
DOI: 10.1126/science.1083780 
, 1434 (2003); 300Science

  et al.Daniel R. Larson,
Fluorescence Imaging in Vivo
Water-Soluble Quantum Dots for Multiphoton

This copy is for your personal, non-commercial use only.

. clicking herecolleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

. herefollowing the guidelines 
 can be obtained byPermission to republish or repurpose articles or portions of articles

 (this information is current as of March 4, 2010 ):
The following resources related to this article are available online at www.sciencemag.org

 http://www.sciencemag.org/cgi/content/full/300/5624/1434
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/300/5624/1434/DC1
 can be found at: Supporting Online Material

 http://www.sciencemag.org/cgi/content/full/300/5624/1434#otherarticles
, 6 of which can be accessed for free: cites 20 articlesThis article 

 613 article(s) on the ISI Web of Science. cited byThis article has been 

 http://www.sciencemag.org/cgi/content/full/300/5624/1434#otherarticles
 29 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/biochem
Biochemistry 

: subject collectionsThis article appears in the following 

registered trademark of AAAS. 
 is aScience2003 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n 

M
ar

ch
 4

, 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/help/about/permissions.dtl
http://www.sciencemag.org/cgi/content/full/300/5624/1434
http://www.sciencemag.org/cgi/content/full/300/5624/1434/DC1
http://www.sciencemag.org/cgi/content/full/300/5624/1434#otherarticles
http://www.sciencemag.org/cgi/content/full/300/5624/1434#otherarticles
http://www.sciencemag.org/cgi/collection/biochem
http://www.sciencemag.org


and morphology of these cells. CagA-
mediated recruitment of the scaffolding pro-
tein ZO-1 and the tight-junction protein JAM
to sites of bacteria attachment on host cell
membranes may help to target and retain H.
pylori at epithelial cell-cell junctions. Local-
ization of signaling molecules, such as SHP2
and Src to CagA in close proximity to the
tight junction may alter apical-junctional
complex function (23, 24 ). In addition, we
have previously found CagA translocation–
dependent changes in gene expression of
tight-junction genes in H. pylori–infected
AGS cells (25). One consequence of long-
term H. pylori infection with CagA� strains,
but not CagA– strains, is a greatly increased
likelihood of serious noninfectious sequelae,
particularly peptic ulcer disease and gastric
cancer. Learning how the long-term disrup-
tion of normal apical-junctional complex sig-
naling by CagA could be responsible for
these subsequent cellular changes can teach
us as much about human biology as it does
about the pathogenesis of H. pylori infection.
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Water-Soluble Quantum Dots for
Multiphoton Fluorescence

Imaging in Vivo
Daniel R. Larson,1 Warren R. Zipfel,1 Rebecca M. Williams,1

Stephen W. Clark,1 Marcel P. Bruchez,2 Frank W. Wise,1

Watt W. Webb1*

The use of semiconductor nanocrystals (quantum dots) as fluorescent labels for
multiphoton microscopy enables multicolor imaging in demanding biological
environments such as living tissue. We characterized water-soluble cadmium
selenide–zinc sulfide quantum dots for multiphoton imaging in live animals.
These fluorescent probes have two-photon action cross sections as high as
47,000 Goeppert-Mayer units, by far the largest of any label used in multipho-
ton microscopy. We visualized quantum dots dynamically through the skin of
living mice, in capillaries hundreds of micrometers deep. We found no evidence
of blinking (fluorescence intermittency) in solution on nanosecond to milli-
second time scales.

Quantum dots (QDs) are bright, photostable
fluorophores that have a broad excitation
spectrum but a narrow Gaussian emission at
wavelengths controllable by the size of the
material. QDs allow for efficient multicolor
imaging of biological samples (1) and should
be especially useful for fluorescence imaging
in living tissues, where signals can be ob-
scured by scattering and competing intrinsic
emissions. Multiphoton microscopy enables
deep imaging of a variety of biological

samples with less overall photobleaching
than with wide-field or confocal microsco-
py, and it has now become the primary
fluorescence imaging technique in thick
specimens (2, 3). For these difficult imag-
ing tasks, we have investigated the two-
photon excitation characteristics of QDs
and have begun to explore their use for in
vivo multiphoton imaging.

