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Introduction

Abstract. We describe rare-earth-doped nanophosphors (RE-NPs) for biological imaging using cathodolumi-
nescence (CL) microscopy based on scanning transmission electron microscopy (STEM). We report the first
demonstration of multicolor CL nanobioimaging using STEM with nanophosphors. The CL spectra of the syn-
thesized nanophosphors (Y,0j3:Eu, Y,05:Tb) were sufficiently narrow to be distinguished. From CL images of
RE-NPs on an elastic carbon-coated copper grid, the spatial resolution was beyond the diffraction limit of light.
Y,03:Tb and Y,0O3: Eu RE-NPs showed a remarkable resistance against electron beam exposure even at high
acceleration voltage (80 kV) and retained a CL intensity of more than 97% compared with the initial intensity for
1 min. In biological CL imaging with STEM, heavy-metal-stained cell sections containing the RE-NPs were pre-
pared, and both the CL images of RE-NPs and cellular structures, such as mitochondria, were clearly observed
from STEM images with high contrast. The cellular CL imaging using RE-NPs also had high spatial resolution
even though heavy-metal-stained cells are normally regarded as highly scattering media. Moreover, since the
RE-NPs exhibit photoluminescence (PL) excited by UV light, they are useful for multimodal correlative imaging
using CL and PL. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.5.056007]
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Light microscopy (LM) and electron microscopy (EM) are
widely used cellular imaging methods. LM is a useful method
for imaging biomolecules stained with fluorescent probes in
the fields of biology and medicine. Staining with multiple
fluorescent probes such as dyes,! quantum dots (QDs),>* and
fluorescent proteins™> allows simultaneous visualization of the
distributions of individual biomolecular species with different
emission spectra, and imaging with multiple labeling provides
information about biological molecular interactions. On the
other hand, EM gives us fine structural information about
cellular components, such as the membrane, mitochondria, and
endoplasmic reticulum.

The spatial resolution of EM is higher than that of LM
because the spot size of a focused electron beam is on the order
of nanometers. Furthermore, EM allows us to observe a molecu-
lar species at nanoscale resolution through immunostaining with
gold nanoparticles (GNPs).*” More than one kind of molecular
species can be identified by using GNPs of different sizes.>™'°
There is also a method capable of identifying different types of
biomolecules by using the sizes and shapes of QDs. "

The spatial resolution achievable with LM is limited to
submicrometer order by the diffraction limit of light,'> and
discrimination of different kinds of biomolecules using EM is

*Address all correspondence to: Hirohiko Niioka, E-mail: niloka @ bpe.es.osaka-
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still difficult because EM images are monochromatic, not color.
These limitations of LM and EM hamper the detailed under-
standing of cellular functions in life processes, especially in
the case of complex distributions of molecules.

Cathodoluminescence (CL) is one candidate that fills this
functional gap between LM and EM. CL is the light emission
from a material induced by accelerated electrons. The spatial
resolution of CL microscopy reaches the nanometer scale
because the spot size of an electron beam is on the order of nano-
meters, and the CL color depends on the material.'? Therefore,
by using suitable imaging probes, CL microscopy enables multi-
color biological imaging with nanoscale spatial resolution. To
exploit these benefits, we have previously reported biological
CL imaging with rare-earth-doped nanophosphors (RE-NPs)
based on a combined scanning electron microscopy—cathodolu-
minescence (SEM-CL) technique.'*!® Several research groups
have also studied SEM-CL imaging.'®"® However, SEM-CL
imaging has difficulty in imaging cellular structural information
due to a low contrast image, even samples stained with heavy
metals such as osmium and uranium.

The scanning transmission electron microscopy—cathodolu-
minescence (STEM-CL) method?**! is also a promising technique
for realizing multicolor biological imaging with nanoscale spa-
tial resolution. It is known that images of cellular structure (e.g.,
organelles, membranes, and macromolecules) obtained with
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STEM using thin cell sections stained with heavy metals have
high contrast. To reveal the detailed cellular functions at nano-
scale resolution, simultaneous observation of both structural
information and protein distributions is quite important. Further-
more, higher spatial resolution and higher contrast are obtained
compared with SEM-CL because the acceleration voltage of
STEM (80 to 200 kV) reduces the electron scattering volume
compared with SEM (typical acceleration voltage: ~30 kV).

