Real-time Tracking of Single Qdots in Mouse Tumors
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Figure 1. Immunocytochemical studies of
QT-complex binding activity in cultured
breast cancer cells. A, KPL-4 cells, which
are HER2 positive, as revealed by the Qdot-PEG
presence of the QT complex on the cell
surface. B, negative staining was detected KPL-4 cells

in KPL-4 cells exposed to QD-PEG in
the absence of anti-HER2 antibody.
C, negative staining was detected in
MDA-MB-231 cells, which are HER2
negative. D, competition study of QT
complex and trastuzumab. After addition of C
100 nmol/L trastuzumab o KPL-4 cells,
QT-complex fluorescence was absent.
QT-complex fluorescence was detected
on the cell surface of KPL-4 but not
MDA-MB-231, confirming HER2 as a cell
surface—specific marker for some breast
cancer cell lines.
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it has been found to have little or no effect on their binding ability. QT
complex [Qdot (Q)-trastuzumab (T) complex] was fractionated by agarose
gel electrophoresis into three major bands. Approximately 60% of the QT
complex was conjugated with three antibody fragments, ~30% with two
fragments, and ~ 10% with a single fragment (data not shown).

The final concentration of QT complexes was determined by measuring
the conjugate absorbance at 550 nm and using an extinction coefficient of
1,700,000 M™" em™" at 550 nm.

Cell line and mouse model. The human breast cancer cell ine KPL-4,
which overexpresses HER2 and is sensitive to trastuzumab (15, 16), was
kindly provided by Dr. J. Kurebayashi (Kawasaki Medical school, Kurashiki,
Japan). KPL-4 cells were cultured in DMEM supplemented with 5% fetal
bovine serum (FBS). MDA-MB-231 cells were maintained in RPMI with 10%
FBS. Conventional immunohistochemical procedures were used to
determine the binding of QT-complex conjugate to KPL-4 cells, using both
QD-PEG (no antibody) and MDA-MB-231 as negative controls. In these
studies, QT-complex or QD-PEG bioconjugates (100 nmol/L) were
incubated with the cells for 30 min at 37°C, washed, and photographed.
For competition study of QT complex and trastuzumab, KPL-4 was
pretreated with trastuzumab (100 nmol/L) for 30 min before exposure to
100 nmol/L QT complex.

A suspension of KPL-4 cells (0.8 X 107 per mouse) was transplanted s.c.
to the dorsal skin of female BALB/c nu/nu mice at 6 to 10 weeks of age

(Charles River Japan, Yokohama, Japan). Several weeks after tumor
inoculation, mice bearing a tumor volume of 100 to 200 mm® were
selected. All of the mice were maintained in our pathogen-free institutional
facilities. All operations on animals were in accordance with the
institutional animal use and care regulations.

QT complexes were injected into the tail vein of mice at a concentration
of 2 pmol/L and a volume of 100 pL. The mice were placed under anesthesia
by the i.p. injection of a ketamine and xylazine mixture at dosages of 95 and
5 mg/kg, respectively. The temperature of mice was maintained at 37°C
with a thermoplate and objective lens heater.

The dorsal skinfold chamber, previously described (13) and modified for
this study, was used to fix the exposed mouse tumor on the stage of the
microscope. Two sterilized polyvinyl chloride plates (0.5-mm thickness)
containing a window were mounted to fix the extended double layer of
dorsal skin including the tumor site. Skin between chambers was sutured
together with 6-0 nylon around the window so the tumor could be located
in the center of the window and fixed without influence from the beating of
the heart and/or breathing. The tumor was exposed by oval incision of
~ 10-mm diameter, and the s.c. connective tissue was removed. The tumor
was then placed surface down in neutral saline, mounted on coverslip, and
viewed under an inverted microscope. The mouse was fixed to a metal plate
on the stage designed to stabilize the chamber. Tumors can be visualized
directly by means of this setup.

www.aacrjournals.org

1139

Cancer Res 2007; 67: (3). February 1, 2007



Cancer Research

After imaging, the mice were sacrificed by CO, overdose. The tumors
were removed and divided for histologic Qdot uptake study and
immunohistochemical analysis. For the histologic Qdot uptake study,
tumors were frozen and cryosectioned {6-pum thickness), fixed with acetone
at 0°C, and examined with an imaging system. For immunohistologic
examination, tumors were fixed in 10% neutral-buffered formalin overnight
and then transferred to ethanol before processing and paraffin embedding.
Immunohistochemical analysis was done on paraffin sections of 6-mm
thickness using the HercepTest {DakoCytomation, Carpinteria, CA).

In vivo imaging and tracking. Optics and image analysis: The optics
system for three-dimensional observation consisted primarily of an
epifluorescent microscope (IX71, Olympus, Tokyo, Japan) with modifica-
tions (17, 18), a Nipkow lens type confocal unit (CSU10, Yokokawa, Japan),
and an electron multiplier type CCD camera (iXon 887, Andor, Tokyo,
Japan). The confocal unit adopts multibeam scanning using about a
thousand beams that are simultaneously emitted through a pin-hole disk to
facilitate high-speed scanning. The EMCCD has an advantage that offers
unsurpassed sensitivity performance and has been shown to yield markedly
improved S/N (signal/noise) ratio (14). The object lens (60X, numerical
aperture 1.45) was moved by a piezo actuator with a feedback loop
(Nanocontrol) for stabilizing the position of the focus. A computer
controlled the piezo actuator in synchronization with the image
acquisitions that the object lens remained within the exposure time of
the CCD camera. An area of ~ 30 X 30 pm” was illuminated by a green laser
(532 nm, Crystalaser, Reno, NV). This system captures images of single
Qdot at a video rate of 33 ms/frame. Three-dimensional confocal intravital
images of single QT complex were faken by moving an objective lens
(Fig. 24). Three-dimensional images of the tumor were taken by
reconstructing 10 to 20 confocal images from the surface of the mice to a
depth of 150 um inside the tumor through the DSFC.

The xy position of the fluorescent spot was calculated by fitting to a two-
dimensional Gaussian curve. The single molecule could be identified by the
fluorescence intensity. In addition, quantitative and qualitative information
such as velocity, directionality, and transport mode was obtained using
time-resolved trajectories of particles. The resolution of the position was
determined from the position of immobile QT complexes in a chemically
fixed tumor cell. The resolution of the x and y directions of images taken at
an exposure time of 33 ms was 30 nm, taking into consideration the SD.

Results and Discussions

In vitro study. Qdots were conjugated to trastuzumab using the
Qdot-antibody conjugation kit (QT complex). Immunocytochemical
data confirmed strong and specific binding of the QT complex to a
HER2-overexpressing human breast cancer cell line (Fig. 14). QD-
PEG without antibody showed almost no binding to KPL-4 cells
(Fig. 1B). MDA-MB-231, a HER2 negative human breast cancer cell
line, showed the absence of Qdot binding (Fig. 1C). KPL-4 cells
pretreated by excess trastuzumab also showed the absence of Qdot
binding (Fig. 1D). These results indicate that QT complexes
selectively bind to the HER2 protein. Furthermore, QT complex
was compared with trastuzumab labeled with rhodamine, which is
recognized as similar to native trastuzumab. Both QT complex and
rhodamine-trastuzumab bound to the KPL-4 cell at concentrations
of 1 nmol/L but hardly at 0.1 nmol/L, indicating the binding
properties of QT complex are similar to those of native antibedy
(data not shown).

