nature
biotechnology

LETTERS

Self-illuminating quantum dot conjugates for

In vivo imaging

Fluorescent semiconductor quantum dots hold great potential
for molecular imaging in vivol~3. However, the utility of
existing quantum dots for in vivo imaging is limited because
they require excitation from external illumination sources

to fluoresce, which results in a strong autofluorescence
background and a paucity of excitation light at nonsuperficial
locations. Here we present quantum dot conjugates that
luminesce by bioluminescence resonance energy transfer

in the absence of external excitation. The conjugates are
prepared by coupling carboxylate-presenting quantum dots

to a mutant of the bioluminescent protein Renilla reniformis
luciferase. We show that the conjugates emit long-wavelength
(from red to near-infrared) bioluminescent light in cells and in
animals, even in deep tissues, and are suitable for multiplexed
in vivo imaging. Compared with existing quantum dots, self-
illuminating quantum dot conjugates have greatly enhanced
sensitivity in small animal imaging, with an in vivo signal-
to-background ratio of > 103 for 5 pmol of conjugate.

http://www.nature.com/naturebiotechnology

The unique optical properties of quantum dots, such as high quantum
yields, large molar extinction coefficients, size-dependent tunable
emission and high photostability®~'%, make them appealing as fluor-
@escent probes for biological imaging>!!~'4. However, imaging quan-
=¥ tum dots in vivo is challenging owing to the requirement for external
illumination, which produces strong background autofluorescence
from ubiquitous endogenous chromophores such as collagens, por-
phyrins and flavins'>. In addition, because of absorption and scatter-
ing of optical photons in tissues, little light is available for quantum
dot excitation at nonsuperficial locations'®. An ideal quantum dot
would emit light with no requirement for external excitation. Here we
report a design for such a quantum dot, based on the principle of
bioluminescence resonance energy transfer (BRET) (Fig. 1a).

BRET is a naturally occurring phenomenon whereby a light-
emitting protein (the donor, such as R. reniformis luciferase) non-
radiatively transfers energy to a fluorescent protein (the acceptor,
such as green fluorescent protein) in close proximity!’~!%. BRET is
analogous to fluorescence resonance energy transfer (FRET), but the
donor energy comes from a chemical reaction catalyzed by the donor
enzyme (such as R. reniformis luciferase-mediated oxidation
of its substrate coelenterazine) rather than from absorption of excita-
tion photons. FRET has been shown to occur between quantum

© 2006 Nature Publishing Group

o)

Min-Kyung So'*, Chenjie Xu!*, Andreas M Loening!?, Sanjiv S Gambhir!? & Jianghong Rao!?®

dot donors and organic dye acceptors’®?l, but it has been argued
that quantum dots cannot be FRET acceptors for organic fluorophores
because of the long exciton lifetime of the quantum dot acceptor
compared with that of the dye donor and substantial direct excita-
tion of quantum dots?2. Thus, before the present study, it was
unclear whether quantum dots could replace fluorescent proteins as
the BRET acceptor.

Bioluminescence in vivo imaging has extremely high sensitivity>>24,
and generally uses firefly luciferase?® (maximal emission at ~ 560 nm)
or R. reniformis luciferase’® (maximal emission at 480 nm) as the
reporter. To construct bioluminescent quantum dot conjugates, we
chose R. reniformis luciferase because quantum dots absorb blue
wavelengths more efficiently than longer-wavelength light (Fig. 1b).
We recently developed an eight-mutation variant of R. reniformis
luciferase (designated Luc8) that is more stable in serum and has
improved catalytic efficiency compared with the wild-type protein
(AM.L, T.D. Fenn, AAM. Wu, & S.S.G., unpublished data). Luc8
emitted blue light with a peak at 480 nm upon addition of its substrate
coelenterazine (Fig. 1b). We conjugated Luc8 to polymer-coated
CdSe/ZnS core-shell quantum dot (QD) 655 (fluorescence emission
at 655 nm) through coupling of the amino groups on Luc8 to
carboxylates presented on the quantum dot. Gel electrophoresis
analysis revealed a band with altered mobility, confirming successful
conjugation (Fig. 1c). The hydrodynamic diameter of QD655-Luc8,
measured by quasi-elastic light scattering, was ~2 nm larger than that
of QD655. Each QD655-Luc8 conjugate was estimated to contain, on
average, six copies of Luc8.