Here, we describe multicolor biological imaging using CL
microscopy based on STEM, with Y,05:Eu and Y,0;:Tb RE-
NPs, which have high resistance against electron beam irradia-
tion and narrow spectral bandwidth. Using these nanophosphors
allows simultaneous cellular structural imaging by STEM and
multicolor imaging by CL. In addition, multimodal imaging
using LM is also demonstrated using the same nanophosphors.
To the best of our knowledge, this is the first demonstration of
an imaging technique in which RE-NPs are applied to CL bio-
logical imaging using STEM.

2 Imaging System
21 STEM-CL System

Our CL system based on an STEM instrument (JEM-2100F) is
illustrated in Fig. 1. CL is collected by a parabolic mirror, form-
ing parallel rays. The parallel rays exit the STEM instrument
through a quartz window. The CL is focused onto a slit of
a spectrometer (Andor, SR163, f = 163 mm, F/3.6) by a lens
and is detected by an electron multiplying (EM)-CCD detector
(Andor, DU920p-BU) for spectral imaging.

The electron beam is controlled via the beam scanning sys-
tem of the transmission electron microscopy/STEM instrument
using an external PC and is scanned on the specimen. CL from
the specimen is obtained by the EM-CCD for a certain duration
at each point. Using the EM-CCD detector, the emission spec-
trum is detected for each pixel, realizing spectral imaging at each
wavelength. Since the STEM and CL signals are simultaneously
obtained by the external PC and the electron beam is scanned
step-by-step to observe these images, the position of each pixel
in the STEM image is identical to that in the CL image.
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Fig. 1 Cathodoluminescence (CL) detection system combined with
a scanning transmission electron microscopy (STEM) instrument.
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2.2 Fluorescence Imaging System

For cellular fluorescence imaging using RE-NPs, we used an
Hg-Ar lamp (Ocean Optics, CAL-2000) as a UV excitation light
source. Only 254-nm UV light was used for the excitation light,
by using a bandpass filter (Semrock, Hg-01-254). A UV objec-
tive lens (Nikon, UV50 X A, NA = 0.4, WD = 11 mm) was
used. Fluorescence bandpass filters were used for detection
(for red emission: Semrock, FF01-615/20-25; for green emis-
sion: Semrock, FF01-550/32-25). The fluorescence was detected
by an EM-CCD camera (Andor, Luca S).

3 Preparation of Specimens

3.1 Synthesis of RE-NPs

For the imaging probes, we used Y,0O;:Eu and Y,05:Tb RE-
NPs. Y,0;-based RE-NPs are well-known materials for the
application of CL to display devices and exhibit high intensity,
narrow spectral bandwidth, and high stability against electron
beam irradiation at acceleration voltages <30 Kv.?*> Y,0;:Eu
and Y,0;:Tb NPs were synthesized using the homogeneous
precipitation (HP) method.?® The HP method is a nanophosphor
synthesis method that produces nanophosphors of uniform size
and spherical shape. Urea was used as the precipitant for homo-
geneous phosphor precursors. The precipitation reaction pro-
ceeds in the whole solution because the pH of the solution is
increased by the hydrolysis reaction of urea into ammonia at
about 80°C.

As the activator ions, Eu and Tb were selected for red and
green phosphors, respectively. Rare-earth nitrates [Y(NOj3)s,,
Eu(NO;); and Tb(NOj3);] were used as starting materials for
the synthesis without further purification (all rare-earth nitrates
were purchased from Kojundo Chemical Laboratory). The con-
centrations of Eu and Tb ions in the starting material solution
were 5 mol % and 2 mol %, respectively, expressed as the con-
centrations of metal ions. Rare-earth nitrates were dissolved into
40 mL of distilled water to obtain a concentration of 4 mM. The
solutions were stirred for 5 min. Urea (Wako Pure Chemical
Industries, Ltd.) was added into the rare-earth nitrate solutions,
and the solutions were stirred for 2 h at 80°C. Phosphor precur-
sors started to precipitate in the solution derived from the
hydrolysis reaction of urea. Finally, the obtained precursor
nanoparticles and urea were separated by ultra-centrifugation
(25,000 rpm, 10 min) performed three times and were annealed
at 900°C for 1 h.

3.2 Cellular Specimens for STEM-CL Imaging and
Fluorescence Imaging

Details of the specimen preparation for biological STEM-CL
imaging and fluorescence imaging with HeLa cells are given
here.