Three-dimensional imaging of single Qdot-trastuzumab in
mice. It is reported that the accumulation of trastuzumab at the
HER2-overexpressing tumor site in mice model is the basis for
radioimmunoscintigraphic scanning and targeted therapy for
human HER2-overexpressing breast cancer (19-21). Here tumor-
bearing mouse models were prepared with KPL-4 s.c. implanta-
tion. The QT complex accumulated in the tumor specifically
because only the tumor area generated fluorescence of Qdots

(Supplementary Fig. S14 and B). Single Qdots in the mice tumor
were observed using a high-resolution intravital imaging system
through the dorsal skinfold chamber (Fig. 24; ref. 13). Fluores-
cence microangiography was done after injection of the QT
complexes into the tail vein. After injection, blood sample from
mice was examined by fluorescence observation on whether QT
complex had made the aggregation in the mice. QT complex
existed as a single particle without further aggregation (data not
shown). The membranes of the KPL-4 tumor cells were clearly
stained with single QT complexes at 6 h after the injection. At
24 h after the injection, the QT complexes had been internalized
into the tumor cells (Fig. 2B and C). After imaging of the tumors
in the living mice, histologic examination of the chemically fixed
tumors was done to confirm that QT complexes in the living mice
exhibit activity in KPL-4 cells. QT complexes observed under a
three-dimensional microscope were located at the cell membrane
and near the nuclear membrane (Supplementary Fig. 524 and B).
An adjacent slice of the observed area was further stained

Dorsal skin fold chamber

Objective lens

Nipkow confocal unit

Excitation laser

Figure 2. Experimental diagram and three-dimensional intravital cancer
imaging. Mice prepared for dorsal skinfold chamber were fixed on the
microscopic stage. QT complexes were injected into the tail vein of nude BALB/c
mice bearing KPL-4 breast cancer xenograft tumor. A, three-dimensional
microscopic system consisting of a confocal unit, an EMCCD, and a computer to
control the piezo stage. B, three-dimensional image of the tumor was obtained
by the QT complexes binding to tumor cell membrane (stereoscopic image: left
and right field). C, traced outlines of the cells shown in (8).
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- immunohistochemically with the anti-HER2 antibody A0485. The
cell membrane stained locally in the adjacent slice (Supplemen-
tary Fig. S2C), confirming that QT complexes were present on the
membrane of tumor cells.

Extravasation of single QT complexes in tumors of mice with
two-dimensional imaging. After the injection, three-dimensional
images of the tumor were taken to allow observation on the tumor
vessel of single QT complexes. The position of the objective was
fixed and 300 to 3,000 sequential confocal two-dimensional images
(total, 10-100 s) were taken at this fixed position. Within 30 s after
the injection, the current of the QT complex in a vessel was
observed. When the vessel and cells were clearly observable, the the
current of single QT complex in the tumor vessel was then
analyzed. The fluorescent image of the circulating QT complex was
not a circle but an ellipse and sometimes a line at the video rate
because QT complex at times moved >1 um in single frame. The
speed of the movement of the single particles was calculated from
the positional changes of the centroid of the QT complex images
(Fig. 34). The average speed of each complex ranged from 100 to
600 pm/s, in agreement with a previous report by another method
(22). As shown in Fig. 34, each particle exhibits slow and fast
movement in the bloodstream. Such fast and slow movement
characteristics could be induced by the pulse and nonuniform
current within a vessel such as the Hagen-Poiseuille current. The
slow speed of the complexes inside a tumor vessel would be
important to locate pores between the vessel cells and then the
complexes diffuse out from these pores.

Focusing on the vessel walls, a movement was observed of the
complex extravasated from the intravascular space (Fig. 3B). The
edge of the vascular inner surface was not clear on a single frame
image. Therefore, all the images obtained were averaged to
precisely determine the position of the edge (Fig. 3B, i-iii). The
complexes were positioned first on the vascular surface and then
extravasated. This is the first example of video rate observation of
extravasation of very small particles, such as Qdots, in a mouse
model. The moving speed of the complexes was very low, 1 to 4
pm/s, at the pore of the vascular cells, compared with the speed in
the current. The QT complexes either interacted with the vascular
cells or became trapped in the extracellular matrix.

Diffusion of single QI complexes in extracellular and
intercellular regions. Two hours after the injection, many
complexes had migrated into the tumor interstitial area close to
the tumor vessels. Most of the movement of the complexes was
random in orientation and speed, indicating that complexes diffuse
by the Brownian motion exerted by thermal energy. The average
diffusion coefficient of the complexes was 0.0014 um?/s, much
smaller than that at free diffusion in solution ( ~ 10 pm®/s). Many
complexes also moved randomly within a restricted small area of
~ l-pm diameter and then hopped by ~1 um (Fig. 44). These
results indicate that movement is restricted by a cage formed by
the extracellular matrix and, at times, complexes escape from this
cage.

Binding of QT complexes to cell membrane and vesicle
transport. Six hours after the injection, QT complexes had bound
to the KPL-4 cell membrane on which the HER2 protein is
located. We successfully captured specific images of the QT
complexes bound to the cell membrane (Fig. 48). Movements of
single QT complex are identified in single frames. To identify the
positions of the tumor vessels and cells in living mice without
further fluorescence staining, images were averaged (Supplemen-
tary Fig. S34). As viewed from the outside of the delineated cells,
the QT complexes moved toward the cell membrane at a speed of
200 to 400 nm/s (Fig. 4C), remained on the membrane for a few
seconds, and then moved randomly along the membrane. QT
complexes moved between the cells, bound to HER2, and then
moved in association with HER2 on the membrane.

Many QT complexes bound to the cell membrane exhibited
Brownian motion within a restricted region of ~ 500-nm diameter.
The region is significantly larger than the area of ~ 30 nm, which
was drawn by position noise of the complexes fixed on a coverslip,
indicating the movement is due to the anchor of the HER2 to a
flexible component of the cytoskeleton such as an actin filament
(23). The QT complexes restricted to the small area initiated linear
movement in one direction along the cell membrane with a speed
of 400 to 600 nm/s and traveled for several micrometers (Fig. 54
and B; Supplementary Fig. S3B).

We also succeeded in pursuing the transport of QT complexes
from the peripheral region of the cell to the perinuclear region

Figure 3. The movement of QT
complexes from tumor vessels to the
interstitial space. A, flow of QT complexes
in the tumor vessel. The speed was
calculated by the moving distance per

33 ms. The maximum speed was ~ 600
pm/s. B, extravasation of QT complexes
from the vascular space of the tumor.
Dotted line, trajectory of the extravasation.
i, an initial single frame tracing the
trajectory of a single QT complex shown as
a dotted line at video rate. /i, sequential B
frames were averaged to define the edge of
vessel. fii, tracing of the outlines of tumor
vessels. Overlapping initial single image
and (iii), the tracing image gives the final
images. B, inset, magnified image of the
trajectory of extravasating QT complex.

www.aacrjournals.org

1141

Cancer Res 2007; 67: (3). February 1, 2007



Cancer Research

0.2} ¥

Figure 4. Tracking the movement of QT
complexes from the interstitial space to the
cell membrane. A, trajectory of the QT
complexes in the interstitial space near the
tumor vessels and magnified trajectory.
The color of the trajectory codes the time
axis from black to pink, yellow, and light
biue. B, trajectory of the binding to the
cell membrane and magnified trajectory.
C, time trajectory of the velocity of (B).
The color of the trajectory of both (B) and
{C) codes the time axis from bilue to red
and green. All time trajectories of the
velocity are calculated by the least squares
method (2 s).

