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Fig. 1. Schematic of the experimental setup. A water tank equipped with an ultrasound transducer is set on the X-Y-Z auto-
stage; a tissue phantom is fixed in place without touching the water tank.

3. RESULTS AND DISCUSSION

3.1 Tomographic images obtained with a tissue phantom which has a fluorofore in the centre of the scattering
media

A tomographic image of fluorescence observed with a phantom of light-scattering gel that contains a single fluorescent
region in the center is shown in Fig. 2 (a). The area of higher signal intensity on the image corresponds to the site of
fluorophore embedded in the phantom. The profile of the signal intensity along the X-axis on the image sectioned at the
center of the phantom including the fluorescent region is indicated in Fig. 2 (b). The full-width at half-maximum of the
profile is ca. 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 is depicted in Fig. 2 (c). It shows the top view of the phantom, indicating the size of the phantom measuring 40
x 40 mm. Scanned area in the phantom is 20 x 20 mm of centre region. Taking into consideration the reduced scattering
coefficient of the phantom, which is estimated as 0.85 mm™ at the measured wavelength, this technique is potentially
applicable for biological tissues. It suggests the availability for the measurement of the deep site of actual living bodies
with using near-infrared light.
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Fig. 2 (a) A tomographic image of fluorescence observed with a tissue phantom of light-scattering gel with a single
fluorescent region in the phantom’s center. (b) A profile of the signal intensity along with X-axis on the image
sectioned at the centér of the phantom, which contains the embedded fluorescent region. (c) A top view of a tissue
phantom with a scale showing the dimension. Embedded region of fluorophore is in the centre of the phantom.

3.2 Tomographic image obtained with using a porcine muscle which has a fluorophore in the centre

A tomographic image of fluorescence observed with a porcine muscle that contains a localized fluorescent region in the
center is shown in Fig. 3 (a). A localized area of fluorophore at the center of the tissue is detected. The area of higher
signal intensity corresponds to the region of fluorophore embedded in the sample. The profile of the signal intensity
along the X-axis on the image sectioned at the center of the phantom including the fluorescent region is indicated in Fig.
3 (b). The peak width of the profile is ca. 3 mm in the full-width at halffmaximum. It matches the diameter of the
embedded fluorescent region and the size of ultrasound focus. A photograph of tissue sample inserted in a holder is
shown in Fig. 3(c). With consideration of the signal-to-noise ratio obtained in this experiment and scattering coefficient
of the living tissue, this result suggests the potential of this technique for imaging of fluorescence buried in biological
tissues with ca. 30mm depth. Considering this, further progress in the development of scanning techniques, for example
using an arrayed ultrasound transducer, can provide a method for measuring fluorescence in bodies for clinical use. This
technique is expected to facilitate the expansion of fluorescent probes’ use for biological applications throughout the
fields of life science and clinical medicine.
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Fig. 3. (a) A tomographic image of fluorescence observed with a poréine muscle with a single fluorescent region in the
phantom’s center. (b) A profile of the signal intensity along with X-axis on the image sectioned at the center of the
tissue, which contains the embedded fluorescent region. (¢) An aspect of a tissue sample with a holder.
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Abstract

The hypersensitive response (HR) is one mechanism
of the resistance of plants to pathogen infection. It in-
volves the generation of reactive oxygen species (ROS)
which have crucial roles in signal transduction or as
toxic agents leading to cell death. Often, ROS genera-
tion is accompanied by an ultraweak photon emission
resulting from radical reactions that are initiated by
ROS through the oxidation of living materials such as
lipids, proteins, and DNA. This photon emission, re-
ferred to as ‘biophotons’, is extremely weak, but, based
on the technique of photon counting imaging, a system
has been developed to analyse the spatiotemporal
properties of photon emission. Using this system, the
dynamics of photon emission which might be associ-
ated with the oxidative burst, which promotes the HR,
have been determined. Here, the transient generation
of biophotons is demonstrated during the HR process
in cowpea elicited by cucumber mosaic virus. The
distinctive dynamics in spatiotemporal properties of
biophoton emission during the HR expression on mac-
‘roscopic and microscopic levels are also described.
This study reveals the involvement of ROS generation
in biophoton emission in the process of HR through
the determination of the inhibitory effect of an antiox-
idant (Tiron) on biophoton emission.

Key words: Biophoton, cucumber mosaic virus, hypersensitive
response, imaging, reactive oxygen species, ultraweak photon
emission, visualization. ' ‘

Introduction

Recently, ‘biophotons’ from plants have attracted atten-
tion for providing novel information for visualizing the
physiological states of plants (Kobayashi et al., 1997,
Havaux, 2003; Bennett er al., 2005; Mansfield, 2005).
Imaging using biophotons offers a novel methodology
for assessing plant physiology. Biophotons are spontane-
ous ultraweak photon emissions that originate from
biochemical metabolic reactions of living organisms.
Biophotons do not require external chemiluminescent or
bioluminescent reagents, nor do they require transgenic
techniques for labelling. In mammals too, biophoton

. emissions are known to occur during the immunological

response; they originate from oxidative bursts in immu-
nocytes. Similarly, the generation of biophotons in plant
responses involved in resistance to infection has been
revealed.

Biophoton emission, sometimes referred to as ultraweak
photon emission or ultraweak/dark bioluminescence, is
commonly recognized as radiation with wavelengths from
visible to near-infrared induced through electronically
excited molecules that exist in living cells. Emissions
result from reactions involving radicals accompanying
the production of reactive oxygen species (ROS). The
emission intensity is <107'> W cm™, which is a level
1072-107° times lower than the visible level. Although
the intensity is extremely low, photons possess informa-
tion related to metabolic production of ROS associated
with various types of physiological and/or pathological
states in living systems. This is generally observed and
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applicable for plants, animals, and microbes (Inaba, 1988;.
Devaraj et al., 1997; Kobayashi, 2003a, b). Various studies
have analysed plant physiological responses to various
stresses, including both biotic (Roschger, 1991; Makino
et al., 1996; Kobayashi et al., 2003; Bennett ez al., 2005;
Mansfield, 2005) and abiotic stress (Kobayashi er al., 1996,
1997; Ohya et al., 2000; Havaux, 2003). A highly
sensitive system has been developed for in situ imaging
of biophoton emissions to visualize ROS-related physio-
logical changes in plants, and the first image is shown
of biophoton emission resulting from the hypersensitive
response (HR) in the cowpea (Vigna unguiculata)-
cucumber mosaic virus (CMV) system (Kobayashi et al.,
2003).