HeLa cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) at 37°C in 5% CO,. A distilled deionized
water (DDW) solution that contained the two kinds of nano-
phosphors, Y,05:Eu and Y,0;:Tb, was prepared at a concen-
tration of 0.1 mg/mL (the concentrations of Y,0;:Eu and
Y,05:Tb were both 0.05 mg/mL). The nanophosphors in the
solution were dispersed by ultrasound for 10 min. The 200 uL
of the solution containing the dispersed nanophosphors was
added to 2 mL DMEM solution in a cell culture dish, and the
phosphors were introduced into the HeLa cells via endocytosis
for 1 day.
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The cells were fixed using 2.4% glutaraldehyde in 0.2 M
Millonig’s phosphate buffer at room temperature for 30 min.
Postfixation was performed in 2% osmium tetroxide aqueous
solution at 4°C for 1 h. After the fixation process, the specimen
was rinsed three times in buffer solution. To enhance the mem-
brane contrast for observation using STEM, samples were
treated with 0.15% tannic acid in buffer solution for 1 min and
immediately rinsed with the buffer and DDW. Poststaining was
performed with 1% uranium acetate at 4°C for 1 h, and the spec-
imens were washed. Dehydration was carried out with ethanol
(30%, 50%, 70%, 80%, 90%, 95%, and 100% in triplicate, for
5 min at each concentration). The specimens were embedded in
Quetol-821 epoxy resin (Nisshin EM) via the following process.
The specimens were first treated with an ethanol-epoxy mixture
(2:1 ethanol:epoxy resin) for 2 h, followed by treatment with
an ethanol-epoxy mixture having a different concentration
(1:2 ethanol:epoxy resin) for 12 h. The resin mixture was then
replaced with fresh 100% resin, and the specimens were treated
with this resin for 2 h. After this, the resin was again replaced
with fresh 100% resin. The epoxy was then polymerized with
the sequence: 45°C for 12 h — 60°C for 48 h — 45°C for 12 h.
The epoxy molded samples were sliced to 100-nm thin sections
using an ultramicrotome. The sliced thin section of the cell was
placed on an elastic carbon-coated copper grid (Okenshoji Co.,
Ltd., SHR-C075 STEM Cu75P).

For fluorescence imaging, in the incubation process, cells
were prepared in culture dishes with quartz windows at the
bottom to allow the 254-nm UV light to pass through and to
avoid background fluorescence from the window. The cells
were fixed with 4% paraformaldehyde (Wako) after injection
of the Y,0;:Eu and Y,05:Tb nanophosphors, and the cells
were observed using the fluorescence microscope described
previously.

4 STEM-CL Imaging and Characterization of
Y,0;:Eu and Y,0;:Tb Nanophosphors

First, we measured the CL spectra of the synthesized Y,05:Eu
and Y, O3 : Tb nanophosphors on the elastic carbon-coated cop-
per grids using the STEM-CL system in Fig. 1. Figure 2 shows
normalized CL intensity spectra of Y,05:Eu (red) and Y,0;:
Tb (green) nanophosphors. The emission at around 600 nm
from Eu* ions is due to the magnetic dipole transition Dy =
7F,, which is insensitive to the symmetry of the lattice field, and
the most intense emission around 615 nm is derived from the

1.0
0.8 —

E
06 Tb u

0.4

0.2

Normalized CL intensity / arb. unit

0.0
I I I I I |

400 450 500 550 600 650 700
Wavelength / nm

Fig. 2 Spectra of Y,0O3:Tb and Y,0O3;:Eu nanophosphors syn-
thesized by homogeneous precipitation (HP) method (slit size:
0.1 nm, blaze wavelength: 400 nm, groove density: 150 L/mm).
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electric dipole transition Dy = "F,.? In the Tb>* ions, electric
and magnetic dipole transitions are induced regardless of the
symmetry of the lattice field, and the peak in the luminescence
intensity is maximum around 545 nm (°D, = F5).? Since the
most intense emission bands between Y,O;:Eu and Y,05:Tb
had almost no overlap and were very narrow, these two kinds of
spectra are easy to distinguish.

In biological CL imaging, bleaching of probes due to high-
energy electron exposure has been a crucial problem especially
for organic fluorophors.>* In inorganic materials, although QDs
have high quantum efficiency and high resistance against light
exposure,” they are easily bleached by electron beam exposure
(data not shown). To confirm the stability under electron beam
exposure, we examined the CL intensity of Y,0O5:Eu and
Y,0;:Tb as a function of time (Fig. 3). The electron beam
was focused at one point on each phosphor, and the CL intensity
was monitored. The acceleration voltage of the electrons was set
to 80 kV. Intensity decreases of about 1% and 3% were observed
for 60 s exposure in the Y,03:Eu and Y,O;:Tb samples,
respectively. The intensity decrease of the phosphors includes
the effect of hydrocarbon contamination from the elastic car-
bon-supported copper grid and the epoxy resin, thus the actual
intensity decay of these phosphors will be smaller.

