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Abstract
Background
Autophagy is an intracellular self-eating system that plays a central role in cellular recycling. The
formation of functional autophagosomes depends on several autophagy- related proteins, including LC3
and Atg12. To analyse an autophagy system, it is essential to precisely examine the cellular functions of
cells in liquid condition. For this purpose, we have developed a novel scanning electron-assisted dielectric
microscope (SE-ADM) for nanoscale observations of intact cells in aqueous conditions.
Results
Here, we first show that our SE-ADM system observes LC3- and Atg12-containing autophagosomes in
cells labelled with antibody-binding gold nano-colloids in medium. We observe that during
autophagosome formation, Atg12 localises along the actin mesh structure, whereas LC3 forms arcuate or
circular alignments. Our system also detects the different distribution properties of LC3 and Atg12. Atg12
is broadly distributed, whereas LC3 is localised over a smaller range. These differences in spatialdistribution manifest as differently sized spots on fluorescence optical microscopy.
Conclusion
The direct SE-ADM observations of living cells incubated with nanoparticles in a medium may be useful
for analysing various cell functions.

Background
Autophagy is a process of self-eating of protein aggregates, damaged organelles and invasive bacteria
[1–3]. Cytoplasmic constituents are enclosed by a double-membraned autophagosome, which fuses with
the lysosome [2–4]. The formation of functional autophagosomes depends on the hierarchically ordered
activity of many autophagy- related proteins [5, 6]. One category of these proteins includes the ubiquitinlike proteins of the LC3 family [7, 8] and conserved Atg12 [9, 10]. When autophagy is induced, LC3 is
conjugated to phosphatidyl-ethanolamine at the autophagosome-forming site [8, 10]. This conjugate
plays crucial roles in controlling the membrane dynamics and recruiting substrate10. Meanwhile, Atg12 is
constitutively conjugated to Atg5 [10–12]. As observed by immune-fluorescence microscopy and electron
microscopy, the Atg12–Atg5 conjugate is necessary for LC3 lipidation and therefore, essential for
autophagosome formation [7, 13–17]. Studies have demonstrated that autophagosomes are constructed
through the co-relationship between LC3 and Atg12 [13–17]. To analyse an autophagy system, the
functions of autophagic cells must be precisely examined in a medium.
In a recent study, we developed a novel imaging technology named scanning electron-assisted dielectric
microscopy (SE-ADM), which enables the observation of intact cells, bacteria and protein particles in
water with extremely low radiation damage and without requiring staining and fixation [18, 19]. Our
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system can produce high-contrast images of untreated biological specimens in aqueous conditions [19–
22]. The biological samples are enclosed in a liquid holder composed of tungsten (W)-coated silicon
nitride (SiN) film. Being protected from the electron beam, they are minimally exposed to electronradiation damage (Supplementary Fig. S1) [19]. Previously, we clearly observed the unstained actin mesh
structure in cells under medium conditions using the SE-ADM system [22].
In this report, we newly show that our SE-ADM system observes autophagosomes in cells labelled with
antibody-binding gold nano-colloids in medium. Moreover, we revealed the different distribution
properties of autophagy related proteins. Our SE-ADM system can directly image the autophagosomes
while revealing their intracellular structures in the cells.

Results
To examine LC3 expression and actin structure in rat embryonic fibroblast (REF) [23] cells, we observed
fluorescence images of double-stained REF cells labelled with antibodies targeting LC3 and actin (Figs. 1
and 2). The cells were stained by anti-LC3 and anti-actin antibodies tagged with receptive fluorescent
secondary antibodies after fixation and permeabilization. The nucleus of the doubly stained cells was
clearly visible. Meanwhile, the autophagosomes including LC3 and actin structure were clarified in
fluorescent OM images of the double-stained cells (Fig. 1A and B, respectively). In the LC3 fluorescent
image, spherical spots with diameter around 1 ∝m are dispersed around the nucleus (Fig. 1A). The actin
fluorescence image shows mesh-like structures near the nucleus, and filament structures in the peripheral
region (Fig. 1B). When the LC3 and actin fluorescence images are merged, the LC3 is seen to co-localise
with the actin mesh-like structure (Fig. 1C). Panels D and E of Fig. 1 are enlarged images of the regions
indicated by yellow arrows in Fig. 1C. Conversely, the actin filaments region did not co-localise with LC3
(see panels F and G of Fig. 1, which are enlarged images of the regions indicated by the white arrows in
Fig. 1C). Similarly, we observed no co-localisation of LC3 and the phalloidin-labelled actin filaments
(Fig. 1H–L).
