield (9%). Transmission electron mi- fluorescence imaging, we tested the conjugation of silanized
croscopy (TEM) images of the silanized QRs and QDs are particles with mercapto surface groups to amino-bearing
shown in panels b and c of Figure 1. Their absorption and antibodies through a cross linker sulfo-SMCC as schematized
emission spectra are shown in Figure 1d. in Figure 2a. Conjugation with either whole antibody 1gG
QRs after silanization have been proved to be biocom- or antibody fragments was achieved and evidenced by delay
patible. Previously our group demonstrated phagokinetic of the mobility of conjugates in gel electrophoresis. To
tracking with QDs'61” When live cells were cultured on a  compare the specific cellular labeling efficiency of QRs with
layer of silanized quantum dots, the cells ingested all the QDs, we picked a well-demonstrated system, that is, cancer
dots they passed over, leaving behind a particle-free trail cell marker Her2 on the surface of human breast cancer cell
which correlates with the metastatic potential of different line SK-BR-31° for specific labeling tests. After incubating
cell lines?” Similarly, various live cells could also incorporate the cells with mouse anti-Her2 antibody that binds to the
silanized QRs as they migrate on a layer of the nanocrystals,external domain of Her2, we added quantum-rgdat anti-
without influence on cell division and migration (see Figure mouse F(ab, and quantum detgoat anti-mouse F(&h
S1 of the Supporting Information). The good biocompatibility conjugates with the same OD at 488 nm. Specific targeting
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Figure 2. (a) Scheme for antibody bioconjugation of quantum rods.
(b) Electrophoresis analyses of quantum rods/dots bioconjugation:
top, quantum rods/dots conjugated with Fjalfragment of goat
anti-mouse 1gG antibody; bottom, quantum rods/dots conjugated
with whole goat anti-mouse 1gG antibody. The conjugates moved
slower than the free nanocrystals (control) due to the linkage with
antibodies. (c) Immunofluorescence labeling of breast cancer cell
marker Her2 on breast cancer cells SK-BR-3. The Her2 marker
was labeled with mouse anti-Her2 antibody and goat anti-mouse
IgG F(ab), conjugated quantum rods/dots. The bottom images show
that there is minimum binding of free nanocrystals to the anti-Her2
antibody treated cells. Scale bar is 2.
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Figure 3. Fluorescence microscope images show that at the single
molecule level, QRs (a) are much brighter than QDs (b). (c)
Statistical results o&/N distribution of QRs (top) and QDs (bottom)
from 15 image sequences. The mé&Ax for single rods is 26, while

it is 11 for single dots. (d) Single QRs (indicated by arrows) are
still very bright inside live MDA-MB-231 human breast cancer
cells. Scale bar is 10m.

fluorescence signals of QRs and QDs at the single molecule
level as evidenced by blinking. Under the same excitation
and detection conditions, the fluorescence signal of QRs was
greatly improved compared to that of QDs (panels a and b
of Figure 3, also see movies la and 1b of Supporting
Information). To quantitatively compare the fluorescence
signals, both rod and dot images were analyzed by automati-
cally collecting fluorescence intensities from a 15-frame
image sequence using a self-written Matlab program. Figure
3c shows the histograms of signal-to-noise rat®N]
distribution of both QRs and QDs. The averdghl is 26

for the QRs and 11 for the QDs.

To demonstrate the ability to detect and track single QRs
within living cells, we introduced a small amount of silanized
QRs to human breast cancer cell line MDA-MB-231 by the
use of streptolysin-O (SLO), a bacterial protein that binds
to cholesterol and forms holes in the plasma membrane of
animal cells??> QRs retained their brightness inside living
cells (Figure 3d). Tracking at the single molecule level was
proved by particle blinking (see movie 2 of the Supporting
Information). Under the same experimental condition, no
single QD can be observed inside MDA-MB-231 breast
cancer cells.

Although silanization only adds 2 or 3 nm of coating

of the conjugates to cancer marker Her2 was clearly observedhickness to nanocrystals (see Figure S2 of the Supporting
in both cases. In ensemble staining experiments, the imagednformation), as rod sizes get bigger, they may interfere with

obtained with QDs and QRs appear similar, although the

the molecular events that they characterize; hence a balance

same signal intensity can be achieved with a smaller numberhas to be found between the enhanced brightness of QRs

of QRs.
The advantage derived from the enhanced sensitivity of
QRs is apparent in single molecule fluorescence imaging,

and the disadvantages in terms of their larger size for
successful biological applications. However, this should not
become an intrinsic limitation, as much bigger particles have

as the signal intensity in ensemble measurement can bebeen successfully applied in single molecule investigatidns.

improved by increasing the number of labeling particles. The
ability to track single molecules is a powerful method to
study the dynamic and kinetic behavior of biomolecules
inside living cells. Although QDs were shown to be able to
image single molecules in living cef8?2! the enhanced
fluorescence signal from single QR makes them a better
probe for single molecule tracking. We compared the
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The introduction of biocompatible semiconductor QDs in
199825 has led to tremendous advances in biotechnologi-
cally important applications, including multiplexed in vivo
imaging?527long-term single molecule trackif§deep tissue
imaging and imaging guided surgetyas well as hybrid
inorganic-bioreceptor-based optical sensihin this paper,
we have described the development of rod-shaped semicon-
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ductor nanocrystals for biological imaging. We have over-
come the difficulty of rod surface modification and success-
fully transferred the nanocrystals from organic solvent to

biological aqueous solutions by a silanization process.

Silanized QRs have good biocompatibility. After further

biofunctionization, QRs can be used as immunofluorescent
probes. Compared to QDs, QRs are brighter probes, which

is demonstrated clearly in single molecule imaging. Other

distinct properties of QRs as compared to QDs require further

study. These include the possibility of electric field induced

switching of the fluorescence and the use of linearly polarized
emission to observe orientation. We anticipate biocompatible

QRs with properties superior to organic fluorophores and
spherical QDs will have a very beneficial impact in many
aspects of biomedical imaging and detection schemes.
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