For biological applications, robust water-
soluble QDs are needed. Several synthesis
strategies have been used, such as surface
functionalization with water-soluble ligands
(4, 5), silanization (6, 7), and encapsulation
within block-copolymer micelles (8). Here,
we investigated the photophysical properties
of water-soluble CdSe-ZnS nanocrystals pre-

pared by a synthesis method based on encap-
sulation of the nanocrystals within an am-
phiphilic polymer (9).

We measured the two-photon action cross
sections of a number of organic and water-
soluble QDs of multiple colors. The action
cross sections (Fig. 1A) are the product of the
nonlinear two-photon absorption cross sec-
tion �2P and the fluorescence quantum ef-
ficiency (�f) and provide a direct measure
of brightness for imaging (10). Our mea-
sured values range from �2000 to 47,000
Goeppert-Mayer units (GM), depending on
the particular preparation and excitation
wavelength. An action cross section of
47,000 GM is two to three orders of mag-
nitude larger than those of conventional
fluorescent probes now in use, and is an
order of magnitude larger than those of or-
ganic molecules designed specifically for en-
hanced two-photon absorption (11). The
measured maximum value of 47,000 GM ap-
proaches the theoretical value of 50,000 GM
calculated for CdSe QDs (12).

We used fluorescence correlation spec-
troscopy (FCS) (13) to measure the number
of fluorescent particles in the focal volume
from which we calculated the sample concen-
trations (14). The ratio of fluorescent QDs to
total QDs is always �1, suggesting in some
cases a considerable nonfluorescent fraction
(table S1) (15).

Two-photon cross sections for the same
core sizes with and without the amphiphilic
coat (Fig. 1A, green and red) are nearly identi-
cal, indicating that passivation of the core-shell
nanocrystals within the amphiphilic micelle ap-
pears to have little effect on QD brightness. A
comparison between the two-photon action
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spectrum of the highest cross section prepara-
tion and its single-photon absorption spectrum
(with wavelength doubled) shows little corre-
spondence between spectral features, other than
an overall decrease with increasing wavelength
(fig. S1). Moreover, the action cross sections
and FCS results of these water-soluble nano-
crystals remained roughly constant over a peri-
od of �9 months, and we found no evidence for
settling or aggregation of QDs in water over
this time period.

The excitation intensity dependence of
two-photon FCS is shown in Fig. 1B. The
autocorrelation amplitude G(0), which is
proportional to the inverse of the number of
fluorescent particles in the focal volume,
decreases as the excitation power increases.
This trend is opposite to triplet transitions
or photobleaching effects, which would ap-
pear as apparent decreases in concentration
[i.e., increases in G(0)] with increasing in-
tensity (16). The power dependence of the
fluorescence remains essentially quadratic
(Fig. 1B, inset, red circles), but if the flu-
orescence counts are normalized by the
number of QDs in the observation volume,
the fluorescence per QD reaches a limiting
value (Fig. 1B, inset, black circles). We
show that this observed power dependence
is due to saturation of the two-photon ex-
citation probability in the central focal vol-
ume along with increased peripheral exci-
tation, resulting in larger effective focal
volumes with increasing intensity.

Calculations of the effective two-photon
focal volumes for different cross section sizes
are shown in Fig. 1C. At cross sections on the
order of 200 GM, the volume increase due to
saturation effects is less than 10% at pow-
ers � 5 to 10 mW (pulse width, 100 fs at 80
MHz) or �0.06 to 0.1 nJ per pulse. However,
at 30,000 GM the effective focal volume
begins to increase noticeably at only �1 mW
(�0.01 nJ). This increase in focal volume
results in a reduction in optical resolution,
leading to “fuzziness” in the images. 1/G(0)
values (proportional to the effective focal
volume Veff) show a power dependence sim-
ilar to that given by saturation calculations
based on a 30,000-GM probe (black circles,
Fig. 1C).