The HR process is identified as a gene-for-gene theory
describing the interaction of a translation product of an
avirulence gene (Avr gene) of a pathogen with a ligand by
a receptor encoded by a corresponding resistance gene (R
gene) of a host, described as incompatible plant—pathogen
interactions (Baker et al., 1997). In the case of the
cowpea—-CMYV system, the Avr gene is known to be RNA2,
which codes for the 2a protein, a subunit of viral replicase
components. In addition, the R gene is identified with the
Cry locus, inherited as a single dominant trait (Nasu et al.,
1996; Karasawa et al., 1997, 1999). The HR results in
localized cell death at the initial infection site to delimit
the spread of the invading pathogen. Confinement of the
virus is exhibited as the formation of local lesions with
cell death within 24 h after inoculation. During the HR;
ROS production, termed the oxidative burst, is known to
contribute through its important role in the diverse array
of defence mechanisms. As an intracellular signal for trig-
gering the defence response and extracellular direct agents
for defence, ROS mediate the expression of defence-
related genes, alteration of the membrane potential, and
cell wall modification through oxidative cross-linking of
cell wall structural proteins and through the production of
antimicrobial compounds: phytoalexins, polyphenols, and
chitinase (Mehdy, 1994; Baker et al., 1997; Vranova et al.,

2002). In the case of the HR in the cowpea—CMYV system,

ROS are thought to contribute to signal transduction, and
might act as a toxic agent leading to host cell death
through lipid peroxidation (Roschger, 1991). In contrast,
Bennett et al. (2005) reported biophoton ‘generation in
the HR of Arabidopsis thaliana and claimed that the
increases of cytosolic calcium and nitric oxide were key
roles for biophoton emission, but ROS elevation was not
necessary. '

In this study, the transient generation of biophotons is
characterized using a highly sensitive imaging technique
based on a photon counting imaging system. The spatio-
temporal dynamics of biophoton emissions on.macro-
scopic and microscopic levels and the spectral distribution
of .biophoton emission with evaluation of ROS involve-
ment in biophoton emissions are also described.

Materials and methods

Two-dimensional photon counting imaging and procedures
for spatiotemporal analyses of biophoton emission

The imaging system comprises a two-dimensional photon counting
tube that is characterized by its large active area, a highly efficient
lens system installed in the sample chamber, and electronic
equipment for identifying two-dimensional spatial and temporal
photoelectron data (Kobayashi et al., 1996, 19994, b). The photon
counting tube (Model IPD 440; Photek, Ltd, UK) comprises a 40
mm diameter photocathode, a microchannel plate, and a resistive
anode for single-photon counting imaging. The detector is in-
corporated into a specially designed vacuum chamber to cool the
device at —35 °C for reduction of dark current and to ensure long-
term stability of the device for ultimate sensitivity. This system
detects wavelengths of 350-900 nm with a quantum efficiency
of 15% at 500 nm, 10% at 600 nm, and 2.4% at 800 nm. The
photocathode’s active area for imaging is set as 25X25 mm~.
The spatial resolution of the detector, which is determined by the
readout precision of the resistive anode incorporated into the photon
counting tube, is ~200 pm.

Three types of specially designed lens systems (Fuji Optical Co.
Lid, Tokyo, Japan) are used for adapting three ranges of magnifica-
tion of 0.33, 1.0, and 5.0. Their respective object sizes are 75x75,
25%25, and 5x5 mm. For improvement of light collection efficiency,
their numerical apertures are designed, respectively, at 0.17, 0.5, and
0.65, and the lenses are reduced to six when considering trans-
mittance. The lens system has a built-in shutter mechanism.

Output pulses from the resistive anode in the detector are fed to
a position computer (IPD controller; Photek Ltd, UK) to determine
the X~Y position of each photoelectron event. The data of the time
interval between two successive photoelectron pulses with two-
dimensional position data of each photoelectron- event ‘are trans-
ferred consecutively to a specially designed pulse interval counter
that can store 27 bits of timing data simultaneously. The time
resolution of data acquisition is determined by a pulse-to-pulse
resolution of 10 ps. After data acquisition, data are transferred -to
a personal computer to reconstruct photon counting images and-to
analyse spatiotemporal properties. This process produces the in-
tensity kinetics in the regions of interest (ROIs) or the time-space
correlation of photoelectrons. The advantage of this system is its
capability to set the arbitrary selection of spatial and temporal
dimensions of the ROI after measurement. Details of the data
collection circuit and data processing for spatiotemporal character-
ization analyses are presented elsewhere (Kobayashi ez al., 1996).

General preparation of plants and viruses, and
measurement procedures

The cowpea cv. Kurodane-Sanjaku was used throughout the experi-
ments. Plants were grown and assayed for CMV infection under
conditions described elsewhere (Nasu .ef al., 1996). The yellow
strain of CMV, CMV-Y, and the legume strain of CMV, CMV-L,
were maintained in tobacco plants and purified as described (Nasu
et al., 1996). Extracted primary 10-14-d-old leaves were used for
assay by rubbing them with CMV inoculation of 50 pg mi™' of
virions in potassium phosphate buffer after dusting with carborun-
dum (#600). Preparation after leaf excision was performed under
a weak red light to minimize the effects of fluorescence from leaves
by excitation with a room light. Inoculated leaves were put onto
a Petri dish with a damp filter paper, and then covered. The dish

. was mounted on a temperature- (27 °C) controlled dish holder in

a light-tight sample chamber of the imaging system. Measurement
was carried out continuously for 24 h after inoculation. With respect
to data analysis, the first 5 h of data were omitted to eliminate the
photon emission originating from delayed fluorescence. )
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The cell-permeable ROS scavenger Tiron (4,5-dehydroxy-1,3-
benzene-disulphonic acid, disodium salt; Sigma-Aldrich Corp.) was
used to examine the effect of antioxidants. Two plants were excised

coloured- glass filters with spectral resolution- of 20-50 nm. Details
of the system and the process for construction of the spectrum were
described in a previous report (Kobayashi er al., 2001).

at the epigeal stem 24 h prior to inoculation: one was soaked in 100

- uM Tiron solution; the other was soaked in water as a control. After
leaf excision, viral inoculation was performed similarly on each leaf
half. Both leaves were placed onto the same Petri dish for bio-
photon measurement.

