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In Vivo Imaging of Quantum
Dots Encapsulated in
Phospholipid Micelles
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Fluorescent semiconductor nanocrystals (quantum dots) have the potential to
revolutionize biological imaging, but their use has been limited by difficulties
in obtaining nanocrystals that are biocompatible. To address this problem, we
encapsulated individual nanocrystals in phospholipid block—copolymer micelles
and demonstrated both in vitro and in vivo imaging. When conjugated to DNA,
the nanocrystal-micelles acted as in vitro fluorescent probes to hybridize to
specific complementary sequences. Moreover, when injected into Xenopus
embryos, the nanocrystal-micelles were stable, nontoxic (<5 X 10° nano-
crystals per cell), cell autonomous, and slow to photobleach. Nanocrystal
fluorescence could be followed to the tadpole stage, allowing lineage-tracing

experiments in embryogenesis.

Nanometer-scale semiconductor crystallites
(known as nanocrystals or quantum dots) (/-3)
could dramatically improve the use of fluores-
cent markers in biological imaging (4, 5). Be-
cause these colloidal particles act as robust,
broadly tunable nanoemitters that can be excit-
ed by a single light source, they could provide
distinct advantages over current in vitro and in
vivo markers (e.g., organic dyes and fluorescent
proteins). However, before nanocrystals can be
widely used as biolabels, they must maintain
three properties under aqueous biological con-
ditions: efficient fluorescence, colloidal stabili-
ty, and low nonspecific adsorption. Unfortu-
nately, despite recent advances (4-12), these
conditions have not been simultaneously satis-
fied, limiting the development of in vivo appli-
cations of nonaggregated (or individual) semi-
conductor nanocrystals.

The main challenge is that the quantum dots
(QDs), as synthesized, have hydrophobic or-
ganic ligands coating their surface (2, 3). To
make the QDs water soluble, these organophilic
surface species are generally exchanged with
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more-polar species, and both monolayer (5, 6)
and multilayer (4) ligand shells have been pur-
sued. Although the monolayer method is repro-
ducible, rapid, and produces QDs with a regu-
lar, well-oriented, thin coating, their colloidal
stability is poor (9). In contrast, the multilayer
method yields QDs that are stable in vitro (8),
but the coating process is long and the coating
is difficult to control. A more serious concern is
that both approaches still produce QDs that tend
to aggregate and adsorb nonspecifically. To
resolve this problem, researchers have explored
two additional coatings. First, the outer ligand
shell of the QD has been overcoated with pro-
teins adsorbed through hydrophobic or ionic
interactions (7). Other layers can then be added
to allow conjugation with specific biomol-
ecules. Indeed, this method has provided new
reagents for fluoroimmunoassays (/0). Second,
the outer ligand shell has been overcoated with
surfactants or polymers to prevent nonspecific
adsorption of biomolecules while still permit-
ting bioconjugation. For example, silica-coated
QDs have been further modified with small
monomers of poly(ethylene glycol) to reduce
nonspecific adsorption ({1).

Despite these efforts, nonspecific adsorp-
tion and aggregation still occur when QDs are
used in biological environments. Studies of
cellular uptakes of QDs report large aggre-
gate formation inside the cell (5, 13). The
same aggregation problems are reported
when QDs are used for fluorescence in situ
hybridization (/4), or as markers for molec-
ular recognition on cell surfaces (/5, 16).
Consequently, the use of QDs in biological
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applications is still limited and primarily con-
fined to in vitro studies.

We found, however, that without any sur-
face modifications, individual ZnS-over-
coated CdSe QDs (2, 3) could be encapsulat-
ed (/7) in the hydrophobic core of a micelle
composed of a mixture of n-poly(ethylene
glycol) phosphatidylethanolamine (PEG-PE)
and phosphatidylcholine (PC) (Fig. 1A).
PEG-PEs are micelle-forming hydrophilic
polymer-grafted lipids (8, /9) comparable to
naturally occurring carriers such as lipopro-
teins and viruses (20). They have been used
for drug delivery (27) and diagnostic imaging
(22). The advantage of these micelles is that
they are very regular in size, shape, and
structure (23). In addition, their outer surface
comprises a dense layer of PEG polymers
that is poorly immunogenic and antigenic and
acts as excellent repellent for biomolecules
(24). Further, both the PEG content and
length can be adjusted precisely.