(Fig. 5C; Supplementary Fig. $3C). The QT complex in a given cell
moved almost straight toward the cell membrane with a velocity of
100 to 300 nm/s, changed direction to parallel to the cell
membrane, and moved toward the cell nucleus at a velocity of
~ 600 nm/s (Fig. 5D). Finally, the directional movement of the QT
complexes ceased and Brownian motion commenced within a
small area, ~ 1 um in a diameter, near the nucleus (Fig. 5C and D,
black line). The first two movements of straight toward and along
the cell membrane would most likely be produced by the transport
of an acto-myosin system binding to vesicle containing QT
complexes (24, 25). Because the actin filaments in cultured cells
are highly concentrated in the peripheral region of cells, movement
toward the nucleus would most likely be on a microtubule
transported by dynein (26) as there are almost no actin filaments
near nucleus, but rather, a high concentration of microtubules.

Summary of the delivery processes. We have succeeded in
capturing the specific delivery of single QT complexes in tumor
vessels to the perinuclear region of tumor cells in live mice after QT
complexes had been injected into the tail vein of mice. Six stages
were detected (Fig. 6): (a) vessel circulation, (b) extravasation, (c)
movement into the extracellular region, (d) binding to HER2 on the
cell membrane, (¢) movement from the cell membrane to the
perinuclear region after endocytosis, and (f) in the perinuclear
region. The translational speed of QT complexes in each process
was highly variable, even in the vessel circulation. The movement
of the complexes in each process was also found to be “stop-and-
go” (i.e., the complex remaining within a highly restricted area and
then moving suddenly). This indicates that the movement was
promoted by a motive power and constrained by both the three-
dimensional structure and protein-protein interactions. The motive

o}
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(v}

Speed (Umis)

Figure 5. Tracking of the movement of QT
complexes from the cell membrane to the
perinuclear region. A, trajectory of the

QT complexes binding to the cell
membrane and magnified image. B, time
trajectory of the velocity of (A). The color of
the trajectory of both (A) and (B) codes the
time axis from blue to red and green.

C, trajectory of the intracellular transport of
QT complex and magnified image. D, time
trajectory of the velocity of (C). The color
of the trajectory of both (C) and (D) codes
the time axis from blue to red, green,

and black. Al time trajectories of the
velocity are calculated by the least squares
method (2 s).

10 20
Time (s}

Time (s)

Cancer Res 2007; 67: (3). February 1, 2007

1142

www.aacrjournals.org



Real-time Tracking of Single Qdots in Mouse Tumors

Figure 6. Schematic illustration of the QT
complex, the QT complex entered into

the circulation, extravasated into the
interstitial space from the vascular space,
bound to the tumor cells through the
interstitial region, and having reached the
perinuclear region after traveling on the
intracellular rail protein. All processes
exhibit a characteristic “stop-and-go”
movement.

Qdot—?rastuzuméb complex

Cancer cell

power of the movements was produced by blood circulation
(essential in processes a and &), diffusion force driven by thermal
energy (b, ¢, and d), and active transport by motor proteins (e). The
cessation of movement is most likely induced by a structural
barricade such as a matrix cage (b, ¢, and f) and/or specific
interaction between proteins (e.g. an antibody) and HER2 (d),
motor proteins, and rail filaments such as actin filaments and
microtubules (e).

The molecular mechanism underlying the movement and its
cessation during delivery of nanoparticles in animal models is the
fundamental basis of drug delivery. There have been many different
approaches to tumor-targeting “nanocarriers” including anticancer
drugs for passive targeting, such as Myocet (27) and Doxil (28), and
for active targeting, such as MCC-465 (29) and anti-HER2
immunoliposome (19). There is still very little understanding of
the biological behavior of nanocarriers, including such crucial
features as their transport in the blood circulation, cellular
recognition, translocation into the cytoplasm, and final fate in

the target cell. These results suggest that the transport of
nanocarriers would be quantitatively analyzable in the tumors of
living animals by the present method. This approach should thus
afford a potential new insight into particle behavior in complex
biological environments. Such new insight in turn will allow
rational improvements in particle design to increase the therapeu-
tic index of the tumor-targeting nanocarriers.
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The authors present a tomographic imaging technique of fluorescence in light-scattering media.
Ultrasonic modulation of fluorescence based on the interaction between ultrasound and light is
applied for imaging of a fluorescent material by scanning a focused sound field in which the light
is modulated selectively. The on-axis sound-field characteristics that affect the light by modulating
its amplitude (through variation of the refractive index and the scattering coefficient) were
determined. That imaging technique is demonstrated using tissue phantoms that contain localized
fluorescent regions in a dense scattering medium, suggesting the applicability of this technique for
visualization of fluorescent probes in biological tissues. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2364600]

Fluorescence imaging techniques that are employed in
studies of life sciences have become increasingly important
for assays of biological functions. Widely various fluorescent
probes that are designed to be combined with target mol-
ecules, as well as a technique including genetic modification
that produces fluorescent proteins, have been commonly
used for visualization of dynamics of biofunctions that
emerge in sites of vital phenomena in real time. Particularly,
fluorescence techniques are the most powerful methods for
visualization of cellular functions at the microscopic level.
However, at the macroscopic level, light-scattering proper-
ties of biological tissues restrict the range of optical meth-
ods’ applicability for investigations inside living bodies. A
great deal of effort has been devoted to development of op-
tical imaging in living bodies. Those efforts have improved
characterization of the spatial distribution of oPtical proper-
ties. Time and frequency domain techniques using near-
infrared light characterizing diffuse light and coherent-
gatingz‘3 technique to extract the straightforward scattered
light can facilitate tomographic imaging of biological tissues.
Recently, tagging technique, which extracts optical informa-
tion using some other physical energy, such as ultrasound,
has garnered attention. Ultrasound tagging technique was
demonstrated for extraction of optical absorption properties
with assistance of less-scattered ultrasonic waves.* This
technique is based on intensity modulation through fluctua-
tion of speckles formed by multiply scattered coherent light
in a varying sound-pressure field. By this principle, optical
coherent properties are crucial for light modulation. How-
ever, displacement of scattering particles and variation of the
refractive index that is induced by density distribution in a
sound field might engender the intensity modulation of scat-
tered light, even in incoherent light. In the tagging technique,
which measures optical absorption, the incoherent modula-
tion component is generally undetectable because the modu-
lated component is too small in comparison to the unmodu-
lated component of multiply scattered light‘7 However, for
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0003-6951/2006/89(18)/181102/3/$23.00

89, 181102-1

fluorescence measurement, the modulated component of
fluorescence that is excited with modulated incoherent light
is potentially detectable because of the spectral distinction
between fluorescence and excitation wavelength under the
appropriate optical arrangement of a detector for highly effi-
cient light collection. In this letter, we demonstrate tomogra-
phic imaging of fluorescence in dense scattering media using
tissue phantoms that involve small, localized fluorescent re-
gions.