We examined the bioluminescence emission of QD655-Luc8 upon
addition of coelenterazine (Fig. 1d). In addition to the emission of
Luc8 at 480 nm, a strong new emission peak at 655 nm was detected,
indicating that BRET occurred in the conjugate. The BRET ratio,
determined by dividing the acceptor emission by the donor emission,
was 1.29 (corresponding to an efficiency of 56%). For one mole
of QD655-Luc8, the maximal blue photon emission (from Luc8) was
3.0 x 10?2 photons/s, and the maximal red photon emission (from
QD655) was 3.6 x 1022 photons/s.

The BRET ratio was dependent on the distance between Luc8 and
QD655. When the mean distance between Luc8 and QD655 was
increased by ~2-3 nm, the BRET ratio dropped to ~0.37 (Supple-
mentary Fig. 1 and Supplementary Notes online). When the ratio of
QD655 to Luc8 in the coupling reaction was varied to produce
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Figure 1 Design and spectroscopic characterization of bioluminescent quantum dot conjugates based on BRET. (a) A schematic of a quantum dot that is
covalently coupled to a BRET donor, Luc8. The bioluminescence energy of Luc8-catalyzed oxidation of coelenterazine is transferred to the quantum dots,
resulting in quantum dot emission. (b) Absorption and emission spectra of QD655 (Aex = 480 nm), and spectrum of the bioluminescent light emitted in
the oxidation of coelenterazine catalyzed by Luc8. (c) Gel electrophoresis analysis of the conjugation of Luc8 to QD655: (1) unconjugated QD655, (2) the
mixture of QD655 and the coupling reagent EDC and (3) purified QD655-Luc8 conjugates. (d) Bioluminescence emission spectrum of QD655-Luc8 in
borate buffer. (e) Bioluminescence emission spectrum of QD655-Luc8 in mouse serum and in mouse whole blood.

conjugates with varying numbers of Luc8, the BRET ratios of the
conjugates were surprisingly similar, ranging from 1.10 to 1.46,
although the intensity of both Luc8 and quantum dot emissions
varied by >100-fold (Supplementary Fig. 2 and Supple-
mentary Notes online). This is different from FRET examples,

=te» Where the FRET efficiency improves as the number of FRET acceptors

@)
@per quantum dot increases?’.

= With the aim of assessing whether BRET emission could be detected

in vivo, we first examined emission of QD655-Luc8 in mouse serum
and whole blood. Whereas Luc8 emission of QD655-Luc8 nearly
disappeared in whole blood because of absorption by hemoglobin,
the BRET emission of QD655-Luc8 was barely affected (Fig. 1e). Next,
we subcutaneously injected a solution of QD655-Luc8 (5 pmol) into
the left shoulder of a nude mouse (site I in Fig. 2a). As a control, a
solution of Luc8 (30 pmol) was similarly injected into the right
shoulder of the same mouse (site II in Fig. 2a). The mouse was
imaged sequentially after tail-vein injection of coelenterazine, both
without any filter (to collect the emission from Luc8 and QD655;
Fig. 2a) and with an emission filter (575650 nm, to collect the
QD655 emission; Fig. 2b). Images collected without any filter showed
strong signals from both injection sites (Fig. 2a). The total photon
fluxes in each site were similar, indicating that the activity of Luc8 in
each site was approximately the same. With the filter, there was still a
strong signal from site I (QD655-Luc8, Fig. 2b), which was 60% of the
intensity collected without the filter. However, the Luc8 signal from
site II with the filter (site II, Fig. 2b) was just 25% of that collected
without the filter. Using a filter (650-660 nm) for more specific
collection of the BRET emission, the signal detected from site II was
even lower, whereas site I still emitted a strong signal (Supplementary
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Fig. 3 online). These results indicate that BRET between Luc8 and
quantum dots can occur in animals at superficial depths.

