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Near-infrared (NIR) bioimaging is attracting a lot of attention
due to the absence of strong scattering and color fading of
the phosphors, which can provide long-term and deep im-
aging. For fluorescence bioimaging (FBI) in the NIR region,
rare-earth-doped ceramic nanoparticles can be one of the
best candidates. For the delivery of the ceramic particles to
the biological imaging target, liposome-encapsulating the
ceramic phosphor is proposed. Liposome-encapsulated, Er-
doped Y,O3; nanoparticles were prepared as fluorescent

probes for NIR bioimaging. Their surface was modified with
PEG, biotin, anionic, and cationic agents. The dispersion,
surface charge, and specific interactions of the surface-modi-
fied liposomes were characterized. Microscopic and macro-
scopic NIR bioimages were demonstrated by injecting the
liposome-encapsulated, Er-doped Y,O3; nanoparticles into
the body of a mouse through the blood vessels. The NIR
fluorescence images of the mouse organs are presented.

Introduction

Fluorescence bioimaging (FBI) is one of the most impor-
tant methods for biological research and medical diagnosis
to visualize the spatial distribution and transient movement
of substances in biological systems as multicolor images.
Currently, major problems of FBI are shallow observation
depth due to scattering, color fading of the organic phos-
phors, autofluorescence that causes background noise, and
damage to the biological objects, which are mostly caused
by the irradiation of short-wavelength excitation light, such
as UV or blue light, to obtain visible fluorescence.l'! On the
other hand, the fluorescence may not be “visible” to the
naked eye, as most bioimaging procedures are carried out
by using charge-coupled device (CCD) cameras. Therefore,
the FBI in the near-infrared (NIR) is attracting interests
in the fields of biological and medical research. The NIR
wavelength region between 800 and 1700 nm is known as a
“biological window” where one can expect the lowest loss
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of light due to scattering.[’! The region does not suffer from
IR absorption due to molecular vibration. Because of the
low quantum energy of the photon in this region, the light
to be used for excitation is not harmful to biological sub-
jects and fluorescent phosphors.

As materials that can emit fluorescence in the NIR re-
gion, rare-earth-doped ceramics have been applied as laser
or optical amplifier media for decades. 1064 nm emission
under 800 nm excitation from Nd:YAG is used for one of
the most popular solid-state lasers.[*l 1550 nm emission un-
der 980 nm excitation from Er**-doped silicate glass fiber
is used for optical amplifiers in optical communication.!
Those applications originate from the characteristic elec-
tronic states of 4f electrons, narrow-energy bands, and weak
electron—phonon coupling, as results of the shielding effect
by the outer-lying filled 5s and 5p shells. Some of the rare-
earth-doped ceramics are known to show upconversion
(UC) emission, which is an infrared-to-visible conversion
through stepwise excitation among the discrete energy levels
of the rare-earth ions in ceramics.'! The use of this phe-
nomenon for bioimaging has been proposed since 1999.5-11]
Our group has also worked on UC FBI in the recent years,
focusing on the development of imaging probe materi-
als.[l,12—18]

In recent years, we have been developing NIR-NIR bio-
imaging systems by using the NIR fluorescence at 1550 nm
under 980 nm excitation, which can be efficiently emitted
from Er-doped yttrium oxide (Y,Osz:Er?*) phosphors, as
shown in Figure 1.[' The development of the imaging sys-
tem now allows the application of InGaAs-CCD, which can
detect the light in the NIR wavelength region.
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Figure 1. Emission spectrum of Er-doped Y,O; nanoparticles in
the NIR region.!*‘]

To use the Y,O05:Er** nanoparticles for NIR bioimaging,
it is required to deliver the particles to the targeted part of
the biological system. Liposome is a good candidate as a
material with a similar structure as the cell membrane, and
the use of liposome has been attracting interest in the re-
search field of drug delivery. In the present study, liposome-
encapsulated Y,Os5:Er3* nanoparticles with various surface
properties were prepared. The obtained liposomes were
tested by using an NIR fluorescence plate assay. As a dem-
onstration of NIR-NIR bioimaging, the distribution of the
liposomes injected through the blood vessels into the body
of a mouse was also observed by using microscopic and
macroscopic NIR FBI systems.