Fig. 1. QD-micelle formation and characteriza-
tion. (A) Schematic of single-QD encapsulation
in a phospholipid block—copolymer micelle. (B)
TEM image of QD-micelles dried on a carbon-
Formvar—coated 200-mesh nickel grid. Only
the QDs inside the micelle core are visible. The
particles appear evenly spread on the surface.
Although some clusters of two to four QDs are
visible, most of the QDs are isolated, suggest-
ing that a majority of micelles contain a single
QD. (C) TEM image of the phospholipid layer
obtained by negative staining with 1% PTA
(phosphotungstic acid) at pH 7. With this tech-
nique, both the QD and the micelle can be
visualized at the same time. The QD (dark spot)
appears surrounded by a white disk of un-
stained phospholipids that stands out against
the stained background. A JEOL 100CX TEM
was operated at 80 kV.
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By transmission electron microscopy
(TEM), the QD-micelles appeared spherical
and fairly monodisperse (Fig. 1, B and C).
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Fig. 2. Conjugation of QD-micelles with DNA.
(A) Schematic of the QD-micelle conjugation
with single-stranded DNA (ssDNA). (B and C)
Hybridization of QD-micelles conjugated with
DNA to surface-bound ssDNA. 5’-Biotin-mod-
ified ssDNA (5'-TTACTCGAGGGATCCTAGTC-
3') was attached to streptavidin-modified 4%
agarose beads. A PBS solution containing QD-
micelles conjugated with 20-base-long ssDNA
was added to the bead solution and incubated
at room temperature for more than 10 min.
After rinsing once with PBS, the bead fluores-
cence is measured with an optical microscope.
In (B), the oligonucleotides bound to the aga-
rose beads are not complementary to the oli-
gonucleotides bound to the QD-micelle. In (C),
they are complementary. (D) Fluorescence im-
age of aggregates of DNA-QD-micelles ob-
tained by mixing equal amounts of two batches
of QD-micelles conjugated with complementa-
ry single-stranded oligonucleotides. (E) TEM
image of the same sample as in (D). The fluo-
rescence images were obtained with Chroma
filter set 41015 (wild-type GFP longpass emis-
sion with a 50-nm-wide band-pass excitation
centered at 450 nm) mounted on a Zeiss fluo-
rescence microscope. The samples were excited
with a 50-W mercury lamp. Images were re-
corded with a color digital camera (AxioCam
HR, Zeiss) and AxioVision Viewer software
(Zeiss). In all experiments the QDs had a 3.5-nm-
diameter CdSe core and ZnS outer layer. These
QDs absorb light with wavelengths <515 nm
and emit light at ~550 nm. Their extinction
coefficient is 8.4 X 10° M~ T cm~7 (29).
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Their size was measured between 10 and 15
nm; however, this range probably reflects the
different conformations that the PEG mole-
cule can adopt as the QD-micelles lay down
on the TEM grid. In any event, the size is
very similar to the diameter of empty mi-
celles formed with 100% PEG-PE phospho-
lipids previously measured in solution (23,
25). The encapsulation of the QD inside the
micelle does not appreciably perturb its ge-
ometry or size. This is reasonable because,
according to measurements of the micelle
core (23), one would expect QDs with diam-
eters <3 nm to fit loosely inside the micelle.
QDs with diameters >3 nm should slightly
overfill the micelle core and provide a solid
hydrophobic surface that further stabilizes the
structure. We observed that aqueous suspen-
sions with 4-nm ZnS-overcoated CdSe QDs
were stable for months (even in 1 M salt),
whereas empty micelles degraded and formed
aggregates after several days. Further, at 4
nm, the vast majority of QD-micelles con-

QD injection

tained only one particle, while at smaller
sizes (<3 nm) they contained multiple QDs,
as one might expect. The fluorescence quan-
tum yield of the 4-nm QD-micelles in water
was 24% without any optimization.

