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ABSTRACT: Becaues the spatial resolution of fluorescence
microscopy is not high enough to study the molecular level of
relationship between the structure and function of biological
specimens, correlative light and electron microscopy has been used
for this purpose. Another possibility for a high-resolution light
microscopy is cathodoluminescence microscopy. Here, we report a
new phenomenon, the electron-induced activation of luminescence
(cathodoluminescence) and electron-enhanced fluorescence for the enhanced green fluorescent protein (EGFP). This was found
using our recently developed hybrid fluorescence and electron microscopy. Contrary to the past reports, which showed a
degradation of organic compounds by electron irradiation, stable cathodoluminescence emitted from an organic molecule, EGFP,
has been observed using the hybrid microscopy. Addition of the glycerol promoted the fluorescence enhancement of EGFP
probably due to the change in the electronic state density of excitation channels from the ground to the excited state or of
relaxation channels from the excited to the emission state. Stable cathodoluminescence and enhanced fluorescence of the EGFP
may introduce a cathodoluminescence microscopy, which will increase the variety of the imaging to investigate the biological
compounds.

■ INTRODUCTION

A limitation of electron microscopy, when applied to biological
specimens, is that the high-energy electrons degrade organic
compounds and change their physical or chemical proper-
ties.1−3 For example, optical properties of chromophores, such
as the light absorption and luminescence properties, are known
to be sensitive to the electron beam.3

On the other hand, inorganic compounds are more robust
and are not degraded by the electron impact. Cathodolumi-
nescence (CL) of inorganic fluorophores, a phenomenon in
which a luminescent material emits photons after bombard-
ment with electrons, was previously used for the construction
of cathode ray tubes in old-fashioned television sets. This well-
established technology has been recently used for correlative
light and electron microscopy, in which CL images of
multicolor inorganic nanoparticles can serve as a platform for
nanoscale fluorescence mapping of biological specimens.4,5

Correlative light and electron microscopy (CLEM) is one of
the powerful techniques for studying biological structures. The
position of the functional units in tissues or cells can be
identified by fluorescence (FL) emission from the chromo-
phores attached to the functional units. Structural analysis of
the functional units is performed by electron microscopy, and
the relationships between the structures and their functions are
investigated.6−8 The CL imaging, using a scanning electron
microscope (SEM), can resolve the limitation of the spatial
resolution, which is restricted by the Rayleigh criterion. Imaging
of the organic compounds, such as synthetic dyes and biological
materials, has been challenged using CL.9−14 Therefore, the

development of a organic luminescent probe with high
emission efficiency and high electron irradiation tolerance is
expeditiously demanded.
Recently, we have developed a novel microscopy technique,

which integrates fluorescence light microscopy (FLM) and
transmission electron microscopy (TEM) into a single unit,
with the ability to handle the FLM and TEM imaging
simultaneously (hybrid fluorescence and electron microscopy
shown in Figure 1A).15 This enables us to study FL events
under electron irradiation and additionally to conduct CL
imaging or a simultaneous FL and CL imaging. We have
previously shown CL phenomenon in fluorescent latex beads
and obtained high-resolution CL images.15 This finding can be
extended to include fluorescent proteins (FPs). Among various
FP candidates, we have chosen EGFP because of the stability of
this protein and its strong FL emission. Experiments were
conducted using the conventional TEM procedure but with a
unique modification. We have employed a glycerol TE buffer
for the preparation of EGFP solutions in order to avoid the
complete dewetting of the molecules and keep them in a liquid
environment.