Results

Biophoton emission images of leaves during HR and

Spectral analyses of biophoton emissions their spatiotemporal properties

Spectral analyses of ultraweak photon emissions were carried out
using a filter-type spectrometer: a photon counter equipped with

Temporal changes of biophoton emissions obtained under
various treatment conditions are shown in Fig. 1. A time
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Fig. 1. Biophoton emission imaging of the hypersensitive response observed on cowpea leaves after inoculation with cucumber mosaic virus and its
comparison among different strains of virus, CMV-Y, CMV-L, and buffer treatment. (A) Time sequence of biophoton emission images of two leaves
after inoculation observed using the X0.33 lens system. Images are constructed with time integration over the time range indicated below each image.
(B) A sample photograph taken 24 h after inoculation. The condition of inoculation treatment is indicated. (C) Comparison of time-courses of
ultraweak photon emission among different treatment regions for CMV-Y, CMV-L, and buffer.
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sequence of photon emission images of two leaves after
inoculation. observed using the X0.33 lens system are
indicated in Fig. 1A. In Fig. 1A, the right half of the left
leaf and the left half of the right leaf were inoculated with
CMV-Y—the CMV strain eliciting HR. The left half of
the left leaf was treated with virus-lacking buffer solution
as a control. The right half of the right leaf was treated
with CMV-L; which is the strain which does not elicit the
HR. The time range indicated below the images in Fig. 1A
represents the time elapsed after inoculation. The photo-
graph in Fig. 1B shows the sample configuration. This
photograph was taken 24 h after inoculation, indicating
the expression of the local lesion on the leaf halves that
had been inoculated with CMV-Y. From Fig. 1A, two
regions where CMV-Y was inoculated show temporal
augmentation of localized ultraweak photon emission as
bright spots. In contrast, the area treated with CMV-L and
buffer showed no remarkable changes in intensity. Six
independent experiments in the same conditions were per-
formed: similar results were obtained in each case. In Fig.
1C, time-courses of total photon emission intensity in each
leaf half are shown, indicating that the intensity of CMV-
Y-infected regions was enhanced markedly in photon
emisston from 10 h to 16 h after infection, which preceded
the appearance of symptoms. On the buffer-treated region,
the intensity showed monotonously decreased photon
emission, demonstrating the effect of delayed fluorescence
from the leaves. A temporal increase of photon emission
was not observed. The CMV-L-treated region also showed
no remarkably greater amount of emissions than the area
treated with CMV-Y. Biophoton emission images ac-
quired during each 2 h after inoculation (Fig. 1A) also
indicate the orchestrated increase of light emission from
infected spots, which is maximal at 13.5 h after in-
oculation. As shown in the photograph taken after the
measurement (24 h after the inoculation), localized lesions
are recognized as dark spots. These visible lesions ap-
peared only on the CMV-Y-treated regions. Biophoton gen-
eration in the early stage of the HR implies a relationship
between the photon emission and an initial trigger leading
to the HR.

Figure 2 depicts an image obtained using X1.0
magnification comparable with the object area of 25x25
mm. Temporal changes of photon emission images are
shown in Fig. 2A; they are clearly identifiable spots of
photon emission. These spots were confirmed as consistent
with sites of emerged lesions after the measurement (24 h
after the inoculation). The time-courses of the intensity in

the ROI, which was sectioned into 8x8 regions de-
marcated as the white lattice in Fig. 2B, are indicated in
Fig. 2C along with 64 graphs of time-courses of intensity
on areas placed at corresponding positions for spatiotem-
poral assay of emissions. The ROIs were chosen to
comprise a single spot in each region. The timing of the
increase and peak pattem in photon emissions is recog-
nized as roughly parallel among selected spots, and it
indicates that the timing of the appearance of the peaks is
between 9 h and 19 h after inoculation.

Figure 3 portrays a microscopic biophoton emission
image that shows enlarged spots of a single local lesion
using a X5.0 magnification lens system. Figure 3A shows
that several spots are contained in the image, with
diameters of ~1 mm. An extracted region (Fig. 3B), de-
marcated with the white box in Fig. 3A, was analysed to
show the varied pattern of development of emission peaks
in a single spot. The inner region demarcated with the
white box in Fig. 3B was sectioned into 88 regions and
spatiotemporal properties were analysed. Figure 3C shows
the result obtained, indicating that although the intensity
level is higher at the central region than in the peripheral
region, the configuration of temporal changes of emission
peaks is similar over the whole selected region within the
indicated time resolution of 15 min.

Biophoton emission spectrum during HR

The biophoton emission spectrum during augmentation of
photon emission was determined as shown in Fig. 4,
representing a distinct peak at 720 nm. This spectrum is
the average of those obtained within the time range of
peak formation. Emission spectra obtained in the other
time region were comparable before and after the emis-
sion peak. The emission peak corresponds to spontaneous
photon emissions from dark-adapted leaves or isolated
chloroplasts, as reported previously (Hideg et al., 1991),
implying that the chiorophyll molecules are the source of
photon emissions during HR. '

Effect of ROS scavenger on biophoton emission

Figure 5 shows the effect of Tiron- treatment. Lower
induction of transient augmentation of biophoton emission
was observed on the Tiron-treated leaf (Fig. 5A, left leaf)
than on the control leaf (Fig. 5A, right leaf). Flgure 5B
shows time-courses of blophoton emission mtensuy
obtained by the 'sum of counts in-each region of inoc-
ulation. On the Tiron-treated leaf, transient generation
of photon emission was diminished. After measurement,