Next, we examined the localisation of Atg12 and actin filaments by double-stained fluorescence imaging.
The FITC-labelled Atg12 proteins were dispersed near the nucleus region as small spots with diameters
far below 1 ∝m (Fig. 2A). In contrast, the phalloidin-stained actin filaments were localised in the
peripheral region (Fig. 2B). As confirmed in the merged image (Fig. 2C) and the enlarged images of the
regions indicated by yellow arrows (Fig. 2D–E) and white arrows (Fig. 2F–G) in Fig. 2C, the Atg12 and
actin filaments were not co-localised. Furthermore, the Atg12 fluorescence spots were much smaller than
the LC3 fluorescence spots (Fig. 2H and I).
Our new SE-ADM imaging technology is schematised in Supplementary Fig. S1. REF cells or mouse
breast cancer cells (4T1E/M3) were cultured on silicon nitride (SiN) film placed in the aluminium holder
under a handmade culture dish [20]. After 4–5 days of culture, the cells formed a confluent monolayer on
the SiN film. After 2–3 hours of starvation, the aluminium holder with the cells on SiN film was detached
and sealed by another acrylic plate, and then introduced to the SE-ADM system [19, 20]. Prior to
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observation, the cells were fixed with 4% paraformaldehyde, permeabilised with 0.2% Tween 20, and
labelled with anti-LC3 antibody and 60-nm gold colloids conjugated to a secondary antibody. Figure 3
shows an SE-ADM image of the labelled cells. Figure 3A clearly reveals the vesicles and part of the
nucleus at the left. The LC3 bound with 60 nm-diameter gold colloids formed an arcuate line near the
nucleus (Fig. 3A). This arc-like structure is clarified in the enlarged image (Fig. 3B), pseudo-colour map
(Fig. 3C) and 3D pseudo-colour map (Fig. 3D). Arcuate lines also appeared in other cell regions (see
Supplementary Fig. S2A and the enlarged images Fig. 3E–G of the REF cells, and the circularly aligned
gold colloids in Supplementary Fig. S2B and the enlarged images Fig. 3H–J of the 4T1E/M3 cells). These
alignments correspond to the reported structures of LC3 localisation [3, 4].
To clarify the localisation of Atg12 and F-actin involved in autophagosome formation, we explored the
Atg12 distribution in the cells using the SE-ADM system (Fig. 4). We observed the dielectric SE-ADM
images of cells labelled with anti-Atg12 antibody and 60-nm gold colloid-conjugated second antibody.
Figure 4A is a low-magnification image (1,500×) showing the nucleus, and Fig. 4B is a high-magnification
image (10,000×) of the area enclosed by the red square in Fig. 4A, focussing on the mesh-like-structure
near the nucleus. In previous reports, we stained the cells with anti-actin antibody and gold colloidconjugated with secondary antibody. Under the SE-ADM system, the mesh-like structure was confirmed to
be actin [22]. For a detailed analysis, we further enlarged the region close to the nucleus (enclosed within
the red square in Fig. 4B), obtaining Fig. 4C. A pseudo-colour map (Fig. 4D) was then obtained by
intensity inversion of Fig. 4C. In Panels D and E of Fig. 4, the Atg12 labelled with 60-nm gold colloids is
clearly lined along the actin mesh-like structures. Furthermore, the 3D pseudo-colour map clarifies where
the gold colloids localise (Fig. 4F). The same results were obtained in another cell region (Supplementary
Fig. S3). These results suggested that Atg12 interacts with actin mesh structures near the nucleus,
consistent with some previous reports [3].