FCS correlation functions of organic
QDs in hexane and water-soluble QDs tak-
en at nonsaturating intensities (50 to 200
�W ) indicate slower translational diffusion
than would be expected given the physical
site of the nanocrystal (Fig. 1D). As de-
rived from the measured diffusion coeffi-
cients, the Stokes-Einstein hydrodynamic
radii are 14 nm and 9 nm for the water-
soluble and organic QDs, respectively.
These hydrodynamic sizes are about 2 to 3
times the dry radii [as determined by trans-
mission electron microscopy (TEM)]. The
difference between the dry and hydrody-

namic radii suggests strong interactions be-
tween the polymeric surface coatings of the
nanocrystals and the solvent (17).

A previously reported photophysical as-
pect of QDs has been fluorescence inter-
mittency (blinking) on time scales of 200
�s to hundreds of seconds (18). Character-
ization of blinking and spectral wandering
was previously carried out on immobilized
nanocrystals (19 –21) where the fluores-
cence of individual QDs was followed
over extended periods of time. However, it
is unclear whether the properties of im-
mobilized nanocrystals are the same as
those in solution—the more relevant
environment for biological studies. Our
solution FCS indicates that short-time flu-
orescence fluctuations are due to molecular
diffusion into and out of the focal volume
(Fig. 1D), and we find no evidence for
temporal fluctuations from other photo-
physical processes on time scales up to
several milliseconds. Cross-correlation
FCS, which eliminates detector after-
pulsing artifacts, also shows no intermitten-

cy on time scales down to �100 ns (fig.
S2). Thus, on these time scales, blinking is
sufficiently rare or heterogeneous that no
ensemble property emerges.

The measured cross section values we
report here are, to our knowledge, the largest
two-photon action cross sections reported to
date for a fluorescent probe. For a given
excitation intensity, the probability of two-
photon excitation is as much as three orders
of magnitude higher than with conventional
probes, and is six orders of magnitude higher
than with intrinsic molecules such as NADH
(the reduced form of nicotinamide adenine
dinucleotide). Because nonlinear excitation
of intrinsic components in cells and tissues
in multiphoton microscopy can be the pri-
mary source of fluorescence background
and phototoxicity, increasing the probe ex-
citation probability relative to that of the
intrinsic species increases both contrast and
sample viability.

To demonstrate the potential of QDs for
deep in vivo multiphoton imaging, we im-
aged mice intravenously injected with

Fig. 1. (A) Log plot of two-photon action cross section (�f�2P) versus two-photon excitation
wavelength for organic QDs, water-soluble QDs of various fluorescence wavelengths, and
fluorescein (reference compound). Color code: cyan, 605 nm water-soluble; blue, 567 nm
water-soluble; black, 630 nm organic; green, 550 nm water-soluble; red, 550 nm organic; open
circles, fluorescein. (B) Excitation dependence of the fluorescence correlation function G(�)
(where � is the delay) for organic quantum dots. As the intensity increases, G(0) decreases as
a result of excitation saturation. Inset: Fluorescence power dependence. The raw count rate
(CPS, red) increases as the square of the power while the count rate per molecule (CPS/N,
black) saturates. Black line has slope of 2. (C) Simulation and experimental results for the effect
of excitation saturation of the FCS observation volume. Green, red, and black lines denote
calculations for two-photon cross sections of 1, 200, and 30,000 GM, respectively, carried out
for 900 nm fluorescence and 1.2 NA (numerical aperture) objective. Black circles, 1/G(0) values
( proportional to Veff) normalized to G(0) taken at �100 �W. (D) Low-power FCS curves for
water-soluble QDs (green circles, excitation power 85 �W at 900 nm) and organic QDs (red
circles, excitation power 210 �W at 900 nm). The correlation curves were fit as described in
(14) and yielded DH2O 	 1.5 
 0.2 �m2/s and Dhexane 	 7.5 
 0.6 �m2/s. A Rhodamine Green
correlation curve (blue circles) is shown for comparison.
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water-soluble QDs. The size of QDs makes
them useful for angiography, analogous to
the conventional use of fluorescent dex-
trans for this purpose (22). We examined
imaging in the two tissue types we have
found to be the most challenging: skin and
adipose tissue, both highly scattering tis-
sues with severe refractive index mismatch-
es. Imaging through the intact skin to the
base of the dermal layer in a live mouse at
900 nm, we found the QD-containing vas-
culature to be clearly visible (Fig. 2B). On
the basis of the volume and concentration
of QDs injected and the blood volume
of the mice (�1.6 ml), we estimate the
concentration in the blood to be �1 �M
for the experiment shown in Fig. 2, A to C,
and �20 nM in Fig. 2, E and F. At the
higher concentration of QDs (1 �M), we
were easily able to measure blood flow
velocity with the use of line scans (Fig. 2,
B and C) [as in (22)] and to clearly detect
the heart rate from temporal undulations of
the capillary wall (Fig. 3C) directly through
the skin.