Figure 1 shows that the experimental setup comprises a
continuous wave diode pumped solid state laser system
(Verdi V-6; Coherent, Inc.) as a light source, an ultrasound
transducer, and a photomultiplier tube (PMT) as a detector.
The laser beam is reduced and collimated to | mm diameter
and enters the water tank through a glass window. A focus-
type ultrasonic transducer (38 mm focal length, 3 mm focal
diameter, V314-SU; Olympus-NDT) that is driven by a
1 MHz continuous sinusoidal wave is incorporated into the
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FIG. 1. (Color online) Schematic of the experimental setup. A water tank
equipped with an ultrasound transducer is set on the X-Y autostage; a tissue
phantom is fixed in place without touching the water tank.
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FIG. 2. Characteristics of fluorescence modulation intensity vs sound pres-
sure in the ultrasound focus. Measurements were carried out while varying
the excitation voltage applied to an ultrasound transducer focused on the
fluorescent pigment in a tissue phantom.

side wall of the water tank, where the ultrasound beam
traverses the incident axis of the laser beam. Sound pressure
in the sound-field focus region was 4.1 X 10* Pa in water.
The signal from the PMT is fed into a spectrum analyzer and
the intensities of the resonant frequencies are detected using
a narrow bandwidth (100 Hz). To obtain a two-dimensional
tomographic image of fluorescence intensity through scan-
ning of the ultrasound focus, a water tank equipped with a
transducer is mounted on a two-axis translational stage and
scanned in 500 pm steps along the X axis (parallel to the
incident laser beam) and the Y axis (parallel to the ultrasound
beam). It is controlled using a personal computer that is syn-
chronized with a spectrum analyzer. A tissue phantom is sus-
pended independently from the holder, which is located
above the water tank; the phantom is immersed in the water
without touching the water tank. The optical arrangement of
the phantom and incident light remains unchanged during
scanning of the ultrasound beam. The imaging experiments
are conducted using a wavelength of 532 nm and an incident
beam signal intensity of 60 mW.

The light modulation mechanism is inferred to be in-
duced through density variation of the medium in the ultra-
sound field, which engenders changes of the refractive index
and optical scattering coefficient. When fluorescent pigment
is present in the sound field, the density variation of the
medium engenders modulation of the photon density through
deflection of light between two successive scattering events
in the gradient of the refractive index, thereby causing fluo-
rescence intensity modulation. Variation of the scattering co-
efficient also causes modulation of the fluorescence intensity.

Appl. Phys. Lett. 89, 181102 (2006)

Throughout the experiments, we used gel tissue phan-
toms of isotropic light-scattering media made of 5% agar
(Inagel; Ina Food Industry Co. Ltd., Nagano, Japan) that
were prepared through dilution of Intralipid (Intralipid 10%;
Fresenius Kabi AG, Germany), which is a clinically useful
fat emulsion that is often used for tissue phantom studies to
elucidate light propagation in scattering media. The final vol-
ume concentration of Intralipid in the phantom was 40 ml//
in 5% agarose gel with the water-glycerin (20%) solution.
The agarose gel was molded to 40 X 40 X 75 mm>. A fluores-
cent region in the phantom was formed by embedding a fluo-
rescent material that contains fluorescent microspheres
(530 nm absorption peak, 590 nm emission wavelength,
fluoresbrite carboxylate microspheres, NYO; Polyscience,
USA) molded with columnar agarose gel (3 mm long, 3 mm
diameter). The reduced scattering coefficient of the phantom
was estimated as 0.61 mm™' at the excitation wavelength.

Figure 2 shows characteristics of fluorescence modula-
tion intensity in the scattering medium versus sound pressure
in the ultrasound focus. Data were measured while varying
the excitation voltage of the transducer at the position where
the ultrasound focus corresponds to the fluorescent region
site. Fluorescence modulation (signal) intensity is propor-
tional to the square of the sound pressure, indicating a linear
relationship between the sound power and the fluorescence
signal intensity.

Figure 3(a) portrays a tomographic image of fluores-
cence observed with a phantom of light-scattering gel that
contains a single fluorescent region in the center. A round
shape of the fluorescence image is determined. Some corre-
spondence is apparent: the area of higher signal intensity on
the image indicates the embedded area of the localized fluo-
rescent region in the phantom. Periodic changes of signal
intensity that appeared along the Y axis are inferred to result
from the presence of a standing wave formed in the phantom
on the axis of the ultrasound beam. The profile of the signal
intensity along the X axis on the image sectioned at the cen-
ter of the phantom including the fluorescent region is shown
in Fig. 3(b). The full width at halfmaximum of the profile is
approximately 3 mm, corresponding to the diameter of the
embedded fluorescent region. Considering the 3 mm beam
diameter of a focused ultrasound field, the spatial resolution
observed in the image is appropriate. A photograph of the
phantom sectioned in the longitudinal plane is indicated in
Fig. 3(c) with a dashed line of the scanned plane. Figure 4
depicts the observed result using a phantom that includes two
fluorescent regions with an embedded 9 mm gap along the X
axis. Both the image [Fig. 4(a)] and the X-axis profile [Fig.
4(b)] show the two well-separated fluorescence peaks, which

FIG. 3. (Color online) {a) Tomogra-
phic image of fluorescence observed
with a phantom of light-scattering gel
with a single fluorescent region in the
phantom’s center. (b) Profile of the
signal intensity along with X axis on
the image sectioned at the center of
the phantom, which contains the em-
bedded fluorescent region. (c) Photo-
graph sectioned in the longitudinal
plane of the phantom. An embedded
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fluorescent region is outlined. A
dashed line shows the scanning plane
of measurement.
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FIG. 4. (Color online) (a) Tomographic image of fluorescence observed with a phantom; the phantom was made of light-scattering gel with two fluorescent
regions and a 9 mm gap. (b) Profile of the signal intensity along the X axis on the image sectioned at the center of the phantom, which contains the embedded
fluorescent regions. (c) Photograph sectioned in the longitudinal plane of the phantom. Two embedded fluorescent regions are outlined. A dashed line shows

the scanning plane of measurement.

correspond to the embedded positions of both regions, as
shown in the photograph sectioned on the longitudinal plane
of the phantom [Fig. 4(c)]. Taking into consideration the re-
duced scattering coefficient of the phantom, which is esti-
mated as 0.61 mm™' at the measured wavelength, this tech-
nique is potentially applicable for biological tissues. It can be
used to obtain a tomographic image of fluorescence using
near-infrared light. Although a quantitative comparison is
necessary to apply this technique for absolute measurements
of the distribution of fluorescence intensity, the results ob-
tained here suggest that this simple method is potentially
useful for imaging to resolve the position of a localized fluo-
rescent region in a scattering medium. Considering this, fur-
ther progress in the development of scanning techniques
based on an array transducer can provide a method for mea-
suring fluorescence buried in scattering media such as bio-
logical tissues. This technique is expected to facilitate the
expansion of fluorescent probes’ use for biological applica-
tions throughout the fields of life science and medicine.
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Abstract

Fluorescence quantum dots are widely used in immunofluorescence staining because of their intense and stable fluorescence. However,
the nonfluorescence state of the quantum dots is their disadvantage. Here, the nonfluorescence state of the dots labeled to cells and tissues
was suppressed. Cells and tissues where the receptor HER2 had been overexpressed were fixed and then labeled with anti-HER?2 cross-
linked with the dots. The intensity of the dots increased with the illumination time. The majority of the single dots were in the nonflu-
orescence state at beginning of the illumination period and the number of fluorescence dots observed increased with the illumination
time. Living cells were also labeled with the anti-HER2-Qdots. Blinking and bleaching of the Qdots was effectively suppressed by adding
B-mercaptocthanol and glutathione. Therefore, the movement of the Qdots bound to cell membrane could be observed for long periods

of time.
© 2006 Elsevier Inc. All rights reserved.
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The fluorescence quantum dots (Qdots) are nanocrystals

of semiconductor materials, for example, CdSe and CdTe
[1-4]. The wavelength of the fluorescence of the Qdots
changes with the diameter of the crystals. Small sized crys-
tals (~2nm in diameter of CdSe) emit blue fluorescence
and larger crystals (~4 nm) emit red fluorescence [1]. The
quantum yield of fluorescence emission is affected by the
environmental conditions [5]. To get higher quantum yield
of fluorescence, the Qdots were coated with the other semi-
conductor, for example, ZnS [5]. For use in biological
experiments, the Qdots were coated further with a polymer
which has reactive sites, amine or carboxyl groups, to con-
jugate with proteins, DNA and RNA [6]. After conjuga-
tion, the Qdots are imaged to determine the localization

" Corresponding author, Fax: +81 22 795 5753.
E-mail address: higuchi@tubero.tohoku.acjp (H. Higuchi).
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of target biological molecules and measure the number of
target molecules [7-9].