The CL stability of these phosphors was high enough to
achieve imaging even after long-term exposure with high accel-
eration voltage electrons. This suggests that Y,0Os-based RE-
NPs are suitable phosphors for biological CL imaging using
the STEM-CL method. It is known that these types of phosphors
are stable for low acceleration voltages (about 3 kV).2 So far,
use of these phosphors for biological measurement of CL inten-
sity using a STEM-CL system has not been reported yet. Our
experiments showed that these phosphors can also be used at
high acceleration voltage (80 kV). Moreover, our results show
the possibility of repeatable observation using STEM with
multiple colors.

Figure 4 shows STEM and CL images of Y,0O;3:Eu and
Y,05:Tb nanophosphors. The two contacting particles were
spatially resolved, indicating that the spatial resolution of the
CL images was a few tens of nanometers, which is obviously
beyond the diffraction limit of light. A possible reason for
the high spatial resolution is the high acceleration voltage of
this STEM system. Since a higher acceleration voltage prevents
scattering of electrons in both the membrane and the phosphors,
the excitation volume of CL is close to the size of the focused
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Fig. 3 Stability of CL intensity against electron beam exposure
(Y»0g3:Eu nanophosphors synthesized by homogeneous method).
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Fig. 4 STEM and CL images of Y,03:Eu and Y,03:Tb nanophos-
phors synthesized by HP method. (a) and (b) Interlaced STEM
image and CL image of Y,03:Eu. (c) and (d) Interlaced STEM
image and CL image of Y,O3:Tb.

electron beam spot. The obtained CL images had high contrast
compared with typical SEM-CL images because of the high CL.
intensity induced by the high acceleration voltage and the high
beam current of the electron beam. The low scattering volume
also gives high-contrast images since it prevents undesired CL
from nonphosphor areas.'®> The aforementioned results demon-
strate the suitability of these phosphors and our STEM-CL sys-
tem for biological CL imaging.

5 Cellular STEM-CL and Fluorescence
Imaging of HeLa Cells Using Y,0;:Eu
and Y,O;:Thb Nanophosphors

We demonstrated multicolor biological STEM-CL imaging with
nanoscale spatial resolution by using RE-NPs. Figure 5 shows
STEM and color CL images of a HeLa cell containing Y,05:Eu
and Y,0; : Tb introduced by endocytosis. The acceleration volt-
age and current were 80 kV and 2 nA, and the exposure time for
CL images was set to 100 ms/pixel. From the STEM image,
nanophosphors were observed in the endocytotic vesicle, and
mitochondria and nanophosphors were both clearly observed
in the cell structure. The sizes of the introduced nanophosphors
were 300 nm (Y,0;3:Eu) and 500 nm (Y,0j5:Tb). Although it
was not possible to discriminate the two kinds of nanophosphors
from the STEM image [Fig. 5(a)], the nanophosphor species
could be identified from the CL spectra [Figs. 5(c) and 5(d)].
The spatial resolution of the CL images was beyond the diffrac-
tion limit of light.

Since the contrast of these CL images was similar to that of
the CL images of phosphors dispersed on elastic carbon-coated
copper grid [Figs. 4(b) and 4(d)], it was found that light obstruc-
tion due to the biological composition was negligible. In this
multicolor biological imaging, crosstalk of the emission from
Y,05:Eu and Y,0;:Tb did not hinder discrimination of
the phosphor emission. Although cellular regions stained with
heavy metals (osmium and uranium) are considered to cause
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Vesicle
Mitochondria

Fig. 5 STEM and CL images of Y,03:Eu and Y,O3:Tb nanophos-
phors in 100 nm thin section of HelLa cell. (a) STEM image of
100 nm thin section of HelLa cell with introduced nanophosphors,
(b) partial view of STEM image of HelLa cell with introduced nano-
phosphors, (c) and (d) CL images of nanophosphors (Y,Os:Eu
and Y,03:Tb) in a cell.

scattering of the electron beam, almost no undesired CL due
to scattering from the cellular region was observed in the CL
images. The reason for this is the sufficiently high acceleration
voltage and sufficiently thin cellular section. It is known that
some types of proteins and lipids emit autofluorescence,”’ >’
but such fluorescence did not affect the image contrast in this
experiment. Since the CL signal from the cellular region was
negligibly small, the contrast was maintained compared with
CL images of phosphors dispersed on the elastic carbon-sup-
ported copper grid. These results imply that our biological
STEM-CL imaging might be suitable for color EM. In recent
years, synthesis of RE-NPs of 20 to 60 nm in diameter using
the hydrothermal method has been reported.*® It may be possible
to apply methods of this kind to the synthesis of Y,05:Eu and
Y,0;5 : Tb nanophosphors.

