
SCLM origin of these peridotites is the close 
spatial proximity of mantle with such rvidely 
valying extraction ages, when every other 
geochemical aspect of the peridotites sug- 
gests they are petrogenetically related (9, 10). 

These 0 s  isotope data indicate that unusu- 
ally old depleted mantle is stranded within 
subduction zones. Our prefei~ed inteiyreta- 
tion is that the peridotites analyzed are from 
the oceanic mantle, which suggests that por- 
tions of the upper mantle are less radiogenic 
in 0 s  isotopes than previously recognized. 
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Semiconductor Nanocrystals as 
Fluorescent Biological Labels 

Marcel Bruchez Jr., Mario Moronne, Peter Gin, Shimon Weiss," 
A. Paul Alivisatos* 

Semiconductor nanocrystals were prepared for use as fluorescent probes in 
biological staining and diagnostics. Compared with conventional fluorophores, 
the nanocrystals have a narrow, tunable, symmetric emission spectrum and are 
photochemically stable. The advantages of the broad, continuous excitation 
spectrum were demonstrated in a dual-emission, single-excitation labeling 
experiment on mouse fibroblasts. These nanocrystal probes are thus comple- 
mentary and in some cases may be superior to existing fluorophores. 

Fluorescence is a \videly used tool in biology. 
The drive to measure more biological indicators 
simultaneously imposes new demands on the 
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fluorescent probes used in these experiments. 
For example. an eight-color, three-laser system 
has been used to measure a total of 10 param- 
eters on cellular antigens with flow cytometiy 
( I ) :  and in cytogenetics, combinatorial labeling 
has been used to generate 24 falsely colored 
probes for spectral karyotyping (2). Conven- 
tio~lal dye n~olecules impose stringent req~~ire- 
ments on the optical systems used to make 
these measurements; their narrow excitation 
spectrum makes simultaneous excitation diffi- 
cult in most cases; and their broad emission 
spectninl with a long tail at red \vavelengtl~s 
(Fig. 1A) introduces spectral cross talk between 
different detection channels. making quantita- 
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tion of the relative amounts of different probes 
difficult. Ideal probes for multicolor experi- 
ments should emit at spectrally resolvable en- 
ergies and have a narrow, symmetric emission 
spectrum, and the whole group of probes 
should be excitable at a single wavelength (3, 
4). 

In semiconductor nanocrystals, the absor- 
bance onset and emission maximum shift to 
higher energy with decreasing size (5). The 
excitation tracks the absorbance, resulting in a 
tunable fluorophore that can be excited effi- 
ciently at any wavelength shorter than the emis- 
sion peak yet will emit with the same charac- 
teristic narrow, symmetric spectnun regardless 
of the excitation wavelength (Fig. 1B). Varia- 
tion of the material used for the nanocrystal and 
variation of the sue of the nanocrystal afford a 
spectral range of 400 nm to 2 pm in the peak 
emission (Fig. 2), with typical emission widths 
of 20 to 30 nm [fill width at half maximum 
(FWHM)] in the visible region of the spectrum 
and large extinction coefficients in the visible 
and ultraviolet range (- lo5 M- cm- ' 1. Many 
sizes of nanocrystals may therefore be excited 
with a single wavelength of light, resulting in 
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Fig. 1. Excitation (dashed) and fluorescence 
(solid) spectra of (A) fluorescein and (B) a 
typical water-soluble nanocrystal (NC) sample 
in PBS. The fluorescein was excited at 476 nm. 
and the NC at 355 nm. Excitation spectra were 
collected with detection at 550 nm (fluores- 
cein) and 533 nm (NC) because of the dif- 
ference in emission spectra. The nanocrystals 
have a much narrower emission (32 nm com- 

many emission colors that may be detected 
simultaneously. 

Metallic and magnetic nanocrystals, with 
the appropriate organic derivatization of the 
surface, have been used widely in biological 
experiments (6-11). The use of semiconduc- 
tor nanocrystals in a biological context is 
potentially more problematic because the 
high surface area of the nanocrystal might 
lead to reduced luminescence efficiency and 
photochemical degradation. Bandgap engi- 
neering concepts borrowed from materials 
science and electronics have led to the devel- 
opment of core-shell nanocrystal samples 
with high, room temperature quantum yields 
(>50%) (12-14) and much improved photo- 
chemical stability. By enclosing a core 
nanocrystal of one material with a shell of 
another having a larger bandgap, one can 
efficiently confine the excitation to the core, 
eliminating nonradiative relaxation pathways 
and preventing photochemical degradation. 
The synthesis of the semiconductor nanocrvs- 
tals akd the growth of the shell by methods 
from the literature yield gram quantities of a 
variety of materials with a narrow size distri- 
bution (5%), coated with a surfactant but 
soluble only in nonpolar solvents (15, 16). 