Fig. 2. Biophoton emission imaging of the hypersensitive response observed on cowpea leaves after inoculation with cucumber mosaic virus (CMV-
Y). (A) Time sequence of biophoton emission images from a leaf after inoculation observed using a X 1.0 lens system. Images are constructed with
time integration over the time range indicated below each image. (B) Biophoton emission image obtained with integration over the total measurement
time. The white lattice indicates the region of interest selected to analyse the spatiotemporal properties of photon emission. (C) Spatiotemporal
properties of biophoton emission. Each small graph represents the time-course of photon emission intensity at the located position corresponding to
regions designated in (B). The time scale in each figure is 4-24 h after inoculation.
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Fig. 3. Biophoton emission imaging of the hypersensitive response
observed on cowpea leaves after inoculation with cucumber mosaic
virus (CMV-Y). (A) Biophoton emission images observed using the
X5.0 lens system, constructed with time integration over the total
measurement time (24 h). (B) An extracted image from (A) to select a
single spot. The selected region is demarcated with a white box in (A).
(C) Spatiotermnporal properties of biophoton emissions from a single spot
of the local lesion. The analysed area is demarcated with a white box in
(B). The time scale in each figure is 10-20 h after inoculation.
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Fig. 4. Spectrum of biophoton emission during the hypersensitive
response observed on cowpea leaves after inoculation with the
cucumber mosaic virus (CMV-Y). The spectrum was the average of
those obtained within the time range of peak formation.
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Fig. 5. Effects of ROS scavengers on biophoton emission during the
hypersensitive response in the cowpea-CMV system. (A) Comparison
of biophoton emission images of a Tiron-treated leaf (left) and a control
leaf (right). Inoculation was performed on half of each leaf, as
indicated. (B) Comparison of time-courses of biophoton emission
intensities on inoculated regions of the two leaves. The straight line
shows the time-course of the Tiron-treated leaf. The dotted line shows
that of the control.

necrotic lesions were not recognized. Four independent
experiments under the same conditions were performed:
similar results were obtained in each case. This result
suggests that ROS generation involves the HR process
and the biophoton generation process.

Discussion

Transient generation of biophotons (as a sort of ‘photon
burst’) at sites corresponding to the local lesion was
determined. Two-dimensional images of biophoton emis-
sions and their time sequence during expression of the HR
at infected sites depicted the synchronous emergence of
photons. The time range of the peak configuration in in-
tensity among individual spots dispersed within 10-16 h
after inoculation, suggesting that the increased photon
emission is attributed to the oxidative burst. A biphasic
oxidative burst, characterized as rapid responses occurring
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within the minutes—hours time range (phase I) and later
production within hours—days (phase II), is known to
appear due to fungal, bacterial, or viral elicitors (Grant
and Loake, 2000; Allan er al, 2001). Although two
phases of bursts play a pivotal role in induction of defence
mechanisms, ROS production kinetics and ROS types and
their function are thought to differ. In addition, phase I is
suggested as not always correlating with plant disease, but
is important as a priming of phase II. In contrast, phase I,

which is specific to avirulent pathogens, correlates with

plants’ resistance or susceptibility to the pathogen. The
tobacco~tobacco mosaic virus (TMV) system is also
reported to be accompanied by two phases of ROS pro-
duction. It is suggested that oxidative phase II responses
correlate with HR and cell death, in contrast to the phase 1
response. The latter is necessary for triggering the defence
mechanism, but is insufficient for the final resistance
response (Allan er al., 2001). The transient augmentation
of biophoton emission observed in the present experi-
ments is presumed to originate in ROS generation in
phase II, in which ROS are postulated to serve as anti-
pathogens and in host cell necrosis (Mehdy, 1994;
Rusterucci et al., 1996; Baker ef al., 1997; Riedle-Bauer,
2000) with an added role as signal mediators leading to
the subsequent defence mechanism. For the cowpea—
CMV system, the elicitor Avr gene product is known to
be the 2a protein, which is a subunit of the viral replicase
components of CMV. Consequently, early expression of
HR is inferred to result from this gene-for-gene recogni-
tion mechanism. The timing of increased biophoton emis-
-sion after inoculation, which appears from 10 h to 16 h, is
inferred to be consistent with the time for replication after
virus entry. Suppression of transient augmentation of bio-
photon emission and emergence of the HR with Tiron
treatment (Fig. 5) suggests ROS involvement in biophoton
emission and implies a role for ROS in triggering this.
This result is inconsistent with the result of Bennett ef al.
(2005). However, it is speculated that the discrepancy
arises from the different uptake of ROS scavengers.
Spectral data, shown in Fig. 4, show that the excited
species that finally emit photons originate in chlorophyll.
It can be assumed that the oxidative damage in chloro-
plasts is involved in the emission mechanisms. The
photon emission mechanism is hypothesized to excite
chlorophyll molecules directly by ROS-mediated radical
reaction, or indirectly through energy transfer from other
excited molecules, such as excited ‘proteins, excited
carbonyls, or singlet oxygen through specific amino acid
oxidation or lipid peroxidation by ROS (Hideg et al.,
1990; Hideg, 1993). Therefore, these excited molecules
are also -potentially non-chlorophyll emitters. However,
chlorophyll is dominant in the case of leaves. The photon
emission burst behaviour, which continues for only a few
hours, represents the existence of a finely regulated mech-
anism to result in the HR process and to protect healthy