We compared QDs to conventional methods
by injecting 70-kD fluorescein isothiocyanate
(FITC)–dextran at its solubility limit, corre-
sponding to �40 �M fluorescein in the blood-
stream. An image acquired at the same depth as

in Fig. 2A with five times as much power (Fig.
2D) shows considerably less detail, and we were
only able to acquire blood flow measurements at
roughly half the depth accessible with QDs. This
in vivo comparison corroborates the action cross
section measurements in Fig. 1: Because the
cross sections are higher by three orders of mag-
nitude, use of QDs enables imaging at greater
depths than with standard fluorophores, using
less average power. The capillary structure in the
adipose tissue surrounding a surgically exposed
ovary is shown in Fig. 2, E and F. With 780 nm
excitation, the autofluorescence from adipose
cells clearly appears in optical sections near the
surface of the fat pad (Fig. 2E); Fig. 2F shows
the projected vasculature through a 250-�m-
thick region within this tissue.

Presumably, QDs are cleared from the
body before breakdown of the highly protec-
tive amphiphilic coat. Although cadmium is
known to be toxic, the mice used in these
imaging experiments showed no noticeable
ill effects after imaging and are being main-
tained as part of an investigation of long-term
QD toxicity—an issue that must be addressed
before routine use of cadmium-based QDs for
chronic experiments involving valuable
transgenic animals can begin.

Quantum dots will become key probes for
multicolor fluorescence microscopy and will

be especially useful for multiphoton micros-
copy, where bright probes are needed for the
variety of challenging imaging tasks to which
multiphoton microscopy is now being ap-
plied. We have demonstrated their use as a
fluorescence angiography probe, and when
conjugated to antibodies or aptamers, they
will be bright specific labels useful for track-
ing cells deep within tissue or for detecting
low concentrations of antigens—possibly
even directly through the skin, as shown here.
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Fig. 2. In vivo imaging of vasculature labeled by a tail vein injection of water-soluble QDs
(fluorescence wavelength, 550 nm; TEM diameter, 4.3 nm). (A) Fluorescent capillaries containing
�1 �M QDs were clearly visible through the skin at the base of the dermis (�100 �m deep).
Excitation at 900 nm was delivered through a 20� 0.95 NA water-immersion objective lens (�40
mW out of the objective, average power at the focal plane unknown); the skin was stabilized by a
dorsal skin clamp (fig. S3). Blue pseudocolor is collagen imaged via its second harmonic signal at
450 nm. Dashed line indicates position of line scan shown in (B). (B) Line scan (13.7 ms per line)
measurement of blood flow velocity taken across capillary in (A). The diameter of this capillary is
�5 �m and the flow is �10 �m/s. (C) Zoom of section in (B) showing undulations in capillary due
to heartbeat (640 beats per minute calculated from ripple in the capillary edge; �x is the spatial
dimension of the line scan, �t is the time dimension, and the hypotenuse is the velocity). (D)
Comparison image at the same depth as in (A), acquired by injecting FITC-dextran at its solubility
limit. (E) Image of the surface of adipose tissue surrounding the ovary (blue, autofluorescence;
yellow, �20 nM QDs in blood). Dark circles are adipose cells. (F) Projection of capillary structure
through 250 �m of adipose tissue (50 images, 5 �m per step). Excitation was at 880 nm for (A)
to (C), 780 nm for (D) to (F). Scale bars: 20 �m [(A), (B), and (D)], 10 �m (C), 50 �m [(E) and (F)].
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