The fluorescence intensity of the Qdots is considerably
higher than that of organic dyes. They do not bleach for
long period of time even in the absence of anti-fading
reagents, which would destroy cell [8]. These advantages
of the Qdots have been widely used in the biological and
medical fields [3,10]. The disadvantage of the Qdots is that
they bind reversibly to a nonfluorescence state which
results in blinking and low fluorescence intensity [11-13].
To measure the number or intensity of the Qdots that have
bound to cells, the intensity of each Qdot must be stable.
To observe single Qdots labeled to proteins for long peri-
ods of time, the Qdots must emit fluorescence for long peri-
ods without blinking [13,14].

In this study, the nonfluorescence state (off-state) of the
antibody-Qdot complex bound to the cells was reduced in
order to improve the quantitative measurements and fiuo-
rescence period of the Qdots. The period at fluorescence
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state (on-state) of the Qdots bound to fixed and embedded
cells increased with the time when that were illuminated by
laser. The reducing agents, B-mercaptoethanol or glutathi-
one, were inhibited the off-state.

Materials and methods

Qdot was conjugated to chimeric monoclonal antibody against HER2,
trastuzumab (Herceptin, Chugai Pharmaceutical Ltd.) with Qdots 605,
655, and 705, where the number indicates the wavelength at maximum
fluorescence. An antibody Conjugation Kit (Qdot corporation) was used
[7,15] according to the manufacturer’s instructions. The final concentra-
tion of trastuzumab-Qdots was determined by measuring the conjugate
absorbance.

The human breast cancer cell line KPL-4, which overexpresses HER2
and is sensitive to trastuzumab [16,17], was kindly provided by Dr. J.
Kurebayashi. KPL-4 cells were cultured in DMEM supplemented with 5%
fetal bovine serum. MDA-MB-231 cells having a low expression of HER2
were maintained in L-15 medium, respectively, with 10% fetal bovine
serum [16,18,19].

A suspension of KPL-4 cells was transplanted subcutaneously to the
dorsal skin of female Balb/c nu/nu mice at ~5 weeks of age (Charles River).
Several weeks after tumor inoculation, mice bearing a tumor with a volume
of 100-200 mm? were selected. The mice were sacrificed with an overdose of
CO5. The tumors were removed and divided. All operations on animals were
in accordance with the institutional animal use and care regulations.

For the immuno histochemical analysis, cells on a coverslip were fixed
at 10% neutral-buffered formalin for 10 min [8]. Fixed cells were exten-
sively washed three times with PBS solution. To minimize the nonspecific
binding of trastuzumab-Q dot complexes to the cells, the cells were treated
with the blocking solution containing NH4Cl, glycine, FBS or BSA. The
best treatment for blocking was incubating the cells in PBS solution
containing 50 mM NH,Cl for 10 min and then in 10% FBS for 30 min
after a through washing with NH,CL

The trastuzumab—Qdot complexes or polyclonal anti-HER2 cells from
rabbit were reacted with the cells that had been blocked. The anti-HER2
cells were further reacted with anti-rabbit IgG conjugated with Qdots.

Tumors were fixed in 10% neutral-buffered formalin overnight [8] and
then transferred into ethanol before processing and paraffin embedding.
The tissue after removing paraffin was then treated with the PBS solution
containing trastuzumab-Qdots. The fixed cells and tissue were embedded
into Permafluor™ (Thermo Shandon).

Qdots were observed under microscopes (IX71 or BX51, Olympus)
[20,21], equipped with green laser (532 nm), long pass filter (>580 nm).
Fixed cells were observed at a power density of 11 (Fig. 1), or 31 W/mm?®
(Figs. 2-4). The x- and y-positions of the fluorescent spot were calculated
by fitting the data to a 2D-Gaussian curve [21].

Results

The trastuzumab-Qdots bound well to KPL-4 cells but
not to the MDA-MB-231 cells which expressed HER2 at
low levels {19] (Fig. 1A and B). Most of the Qdots bound
to the cell membrane (Fig. [A). The intensity of the Qdots
bound to the cells was measured in order to estimate the
number of the bound Qdots. The Qdots without trast-
uzumab labeling did not bind to KPL-4 and MDA-MB-
231 cells (Fig. 1C). The intensity of the Qdots bound to
KPL-4 was approximately 10 times higher than those
bound to MDA-MB-231 cells. This result was consistent
with the expression of HER2 in these cells [19].

The trastuzumab—Qdots were bound to a tumor trans-
planted in a nude mouse. The trastuzumab-Qdots bound
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Fig. 1. Antibody—Quantum dot complex bound to cells and the tumor.
Qdot705 (30 nM) labeled with trastuzumab bound to fixed KPL-4 cells
(A) and MDA-MB-231 cells (B). (C) Fluorescence intensity of Qdots
measured in several different cells. Open and closed bars indicate the
intensity of KPL-4 and MDA-MB-231 cells, respectively. The two bars on
the left-hand side show Qdots that have not bound trastuzumab after they
had been mixed with the cells. Bars in the center and on the right show
results in the presence of trastuzumab. (D) Sections of a tumnor in a mouse,
5 um thickness, were stained using Qdot-705 (10 nM) and labeled with
trastuzumab. (E) The section was reacted with rabbit anti-HER2 and then
with Qdot-705 (10 nM) labeled with anti-rabbit 1gG. Scale bars = 10 um
(A, B, D, and E). Images were taken at an exposure time of 0.2 s at laser
power of 11 W/mm?,

mainly to the region near the KPL-4 cell membrane
(Fig. 1D). The tumor also reacted with the polyclonal
anti-HER2 cells from rabbits and then with anti-rabbit
IgG labeled with the Qdots (Fig. 1E). The rabbit-1gG-
Qdots bound to the cell membrane in similar areas where
the trastuzumab-Qdots bound using direct staining meth-
ods (Fig. 1D and E). These results indicate that the fixed
cells and tumor cells could be successively stained with
antibodies labeled with the Qdots.