Results and Discussion

The encapsulation of the Y,O5:Er3" nanoparticles were
checked by observation by FE-SEM. Figure 2 shows the
FE-SEM images of the liposome encapsulation of the par-
ticles under different accelerating voltages. Figure 2(a)
shows the image under smaller voltage, where the outlines
of the liposomes were observed. In Figure 2(b), under
higher voltage, the Y,O3:Er3* nanoparticles were observed
through the liposome skin layer. From those images, we
conclude that the Y,Os5:Er3* nanoparticles were encapsu-
lated in the liposome. The average size of the Y,O5:Er3*
nanoparticles were approximately 150 nm, which matches
the size estimated by dynamic light scattering (DLS) before
the encapsulation. We have previously reported that particle
size estimations by SEM, TEM, and DLS match.['”] The
size of the liposomes dried in vacuo and observed under a
microscope were approximately 500 nm.

Figure 3 shows the fluorescence images of the liposome-
encapsulated Y,03:Er** nanoparticles under an optical
microscope. The bright-field image [Figure 3(a)] shows that
the size of the wet liposome is approximately 650 nm. Fig-
ure 3(b, ¢) shows the upconversion fluorescence image,!!
which can be observed with a CCD camera for visible light
under 980 nm NIR excitation. Figure 3(d) shows the NIR
fluorescence image at 1550 nm, which was observed by an
NIR CCD camera. The difference between the scales of a—
c and d is due to the difference in the resolution of the used
CCD cameras. All of the pictures show that the liposome
is filled with Y,Os:Er** nanoparticles.
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Figure 2. FE-SEM images of liposome-encapsulated Y,O5:Er’*
nanoparticles. Accelerating voltages are (a) 1 kV and (b) 10 kV.

()

Figure 3. Fluorescence microscope images of liposome-encapsu-
lated Y,O5:Er** nanoparticles. Imaging schemes are (a) bright-field
image, (b) UC fluorescence image, (c) (a) + (b) and (d) NIR fluo-
rescence image.

Because of the use of dipalmitoyl phosphatidylglycerol
(DPPQ), the surface of the liposome should be negatively
charged. Figure 4 shows the { potentials of the bare and
liposome-encapsulated Y,O; particles. It is known that
Y05 is positively charged under neutral conditions,!'! as
shown in the figure. In contrast to semiconductor or metal
particles, ceramic nanoparticles are normally insulators,
and their surface charge cannot be determined by the type
of electric carrier. Y,03 comprises ionic bonding. The posi-
tive charge may be caused by the higher positive charge of
Y3* relative to that of O>7, which causes higher localized
positive charge. On the other hand, the liposome-encapsu-
lated Y,O5 shows strong negative charge, which implies that
the surface of the liposome consists of negatively charged
DPPG.
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Figure 4. { potential of Y,O3 particles and liposome-encapsulated
Y,0;5 particles at pH 7.0.