We next studied BRET emission in deeper tissues. A solution
of QD655-Luc8 (5 pmol) was injected intramuscularly at a depth of
~3 mm (site III in Fig. 2a), and a solution of Luc8 (30 pmol) was
similarly injected into the same nude mouse (site IV in Fig. 2a). In
contrast to the subcutaneous injections (sites I and II in Fig. 2a), the
emission of intramuscularly injected Luc8, even without any filter, was
much weaker than that of QD655-Luc8 (IV versus III in Fig. 2a): the
total detected photons from site IV was only 26% of that from site III.
With the filter (575-650 nm), there was little detectable signal from

Figure 2 Bioluminescence and fluorescence imaging of QD655-Luc8 and
Luc8 injected subcutaneously (I and Il) and intramuscularly (11l and 1V)
at indicated sites in a mouse (I and I1l, QD655-Luc8, 5 pmol; Il and 1V,
Luc8, 30 pmol). (a) Open without filters. (b) With 575- to 650-nm filter.
(c) Fluorescence imaging of the same mouse injected with indicated
solutions in a (excitation filter, 503-555 nm).
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Figure 3 Multiplexed imaging of conjugates
QD605-Luc8, QD655-Luc8, QD705-Luc8 and
QD800-Luc8 in vitro and in mice. (a) Overlap of
the bioluminescence emission of Luc8 with the
absorption spectra of QD605, QD655, QD705
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the injected Luc8 but a strong signal from QD655-Luc8 (Fig. 2b). The
bioluminescence intensity of the injected QD655-Luc8 imaged with
the filter was 75% of that without the filter. The increased ratio of
detected QD655 emission versus Luc8 emission is due to more
© substantial absorption and scattering of the shorter-wavelength Luc8
e, €Mmission in tissues. Therefore, in deep tissues, the longer-wavelength

RET emission of QD655-Luc8 is more readily detected than the
=" shorter-wavelength emission from Luc8.

The same mouse was examined with fluorescence spectral imaging
for quantum dot fluorescence emission. A strong signal was observed
from subcutaneously injected QD655-Luc8, but intramuscularly
injected QD655-Luc8 emitted only a weak signal (Fig. 2c), demon-
strating the advantages of bioluminescence detection of signals from
deep tissues with bioluminescent quantum dot conjugates. Fluores-
cence imaging of quantum dots requires external light to pass into
tissues for excitation. Because of substantial absorption and scattering
of the short-wavelength excitation photons in tissues, light emission
by BRET is more efficient than by external illumination (Supplemen-
tary Notes online). In addition, by eliminating the need for excita-
tion light, the preferential illumination of fluorophores near the
surface that occurs with traditional reflectance fluorescence imaging
systems is removed, and the issue of background autofluorescence is
completely avoided.

A longstanding goal of bioluminescence in vivo imaging is to have
several probes with distinct long-wavelength emissions for multiple
target imaging. Because quantum dots have similar absorption spectra
and absorb blue light efficiently, Luc8 can also serve as the BRET
donor for quantum dots other than QD655 (Fig. 3a). We prepared
conjugates QD705-Luc8, QD800-Luc8 and QD605-Luc8. Figure 3b

2006 Nature Publishing Group
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and QD80O0. (b) Fluorescence (Aex = 480 nm)
emission spectra of indicated conjugates.

(c) Bioluminescence emission spectra of
indicated conjugates. (d) /n vitro bioluminescence
spectral imaging of solutions containing indicated
conjugates. Image was collected for emission
from 580 to 850 nm. The different emissions

are shown in pseudo colors. Sample at top left
contained only Luc8, which showed no detectable
long-wavelength (580-850 nm) emission.