The ability to encapsulate single QDs de-
pended critically on the properties of the
PEG-PE block-copolymer. Both the PEG
block and the two alkyl chains linked to the
PE block seem to be necessary. Surfactants
with a single alkyl chain did not form single
QD-micelles, even when they contained PEG
[e.g., Brij78 (Sigma)]. Conversely, surfac-
tants with two alkyl chains that lack PEG,
like bis(2-ethylhexyl) sulfosuccinate (AOT),
allowed single QDs to be suspended in water,
but failed to prevent aggregation when salt
was added to the solution. Micelles also
failed to form when PC alone was used.
However, with PEG-PE phospholipids, QD-
micelles could be formed with various PEG
lengths. QD-micelles similar in shape and
stability were obtained from PEG chains with

Embryo Observation

Fig. 3. QD labeling of Xenopus embryos at different stages and specific QD intracellular localiza-
tions. (A) Schematic showing the experimental strategy. QD-micelles, as in Fig. 2, were injected
into an individual blastomere during very early cleavage stages. Between 1.5 and 3 nt of a 2.3 uM
suspension of QDs were injected, corresponding to 2.1 X 107 to 4.2 x 10% injected particles per
cell. Embryos were then cultured untit they reached different stages of development, and imaging
was done as in Fig. 2. In (B) to (E), transmission and fluorescence images have been superposed. (B)
Injection of one cell out of an eight-cell-stage embryo resulted in labeling of individual blastomeres.
(C) Same embryo shown 1 hour later. The daughter cells of the injected blastomere are labeled (D)
and at a later stage (E) show two neurula embryos, which were injected into a single cell at the
eight-cell-stage in the animal pole. The QDs can be visualized through the pigmented layer of the
epidermis. (F) Intracellular labeling of an axon (arrow) and somites at tadpole stage 40. The
QD-micelles migrate into axons all the way to growth cones. In the somites, the QD-micelle seems
to localize in subcellular structures. (G) QDs localized in the nucleus during mid-blastula stages.
This localization is reduced in later stages of the development. (H) Labeled neural crest cells
migrating into the branchial arches. (1) QD fluorescence observed in the gut of an injected embryo.
Bars: (B) to (E), (H), and (1), 0.5 mm; (F) and (G), 30 um.
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molecular weights of 550, 2000, and 5000.
The results reported here are for PEG-2000.

The QD-micelles could be attached to DNA
by replacing up to 50% of the PEG-PE phos-
pholipids with an amino PEG-PE during the
micelle formation, thus introducing a primary
amine to the outer surface of the micelle. Thiol-
modified DNA was then covalently coupled to
the amines using a heterobifunctional coupler,
with noncoupled DNA removed by ultracentrif-
ugation (/7). As illustrated in Fig. 2A, the
DNA was coupled at the outer end of the PEG
molecule. This geometry is optimal both to
preserve the availability of the DNA for hybrid-
ization and to give efficient coupling. Oligonu-
cleotide—QD-micelles were shown to bind spe-
cifically to cDNA, immobilized in 4% agarose
beads, but not to noncomplementary oligonu-
cleotides (Fig. 2, B and C). This demonstrates
that QD-micelles attached to the oligonucleo-
tides do not prevent their specific hybridization
to DNA targets. This process was also very
rapid, because incubation times as low as 10
min yielded highly fluorescent agarose beads
(Fig. 2C).

These results compare favorably with those
from silica-coated QDs. Our fluorescence sig-
nal-to-background ratio was >150, compared
with about 4 for silica-coated QDs (/1), due to
the low nonspecific adsorption offered by the
PEG-2000. After a single wash with phosphate-
buffered saline (PBS), we observed no fluores-
cence in the agarose beads decorated with non-
specific targets (Fig. 2B). In addition, our ap-
proach offers excellent conjugation yields.

REPORTS

When the number of DNA-QD-micelles was
less than the number of binding sites, all QD-
micelles were immobilized in the agarose
beads, suggesting that at least one DNA mole-
cule was linked to each micelle. Moreover,
compared to silica-coated QDs (//), our QD-
micelles are viable over a much broader range
of QD and salt concentration.

To verify further the efficiency of the
hybridization of DNA—-QD-micelle conju-
gates to complementary sequences, we also
performed directed assembly (26, 27). We
mixed equal amounts of two batches of
QD-micelles, each conjugated with a comple-
mentary oligonucleotide. After a 1-hour in-
cubation at room temperature, fluorescent ag-
gregates were visible under the microscope
(Fig. 2D). TEM confirmed that these aggre-
gates, which ranged in size from 0.2 to 2 pm,
were formed from QD-micelles (Fig. 2E).