The change in fluorescence intensity of the antibody-—
Qdots was measured after illuminating the sections for long
periods by a laser to test the stability of fluorescence emis-
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Fig. 2. Change in Qdot intensity when illuminated by a green laser. KPL-4 cells were labeled with trastuzumab-Qdot-705 (10 nM). Qdots were illuminated
by the green laser at a laser power of 74 W/mm?. (A) Images were taken at an exposure time of 0.05 s at illumination periods of 0, 20, and 60 min. Scale bar
indicates 10 um. (B) Intensity in several regions were measured. (C) Trastuzumab-Qdots-705 (0.1 nM) were spread on a coverslip. Images were taken at
exposures time of 1 s at illumination periods of 0, 40, and 60 min using a laser power of 74 W/mm?. Scale bar = 10 um. (D) Intensity at several regions was
measured at an exposure time of 1s. (E) The average of hundreds of intensities from Qdots-605 (red symbols), 655 (blue), and 705 (green).
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Fig. 3. The on- and off-dwell times in the presence of reducing agents.
Qdot-655 (0.1 nM) in PBS solution containing BME (0, 1.4, 14, and
140 mM, (A)) and glutathione (0, 1, 10, and 100 mM, (B)) were spread on
coverslips. Images were taken at exposure time of 1's for 30 min at a laser
power of 74 W/mm?. (C,D) Images in the absence (C) and presence (D) of
14 mM BME were taken at beginning of the illumination period at
exposure times of 20ms and a laser power of 74 W/mm*. (E,F)
Fluorescence of the on- and of- dwell times was measured from the
results shown in (C) and (D). The total dwell time was calculated from the
probability.

sion. The power of green laser was increased by ~ 7 times
to accelerate the intensity change. The intensity increased
prominently 20min into the illumination period
(Fig. 2A). Sixty minutes into the illumination period, the
intensity had returned to its original levels. The intensities
at many regions in cells could be quantitatively analyzed
relative to the initial intensity (Fig. 2B). In contrast, the
fluorescence intensity of an organic fluorescence molecule,
Cy3, conjugated to trastuzumab decreased exponentially
with the illumination time (data not shown). The time con-
stant was only 20 s.

To find the reason for this enhancement of intensity, the
intensity of single Qdots embedded into Permafluor™ with-
out being attached to cells was analyzed. Sequential images
were taken every 1 s (Fig. 2C). The number of fluorescence
Qdots appeared to increase, while the intensity of the
bright Qdots changed little (Fig. 2C). Fig. 2D shows the in-
tensity change in relation to the illumination time. The
intensity of most Qdots increased firstly and decreased with
time. During the periods where the Qdots exhibited their
highest intensity, i.e., 20-43 min after the start of the illu-
mination period (Fig. 2D), Qdots blinked from zero to
maximum intensity. Assemble averages of the intensity of
Qdot-705 showed that the intensity increased at the begin-
ning and then gradually decreased to the end (Fig. 2E). The
other Qdots, 605 and 705, showed similar intensity profiles
to the Qdot-655 but had different time constants.

Fluorescence imaging is also used for position measure-
ments of proteins [21,22]. To observe the position of Qdots
bound to living cells, we determined the most suitable con-
ditions that allowed Qdots to bind for long periods of time
with high spatial and temporal precision [21]. The reducing
reagent, DTT and B-mercaptoethanol (BME), are known
to suppress the blinking but its effects on the bleaching time
have not been determined [13]. We investigated the effect of
BME and glutathione on both the bleaching and blinking.
The intensity increased several fold in the presence of the
reducing agents comparing to that in the absence
(Fig. 3A and B). The intensity decreased with the time illu-
minated by the laser. The intensity in the presence of 1 and
100 mM glutathione, 1.4 and 14 mM BME suppressed the
reduction of intensity for long time (30 min). In the pres-
ence of 10 mM glutathione and 140 mM BME, the intensi-
ty was reduced only at the beginning (<20 min) and not
thereafter.

To analyze the blinking of the fluorescence intensity, the
temporal resolution of the imaging was improved to be
20 ms (Fig. 3C and D). In the absence of the reducing
agent, the Qdots blinked frequently and showed long dwell
times in the off-state. In the presence of BME, the Qdots
emitted the fluorescence continuously for long periods of
time without spending long periods in the off-state. To
evaluate the suppression of blinking, the dwell times of
on and off-states were analyzed [13]. The probability of
Qdots being in the state of long on-dwell time in the pres-
ence of BME is much higher than that in the absence of
BME. For example, the probabilities of Qdots having on-

— 68—
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Fig. 4. Blinking of Qdots bound to living cells. Qdots-655 (0.5 nM) labeled with trastuzumab were bound to living KPL-4 cells. (A) There are a bright field
(left) and fluorescence (right) images of the cells. Dotted lines indicate the edge of the cells. Scale bar = 10 ym. The blinking of Qdots in the absence (B)
and presence (C) of 14 mM BME is shown at an exposure time of 20 ms. (D) Fluorescence images of Qdots were taken under a total internal reflection
microscope at an exposure time of 20 ms and laser power of ~70 W/mm?. Scale bar =5 ym. (E) The Qdots bound to cells were taken at a higher
magnification. To trace the movement of Qdtos, 2500 images were collected over a 50 s period and then superimposed. Colored lines indicate the traces of
single Qdots. (F) Traces indicate movements of Qdots that occurred on the cell membrane for a 50's period.
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dwell times of 5 s are approximately 2.3% in the presence of
BME which are considerably higher than 0.10% in the
absence of BME. The off-dwell time is also higher in the
absence of BME. Long on-dwell times and short off-dwell
times observed in the presence of BME indicate that the
Qdots stay in the on-state for most of the time.

The imaging of proteins in living cells is an important
application of Qdots. The trastuzumab-Qdot complexes
were mixed with living cells to detect the movement of
membrane receptor, HER2, in the presence of BME. The
movement of the Qdots was measured within the first
30 min when the activity of the cells was not altered.

The trastuzumab-Qdot complexes bound to the mem-
brane of the cells (Fig. 4A). Qdots in the absence of
BME often exhibited blinking (Fig. 4B). Most on-dwell
times were less than 1 s. The long off-dwell times were com-
mon. In the presence of 14 mM BME, the on-dwell times
became longer than 1s for many of the Qdots (Fig. 4C).
The off-dwell time was very short <0.2 s (Fig. 4C).

The position of the Qdots bound to cell membrane was
measured by fitting the data of the fluorescence of the spots
to two-dimensional Gaussian with one nanometer preci-
sion [21,23]. Fig. 4D shows the initial image of the Qdots
bound to the cell membrane. All images have been super-
imposed as shown in Fig. 4E. The center of the fluorescence
spots was measured continuously for 50 s without losing
the data by off-dwell (colored traces in Fig. 4E). Traces
on an expanded time scale show the detailed movement
of the Qdots (Fig. 4F). Most of the Qdots moved a distance
of 3 um in 50 s which is considerably shorter than that of
free diffusion of trastuzumab-Qdots (~30 um assuming
the diameter of 30 nm). The some of movements of the
Qdots were random (Fig. 4F(i and ii)). Some of the Qdots
moved within a narrow area (iii). Other Qdots moved with-
in small area and then hoped to the next area (iv).

Discussion

The intensity of the Qdots bound to KPL-4 cells was
approximately 10 times higher than that to MDA-MB-
231 cells. This result is consistent with the expression
HER2 in these cells [16,18,19]). The advantage of Qdot
immunofluorescence staining is that quantitative analysis
of bound Qdots to cells is possible. Another advantage is
the higher sensitivity as even single Qdots can be imaged
(Figs. 2C and 4D) [13,14,21]. The trastuzumab-Qdots also
bound selectively to a tumor formed by KPL-4 cells trans-
planted in a nude mouse, suggesting this technique has
applications for medical immunohistochemistry [3,24,25].