The gold colloids bound to LC3 were adjacently arranged (Fig. 3D, G and J), whereas those bound to
Atg12 were distributed more widely (Fig. 4F). The different distributions of the gold colloids bound to LC3
and Atg12 are exhibited in the histograms of minimal intervals of the gold colloids (Fig. 4G). The intervals
between gold colloids bound to LC3 were usually within 400 nm, and sharply peaked at 150 nm. On the
other hand, the minimal intervals between the Atg12-bound colloids covered a broad range (100–
1100 nm) with a low peak at 500 nm (Fig. 4G).

Discussion
Autophagy is a catabolic process that degrades cytoplasmic components for recycling [1, 2]. Recent
findings suggested that autophagosome formation is mediated and controlled by actin-nucleation
promoting proteins [3, 16, 24]. Actin is essential in a number of cellular processes such as motility,
exocytosis and endocytosis, and autophagy [24]. Filamentous actin (F-actin) is composed of globular
actin (G-actin) subunits that are assembled and disassembled by a wide variety of proteins [25]. Actin
assemblage and autophagy are considered to co-occur [3, 16, 24], and a reciprocal interconnection seems
to operate between autophagy and actin assembly [3, 16, 24].
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The spatial resolution of our SE-ADM system is 8 nm [19]. Our system produces high-contrast images of
untreated biological specimens in aqueous conditions. In our previous report, the SE-ADM system clearly
revealed the actin-mesh structures in mammalian cells under aqueous conditions [22].
Here, we analysed the relationship between the autophagy-related proteins and actin using our newly
developed SE-ADM system. The autophagy-related protein Atg12 was clearly localised on the actin meshlike structure (Fig. 4C–E, Supplementary Fig. S3). The Atg12 was widely dispersed as small dots in the
actin mesh area. In contrast, the 60-nm gold colloids bound to the LC3 proteins were arranged in an
arcuate (Fig. 3D and G) or circular (Fig. 3H–J) formation near the nucleus. Our results suggest that
autophagosome formation involving LC3 and Atg12 is correlated with actin nucleation (Fig. 4H). Previous
studies have similarly demonstrated that autophagosome formation is assisted by actin nucleation with
LC3 and Atg12 [3]. Here, we directly observed the relationship between autophagosome formation and
actin/LC3 or actin/Atg12 in liquid conditions using our high-resolution imaging system (SE-ADM).
The spatial resolution of general fluorescence OM is limited to a few hundred nanometers. Therefore,
precise and direct observations of the autophagosomes associated with LC3 and Atg12 are precluded by
this method (Figs. 1 and 2). In contrast, the high-resolution SE-ADM system clearly observed the inner cell
structure labelled with 60-nm gold colloids (Figs. 3 and 4), and revealed the different localisation
properties of LC3 and Atg12. The minimal intervals between the gold colloids bound to LC3 were typically
around 150 nm, and most of the higher intervals were below 400 nm (Fig. 4G). In the fluorescence OM
image of LC3, this dense distribution manifested as large spots with diameters around 1 ∝m (Fig. 2H). In
contrast, the gold colloids bound to Atg12 were broadly distributed with many long intervals (100–
1100 nm; see Fig. 4G), so the fluorescent spots were very small (far below 1 ∝m in diameter; Fig. 2I).
Accordingly, our SE-ADM system is more suitable for detailed analyses in living cells than the OM system.

Conclusions
We analysed the relationship between two autophagy-related proteins (LC3 and Atg12) and the actin
structure of cells in liquid conditions using our newly developed SE-ADM system. We revealed that during
autophagosome formation, Atg12 localises along the actin mesh-like structure, while LC3 forms arcuate
or circular alignments. Our results suggest that autophagosome formation involving LC3 and Atg12 is
closely related to actin nucleation. Moreover, our system successfully revealed the different distribution
properties of LC3 and Atg12. Other membrane proteins in intact cells under medium conditions are also
observable by our methods.