These successful experiments in vitro
prompted us to investigate QD-micelles in
vivo. Synthetic fluorophores or fluorescent
proteins are currently used as tracers for in
vivo imaging. However, these approaches are
restricted by photobleaching and the limited
availability of different colors. QD-micelles
offer an attractive alternative, but two criteria
must be met. The QD-micelles must be bio-
logically neutral (i.e., no biological activity
or toxicity), and they must be stable for long
periods of time. To address these issues, we
performed in vivo imaging with QD-micelles
by microinjecting early-stage Xenopus em-
bryos (Fig. 3A). An embryo is a sensitive test

Fig. 4. Comparison of QD and RG-D G ,, |

(Rhodamine Green Dextran, Molec- '

ular Probes) for resistance to photo- ~ § 10

bleaching. QDs and injection ¢ .|

amounts are similar to those used in 3 *

Fig. 3. For RG-D, 1 nl of a 25 mg/ml & 06 }{

solution was injected. (A to C) Con- § 04 ) ‘} .

secutive images of RG-D-injected 2 }\ $- -3

Xenopus animal pole blastomeres. 024 TR,
(D to F) Consecutive images of QD- 00 -
injected Xenopus animal pole blas- c'a 2'0 4‘0 slo alo "')0
tomeres. During each experiment, Time (min)

the injected embryos were excited

continuously at 450 nm. (G) Graph representing the variation of fluorescence intensity of one cell
of the RG-D~injected embryo (dotted line) and of one cell of the QD-injected embryo (solid line).
Bars, 30 um. The optical setup is as described in Fig. 2.
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environment for biological activity and tox-
icity because cellular perturbances are mani-
fested as measurable biological phenotypes.
We chose Xenopus because a large number of
embryos could be easily obtained, allowing a
statistical analysis of different parameters.
Figure 3 shows QD-micelles injected into
individual cells of an early embryo. Several key
results are noted: (i) The QD-micelles were cell
autonomous. When one cell from a two-cell
embryo was injected, the QD fluorescence was
confined to the progeny of the injected cell (i.e.,
only half of the embryo was fluorescently la-
beled). When injected later in embryogenesis
into individual blastomeres, the QDs were sim-
ilarly confined only to the progeny of the in-
jected cells during development (Fig. 3, B to E).
(i1) The QD-micelles seemed to have very little
activity or toxicity. The toxicity was sufficient-
ly low that cell lineage could be traced by
fluorescence visualization. For typical QD in-
jections (2 X 10° QDs/cell), injected embryos
displayed an unaltered phenotype and their
health was statistically similar to that of unin-
jected embryos (Table 1). At higher injection
concentrations (>5 X 10° QDs/cell), abnor-
malities became apparent. The cause of these
defects is not yet known, but may result from
changes in the osmotic equilibrium of the cell.
(iii) The QD-micelles were stable in vivo. The
fluorescence  signal remained detectable
throughout the experiment despite a restriction
of the signal after the tailbud stage (we ob-
served up to late tadpole stages). In addition,
after 4 days of embryonic development, the
QD-micelles did not exhibit any visible aggre-
gation. (iv) The QD-micelle could label all
embryonic cell types, including somites, neu-
rons and axonal tracks (Fig. 3F), ectoderm (Fig.
3G), neural crest (Fig. 3H), and endoderm (Fig.
3I) without visible segregation. (v) The QD
fluorescence was visible very early during de-
velopment (Fig. 3B) despite pigmentation and

Table 1. Toxicity of 1.5-nl animal pole QD injec-
tions (QD concentration: 2.3 pM). Xenopus em-
bryos were injected at the eight-cell-stage, and
the QDs were delivered to one of the four animal
pole cells. Toxicity was assessed by close exami-
nation of the injected embryos under a dissecting
microscope, and normal embryos were scored only
if absolutely no phenotypical abnormalities were
present. Because of the strict criteria used, a high
percentage of abnormal embryos in both control
(uninjected) and injected embryos were recorded.
In the case of QD injections, defective embryos
showed a range of abnormalities including cell
size, cell death, cell movement, and axis elonga-
tion. Occasional axis duplications and posterior
truncations were also observed.