2. MATERIALS AND METHODS

2.1. Materials. EGFP plasmid (pUCBB-CtH6-eGFP) was
purchased from Addgene (Cambridge, MA, United States).
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EGFP samples were prepared according to the company
instruction, and EGFP stock solution was made with 10 mM
Tris-EDTA (TE) buffer solution with 15% (v/v) glycerol. The
EGFP stock solution (1 μL) was added to the TEM grid made
of silicon nitride (SiN) (Alliance Biosystems) or copper with a
carbon film support (JEOL) and air-dried. Both grids were glow
discharged prior to sample application. Yellow-green fluores-
cent latex beads, 2 μm in diameter, were purchased from
Invitrogen (FluoSphere EX:505 nm/EM:515 nm). Spectro-
photometric-grade glycerol was purchased from Wako-Junyaku.
2.2. Fluorescence−Electron Hybrid Microscopy. The

hybrid microscope was constructed using a combination of a
commercial TEM system working at 200 kV (JEM-2010,
JEOL) and a home-built FLM module that was inserted into
the conventional TEM column. The sample preparation and
the TEM operating procedure were the same as those for the
conventional TEM experiments. The electron and light beam

could be coaxially illuminated on the sample by using a
reflection mirror (Figure 1), which enabled us to make various
combinations of irradiation and detection of the two types of
incident beams. For the single beam irradiation and detection,
four combinations were possible, in which conventional FLM,
TEM, and CL microscopy are included. For the double beam
irradiation and detection, FL/CL microscopy was possible. All
of the combinations other than photoelectron microscopy using
the combination of light irradiation and electron deflection
were used in this study. TEM images (200 kV) were acquired
using a CCD camera (1024 × 1024 pixel, 14 μm/pixel, TVIPS)
with a beam current of 10−30 nA. FLM images were acquired
using a CCD camera (658 × 496 pixels, 10 μm/pixel, Andor)
with two sets of filters (Olympus); one set had an excitation
range of 470−495 nm, and the detection range was 510−550
nm. The in situ spectroscopic measurements of EGFP
luminescence were performed with a modification to the

Figure 1. Fluorescence−electron hybrid microscope and images of dried EGFP and FL beads on carbon grids. (A) Schematic of the fluorescence−
electron hybrid microscope, which can simultaneously record FLM and TEM images from the same view field. (B) A fluorescence image of a dried
sample of the FL beads and EGFP mixture prepared from a TE buffer with 15% glycerol. (C) A patch of EGFP fluorescence/luminescence
immediately after turning on the electron irradiation. FL beads (arrows) could keep their original intensity. (D) The EGFP patch remains
fluorescent/luminescent 40 s after turning on the electron irradiation, while the fluorescent FL bead (arrow) emission decays. Scale bar: 10 μm. (E)
Time/dose dependence of the intensity of the luminescence from EGFP molecules under electron irradiation (arrow). (F) Time/dose dependence
of the intensity of the EGFP luminescence under the light and electron co-irradiation (arrow).
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original system by replacing the CCD camera with an LVMC1
spectrometer (Lamda Vision Inc.).
2.3. Data Treatment. The mean luminescence intensities

plotted in Figures 1 and 2 were obtained from the area of 31 ×
31 pixels in the CCD recorded image, subtracting the
background of the same area. The background was estimated
from the control image taken without the light and electron
beams. The mean FL in Figure 3 was obtained from the entire
window area without the subtraction of the background. The
spectroscopic data between 500 and 560 nm are shown in

Figure 4. Because the intensity difference of the spectrum is
very large, all of the spectra were smoothed using a low-pass
filter and normalized for the convenience of comparison of the
peak positions.

■ RESULTS AND DISCUSSION
To examine the luminescent properties of EGFP, we worked
on dried samples on a carbon film grid using the hybrid
microscope (Figure 1). The fluorescent beads were mixed with
the EGFP molecules for the reference. The fluorescent beads

Figure 2. Images of dried EGFP and FL beads on SiN grids (A−D). A field of a dried sample of the FL beads and EGFP mixture, imaged with
fluorescence microscopy before (A) and during (B,C) simultaneous electron irradiation. A fluorescence image of FL beads and EGFPs under light
irradiation only (A), immediately after the co-irradiation of light and electrons (B), and 90 s after the coirradiation (C). The same area irradiated
only with the electron beam (D); the EFGPs but not the FL beads are luminescent. (E) Time/dose dependence of the intensity of luminescence in
the circled areas (A−C) from EGFP (blue) and FL beads (red) under light irradiation (A), at turning on the electron irradiation (B), and 90 s after
turning on the electron irradiation (C). (F) A reflection light microscopic image of air-dried EGFP prepared from a 15% glycerol TE buffer on a
silicon nitride grid.