Ceramic nanoparticles are normally dispersed in pure
water because of the surface charge of the ceramics. How-
ever, under physiological conditions with strong ionic char-
acter, the charge is cancelled, and they agglomerate quickly
to decrease the large specific energy. Figure 5 shows the
transient change in the transmittance of the suspension of
the bare and liposome-encapsulated Y,O; nanoparticles
measured at 550 nm. In case of the bare Y,O; nanopar-
ticles, the transmittance quickly decreases because of the
sedimentation of the particles due to agglomeration. On the
other hand, in the case of the liposome-encapsulated par-
ticles, it slowly decreases. The encapsulation of the particles
by the liposome is shown to enhance the dispersion stability
of the Y,O; nanoparticles as bioimaging fluorescence
probes.
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Figure 5. Sedimentation behavior of bare and liposome-encapsu-
lated Y,Oj; particles in a physiological saline solution (150 mm
NaCl,,, with pH 7.0).
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Important characteristics of fluorescent probes to be
used as bioimaging probes are dispersion stability under
physiological conditions, the absence of nonspecific interac-
tion with nontargeted substances, and specific interaction
with the targeted objects. The first requirement is present
in the liposome-encapsulated Y,O3 nanoparticles, as shown
in Figure 5. Specific interaction with the targeting object
was achieved by introducing PEG and biotin in the lipo-
some skin layer. PEG is known to avoid nonspecific interac-
tion with subjects for the use of materials with biological
functions.!'3-1%-20-33] Biotin is a molecule known to specifi-
cally interact only with avidin in the biological system. By
using streptavidin, biotinylated agents can be specifically
combined to other biotinylated ligands to deliver the agents
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to a target. In this work, PEG and biotin were introduced
to the surface of the liposome by using PEG-distearoylgly-
cerol (PEG-DSG) and dipalmitoyl phosphoethanolamine-
N-biotinylsodium salt (DPPE-biotin). Upon the introduc-
tion of the PEG-DSG and/or DPPE-biotin, there was no
obvious change in the SEM and optical microscope obser-
vation. Figure 6 shows the results of the fluorescence plate
assay by the fluorescence of the Y,O5:Er3* nanoparticles at
1550 nm under 980 nm excitation. The tested plates are
with streptavidin as a target agent and bovine serum albu-
min (BSA) as a nontarget protein.
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Figure 6. Evaluation of specific interaction of liposome-encapsu-
lated Y,O5:Er** nanoparticles by fluorescence plate assay on strep-
tavidin and BSA plates. Bare and liposome-encapsulated
Y>05:Er3* nanoparticles are compared to those in which the lipo-
some was modified with PEG and with PEG and biotin.

The bare Y,O05:Er3* nanoparticles interacted with both
plates. The Y,O5:Er3* particles encapsulated in the lipo-
some interacted much less than the bare particles, though
still some particles were observed on both plates. The
Y,0;:Er** nanoparticles encapsulated in PEGylated lipo-
somes were not observed in any of the plates. This result
shows that the PEGylation certainly avoids the nonspecific
interaction of the liposome-encapsulated Y,Os5:Er** nano-
particles with proteins. By introducing biotin into the
PEGylated liposome, the Y,O5:Er** nanoparticles can only
be observed on the surface of the streptavidin plate and
not on the BSA plate. As a result, liposome-encapsulated
Y,03:Er3* nanoparticles with both PEGylation and biotin
modification are useful as a probe for NIR biological im-
aging.

As a demonstration of the use of the liposome-encapsu-
lated Y,O5:Er’* nanoparticles as bioimaging probes, the
liposomes were injected into a mouse and its organs were
observed by using macroscopic and microscopic NIR FBI
systems. The surfaces of the liposomes were controlled to
be anionic, cationic, and PEGylated by using DPPG,
stearylamine, and PEG-DSG, respectively. Figure 7 shows
the NIR fluorescence images at 1550 nm under 980 nm exci-
tation. The injected suspension was HEPES buffer (2 mL,
2675
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20 mm) with NaCl (150 mm) dispersed with Y,O5:Er3* par-
ticles (5 mg/mL). For the following cases, a certain amount
of Yb** was co-doped into Y,O5:Er’* as a fluorescence sen-
sitizer. The mouse skin was opened for clear observation.
In all cases, the fluorescence of the Y,O5:Er** nanoparticles
was observed from the liver. The results show that the lipo-
fected Y,Os5:Er** nanoparticles tend to concentrate in the
liver when injected into the blood vessel via the tail vain.
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Figure 7. NIR fluorescence images of mouse organs injected with
anionic, cationic, and PEGylated liposome-encapsulated
Y,0;:Er** nanoparticles. The brightly illuminated organ is the
liver.