cells from ROS damage. This regulation mechanism may
involve the orchestration of cells that form a single visible
lesion, as shown in the microscopic measurement in Fig.
3, depicting the parallel increase of photon emissions of
both the central and peripheral regions in the spot.
Recently, the signalling role of ROS has attracted
attention in the context of programmed cell death (PCD)
during HR (Levine er al., 1996; Jones, 2001). Cell death
induced by HR is also recognized as a part of apoptotic
cell death, in common with that found in mammals.
Regarding HR, the direct toxic effect of ROS might
dominantly lead to necrotic cell death. Alternatively, apop-
totic cell death derived by PCD might be essential to the
death process (Mittler et al., 1997; Pennell and Lamb,
1997; Mittler, 2002; Vranova et al., 2002). Some studies
have concluded that both processes are involved (Breusegem
et al., 2001; Houot et al, 2001). It remains unclear
whether the observed photon bursts represent the result of
a direct attack on the pathogen or the host cell for
apoptosis by ROS. The present technique is useful to
analyse spatiotemporal dynamics of biophoton emission
with high sensitivity. It will serve to elucidate this
mechanism further in the near future.
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Abstract The recent advances in nanotechnology have a
great potential to improve the prevention, diagnosis, and
treatment of human diseases. Nanomaterials for medical
applications are expected to grasp pharmacokinetics and the
toxicity for application to medical treatment on the aspect of
safety of the nanomaterials and nanodevices. We describe a
generation of CdSe nanoparticles [quantum dots (QDs)]
conjugated with monoclonal anti-HER2 antibody (Trast-
~uzumab), for single molecular in vivo imaging of breast
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cancer cells. Wewestabhshed a high-resolution in vivo 3D
microscopic syst m’ for 4 novel imaging method at the
molecular level. The»cancer cells expressing HER2 protein
were visualized by the nanoparticles in vivo at subcellular
;. St ggeetmg future utilization of the system in
medeal 2pp cations to improve drug-delivery systems to
target thegpnmary and metastatic tumors for made-to-order
fe ‘tment. We also describe sentinel node navigation using
w;i;%scent nanoparticles for breast cancer surgery in
experimental model, which have shown the potential to be

an alternatxve to existing tracers in the detection of the

cntmel node if we select the appropriate particle size and
wavclength. Future innovation in cancer imaging by nano-
technology and novel measurement technology will provide
great improvement, not only in the clinical field but also in
basic medical science for the development of medicine.

Keywords Siﬁglc molecular imaging -
Sentinel lymph node biopsy - Nanomedicine -
Breast cancer - HER2

Introduction

Tumor targeting anti-cancer therapeutics by conjugating
tumor-specific antibodies is of great interest in oncology,
pharmacology, and nanomedicine. This approach will allow
to increase therapeutic efficacy and to decrease systemic
adverse effect [1, 2]. Quantitative investigation of dynamics
of such drug delivery in vivo is crucial to enable the
development of more effective drug-delivery systems. One
of the best ways to perform this is to apply new technology

" in biophysics that the positions of proteins are detected

quantitatively at the single-molecule level with nanometer
precision [3]. However, the specific delivery processes in
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vivo is not known at the single-particle level. Conventional

imaging modalities such as computed tomography, mag-

netic resonance imaging, positron emission tomography,
and organic fluorescence or luminescence imaging have
insufficient resolution to analyze the pharmacokinetics of
drugs at the single-particle level in vivo [4].

To address this issue, real-time single-particle tracking
using quantum dots (Qdots) has been applied to the study
of drug delivery. Qdots, fluorescent nanocrystals, were
expected to be a good biomarker because of their intense
brightness and stability, in contrast to existing organic
dyes and GFP [5, 6]. In cultured cells, sing]e—particle
tracking has yielded invaluable information on the func-
tion of purified proteins [7, 8]. Recent work shows that
the antibody-conjugated Qdots have allowed real-time
tracking of single-receptor molecules on the surface of
living cells [9]. However, no real-time single-particle
tracking in live animals has been reported, and it is
uncertain if the single particle of Qdots could be observed
or tracked in live animals. We analyzed the movement of
single functional Qdots in the tumors of mice from a
capillary vessel to cancer cells by a highly sensitive
measurement system.

The made-to-order treatment for disease is now strongly

expected as well as the evidence-based medicine. In the -

area of surgery, sentinel node navigation surgery is a major
method for performing made-to-order surgery for malig:
nancies. Treatments of cancer with minimum invasivi

surgery without lymph node dissection based on scntin’el‘/

lymph node (SN) navigation surgery has become a major
concern of made-to-order and low-invasiveness medxcme
‘Some radioisotopes and dyes are utilized for SN detecg@oﬂn
in the standard method, however, each detectl”m method’
has advantages and dxsadvantages To make;»,up fmj»;zthe
method using nanosrzed fluorescent beads of umform size
that could efficiently visualize SN from outsld?}?léhe body
and perform experiments to deterrm%e&the approprlate size
and fluorescent wavelength and,confirm-. that uniformly
nanosized fluorescent beads have h%%potentlal to be an
alternative to exrstmg tracers“%fm@\l ]§1’6 the detection of
the SN in animal. These jidata should be useful in estab-
lishing clinical ﬂuorescence measurement methods in the
future. e

Single molecular 1magmg of breast cancer by quantum
dots con u0ated*w1th anti-HER?2 antibody
i

We made &conjugations of Qdot (Quantum Dot Cor-
poration, Hayward, CA) and trastuzumab (Chugai

pharmaceutical Co., LTD, Tokyo, Japan) with a Qdot 800
Antibody Conjugation Kit (Quantum Dot Corporation,
Hayward, CA) via poly ethylene glycol (M.W. 2000) and
heterobifunctional cross-linker 4-(maleimidomethyl)-1-
cyclohexanecarboxylic acid N-hydroxysuccinimide ester
(SMCO).

The final concentration of Qdots and trastuzumab
complexes (QT complexes) was determinéd, by measuring
the conjugate absorbance at 550 nm and usmg an extinc-
tion coefficient of 1,700,000 M~ cm_‘ -at 550 nm.