Figure 3. EGFP luminescence with and without glycerol (A,B). Time/dose dependence of the intensity of luminescence from dried EGFP with and
without glycerol during light and electron irradiation. Immediately after the light and electron co-irradiation (FL + CL), the fluorescence intensity
gradually increases in the presence of glycerol (A), while it gradually decreases after the abrupt increase in the absence of glycerol (B). The light
intensity stays constant during the electron-alone irradiation (CL), and it gradually increases during the light-alone irradiation in the solutions with
and without persistent glycerol (FL).
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were well-recognized when the samples were illuminated with
blue light (470−495 nm). On the other hand, the EGFP
suspension displayed relatively weak fluorescence. Interestingly,
immediately after turning on the electron irradiation, a
fluorescent patch of the uniform intensity appeared in the
irradiated area (Figure 1C) due to the CL emission from the
EGFP, and it persisted for 40 s (Figure 1D). In contrast to this,
over the same period, the luminescence signal from the
fluorescent beads severely bleached (Figure 1D). As
fluorescence bleaching of chromophores due to the electron
irradiation is commonly known, the CL emission from the
EGFP molecules was unexpected.
The individual contributions of the FL and the CL to the

EGFP luminescence were examined, and the temporal change
of the luminescence after the application of a dose of electron
irradiation was followed. When an excitation source, electron
beam, or blue light was absent, the EGFP solution did not emit
any detectable photons, as shown in the initial stage of the
graph in Figure 1E. However, when the electron beam was
turned on and the blue light was kept off, immediately, the
EGFP began to emit light, and the emission lasted for more
than 50 s, suggesting EGFP to be cathodoluminescent. FL
emission was detected when the mixture was irradiated with a
blue light source and the emission increased 2-fold immediately
after the electron irradiation turned on (Figure 1F). With time,
the FL/CL co-luminescence gradually increased. This demon-
strates that the FL emission is enhanced by the electron beam.
The finding of slow enhancement of luminescence intensity

seems to infer indirect effects, for example, a charge
accumulation process around the target EGFP molecules. To
test this idea, we conducted experiments with an insulating
material,; namely, TEM grids made of SiN for the EGFP
support. The SiN grids have lower conductivity compared with
the carbon film, which might favor charge accumulation and
alter the EGFP emission. We observed fluorescent emission
from the dried samples of FL beads and EGFPs when a mixture
of EGFP molecules and FL beads prepared from the 15%
glycerol TE buffer (Figure 2A) was illuminated by the blue
light. In contrast to the previously obtained images of such a

mixture on a carbon film (Figure 1B), EGFPs displayed FL with
a similar intensity as the FL beads did. Figure 2B and C shows
images taken 5 and 90 s, respectively, after turning on the
electron irradiation. White circles indicate the electron-
irradiated areas in Figure 2B and C, where the enhanced
luminescence from the EGFP aggregate is recognized, while the
FL bead’s luminescence is decreased. After the blue light was
turned off, keeping the electron irradiation on, a luminescent
image was taken, which is presented in Figure 2D. Only the
luminescence from the EGFP aggregates is visible in the white
circle, which may represent a CL phenomenon.
The time evolution of EGFP luminescence intensity with

dose is shown in Figure 2E together with that of FL beads. The
luminescence intensity immediately after the electron irradi-
ation is about 3-fold that of the initial FL intensity, and that
after 90 s irradiation or the dose of 3500 electron/nm2 shows
an 8-fold increase. As the CL intensity is almost constant during
electron irradiation, as shown in Figure 1F, the gradual
luminescence enhancement is attributed to the FL enhance-
ment, with a 5-fold increase in the enhancement factor in 90 s.
Such a persistent and large electron-induced enhancement of
FL for an organic chromophore seems to be exceptional.
The activation of FL and CL by the electron beam is an