(e) In vitro bioluminescence spectral imaging

of the same samples as in d, but images were
collected at the indicated emission wavelengths.
(f-i) Multiplexed in vivo bioluminescence imaging
of the following conjugates intramuscularly
injected at the indicated sites: (1) QD800-Luc8,
15 pmol; (1) QD705-Luc8, 15 pmol; (I11) a
mixture of QD665-Luc8, QD705-Luc8 and
QD800-Luc8; and (IV) QD655-Luc8, 5 pmol.
Images were collected with the following emission
filters: (f) without any filter, (g) with 575- to
650-nm filter, (h) with x-Cy5.5 filter (680-720
nm) and (i) with ICG filter (810-875 nm). The
acquisition time for each image was 30 s.
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shows the fluorescence emission spectrum
and Figure 3¢ the bioluminescence spectrum
of each quantum dot conjugate. Clearly,
BRET occurs in each conjugate. The BRET
ratios are estimated as 0.70 for QD605-Luc8, 1.20 for QD655-Luc8,
2.30 for QD705-Luc8 and 1.32 for QD800-Luc8. This trend correlates
well with the excitability of each quantum dot (Supplementary
Table 1 online). For example, QD705 and QD800 have the same
extinction coefficient (1,700,000 M~ lcm™ at 550 nm), but the
quantum yield of QD705 is 80% and only 43% for QD800, hence
the BRET ratio of QD800-Luc8 is just about half that of QD705-Luc8.

The spectrally distinct emissions of the four conjugates make
multiplexed bioluminescence imaging feasible. We examined
this possibility by first imaging solutions containing QD605-Luc8,
QD655-Luc8, QD705-Luc8, QD800-Luc8 and a mixture of all
four in vitro (Fig. 3d,e). Using bioluminescence spectral imag-
ing (analogous to fluorescence spectral imaging but without excitation
light), we could selectively distinguish the bioluminescence emis-
sion of each conjugate from the others whether it was alone or
in a mixture.

We intramuscularly injected QD655-Luc8, QD705-Luc8, QD800-
Luc8 and a mixture of the three conjugates at four different sites on a
nude mouse for in vivo multiplexed bioluminescence imaging. The
total emission (from Luc8 and BRET) was collected without any filter
(Fig. 3f), and the BRET emission was collected with appropriate
filters, for example, the x-Cy5.5 filter for QD705-Luc8 and the ICG
filter for QD800-Luc8 (Fig. 3g-i). Similarly to the in vitro imaging
results, all conjugates showed Luc8 emission, and each BRET emission
was readily distinguished with appropriate filters, although there was a
small degree of signal cross-talk due to overlap of the emission spectra
of QD655-Luc8 and QD705-Luc8, and of QD705-Luc8 and QD800-
Luc8 (Fig. 3b). This small degree of signal cross-talk could be reduced
with filters better designed for quantum dots.
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Figure 4 Imaging C6 glioma cells labeled with QD655-Luc8-R9 in vitro and in mice. (a) Overlay

R. reniformis luciferase as the energy donor
and quantum dots as the acceptor, and have
demonstrated that BRET emission can be
imaged in cells and small animals. These
quantum dot conjugates offer several useful
features: (i) they are compatible with both
bioluminescence and fluorescence imaging,
and the ability to image them without external
excitation (bioluminescently) results in greatly
enhanced sensitivity in small-animal imaging;
(ii) their long-wavelength (from red to near-
infrared) bioluminescence emissions are read-
ily detectable even in deep tissues; (iii) their
distinct BRET emission spectra allow in vivo
multiplexed bioluminescence imaging of mul-
tiple targets. Bioluminescent quantum dot
probes should open many new avenues for
molecular imaging, including highly sensitive
in vitro assays, in vivo cell trafficking studies,
multiplexed imaging, and the design of bio-
sensors whose BRET emission is modulated by
specific biological interactions.

of fluorescence and differential interference contrast (DIC) images of QD655-Luc8-R9-labeled C6

glioma cells. Fluorescence image was collected with the following filter set (Chroma Technology):
excitation, 420/40; emission, D660/40; dichroic, 475DCXR. Scale bar, 50 um. (b) Representative
bioluminescence images of labeled cells acquired with a filter (575-650 nm) (left) and without any
filter (right). (c) Representative bioluminescence images of a nude mouse injected via tail vein with
labeled cells, acquired with a filter (575-650 nm) (left) and without any filter (right). (d) Fluorescence
image of the same mouse in ¢ (excitation filter, 503-555 nm). (e) Overlay of fluorescence and DIC
images of a lung slice of the same mouse imaged in ¢ and d shows the accumulation of quantum

dot conjugates in the lungs; the same filter set as in a was used. Scale bar, 50 um.