The human breast cancer cell ,lme KPL-4 [12] which
overexpresses HER2 and is sensmve to" trastuzumab was
kindly supplied from Dr. J. Kurebayasm (Kawasaki
Medical School, Kurashiki, \Japaﬁ)”KPL-4 cells were
cultured in Dulbecco’s modlﬁed Eagle s medium supple-
mented with 5% fetal bovme sel’um A suspension of
KPL-4 was transplanted subcutaneously to the dorsal skin
of female Balb/o/«nu/nuM mile at 6-10 weeks of age
(Charles Rlver/Japan Yokohama Japan). Mice beanng a
tumor volume’ of L00—200 mm® were selected for exper-
iments. All operatlons on animals were in accordance
with the 1nst1tuuonal animal use and care regulations. This
study ¥ Was. approved by Animal Care and Use Committee
of Tohoku Umversrty

/QT complexes were injected into tail vein of mice. The
/mlcetwere “placed under anesthesia by the intraperitoneal
g 1n]e§t1ﬂon;of a ketamine and xylazine mixture at a dosage of
95 5 mg/kg, respectively. The temperature of mice was
,amtalned at 37°C by a thermo-plate and objective lens
eater The modified DSFC method [13] 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 so as to fix the
extended double layer of dorsal skin including the tumor
site. Skin between chambers sutured with 6-0 nylon around
the window, and the tumor could be located in the center of
the window and fixed without influence from the beating of
the heart and breathing. The tumor was placed surface
down on the neutral saline mounted cover slip on a viewing
platform of 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.
The mice were killed by CO, overdose after imaging.

The tumors were removed and divided for histological
and immunohistochemical examination. In the histological
Qdot uptake study, tumors were frozen and cryosectioned
6 um thickness, fixed with acetone at 0°C and examined
with an imaging system. For immunohistological exami-
nation, tumors were fixed in 10% neutral-buffered formalin
overnight and then transferred into ethanol before pro-
cessing and paraffin embedding. Immunohistochemical
analysis was performed on paraffin sections at 6-pm
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thickness using the HercepTest (Dako Cytomation, CA) to
confirm HER2 expression.

As shown in Fig. 1, the optics system for 3D observa-
tion consisted primarily of an epi-fluorescent microscope
(IX71, Olympus) with modifications, a Nipkow lens type
confocal unit (CSU10, Yokogawa) and an electron multj-
plier type CCD camera (iXon 887, Andor). The confocal
unit adopts multi-beam scanning using about a thousand
beams that are simultaneously ¢mitted through a pin-hole
disk to facilitate high-speed scanning. The EMCCD has
advantage that offering unsurpassed sensitivity perfor-
mance, and has been shown to yield markedly improved
SN ratio. The objective lens was moved by a piezo actuator
with a feedback loop for stabilizing the position of the
focus. A computer controlled the piezo actuator in syn-
chronization with the image acquisitions in order that the
objective lens remained within the exposure time of the
CCD camera. An area of 30x30 pum? was irradiated by a
green laser (532 nm, Crystalaser).

The xy-position of the fluorescent spot was calculated by -
fitting to a 2D Gaussian curve. The single molecule could
be identified by the fluorescence spot, and quantitative and
qualitative information such as velocity, directionality, and
transport mode was obtained using time-resolved trajecto-
ries 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:
the standard

; X

was 30 nm, into consideration

deviation.

taking

Objective Lens
Piezo Stage

Excitation Laser

Bandpass Filter

Fig. 1 The 3D intravital imaging system for visualization of QT
complexes in a mouse

(%y‘

#

Sentinel node navigation by nanosized fluorescent
beads
We employed “FluoSpheres®” manufactured from high-
quality polystyrene microspheres (Molecular Probe Inc,
OR, USA) for sentinel node detection. We selected beads
of sizes 20, 40, 100, and 200 nm, and fluorescent colors of
yellow—green (YG) (excitation/emissionsmaxima at 505/
515 nm), dark red (DR) (660/680 nm),” far’\red (FR) (690/
720 nm) and infrared (IR) (715/755 nm) The sg/ze of beads
is very homogeneous, 0.02+0. 004 Spm’ in, 20 -nm size and
0.140.005 pm in 100 nm. We desrgned a laser scanning
fluorescence detection system that. con51sts of three lasers, a
resonant scanner (resonant, freqﬁency/ZOO Hz), a rotational
pulse-stage and a CCD camera (Frg 2). We used a diode
pumped solid-state blue laser (/473 nm, 7 mW) as the
excitation source of YG luorescént beads. For excitation of
DR, FR, and IR ﬂuores ent.beads, we used a He-Ne laser
(632.8 nm, 14.6 mW) or.alaser diode (657 nm, 3.56 mW).
The inguinal ; and femoral areas were continuously irradi-
ver an area of 30x50 mm. The
fluorescence image ;was observed using a CCD camera
(XC- EISO Sony) with an optimum band-pass filter for each
ﬂuorescent bead
y dn addmon the spectrum of scanned area was analyzed
p vith: sp;ctrometer Under ether anesthesia, the hair of
lower body was removed to avoid autofluorescence of
it. Then 50 ul of FluoSpheres® 2% w/v suspension was
: ubcutaneously injected at the footpad of the hind leg.
pectral analysis of fluorescence from rats injected with

beads was performed to clarify the signal-to-noise ratio of
:

fluorescence from beads and autofluorescence. After
observation from outside the body (through the skin) for
30180 min, we peeled back the skin at the subcutaneous
layer and ascertained the area of lymph nodes with navi-
gation of their specific fluorescence. Then, the lymph nodes
were removed and fixed with formalin for histological
observation to confirm that the tissue was a lymph node.

(@ DPSS Blue Laser
(473nm/f7.05mwW)

@ He-Ne Laser
(632.8nm/14.6mW)

@ Diode Laser
(657nm/3.56mW)

computer

cCD Laser

—
band-pass filter

t
1
1
1
1 I
) mirror
1

1

t
I
'
1
1
]
resonant scanner :
1

spectro-
metor

Fig. 2 Fluorescence imaging system for sentmel node detection
using nanosized particles
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Results

Single molecular imaging of breast cancer
by semiconductor quantum dots conjugated
with anti-HER?2 antibody

The molar ratio of trastuzumab to the Qdots of the QT
complexes was approximately 3:1. KPL-4 cell membrane
and QT complexes strongly bound 5 min after mixture of
KPL-4 and 10-nM QT complexes. Six hours after the
mixing, the signals from the QT complexes were found
mainly in the cytosol neighboring the nucleus, suggesting
that the QT complexes were endocytosed. Qdots without
trastuzumab did not bind or accumulate in the KPL-4 cells.
A control study using AH109A cells, a HER2 negative cell
line, also showed no binding of the QT complexes, indi-
cating that QT complexes selectively bind to the HER2
protein.