EGFP intrinsic property, but it seems to be dependent also on
the environment, as presented in the comparative studies with
use of a carbon support and SiN grids. We also investigated the
effects of the glycerol, which must be persistent as a liquid
environment for EGFP molecules even in the vacuum
condition inside of the TEM apparatus, on the EGFP
luminescence as another environmental factor. In Figure 3A
and B, changes in the intensity ratio of the EGFP luminescence
under the blue light and electron irradiation, with and without
glycerol in the stock solution, are shown. When the blue light
was applied, naturally, FL was emerged, and the luminescence
increased when the electron irradiation began in both cases.
The EGFP luminescence with glycerol gradually increased in
the electron irradiation (10−40 s), while it gradually decreased
without glycerol. After turning off the blue light at 40 s, the
luminescence intensity immediately decreased because the

Figure 4. FL spectrum from the EGFP before and after electron irradiation on carbon and SiN supports. FL spectra from the dried EGFP before and
after the electron irradiation on the SiN film with glycerol (A) and that without glycerol (B). FL spectra from the EGFP before and after electron
irradiation on the carbon film with glycerol (C) and that without glycerol (D). For convenience of comparison, all of the data were normalized and
smoothed. While the spectra on the SiN with and without glycerol show a clear peak shift, the spectra before and after the electron irradiation show
an almost identical profile, indicating no change in chemical nature.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b08138
J. Phys. Chem. B 2016, 120, 1169−1174

1172

http://dx.doi.org/10.1021/acs.jpcb.5b08138


contribution of FL decreased. The CL intensity stayed constant
for both cases of with and without glycerol for 20 s after the
blue light was turned off. The FL intensity increased by a factor
of 7.5 after 60 s of electron irradiation (total dose: 3000
electrons/nm2) with glycerol, as shown in Figure 3A. It
decreased to a quarter of the initial value in the case without
glycerol, as shown in Figure 3B. Glycerol did not emit the
fluorescence, and the FL emission was also unobserved for
glycerol during and after the electron irradiation. These results
clearly show that the EGFP FL intensity is enhanced in
combination in the presence of glycerol.
When the EGFP changes from the anionic state to the

neutral state, the wavelength of the emitted light changes.16

Secondary electrons are emitted from the specimens during
electron irradiation, which leads to a conversion of the charged
state from neutral to positively charged, and this may reduce
the emission intensity. The glycerol used in our experiments
may have an eventual effect to prevent the cationic ionization of
EGFP and moreover to protect EGFP from the electron-
induced degradation.
Recent in situ spectroscopic investigation has shown,

disregarding the intensity, almost no spectral change in the
EGFP fluorescence between the irradiated and the non-
irradiated samples for those on the SiN support with and
without glycerol, as shown in Figure 4A and B. The emission
peak of the EGFP FL on the SiN support is slightly red-shifted
(∼10 nm) with the glycerol (Figure 4A). The slight redding of
the EGFP FL with the glycerol suggests a slight change in the
electronic state of the EGFP. The electrons might be donated
from the glycerol, and they accumulate around the EGFP to
form an electron cloud. This might affect the electronic
structure of the EGFP. This would prevent the EGFP electron
deficiency during electron irradiation. Electron-induced damage
is mainly due to the cationic ionization by irradiation, which
emerges by emission of the secondary electrons from
specimens. Such an ionization must be reduced when
specimens are in the electron cloud. The persistence of glycerol
may contribute to neutralize the specimens by supplying
electrons and prevent the ionization-induced degradation of the
EGFP. This is our hypothesis for the glycerol effect of the
prevention of the electron-induced specimen degradation.
The EGFP FL on the carbon film does not change the

spectroscopic feature regardless of whether glycerol is present
or not (Figure 4C and D). Even though the electrons can be
supplied from the glycerol, the electron accumulation around
EGFP is not favored because of the electron leakage to the
ground through the carbon support. Thus, no change in the
EGFP emission resulted. The EGFP could not easily be ionized
on the carbon film because the higher electron conductivity
could neutralize EGFP ionization. Therefore, the protection
effect of glycerol, which is characteristic of the SiN support,
must be shut down on the carbon film, as evidenced in the
slight change of the spectral feature after the electron
irradiation shown in Figure 4C and D.