Materials And Methods
Liquid sample and culture dish holders
The liquid sample holder was formed as previously described [21]. Briefly, the liquid sample holder
comprised an upper Al holder and a lower acrylic resin portion that maintained the sample solution at
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atmospheric pressure between the SiN films [19, 20]. A 50 nm-thick SiN film supported by a (0.4 × 0.4)
mm2 window in a Si frame ((4 × 4) mm2, 0.381 mm thickness; Silson Ltd., Warwickshire, UK) was coated
with tungsten (W) using a magnetron sputtering device (Model MSP-30T, Vacuum Device Inc., Ibaraki,
Japan), as previously described [19, 20]. The upper W-coated SiN film was attached to the Al holder with
double-sided tape, and the W layer on the SiN film was connected to the Al holder with silver conductive
ink. A handmade Al holder with a Si frame was attached beneath a 35-mm culture dish adhered with
double-sided tape to a square hole in the centre of the dish, as previously described [20, 21]. The culture
dish holder was subsequently UV-sterilised for 17–18 h.
Sample preparation of 4T1E/M3 cells and rat embryo fibroblasts (REF)
Mouse breast cancer cells (4T1E/M3) were established as previously described [26–28]. The cells were
cultured in high-glucose RPMI-1640 medium (Wako, Osaka, Japan) containing 10% fetal calf serum (FCS,
invtrogen) and 20 mM HEPES at 37 °C under 5% CO2. The medium (1.5 mL/dish) was poured into a
culture dish attached to the 50-nm SiN–Al holder. The cells (~ 4 × 104; 20 µL/dish) were seeded and
cultured at 37 °C under 5% CO2. The medium was changed after 2–3 days. After 4–5 days, the cells had
formed a sub-confluent or completely confluent monolayer on the SiN membrane in the holder [20].
The REF cells [23], kindly provided by Dr. Keisuke Ohta (Kurume University School of Medicine), were
cultured in low-glucose D-MEM medium (Wako) containing 10% fetal calf serum (FCS), 20 mM HEPES
and L-glutamine at 37 °C under 5% CO2. The cells (~ 4 × 104; 20 µL/dish) were seeded and cultured in
1.5 ml medium as described for the 4T1E/M3 cells. Again, the medium was changed after 2–3 days, and
the cells formed a sub-confluent or completely confluent monolayer on the SiN membrane in the holder
after 4–5 days [20].
Before the immunolabelling, cells were cultured for 2 hours with the medium without serum at 37 °C
under 5% CO2 for starvation to induce autophagy.
Immunofluorescence staining of the cells and observation by optical microscopy
The 4T1E/ME or REF cells cultured in a 35-mm glass-bottom dish (Matsunami Glass Ind., Ltd., Osaka,
Japan) were starved and fixed with 4% paraformaldehyde containing PBS for 10 min at room
temperature (r.t.), washed twice, and permeabilised in 0.2% Tween 20 for 30 min at r.t.
For double fluorescence staining of LC3 and F-actin, the fixed and permeabilised cells in the glass-bottom
dishes were stained with mouse anti-LC3 antibody (Medical & Biological Laboratories Co. Ltd.
Cat#:M152-3, Clone 4E12, 1/50) diluted in PBS for 30 min at r.t., washed twice, and stained with FITCconjugated anti-mouse IgG antibody (Code 55522, MP Biomedicals Inc., Auroa, Ohio, 1/100) for 30 min at
r.t. The cells were then stained with rabbit anti-mouse F-actin antibody (Bioss Inc., Massachusetts, USA,
Cat #: bs-1571R, 1/100) for 30 min at r.t., washed twice, and stained with anti-rabbit IgG-conjugated
rhodamine (Jackson Immunoresearch Laboratory Inc., Pennsylvania, USA, Cat # 711-065-152, 1/100) for
30 min at r.t. For phalloidin staining, cells were stained with the alexa fluor 568 phalloidin (Thermo Fisher,
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A12380, 1/300) for 30 min at r.t. instead of anti-mouse F-actin and the second antibody. After washing
twice, the dish was observed under a fluorescence optical microscope (AXIO Observer A1; CarlZeiss,
Oberkochen, Germany). The fluorescence images of the cells were acquired through fluorescence filters at
excitation/emission wavelengths of 480/520 nm (green fluorescence of FITC) or 565/620 nm (red
florescence of Alexa Fluor or rhodamine).