METHODS

Materials. Quantum dots were from Quantum Dot
Corp. QD605 and QD655 have typical CdSe/ZnS
core-shell structures, and QD705 and QD800 are
made of CdTe cores with ZnS coatings. The organic
coating chemistry has been previously described in
the literature!3, and the final coated quantum dots

Finally, we evaluated whether our BRET conjugates could be used to
label cells and to monitor labeled cells in animals. QD655-Luc8 was
conjugated with a polycationic peptide (arginine 9-mer) to improve
the cell uptake efficiency (QD655-Luc8-R9)>. The BRET ratio of
QD655-Luc8-R9 was comparable to that of QD655-Luc8, indicating

D655-Luc8-R9 for 1 h at 37 °C displayed bright QD655 fluorescent

l, .I that conjugation of R9 had little impact on BRET. Cells incubated with

=" signals (Fig. 4a). These cells were collected for bioluminescence

imaging in the absence (right tube in Fig. 4b) and presence of a
BRET filter (575650 nm) (left tube in Fig. 4b). The ratio of total
emission from the left tube to that from the right tube was ~0.20,
which is close to the calculated value, 0.18, based on the in vitro
emission spectrum of QD655-Luc8 (Fig. 1d). These results confirmed
that QD655-Luc8-R9 conjugates were functional and produced BRET
emission after being taken up into cells.

The QD655-Luc8-R9-labeled cells (~2 x 10° were injected
through the tail vein into a nude mouse to examine whether BRET
signals from the labeled cells could be detected. The total intensity of
the signals is approximately the same in the lungs of the mouse,
whether collected with the BRET filter (Fig. 4c, left) or without
(Fig. 4c, right), suggesting that Luc8 emission was largely scattered
and absorbed in deep tissues. No bioluminescence emission was pro-
duced in a control mouse injected with unlabeled cells. For compari-
son, we performed fluorescence spectral imaging of the same mouse:
no detectable quantum dot fluorescence emission was seen arising from
the lungs (Fig. 4d). Epifluorescence microscopic examination of slices
of lung confirmed the presence of QD655-Luc8-R9 (Fig. 4e).

We have reported here self-illuminating quantum dot conjugates
designed by mimicking a natural BRET system, with a mutant of
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are endowed with carboxylate groups. The quantum
yields of each quantum dot determined in 50 mM
borate buffer (pH 9) are 65% (QD605), 83%
(QD655), 80% (QD705) and 43% (QD800). The hydrodynamic diameters of
all quantum dots and conjugates were measured by Malvern Instruments Ltd.
with a Zetasizer Nano ZS. The coupling reagent 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC) was from Fluka. Coelenterazine, the
substrate for Luc8, was from Prolume. All other chemicals and solvents were
from Sigma-Aldrich. Nude mice (4-6 weeks old) were from Charles River
Breeding Laboratories. Fluorescence and bioluminescence emission spectra
were collected with a Fluoro Max-3 (Jobin Yvon Inc.); in the case of
bioluminescence, the excitation light was blocked, and emission spectra were
corrected with a correction file provided by the company. Bioluminescence
emission spectra collected with the spectrofluorometer were further corrected
for the Luc8 kinetics over the course of data acquisition (typically ~20 s).
Enzymatic activity of Luc8 was measured with a 20/20" Luminometer (Turner
Biosystems, Inc.). Animal use protocols were reviewed and approved by the
Institutional Animal Care Use Committee of Stanford University.

Preparation of QD-Luc8 conjugates. To a mixture of 8.2 pmol of quantum
dots and 164 pmol of Luc8 (20 equivalents) in 200 pl borate buffer (pH 7.4), we
added 32.8 nmol of EDC (4,000 equivalents). Borate buffer was chosen
to minimize quantum dot aggregation during the coupling. The mixture
was incubated for 1 h, and the uncoupled free Luc8 and excess EDC were
removed by three washes using a 100 K NanoSep filter (Pall Corporation) by
centrifugation at 2655¢ for 3 min at 4 °C. The final complex was kept in borate
buffer at 4 °C.