Biological applications require water-solu- 
ble nanocrystals. We have extended the chem- 
istry of the core-shell systems by adding a third 
layer of silica that makes the core-shell water 
soluble, similar to a procedure detailed for coat- 
ing gold and cadmium sulfide nanocrystals (1 7, 
18). This strategy has a number of advantages 
compared with strategies that use a single direct 
bond to the surface of the nanocrystal: the 
multivalency of an extensively polymerized 
polysilane ensures that the nanocrystals stay 
soluble in spite of the potential loss of bound 
thiol. Furthermore, the chemistry of silica is 
well characterized and widely used to function- 
alize supports for chromatography. Modifica- 
tion of the silica surface with different groups 
can be used to control the interactions with the 

Fig. 2. (A) Size- and ma- 
terial-dependent emis- 
sion spectra of several 
surfactant-coated semi- 
conductor nanocrystals 
in a variety of sizes. The 
blue series represents 
different sizes of CdSe 
nanocrystals (76) with 
diameters of 2.1, 2.4, 
3.1, 3.6, and 4.6 nm 
(from right to left). The 
green series is of InP 
nanocrystals (26) with 
diameters of 3.0, 3.5, 
and 4.6 nm. The red se- 
ries is of lnAs nanoavs- 

biological sample. The core-shell nanocrystals 
prepared in this manner are soluble and stable 
in water or buffered solution, and they retain a 
fairly large quantum yield [up to 21%, compa- 
rable to some conventionally used fluorescent 
dyes that have yields between 14 and 71% (3)] 
(Fig. 2B). Further developments in the bandgap 
engineering of nanocrystals and modifications 
to the silanization chemistry are expected to 
result in higher quantum yields and improve- 
ment of other emission properties (19). This 
chemistry has been applied to a number of 
different sized core-shell nanocrystals, generat- 
ing a spectrally tuned family of probes, all of 
which are amenable to the same modification 
chemistry (in contrast to organic dyes, for 
which specific chemistries must be developed 
on a case by case basis). 

To establish the utility of nanocrystals for 
biological staining, we fluorescently labeled 
3T3 mouse fibroblast cells using two differ- 
ent size CdSe-CdS core-shell nanocrystals 
enclosed in a silica shell (20). The smaller 
nanocrystals (2-nm core) emitted green fluo- 
rescence (maximum 550 nm, 15% quantum 
yield), the larger (4-nm core), red fluores- 
cence (maximum 630 nm, 6% quantum 
yield). The surface of the nanocrystals may 
be tailored to interact with the biological 
sample either through electrostatic and hy- 
drogen-bonding interactions or through a spe- 
cific ligand-receptor interaction, such as the 
avidin-biotin interaction (21). As an example 
of the former, nanocrystals coated with tri- 
methoxysilylpropyl urea and acetate groups 
were found to bind with high affinity in the 
cell nucleus. This nuclear binding could be 
suppressed with an anionic silane reagent 
[3-(trihydroxysily1)propyl methylphosphonate] 
or by incubating with the nanocrystals in a 
0.2% SDS solution. This property was used 
to "stain" the nucleus with the green-colored 
nanocrystals, relying on the silanized nano- 
crystal surface to control the binding. 

The avidin-biotin interaction, a model 

pared with 45 nm at half maximuin and 67 nm tals (76) with diame&rs w- (m) 
compared with 100 nm at 10% maximum), no of 2.8, 3.6, 4.6, and 6.0 
red -tail, and a broad, continuous excitation nm. (B) A true-color image of a series of silica-coated core (CdSe)-shell (ZnS or CdS) nanocrystal 
spectrum. probes in aqueous buffer, all illuminated simultaneously with a handheld ultraviolet lamp. 
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system for ligand-receptor binding, was used 
here to specifically label the F-actin filaments 
with red nanocrystal probes. Biotin was co- 
valently bound to the nanocrystal surface 
(22), and the biotinylated nanocrystals were 
used to label fibroblasts, which had been 
incubated in phalloidin-biotin and streptavi- 
din. One round of amplification was camed 
out by incubating the sample with streptavi- 
din and then with red biotinylated nanocrys- 
tals once again. 