■ CONCLUSION
Our experiments demonstrate that EGFP molecules on carbon
films and SiN membranes are cathodoluminescent. The
demonstrated luminescent activation for EGFP at room
temperature has two interesting characteristics: stable CL and
enhanced FL. Contrary to previous reports that organic
compounds are prone to be degraded by electron irradiation,
our observation of stable CL emission from an organic protein

molecule, EGFP, is suggestive to consider a novel imaging
based on the hybrid fluorescence and electron microscope
recently developed.
Although the rational explanation for mechanisms underlying

these phenomena is feasible after more intensive investigation,
in analogy to the tolerance of conductive materials to the
electron-induced degradation, we could postulate the glycerol
contribution for neutralization of the electron-irradiation-
induced anionic state of the sample and hence the prevention
of the electron-induced degradation. The electron donor
characteristics of glycerol seem to be reflected in the observed
slight red shift of the EGFP spectrum with glycerol (Figure
4A). The electron donation effect of glycerol to EGFP may be
affected by two factors; one is leakage of electrons to the
ground through specimen support, and the other is the mobility
of the electron around the EGFP molecules. The very low
conductance of the SiN material compared to that of the
carbon could profoundly favor the SiN support by shutting the
electron leakage to the ground. On the other hand, the electron
mobility in glycerol might be affected by the minute number of
water molecules held even after drying specimen solutions in air
or in vacuum. In our current experimental setup, such a factor
has been out of control and unavoidably brought about the
fluctuation of the FL enhancement and tolerance against the
electron-induced degradation, both of which have been
constantly experienced as our experimental embarrassment.
The charge accumulation of the supporting films may

contribute to the FL enhancement, as was evidenced solely
on nonconductive SiN membranes. Improvement of the
quantum efficiency of the emitted light could not explain the
enhanced FL because of its high quantum efficiency (about
0.6). The specific difference in the quantum processes between
CL and FL is in the excitation source of the electron−hole pair
in the molecular orbitals. Stable CL intensity and enhanced FL
intensity during electron irradiation suggest that the FL
enhancement itself can be caused by the increase of an
absorption coefficient for the photons. The initial EGFP FL
spectra on the SiN were slightly redding in the presence of
glycerol compared with those without glycerol, and the EGFP
FL spectra were unchanged under the electron irradiation,
irrespective of the presence of glycerol. These observations may
indicate that the electronic states of the EGFP molecular
orbitals on SiN show no apparent change by electron
irradiation. Thus, one of the explanations for the enhanced
FL is due to the change in the electronic state density of the
excitation channel from the ground state to the excited state or
of the relaxation channel from the excited state to the emission
state. The charge accumulation of the supporting films may
affect the density of these channels.
Our result, demonstrating EGFP to be cathodoluminescent,

suggests that EGFP can be used for high-resolution “light
microscopy”. Though only the optical resolution with CL of
EGFP has been demonstrated, the scanning of a fine electron
probe for the CL excitation can provide CL imaging with
submicrometer resolution. To increase usability for the
biological imaging, particularly for the resolution improvement
of “light microscopy”, clarification of the conditions for stable
electron-induced luminescence in FL proteins has to be
secured.
Enhanced FL may also be beneficial in correlative light/

electron microscopy applications or FL imaging. As described
above, the enhanced FL relates to a change in the charged state.
Elucidation of the mechanisms under the electron-induced FL
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enhancement would provide a novel way to synthesize brighter
FL proteins or light probes. This would improve the efficiency
and accuracy of the light microscopy using FL proteins.
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