A tumor-bearing mice model was prepared with sub-
cutaneous implantation of KPL-4. A single Qdot in the
tumor-bearing mice was observed using a high-resolution
intravital imaging system through the DSFC. This system
captures images of single Qdots at a video rate of 33 ms
per frame. The DSFC was firmly mounted on the micro-
scope stage to minimize the distorting influence of the
heartbeat and breathing. 3D confocal intravital images of
single QT complexes were taken by moving an objective
lens. 3D images of the tumor were taken by reconstructmg
10-20 confocal images from the surface of the mice to}%au
depth of 150 mm inside the tumor through the DSFC
Fluorescence micro-angiography was performed after .
injection of the QT complexes into the tail vein
membranes of the KPL-4 tumor cells were clez{rly staingd”

into and mcreased in the tumor cells. o

After in vivo tumor imaging of thé mié igtological
examination of the chemically ﬁxed tumors :;%vas performed
to confirm that QT complexes f,the%hvmg mice exhibit
activity on the KPL-4 cells. QT complexeqjobserved under
the 3D microscope were located%’“ t the cell membrane and
near the nuclear membran§ The posmon of the objective
was fixed and 300-3, 000° sequentlal confocal 2D images
(total 10~100 s) were taken at this fixed position. Within
30 s after the H‘l_]CCtIOII the current of the QT complex in a
vessel was observed “WhensWwe could observe a vessel and
cells clearly, the smgle QT complex in the current of the
s f thien analyzed. The fluorescence i image of
the crrculatmg QT complexes was not a circle but an
elhpse” "nd Somenmes a line at the video rate because QT
) imes moved >1 mm in a single frame. The
‘ovement of the single particles was calcu-
lated from the positional changes of the centroid of the QT

The -

complex images. The average speed of each complex
ranged from 100 to 600 pm/s, in agreement with a previous
report by another method [14]. Each particle exhibited 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 moved out through these pores.

Focusing on the vessel walls, a movement was observed
of the QT complex extravasated from the intravascular
space The edge of the vascular i mner surface was not clear
were averaged to pre01sely defernune the position of the
edge. The complexes were posmoned first on the vascular
surface and then extravasated “This is the first example of
video rate observatign- Of, exifavasation of nanoparticles,
such as Qdots, in a- mou_se.,moilel.

Two hours affez'r the. injection many complexes had
migrated into;the tumor iriterstitial area close to the tumor
vessels. Most of the  smovement of the complexes was
random in both onemauon and speed, indicating that
complexes d1ffuse by the Brownian motion exerted by
thermal energy The average diffusion coefficient of the
complexesywas 0.0014 mm?/s, much smaller than that at

,fre&dlffusron in solution (~10 mm%s). Many complexes
Fz
s also moved randomly within a restricted small area of

~1 mm in diameter and then hopped by ~1 mm. The
movement was restricted by a cage formed by the extra-
cellular matrix.

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. Movements of
a 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. Many QT complexes bound to the cell
membrane exhibited Brownian motion within a restricted
region of ~500 nm in diameter. This region is signifi-
cantly 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 [15]. The QT complexes restricted to the small
area initiated linear movement in one direction along the
cell membrane with speed of 400-600 nm/s and traveled
for several micrometers.

We also observed in pursuing the transport of QT
complexes from the peripheral region of the cell to the
perinuclear region. The QT complex in a given cell moved
almost straight towards the cell membrane with a velocity
of 100-300 nm/s, changed direction to parallel to the cell
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membrane, and moved toward the cell nucleus at a velocity
of ~600 nm/s. Finally, the directional movement of the
QT complex ceased and Brownian motion commenced
within a small area, ~1 pum in a diameter, near the
nucleus. The first two movements, straight towards and
along the cell membrane, would most likely be produced
by the transport of an acto-myosin system binding to ves-
icle containing QT complexes [16], because the actin
filaments in cultured cells are highly concentrated in the
peripheral region of cells. Movement towards the nucleus
would most likely be on a microtubule transported by
dynein [17] since there are almost no actin filaments
near the nucleus, but rather, a high concentration of
microtubules.

Sentinel node navigation by nanosized fluorescent
beads

We performed the experiment on four types of beads with
diameters of 20, 40, 100, and 200 nm. In the experiment
using 20-nm beads, 22 ft from 13 rats were tested. SNs
were detected in 10 ft of 22 (45%) by fluorescence contrast
as shown in Fig. 3. The time of detection from injection
was 0—6 min. The average time for detection was 2.5 min
and the median time was 2 min. With the 40-nm beads,
SNs were detected in 50 of 72 ft (69%). The time of
detection from injection was O to 28 min. SNs in 42 ft were

detected within 5 min. They were the most representauve “?’ :

cases (84%). The average time was 4.6 min and the median
time was 3 min. With 100-nm beads, SNs were detected in

two of 10 ft (20%). The average and median t1mesf3« w

both 56 min. With the 200-nm beads, SNs were detected in
seven of 18 ft (39%). The average time was: 127~ Jhin YThe
median time was 135 min. In the 40- and 20 nm»experr—
ments, there was a significant dlfference in both the

i nd
positive rate and average time. In»"the same -way, we
compared 40 with 100- or 200-nm/beads '«%}f

inguinat
lymph node

estis

Fig. 3 Fluorescence image of right inguinal node and its illustration
for sentinel node imaging using nanosized fluorescent particle in rat

‘We investigated three excitation and emission wave-
lengths with the 40-nm beads, yellow—green (YG), dark red
(DR) and infrared (IR). Beads of 40 nm in diameter were
found to be the most suitable size in the previous experi-
ment. In the experiment using YG, 10 ft from five rats were
tested. SNs in three of 10 ft (30%) were observed by
fluorescence measurement. With DR, SNs in 24 of 31 ft
(77%) were observed and with IR, SNs 1r41/23«0f 31 ft (74%)
were observed. DR and IR have advantage “of f_positive rate
of fluorescence detection as compared w1th*~'YG

In these experiments, four dlfferent luoredcent wave-
lengths 515, 680, 720, and 755 nm were«étudred DR and
IR were more sensitive than YG ~in_the detection rate
experiments with 40 nm. There wa ’0/51gmﬁcant differ-
ence in detection rate, but 1 m average time between DR and
IR. However, spectral analysrs of DR and IR showed that
IR has a higher ﬁgngL to—nors; ratlo compared to DR.