Organic fluorescent dyes for immunofluorescence stain-
ing are not suitable for quantitative analysis because of
their low intensity and rapid bleaching within 20 s of illu-
mination [8]. The trastuzumab-Qdots remained stable for
periods up to 1h (Fig. 2) [8,13,26,27]. The intensity of
the Qdots did not change much in the first ~10 min after
laser illumination (Fig. 2E). The intensity then gradually
increased to 2-3 times of from the initial intensity and then
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decreased [26]. These changes in intensity were also
obtained for Qdots labeled cells stored in the Permafiuor
for 3 months at room temperature (data not shown). These
results indicate that Qdots are very useful for quantitative
analysis of immunofluorescence staining even when they
have been stored for long periods.

Measurements of the intensity of single Qdots indicated
that the number of Qdots at the fluorescence on-state
increases with time (Fig. 2). The single Qdots were
bleached by long-term continuous illumination with a
laser. These changes in intensity of single Qdots explain
the change in intensity of multiplied Qdots bound to cells
(Fig. 2). Single Qdots analysis is a powerful method to
determine the fundamental properties of Qdots [14,21].

The reducing agents, BME and DTT, suppressed the
blinking of intensity of Qdots [13]. The intensity of Qdots
in the presence of BME and glutathione was measured.
BME (1.4 mM or higher) and glutathione (1 mM or higher)
considerably enhanced the on-dwell time and shortened the
off-dwell time marginally. The on-dwell time was enhanced
in the presence of 14 mM BME but not in the presence
of 140 mM BME. The enhancement of on-dwell time
by the reducing agents was consistent with the previous
results [131.

The longer on-dwell times and shorter off-dwell times
increased the possibility that Qdots would stay in the on-
state (Fig. 3C-F). Therefore, the total intensity of Qdots
increased considerably at the beginning of the illumination
period (Fig. 3A and B). Illumination for long periods using
a laser resulted in the Qdots bleaching and the total inten-
sity gradually decreasing. The decay time of the intensity
by photobleaching was slowest in the presence of 14 mM
BME. At higher concentrations of BME (140 and
280 mM), the intensity decay time was shorter. The opti-
mum conditions for suppressing the bleaching and blinking
were 14 mM BME.

Qdots bind to proteins in both in vitro motility assays
and in cells [14,21]. The higher intensity of the fluorescence
has made it possible to precisely detect the position of Qdot
within a few nanometers and milliseconds. Because many
of Qdots did not exhibit the blinking for >10s, the Qdot
position was measured for long time without missing the
data by blinking (Fig. 4D-F). The movements of Qdots
are much slower than that at free diffusion. Some of Qdots
showed the hopping movement from the one area to the
other, which is consistent with previous reports [28].

Stable and intense fluorescence of Qdots are advanta-
geous for fluorescence imaging. However, blinking and
non-specific binding of Qdots must be acknowledged as
potential problems. Here non-specific binding was avoided
by the improvement of blocking method. The off-state of
Qdots bound to fixed and embedded cells was suppressed
by the illumination of laser. The blinking of Qdots bound
to living cells were suppressed effectively in the presence
of 14 mM BME. These improvements open-up the new
applications of Qdots such as medical immunostaining
and nanometer measurement of position.
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Colloidal Ceria Nanocrystals: A Tailor-Made Crystal Morphology

in Supercritical Water**

By Jing Zhang, Satoshi Ohara, Mitsuo Umetsu, Takashi Naka, Yoshiharu Hatakeyama,

and Tadafumi Adschiri*

The synthesis of colloidal metal oxide nanocrystals with
controlled shape is of fundamental and technological interest
because in this way it is possible to tune their shape-depen-
dent physical properties and thus consolidate their promising
applications in optics, catalysis, biosensing, and data storage.
Recently, the organic-solution phasel'! and liquid-solid-so-
lution phase synthetic transfer routes’! have been demon-
strated to be versatile pathways toward such shape-controlled
metal oxide nanocrystals. In all of these methods, organic sur-
factants play a key role in determining the growth and stabil-
ity of nanocrystals. Combining this concept and the properties
of supercritical water (SCW) will lead to a novel approach for
the synthesis of metal oxide nanocrystals. For example, SCW
is chemically stable and processing with it is environmentally
benign;ls] it acts as a unique medium to aid in the spontaneous
nucleation and crystallization of metal oxide nanoparticles®!
and by using organic ligand molecules that are miscible with
SCW, crystal growth can be limited and agglomeration can be
inhibited in favor of small, well-dispersed particles.*!

As a well-known metal oxide, and because of its novel prop-
erties, ceria (CeO,) has been extensively applied in catalysis,
electrochemistry, and optics. For example, ceria nanocrystals
have high oxygen-storage capability and act as an important
component in three-way catalytic converters to clean up auto-
motive exhausts.”) To elevate catalytic activity, it is desirable
to prepare ceria samples with a high surface area. So far, ceria
nanocrystals with spherical, wire, rod, and tadpole shapes
have been synthesized.'” Along with this research, there is
another recent trend aimed at tuning the ceria-crystal shape
in order to expose reactive crystal planes for high reactivity.“”
Sayle et al. predicted in their theoretical study that the (100)
surface is more reactive than (110) or (111) for the CeOy/
YSZ(110) system (where YSZ is yttria-stabilized zirconia).!'
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Yan and co-workers synthesized ceria nanoparticles with var-
ious shapes using a hydrothermal method, and experimentally
observed that cubic particles (ca. 36 nm) with exposed {100}
crystal planes showed the highest oxygen-storage capacity.l'dl
Despite these recent advances, it is still a great challenge to
synthesize ceria nanocrystals of high quality in terms of uni-
form size, well-defined crystal shape, and ease of fabrication.
Here, we report a simple and rapid approach for producing
colloidal ceria nanocrystals on scales of less than 10 nm, with
tailor-made ceria crystal planes, using organic-ligand-assisted
supercritical water as the medium.

The synthetic strategy is depicted in Figure 1. This strategy
depends on: 1) sub-decananometer single-crystal formation in
a supercritical hydrothermal process;® 2) the miscibility of
the organic ligand molecules with high-temperature water,
which is due to the lower dielectric constant of the water;!'4
and 3) controlled nanocrystal growth from the selective reac-
tion of organic ligand molecules with the specific inorganic
crystal surface. Importantly, the use of water, instead of an or-
ganic solvent, provides a green chemistry route to nanometer-
size building blocks for advanced materials and devices.

The detailed experimental procedures are described in the
Experimental section. Crystal structure and morphology of
the synthesized ceria nanocrystals were characterized by
means of powder X-ray diffraction (XRD), transmission
electron microscopy (TEM), and high-resolution transmis-
sion electron microscopy (HRTEM). The XRD patterns of
the crystals indicated that they had a fluorite cubic structure
(see Supporting Information, Fig. $1). TEM images (Fig. 2a)
of the ceria nanocrystals with uncapped surfaces showed
spherelike shapes with an average diameter of 7 nm, and
the nanocrystals were aggregated (Fig. 2a). The single-crys-
tallinity of samples was confirmed by using HRTEM
(Fig. 2d). The {111} and {200} facets, with interplanar spac-
ings of 0.32 and 0.27 nm, respectively, were identified on
the basis of data from the standard ceria database (Joint
Committee for Powder Diffraction Studies (JCPDS) file,
No. 34-0394). When decanoic acid (molar ratio to ceria pre-
cursor 6:1) was added to the reaction system, the resulting
nanocrystals were nanocubes with an average size of 6 nm.
They were self assembled with a nearest-neighbor spacing of
ca. 2 nm maintained by the decanoic acid capping group
(Fig. 2b). The HRTEM image (Fig. 2¢) displayed a cross-lat-
tice pattern with a lattice spacing of 0.27 nm, corresponding
to the interplanar separation between the {002} or {020} lat-
tice planes of cubic ceria, which implies the synthesis of
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Figure 1. The strategy for the synthesis of metal oxide nanocrystals in the organic-ligand-assisted supercritical hydrothermal process.