Stage 19-20 QD injections Control
embryos (n = 55) (n = 39)
Normal 38 (69%) 27 (69%)
Defective 15(27%) 12 (31%)
Dead 2 (4%) 0(0%)
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strong background fluorescence. In contrast, in-
jection of green fluorescent protein (GFP) as a
tracer (e.g., by injection of RNA that encodes
GFP) requires time for GFP to be expressed at
levels detectable in vivo. (vi) Examination of
the embryos at tadpole stages also showed that
strong QD fluorescence was visible even in
high-background regions such as the embryo
gut (Fig. 3, H and I). (vii) The QD-micelles
were much more resistant to photobleaching
than were other fluorophores in vivo, which has
been shown previously in vitro (4). Figure 4
compares the in vivo fluorescence quenching of
QD-micelles and rhodamine green—dextran
(RG-D). QD-micelles and RG-D were micro-
injected into sibling embryos that were at sim-
ilar stages of development and had progressed
to late blastula when they were imaged by
time-lapse microscopy. After 80 min of con-
stant illumination (at 450 nm) under the micro-
scope, the QD fluorescence intensity remained
unchanged (Movie S1), whereas the dextran
had photobleached. Experiments with a mem-
brane-bound GFP (EGFP fused to the Ras far-
nesylation sequence) gave similar results, with
the QDs showing increased stability (fig. S1).

Although at early embryonic stages, QDs
appeared to be diffusely localized throughout
the cell, at later stages they concentrated in the
cell nuclei (Fig. 3G). Time-lapse microscopy
(Movies S2 and S3) revealed that this translo-
cation to the nucleus occurs at a stage that
phenotypically resembles the mid-blastula tran-
sition (MBT) (28), a critical stage in amphibian
development when zygotic gene transcription is
initiated. Because QD-micelles do not bind to
DNA directly, it would be interesting to explore
the mechanism of this translocation. If translo-
cation proves to be concomitant with MBT,
QDs will enable us to observe MBT in vivo
with single-cell resolution.

These results indicate that micelle-encapsu-
lated QDs fulfill the promise of fluorescent
semiconductor nanocrystals for both in vitro
and in vivo studies. Compared to other systems,
they simultaneously provide efficient fluores-
cence, a great reduction in photobleaching, col-
loidal stability in a variety of bioenvironments,
and low nonspecific adsorption.
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Guest-Dependent Spin
Crossover in a Nanoporous
Molecular Framework Material

Gregory ). Halder," Cameron ). Kepert,'* Boujemaa Moubaraki,?
Keith S. Murray,? John D. Cashion®

The nanoporous metal-organic framework Fe,(azpy),(NCS),-(guest) (azpy is
trans-4,4'-azopyridine) displays reversible uptake and release of guest mole-
cules and contains electronic switching centers that are sensitive to the nature
of the sorbed guests. The switching of this material arises from the presence
of iron(ll) spin crossover centers within the framework lattice, the sorbed phases
undergoing “half-spin” crossovers, and the desorbed phase showing no switch-
ing property. The interpenetrated framework structure displays a considerable
flexibility with guest uptake and release, causing substantial changes in the local
geometry of the iron(ll) centers. The generation of a host lattice that interacts
with exchangeable guest species in a switchable fashion has implications for the
generation of previously undeveloped advanced materials with applications in

areas such as molecular sensing.

The self-organization of molecular species is
fundamental to the generation of nanoscale mo-
lecular architectures that have specific struc-
tures and functions (/, 2). In the area of porous
metal-organic frameworks, the structural versa-
tility of molecular chemistry has allowed the
rational design and assembly of materials hav-
ing novel topologies and exceptional host-guest
properties (3—8). There has been comparatively
little attention, however, on exploiting the many
unique electronic aspects of molecular chemis-
try to impart specific electronic function to
these materials. We report here on the incor-
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poration of electronic switches, in the form of
spin crossover centers, into porous molecular
framework lattices.

Spin crossover centers are a well-known
form of molecular switch in which a change
in the electronic configuration at a metal
center (high-spin <> low-spin) leads to dis-
tinctive changes in molecular geometry, col-
or, and magnetism (9). The phenomenon may
be stimulated by electromagnetic radiation or
by variation of temperature and/or pressure.
The generation of cooperative systems that
display metastability and therefore hysteresis,
including with light-induced excited spin
state trapping (/0), has drawn attention to the
use of spin crossover centers in areas such as
data storage and displays (/7). An important
approach for achieving cooperative interac-
tions, both steric and magnetic, is the direct
molecular linkage of metal sites in supramo-
lecular (/2, 13) and framework (/4-21) sys-
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