For double fluorescence staining of Atg12 and F-actin, the fixed and permeabilised cells in the glassbottom dishes were stained with rabbit anti-Atg12 antibody (GNT, Cat#:GTX124181, 1/50) diluted with
PBS for 30 min at r.t., washed twice, and stained with FITC-conjugated anti-rabbit IgG (Code:55662, MP
Biomedicals Inc, 1/100) for 30 min at r.t. The cells were then stained with Alexa Fluor 568 phalloidin
(Thermo Fisher, A12380, 1/300) for 30 min at r.t. After two washes, the dish was observed under a
fluorescence optical microscope (AXIO Observer A1; CarlZeiss, Oberkochen, Germany). Fluorescence
images of the cells were acquired under the filtering conditions described for doubly stained LC3 and Factin.
Immunolabelling of cells using antibody and 60-nm gold colloids
The cells seeded in the dish holder on the 50-nm SiN film were starved and fixed with 4%
paraformaldehyde diluted with PBS for 10 min at r.t., washed twice with PBS, and permeabilised in 0.2%
Tween 20 for 30 min at r.t. The cells were stained by mouse anti-LC3 antibody (MBL, Cat#: M152-3, 1/50)
for 30 min at r.t., washed twice with PBS, and stained with anti-mouse IgG-conjugated 60-nm gold
colloids (Cytodiagnostics Inc. Ontario, Canada, catalogue # AC-60-02-05, 1/50) for 30 min at r.t. After two
washes, the holder was attached to the acrylic sample holder on the 50-nm SiN film and observed with
the SE-ADM system [20, 21].
For 60-nm gold labelling of Atg12, the cells were fixed, permeabilised and stained with rabbit anti-Atg12
antibody (GNT, Cat# GTX124181, 1/50) for 30 min at r.t., washed twice with PBS, and stained with antirabbit IgG-conjugated 60-nm gold colloids (Cytodiagnostics Inc. Ontario, Canada, catalogue #: AC-60-17,
1/50) for 30 min at r.t.
High-resolution SE-ADM system and FE-SEM setup
The high-resolution SE-ADM imaging system is based on FE-SEM (JSM-7000F, JEOL, Tokyo, Japan), and
is shown in Supplementary Fig. S1. The liquid sample holder was mounted onto the SEM stage, and the
detector terminal was connected to a pre-amplifier under the holder19. The electrical signal from the preamplifier was passed through a low-pass filter and fed into the AD converter (AIO-163202FX-USB, Contec
Co. Ltd., Osaka, Japan) as previously described [19]. The low-pass filtered (LPF) and electron beamscanned signals were logged in a PC through an AD converter at a sampling frequency of 50 kHz. SEM
images (1,280 × 1,020 pixels) were captured under 1,000–20,000 × magnification with a scanning time of
80 s, a working distance of 7 mm, an EB acceleration voltage of 4−8 kV, and a current of 10 pA.
Image processing
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The SE-ADM signal data from the AD converter were transferred to a personal computer (Intel Core i7,
2.8 GHz, Windows 7). The LPF and scanned signals were processed into high-resolution SE-ADM images
using the image-processing toolbox of MATLAB R2014a (Math Works Inc., Natick, MA, USA). The original
SE-ADM images were filtered through a 2D Gaussian filter (GF) with a kernel size of (11 × 11) pixels and a
radius of 1.2σ. The background was removed by subtracting the SE-ADM images from the filtered images
using a broad GF (400 × 400 pixels, 200σ).
Calculation of minimum interval between gold colloids
To calculate the minimal intervals between pairs of gold colloids, we randomly selected 283 and 300
colloids from the SE-ADM images of cells stained with anti-LC3 antibody (4 images) and anti-Atg12
antibody (3 images), respectively. The minimal interval between the gold colloids was calculated as the
minimum distance between the (x, y) coordinates of the working gold colloid in the image and the (x, y)
coordinates of the other colloids. The calculation was performed in MATLAB R2014a (Math Works Inc.,
Natick, MA, USA) running on a PC (Intel Core i7, 3.2 GHz, Windows 7).

Supplementary Information
Additional file 1: Figure S1. Overview of autophagosome observations in cells using the SE-ADM system.