In the Study for single molecular imaging of cancer, we
capturedethe specrﬁc dehvery of smgle QT complexes in

wA/’;‘ve sel c1rculat10n (2) extravasatron (3) movement mto the
P

extracellular region, (4) binding to HER2 on the cell

smembrane, (5) movement from the cell membrane to the
perinuclear region after endocytosis and (6) in the perinu-

clear region. The transport 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 3D structure and
protein-protein interactions. The motive power of the
movements was produced by blood circulation (essential in
processes 1 and 2), diffusion force driven by thermal
energy (2, 3 and 4) and active transport by motor proteins
(5). The cessation of movement is most likely induced by a
structural barricade such as a matrix cage (2, 3, and 4) and/
or specific interaction between proteins, e.g., an antibody
and HER2 (4), motor proteins, and rail filaments such as
actin filaments and microtubules (5).

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 “nano-
carriers” including anti-cancer drugs, for passive targeting
such as Myocet [ 18], Doxil [19] and for active targeting such
as MCC-465 [20], anti-HER2 immunoliposome [21]. There
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Fig. 4 Detivery of the quantum
dots labeled monoclonal
antibody. The QT complex in
the circulation moved vessel to
the interstitial space then bound
to the tumor cells. The QT
complex finally reached at the
nuclear region through.
intracellular rail protein

is still very little understanding of the biological behavior; '
nanocarriers, including such crucial features as their trans-

port in the blood circulation, cellular recognmon 2
translocation into the cytoplasm, and final fate in the 4targef/&
cell. These results suggest that the transport of nadocd s"/
would be quantitatively analyzable in the tumors of. hvmg
animals by the present method. This approach ‘thus should
afford great potential new insight into pamc]e behav1or in
complex biological environments. Suchme i
will allow rational improvements:zin pamcie design to
increase the therapeutic mdex{’f f ‘the.tymor targeting
nanocarriers. 7

<

Nanocrystal semlcondugtorw%quanmm dots conjugated
with antibody may serve fundam ntally as new controlla-
ble materials for medlcal %puggoscs including cancer
molecular imaging.

Homogeneous nan051zed beads have shown an advan-
tage for efficiert, SN adetecuon compared to existing
colloids agents. of.“etgrogeneous size in the fluorescent
nanoparticle‘@‘{;‘g}smdy for sentinel navigation surgery.
Although ‘the:, appropnate size for SN detection for human
bemgs Askpredlcted to be 500 nm, and the optimum size
may be dlfferentgfbetween animal species, the appropriate
size should ‘be determined for humans with accurately
measured nanosized beads of strictly same dimensions.

There are two forms of transportation mechanism
Wrdmg a particle material to lymphatic system that is
m]ected into tissue space. One is physical and active
extracellular transportation; a particle passes through
lymph capillaries. The other one is intracellular trans-
portation of a particle. Foreign materials shift to the
lymph capiliaries after phagocytosis of particle. An
investigation of in vivo dynamics of tracers is important
in SN biopsy. It is reported that lymph node was detected
by protected graft copolymer combined with CyS5.5, or
methoxypolyethyleneglycol-poly-L-lysine combined with
Cy5.5-as a tracer. The nanoparticle may distribute to
reticuloendothelial system as described in previous reports
[22, 23], or may be excreted from kidney for their
hydrophilia. We histologically observed liver and kidney
2 weeks after subcutaneous injection of fluorescent beads.
Consequently, we did not find beads trapped in liver or
kidney by fluorescent microscopic observation, suggesting
that the safety of these beads would be ensured when they
are given in vivo.

The fluorescent beads that we used are mainly consisted
of polystyrene. As polystyrene is the material often used
for surgical strings in operation, it would be safe to gave
fluorescent beads to living organisms. Accumulation and
toxicity are under investigation.
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The depth of targets is a serious problem in fluorescence
measurement of living tissue. The local excitation illumi-
nation within tissue exponentially attenuates due to
absorption and scattering from the surface to that depth.
This problem of lack of transmission prevents us from
detection in tissues deeper than 1 cm from the surface of
the body at present [10]. We can detect the SN of small
animals like rats, but may have difficuity in detection in
larger animals because of the depth at which SNs. For
example, lymph node in human is buried in fat and is
located deeper than 1 cm. The detection technique to find
SN up to'2 cm in depth is recommended. To solve this
problem, we should select the appropriate wavelength of
fluorescence and fluorescent materials, and also develop
imaging techniques. Hemoglobin absorbs light in the range
of visible light below 650 nm, and water absorbs light
above 1,100 nm, but in the near-infrared range, between
650 and 1,100 nm, the absorption of light in living tissue is
minimum." This range is called the optical window. In
addition to collagen, NADH and FAD are substances that
in vivo have the fluorescent wavelengths in the range of
400-500 nm. So, from this point of view, NIR range has
the advantage for the fluorescence measurement. We are
also investigating the application of semiconductor nano-
crystal that has extremely stronger fluorescent intensity
than usual fluorescent beads to increase the detection

ability and fluorescence tomography -based on acousto-

optic modulation imaging [24].

Nanotechnology should be a great aid in 1mpr0v1ng
tailor-made medicine by their hyper-sensitive and super—
selective property for diagnoses. Advanced sensmo tech-
nologies such as the single-molecule 1magmg techmque '
and acousto-optic modulation imaging techmque are<algs”
required to make the best use of the functlonalmnanomate—
rials for achievement of hyper-sensitive and, super-selectlve
imaging. These novel products of advanccd technologles
may realize a revolution of medicine<in hea{:;future

. This work was supported by Grants -in-aid for Research
Projects, Promotion of Advanced Medwal Technology
(H14-Nano-010 and H18-Nano- 001) from ‘the Ministry of
Health, Labor and Welfare Japan " ”}
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