Gel electrophoresis. We ran 1.0 pmol of QD655-Luc8 conjugates, QD655 and
the reaction mixture of QD655 and EDC, with 6x loading dye on a 0.5%
agarose gel at 100 V in TAE buffer (0.5x%).

Cell labeling with QD-Luc8-R9. We activated 8.2 pmol of QD655-Luc8 by

8.2 nmol of EDC (1,000 equivalents) for 5 min. We then added 1.64 nmol of
peptide R9 (200 equivalents), and the mixture was incubated for 30 min. The

VOLUME 24 NUMBER 3 MARCH 2006 NATURE BIOTECHNOLOGY
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conjugated product was purified using a 100-K NanoSep filter as before. C6 rat
glioma cells were cultured in Dulbecco’s Modified Eagle Medium supplemented
with 10% FBS (Gibco) and 1% antibiotic-antimycotic mixture (Gibco). Before
incubation with quantum dot conjugates, culture media were replaced by
HBSS. After incubation with QD-Luc8-R9 (1 ml, 10 nM) at 37 °C for 1 h,
cells were washed with HBSS three times and imaged with an inverted
fluorescence microscope (Axiovert 200M, Zeiss). The following filter set
(Chroma Technology Corporation) was used for QD655 analysis: excitation,
420/40; emission, D660/40; dichroic, 475DCXR. Acquisition time: 50 ms, and
40x magnification. For bioluminescence imaging of labeled cells, cells were
collected by trypsinization or cell scrapers, and suspended in 50 pl of HBSS.
After addition of 2 ng of coelenterazine, cells were imaged immediately with an
IVIS 200 bioluminescence imaging system (Xenogen) with and without filter
(30 s for each acquisition).

In vivo bioluminescence imaging. Quantum dot conjugates (or labeled cells)
were injected either subcutaneously, intramuscularly or through the tail vein
into nude mice. Mice were subsequently anesthetized with isofluorane, and
transferred into the light-tight chamber of an IVIS 200 imager. After 10 min,
coelenterazine (10 pg/mouse in 10 pl methanol and 90 pl phosphate buffer)
was injected intravenously. Images were acquired with and without filters. Each
acquisition took 30 s (for injected quantum dot conjugates) or 2 min (for
labeled cells). To correct for the relatively fast in vivo pharmacokinetics of
coelenterazine, we acquired the images sequentially: (i) with filter (30 s); (ii)
without filter (30 s); (iii) without filter (30 s); (iv) with filter (30 s). The
emission with filter was calculated from the average of 1 and 4, and the
emission without filter was the average of 2 and 3.

In vivo fluorescence imaging. Wavelength-resolved spectral imaging was
carried out using a spectral imaging system (Maestro In-Vivo Imaging System
from Cambridge Research & Instrumentation). The excitation filter was
503—555 nm. The tunable filter was automatically stepped in 10-nm increments
from 580 to 900 nm with an exposure time of 49 ms for images captured
at each wavelength. Animals were placed supine under isofluorane anesthesia
in a light-tight chamber. Collected images were analyzed by the Maestro
software, which uses spectral unmixing algorithms to separate autofluorescence
from quantum dot signals. The in vitro multiplexed bioluminescence
imaging of quantum dot conjugates was performed similarly with the Maestro
system, but with the excitation light blocked and 5-s exposure time for each
individual acquisition.

Histology. Nude mice were killed 1 h and 20 min after injection of quantum

S) dot-labeled cells. Lungs were collected, washed with PBS, frozen in isopropanol

ith liquid nitrogen and stored at —80 °C. Frozen samples were sectioned by

microtome at a thickness of 10 pum. Slides were analyzed under a Zeiss inverted

fluorescence microscope with the same quantum dot filter set as described
above (objective, 20x; acquisition time, 1 s).

Note: Supplementary information is available on the Nature Biotechnology website.
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