It is possible to excite Y,05-based RE-NPs with not only an
electron beam but also UV light.*! Thus, multimodal multiscale
imaging using CL microscopy and fluorescence microscopy is
possible using the same probes. Figure 6(a) shows photolumi-
nescence spectra of Y,0O;:Eu and Y,0;5:Tb nanophosphors
under 254-nm UV excitation. The inset shows a photograph
of the photoluminescence. The shapes of the spectra are similar
to those of the CL spectra, and the most intense peaks did not
spectrally overlap. Figures 6(b) to 6(d) show transmission, pho-
toluminescence, and merged (transmission, red fluorescence,
and green fluorescence) images of a HeLa cell containing
Y,0;:Eu and Y,O5: Tb. These nanophosphors were identified
with their emission wavelengths. Although some aggregated
phosphors were not resolved spatially, imaging of a large area
in wet conditions was possible.

These nanophosphors can be used in correlative light and
electron microscopy (CLEM). CLEM is one kind of bimodal
imaging method for biological observation, which combines
the advantages of both LM and EM.*>>* The combination of
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Fig. 6 (a) Emission spectra of Y,O3:Eu, Y,O3:Tb, (b) transmission,
(c) green fluorescence, (d) red fluorescence, and (e) merged images
of Y,03:Eu and Y,03: Tb nanophosphors contained in a Hela cells.
Y,03:Eu, and Y,03: Tb nanophosphors were excited by 254-nm UV
light.

LM and EM offers more information about biological speci-
mens than either method alone. However, in typical CLEM,
multicycle observation of a thin-sectioned sample using LM
and EM is not possible due to bleaching of fluorescence probes
after irradiation with an electron beam. Our probes make it pos-
sible to store stained biological samples, like immunogold-
stained samples, which can then be repeatedly used. In addition,
fluorescence imaging in wet conditions makes it easy to check
the sample condition before carrying out the time-consuming
sample preparation process required for CL imaging (e.g., mold-
ing, sectioning).

For imaging with deeper penetration and less autofluores-
cence using LM, upconversion fluorescence imaging is an effec-
tive approach.>>*® We have already proposed multimodal/
correlative microscopy using Y,O3:Tm, Yb (thulium and
ytterbium doped yttria) nanophosphors, which are excited by
both an electron beam and near-infrared light.>” This multimodal
microscopy, allowing observation at different scales using LM
and CL, may contribute to the discovery of new cellular and
molecular functions and will improve the effectiveness of our
imaging technique.

6 Summary

Multicolor high-resolution microscopy of biological specimens
was performed using a STEM-CL system. CL images of
Y,05:Eu and Y,0;5:Tb nanophosphors introduced into cells
and heavy-metal-stained cellular structure were observed using
the STEM-CL system. The CL spectra of the synthesized
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nanophosphors were sufficiently narrow to distinguish them
from each other, and the spatial resolution of the CL images
was sufficiently high to image biological molecules at a resolu-
tion beyond the diffraction limit of light. The Y,0O5:Eu and
Y,0;5:Tb RE-NPs showed remarkable resistance against elec-
tron beam exposure even at a high acceleration voltage (80 kV)
and kept a high CL intensity for 1 min. CL images of the RE-
NPs nanophosphors in cells and the cellular structure, such as
mitochondria and endocytotic vesicle, were clearly observed
from the STEM image with high contrast. The spatial resolution
of cellular CL imaging using RE-NPs was not reduced much,
even though heavy-metal-stained cells are usually regarded as
highly scattering media.

Y,0;:Eu and Y,0;:Tb RE-NPs will be useful phosphors
for biological STEM-CL imaging at high spatial resolution
beyond the diffraction limit of light, and the application of this
immunostaining method will allow us to identify protein species
at high spatial resolution with cellular structural information.
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