The resulting samples were imaged with 
both conventional wide-field and laser-scan- 
ning confocal fluorescence microscopes. In 

Fig. 3. cross section of a dual-labeled sample 
examined with a Bio-Rad 1024 MRC laser-scan- 
ning confocal microscope with a 40X oil 1.3 
numerical aperture objective. The mouse 3T3 fi- 
broblasts were grown and prepared as described 
in (27). A false-colored image was obtained with 
363-nm excitation, with simultaneous two-chan- 
nel detection (522DF 35-nm FWHM narrow-pass 
filter for the green, and a 585-nm long-pass filter 
for the red). Image width: 84 Fm. 

fluorescein phalloidin on actin 

Fig. 4. Sequential scan photostability comparison 
of fluorescein-phalloidin-labeled actin fibers com- 
pared with nanocrystal-labeled actin fibers. Fluo- 
rescein was excited at 488 nm and the nanocrys- 
tals at 363 nm by a laser scanning confocal mi- 
croscope with a 1 2 - p  dwell time and -20-mW 
power for each laser. The average intensity of four 
pixels was followed in each sample through 100 
successive scans and normalized to  its initial value. 
The intensity of the fluorescein drops quickly to 
autofluorescence levels, whereas the intensity of 
the nanocrystals drops only slightly. 

contrast to conventional multicolor dye imag- 
ing, light from a mercury lamp with a fluores- 
cein isothiocyanate excitation filter and a single 
long-pass detection filter (515 nm) were used 
with the wide-field microscope to see both col- 
ors at one time. The green and red labels were 
clearly spectrally resolved to the eye and to a 
color Polaroid camera. Nonspecific labeling of 
the nuclear membrane by both the red and the 
green probes resulted in a yellow color. The red 
actin filaments, however, were specifically 
stained. These filaments were not visible or 
were only very faintly visible in the control 
experiments lacking phalloidin-biotin. The pen- 
etration of the green probes into the nucleus and 
specific red staining of the actin fibers is readily 
visible in Fig. 3. Over repeated scans, the 
nanocrystal-labeled samples showed very little 
photobleaching, far less than with conventional 
dye molecules (Fig. 4). 

The development of nanocrystals for bio- 
logical labeling opens up new possibilities for 
many multicolor experiments and diagnostics. 
Further, it establishes a class of fluorescent 
probe for which no small organic molecule 
equivalent exists. The tunability of the optical 
features allows for their use as direct probes or 
as sensitizers for traditional probes. These 
nanocrystals also have a long fluorescence life- 
time (hundreds of nanoseconds) (23), which 
can allow for time-gated detection for autofluo- 
rescence suppression (24). Further develop- 
ments such as direct immunolabeling, in situ 
hybridization, and incorporation into micro- 
spheres will be important for applications such 
as cytometry and immunocytobiology. In addi- 
tion, nanocrystal probes may prove usehl for 
other contrast mechanisms such as x-ray fluo- 
rescence, x-ray absorption, electron microsco- 
py, and scintillation proximity imaging, and the 
use of far re& or infrared-emitting nanocrystals 
(InP and I d s )  as tunable, robust infrared dyes 
is another possibility. 
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min), a -100 nM solution of biotinylated red nanoctystals 28. We would like to thank X. Peng, 1. Gray, C. Bertoni, and 
(30 min), again streptavidin (30 min), then once more P. Schultz for many helpful discussions. The photolumi- 
with the red biotinylated nanocrystals (30 min). At least nescence spectra of lnAs nanoclystals, InP nanoctystals. 
three PBS or Superblock-PBS (Pierce) rinse steps (5 min and CdSe nanoctystals in Fig. 2 were provided by J. 
each) were performed between each incubation. Samples Wickham, U. Banin, and X. Peng. Supported by the 
were mounted on microscope slides in PBS. Director, Office of Energy Research, Office of Basic 

Quantum Dot Bioconjugates for 
Ultrasensitive Nonisotopic 

Detection 
Warren C. W. Chan and Shuming Nie* 

Highly luminescent semiconductor quantum dots (zinc sulfide-capped cadmi- 
um selenide) have been covalently coupled to  biomolecules for use in ultra- 
sensitive biological detection. In comparison with organic dyes such as rho- 
damine, this class of luminescent labels is 20 times as bright, 100 times as stable 
against photobleaching, and one-third as wide in spectral linewidth. These 
nanometer-sized conjugates are water-soluble and biocompatible. Quantum 
dots that were labeled with the protein transferrin underwent receptor-me- 
diated endocytosis in cultured HeLa cells, and those dots that were labeled with 
immunomolecules recognized specific antibodies or antigens. 