Figure 2. a~c) TEM and d-f) HRTEM images of the synthesized ceria
nanocrystals, The molar ratios of decanoic acid to the ceria precursor
were 0 (a,d), 6:1 (b,e), and 24:1 (cf).

ceria nanocubes with (001) surfaces. The exposure of the
Ce0O,(001) surface was somewhat surprising because this
surface is less stable than CeO,(111). However, it is the
most important as it is likely to be the most reactive for
catalysis."!
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For the face-centered cubic (fcc) ceria crystal, as illustrated
by Wang and Feng,["*! the shape of the nanocrystals is mainly
determined by the ratio (R) between the growth rates along
the {100] and [111] directions. By using HRTEM analysis, they
found, for particles with an uncapped surface and a size range
of 3-10 nm, that the particle shape was dominated by the
truncated octahedron that was defined by the (100) and (111)
facets. In this experiment, organic ligand molecules had a pro-
nounced effect on the morphology of the nanocrystals formed
in the supercritical hydrothermal process, as described in Fig-
ure 3. The shape of the naked ceria nanocrystals with an aver-
age diameter of 7 nm was the {200}~ and {111}-enclosed trun-
cated octahedron, which is similar to the results of Wang and
Feng.[m When the decanoic acid (molar ratio to ceria precur-
sor 6:1) was introduced into the supercritical hydrothermal re-
action, the organic ligand molecules were miscible with water

Figure 3. The shape control of ceria nanocrystals. a) A truncated octahe-
dron in the case when no organic ligand molecules are used. b) At a low
decanoic acid to ceria precursor ratio, the preferential interaction of the
ligand molecules with the ceria {001} planes slows the growth of {001}
faces relative to {111} faces, which leads to the formation of nanocubes.
c) At a high decanoic acid to ceria precursor ratio, organic ligand mole-
cules block growth on both {001} faces and {111} faces, which leads to
the formation of truncated octahedra and smaller crystals.

Adv. Mater. 2007, 19, 203-206
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because of the lower dielectric constant of water
under supercritical conditions; the resulting homo-
genous phase also provided a suitable environment
for the interaction of the organic ligand molecules
with the surface of the ceria nanocrystals. Transfor-
mation of the shape of the ceria nanocrystals from
truncated octahedral to cubic was mostly caused
by the suppression of crystal growth on the (001)
surface. As the CeO,(001) surface is less stable
than the (111) surface, the organic ligand mole-
cules were likely to interact preferentially with the
(001) surface: this greatly reduced the growth rate

Intensity (a.u)

IATERIALS

of the crystals in the (001) direction; crystal growth 60
in the {111) direction became predominant. This
change led to the formation of nanocubes with ex-
posed (001) surfaces. When the amount of de-
canoic acid was further increased (molar ratio to
ceria precursor, 24:1), the ceria nanocrystal size
decreased to about 5 nm, as shown by the TEM
image in Figure 2c. The HRTEM image (Fig. 2f)
revealed that the nanocrystal shape was a truncated octahe-
dron enclosed by the {111} and {200} planes. These results sug-
gest that, at high organic ligand concentration, the organic
ligand molecules can interact not only with the (001) surface
but also with the (111) surface, and thus block crystal growth
in both directions.

As shown in Figure 2b and c, the 6 nm ceria nanocubes self
assembled into approximately square packing on an amor-
phous carbon-coated TEM substrate, whereas the 5 nm trun-
cated octahedron ceria crystals self assembled into hexagonal
packing. The packing fashion is thought to be influenced by
several factors, including the shape of the nanocrystals and
the interaction between the organic ligand molecules, solvent,
and substrate during the drying process.

To understand the interaction between the ceria nanocrys-
tals and the organic ligand molecules, we analyzed the Fourier
transform IR (FTIR) spectrum of ceria nanocrystals obtained
from decanoic acid assisted supercritical hydrothermal syn-
thesis. Bands in the 2800-2960 cm™ region were attributed to
the C-H stretching mode of -methy! and methylene groups
(Fig. 4). The bands at 1532 and 1445 cm™ corresponded to the
stretching frequency of the carboxylate group, which suggests
that the carboxylate group from decanoic acid was chemically
bonded to the surface of the ceria nanocrystals and the other
hydrocarbon groups were oriented outward." This is proba-
bly the result of reactions forming chemical bonds between
the nanocrystal surface and the organic-ligand molecule in the
unique reaction conditions of supercritical water, which are
essential for the perfect dispersion of nanocrystals in organic
solvents and for the arrangement of individual nanocrystals
into superlattices.

In summary, our study offers a simple, rapid, and green
chemistry approach to controlling the shape of ceria nanocrys-
tals by tuning the interaction of organic molecules with var-
ious crystallographic planes of fluorite cubic ceria, using su-
percritical water as a reaction medium. Uniform nanocrystals

Adv. Mater. 2007, 19, 203-206
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Figure 4. Left: The FTIR spectrum of ceria nanocrystals formed by decanoic acid as-
sisted supercritical hydrothermal synthesis (the molar ratio of decanoic acid to ceria
precursor is 24:1). Right: The transparent ceria nanocrystal with a concentration of
0.59% {w/w) in THF.

bonding with the organic ligand molecules can be self as-
sembled into close-packed superlattices on carbon substrates.
These nanocrystals should find application in a variety of
areas, including photonics and catalysis. Because of the conve-
nience of the procedure and the ready availability of the
chemicals used in this work, this route is expected to be ap-
plicable to a variety of metal (oxide) nanocrystals.

Experimental

Preparation of Ceria Nanocrystals: In a typical synthesis, the cerium
oxide precursor was prepared by mixing 0.1m Ce(NOs)s solution
(100 mL) with 0.3M NaOH (100 mL). After the reaction mixture had
been stirred for about 6 h, the precursor was centrifuged and washed
several times with distilled water. Then, 2.5 mL of the 0.02 M precur-
sor was transferred to a pressure-resistant SUS316 vessel (inner vol-
ume 5 mL). To modify the surface of the nanocrystals and induce

their anisotropic growth, an appropriate amount of decanoic acid

(0.05-1 g) was also loaded into the reactor vessel. The hydrothermal
reaction was performed in the reactor at 400 °C for 10 min and termi-
nated by submerging the reactor in a water bath at room temperature.
The organic-ligand-modified nanocrystals were extracted from the
product mixtures with hexane (3 mL). The final products were
precipitated from the resulting hexane phase by the addition of etha-
nol (10 mL) as an antisolvent reagent, and then separated by using
centrifugation. The obtained nanocrystals could be redissolved in
some organic solvents such as hexane, toluene, and tetrahydrofuran
(THEF).

XRD, TEM, and HRTEM Measurements: The XRD patterns were
recorded on a RINT-2000 spectrometer (Rigaku, Tokyo, Japan) with
Cu K radiation. The samples were ground to fine powders before
being subjected to XRD. The TEM images were obtained using a
transmission electron microscope (JEM-1200EX, Japan) operated at
120 kV. The HRTEM characterization was carried out using a Hita-
chi H-7100 electron microscope operating at 200 kV. The samples for
the TEM and HRTEM measurements were dispersed in THF before
being transferred onto the carbon-coated copper grids.
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