Figure 8 shows the NIR fluorescence microscopic images
of the sections from various organs of the same mouse as
above. Certain amounts of the particles were found in both
the liver and the spleen. No particles were found in the kid-
ney. The difference due to the PEGylation was found in the
spleen. Liposome particles with anionic and cationic sur-
face were found both in the liver and in the spleen, while
those with PEGylation were not found in the spleen. Stud-
ies to clarify the biological and medical meaning of this
distribution of the probes are now in progress.
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Figure 8. NIR fluorescence microscopic images of histological sec-
tions of various organs of a mouse injected with anionic, cationic,
and PEGylated liposome-encapsulated Y,O5:Er3* nanoparticles.
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Conclusions

Liposome-encapsulated, Er-doped Y,Os; nanoparticles
with various surface modifications as a fluorescent probe
for NIR bioimaging were successfully fabricated. By intro-
ducing PEG on the surface of the liposome, nonspecific in-
teraction with a protein was avoided. The liposome whose
surface was modified with both biotin and PEG specifically
interacted with streptavidin. Organs of a mouse injected
with the liposome were imaged by both microscopic and
macroscopic NIR imaging systems as a demonstration of
NIR bioimaging.

Experimental Section

The preparation of Y,O5:Er** nanoparticles is described precisely
elsewhere.'3-171 The particles were obtained by calcination of the
precursor precipitated by using homogeneous precipitation. The
obtained particles can emit 550 and 660 nm visible light through
the upconversion process and 1550 nm light through the normal
fluorescence process under 980 nm excitation by a laser diode.

Liposome-encapsulated Y,Os:Er3* nanoparticles were prepared by
the complex emulsion method.?* HEPES buffer (2 mL, 10 mmol/
L, pH 7.4 with 150 mmol/L NaCl) dispersed with PEG-modified
Y,0;:Er3* particles!' (5 mg/mL) was added to phospholipid solu-
tion (4 mL) to form a water-in-oil (W/O) emulsion. The phospho-
lipid solution was a chloroform solution with dipalmitoyl phos-
phatidylcholine (DPPC), DPPG, and cholesterol. The concentra-
tion was adjusted so that the total lipid concentration would be
30 pmol/L. The W/O emulsion was then moved to HEPES buffer
solution (200 mL, 20 mmol/L, pH 7.4 with 150 mmol/L NaCl) with
DPPC to form a water-in-oil-in-water (W/O/W) emulsion. The
solution was stirred during the mixing and after the mixing for 12 h
in a fume hood to evaporate the chloroform at room temperature.
The absence of cloroform was checked by smelling the solution.
DS-PEG and DPPE-biotin were added to the buffer solution at the
last stage for the introduction of the PEG and biotin. The obtained
liposome-encapsulated Y,O5:Er** nanoparticles were centrifugally
washed two times with HEPES buffer solution (200 mL, 20 mmol/
L, pH 7.4 with 150 mmol/L NaCl). The liposome-encapsulated
Y,0;5:Er3* nanoparticles were finally dispersed in the same buffer
solution such that the Y,Os5:Er3* concentration was 5 mg/mL.

The liposome solutions injected to the mouse were prepared by the
method described above with the compositions listed in Table 1.

Table 1. Percent composition of the solution of the liposome in-
jected to the mouse [mol-%].

Liposome DPPC  Cholesterol Additive Amount
Anionic 40 40 DPPG 20
Cationic 40 40 stearylamine 20
PEGylated 50 40 PEG-DSG 10

The samples were injected into the blood vessel of a mouse via the
tail vain. The mouse was kept alive in a cage for two hours and
moved for organ imaging. The mouse was sacrificed for histology
20 min after the organ imaging. For the histological observation,
the organs of the mouse were dissected, embedded in Tissue-Tek
(Sacura), and snap frozen in liquid nitrogen. 7 pm cryosections
were fixed in acetone at —20 °C and air-dried for 30 min. The sec-
tion was stained with hematoxylin—eosin (HE) and subjected to the
microscopic observation shown in Figure 8.
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The NIR microscopic bioimaging system is equipped with a NIR
CCD (InGaAs-CCD), as well as a laser diode at 980 nm. The op-
tical components, such as the lens, mirror, and filters are designed
so that one can observe an image with 1550 nm emission under
980 nm excitation.

The NIR macroscopic bioimaging system, so-called in vivo imaging
system (IVIS), consists of a 980 nm fiber-pigtailed diode laser, a
laser scanner, and a NIR (InGaAs) CCD camera, which can cap-
ture images in the 800-1700 nm wavelength region.
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