The development of sensitive nonisotopic de- 
tection systems has substantially impacted 
many research areas, such as DNA sequenc- 
ing, clinical diagnostics, and fundamental 
molecular biology (I). These systems aim to 
solve the problems of radioactive detection 
(for example, health hazards and short life- 
times) and open new possibilities in ultrasen- 

Department of  Chemistry, Indiana University, Bloom- 
ington, I N  47405, USA. 

sitive and automated biological assays. Cur- 
rent nonisotopic detection methods are main- 
ly based on organic reporter molecules that 
undergo enzyme-linked color changes or that 
are fluorescent, luminescent, or electroactive 
(I). We have developed a class of nonisotopic 
detection labels by coupling luminescent 
semiconductor quantum dots (QDs) to bio- 
logical molecules. In this design, nanometer- 
sized QDs are detected through photolumi- 
nescence, and the attached biomolecules rec- 

*To whom correspondence should be addressed. E- o ~ i z e  specific anal~tes,  such as proteins, 
mail: nie@indiana.edu DNA, or viruses. These nanoconjugates are 

Fig. 1. (A) Schematic 
of a ZnS-capped CdSe 
QD that is covalently 
coupled to a protein 
by mercaptoacetic 
acid. (B) TEM of QD- 
transferrin (an iron- 
transport protein) 
conjugates. Scale bar, 
100 nm. Clusters of 
closely spaced parti- 
cles were mainly 
formed by sample 
spreading and drying 
on the carbon grid 
and not by chemical 
cross-linking. ZnS- 
capped QDs with a 
CdSe core size of 4.2 
nm were prepared ac- 
cording to the proce- 
dure developed by 
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biocompatible and are suitable for use in cell 
biology and immunoassay. At the present 
level of development, however, the QDs are 
not sufficiently monodisperse, and intermit- 
tent photon emission could cause statistical 
problems at the single-dot level. 

Molecular conjugates of luminescent QDs 
are expected to offer substantial advantages 
over organic dyes. The properties of QDs 
result from quantum-size confinement, which 
occurs when metal and semiconductor parti- 
cles are smaller than their exciton Bohr radii 
(about 1 to 5 nm) (2-4). Recent advances 
have resulted in the large-scale preparation of 
relatively monodisperse QDs (5-7), the char- 
acterization of their lattice structures (4), and 
the fabrication of QD arrays (8-12) and light- 
emitting diodes (13, 14). For example, CdSe 
QDs passivated with a ZnS layer are strongly 
luminescent (35 to 50% quantum yield) at 
room temperature, and their emission wave- 
length can be tuned from the blue to the red 
wavelengths by changing the particle size (7, 
15). However, these luminescent QDs are 
prepared in organic solvents and are not suit- 
able for biological application. Additionally, 
it is unclear how to attach biomolecules to a 
QD and still maintain their activity. 

We have solved these problems by using 
mercaptoacetic acid for solubilization and co- 
valent protein attachment. When reacted with 
ZnS-capped CdSe QDs in chloroform, the mer- 

Hines and Guyot-Sbnnest (7). The colloidal QDs were dissolved in QDs, was extracted. Excess mercaptoacetic acid was removed by four or 
chloroform and were reacted with glacial mercaptoacetic acid (-1.0 M) more rounds of centrifugation. The purified QDs were conjugated to 
for 2 hours. An aqueous phosphate-buffered saline (PBS) solution (pH transferrin and IgC with the cross-linking reagent ethyl-3-(dimethyl- 
7.4) was added to this reaction mixture at a 1: l  volume ratio. After aminopropyl)carbodiimide. Standard protocols were followed (76), ex- 
vigorous shaking and mixing, the chloroform and water layers separated cept the excess proteins were removed by repeated centrifugation. The 
spontaneously. The aqueous layer, which contained mercapto-coated purified conjugates were stored in PBS at room temperature. 
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