Figure S2. SE-ADM images of EM3 cells stained with anti-LC3 antibody conjugated with 60-nm gold
colloids. Figure S3. SE-ADM images of REF cells stained with anti-Atg12 antibody conjugated with 60-nm
gold colloids.
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Figure 1
Observation of LC3 and actin double-stained fluorescence images of REF cells. (A) Fluorescence image of
anti-LC3 and FITC-immunostained cells under optical microscope (OM) with a green fluorescence filter
(400× magnification). The LC3 and actin in the REF cells were doubly stained by fluorescence
imunnolabelling. (B) Fluorescence image of actin stained with anti-actin antibody and rhodamine, viewed
through a red fluorescence filter (400× magnification). (C) Merged fluorescence image of LC3 and actin.
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(D, E) Enlarged images of the LC3-rich areas (pointed by yellow arrows in C). LC3 was localised along the
actin mesh structures near the nucleus. (F, G) Enlarged images of the LC3-poor areas (pointed by white
arrows in C), showing many actin filament bundles. (H) Merged image of LC3 and phalloidin-labelled
actin. (I, J) Enlarged images of the LC3-rich areas (pointed by yellow arrows in H). (K, L) Enlarged images
of the LC3-poor areas (pointed by white arrows in H). Scale bars: 50 μm in (A–C, H), 10 μm in (D, I).

Figure 2
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Observation of ATG12 and actin double-stained fluorescence images of REF cells. (A) Fluorescence
image of anti-Atg12 and FITC-immunostained cells under OM with a green fluorescence filter (400×
magnification). The Atg12 and actin in the REF cells were doubly stained by fluorescence
imunnolabelling. The small fluorescence spots near the nucleus are Atg12. (B) Fluorescence image of
actin filament stained by rhodamine conjugated phalloidin, viewed through a red fluorescence filter (400×
magnification). (C) Merged fluorescence image of Atg12 and actin. (D, E) Enlarged images of the Atg12rich areas (pointed by yellow arrows in C). Atg12 was localised near the nucleus where filamentous actin
was absent. (F, G) Enlarged images of the Atg12-poor areas (pointed by white arrows in C). Fluorescence
spots of Atg12 are rare in the filamentous actin area. (H, I) Enlarged images of the LC3 and Atg12
fluorescence spots, respectively. The Atg12 spots are much smaller than the LC3 spots. Scale bars: 50 μm
in (A–C), 10 μm in (D, H, I).
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Figure 3
Dielectric images of REF and EM3 cells stained with anti-LC3 antibody conjugated with 60-nm gold
colloids. (A) Dielectric images of REF cells stained with anti-LC3 antibody and 60-nm gold colloids after
paraformaldehyde fixation and 0.1% Tween-20 permeabilisation (5,000× magnification, 6 kV electron
beam). (B) Enlarged image of the red boxed area in (A), showing LC3 bound to 60-nm gold colloids. LC3
is aligned in an arc-like formation. (C) Pseudo-colour map of (B) after intensity inversion. (D) 3D colour
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map of (C). (E) Enlarged image of the red boxed area in Supplementary Fig. 2A. (F) Pseudo-colour map of
(E) after intensity inversion. (G) 3D colour map of (F). LC3 is aligned in an arcuate formation. (H)
Dielectric images of 4T1E/M3 cells stained with anti-LC3 antibody and 60-nm gold colloids after
paraformaldehyde fixation and 0.1% Tween-20 permeabilisation. Enlarged image of red boxed area in
supplementary Fig. 2B. (I) Pseudo-colour map of (H) after intensity inversion. LC3 aligns in a circular
formation. (J) 3D colour map of (I). Scale bars: 1 μm in (A), 500 nm in (B, D, E, H, G, J).

Figure 4
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Dielectric images of REF cells stained with anti-Atg12 antibody conjugated with 60-nm gold colloids. (A)
Low-magnification dielectric image of REF cells stained with anti-Atg12 antibody and 60-nm gold colloids
after paraformaldehyde fixation and 0.1% Tween-20 permeabilisation (1,500× magnification, 6 kV
electron beam). (B) High-magnification image (10,000×) of the red boxed area in (A), showing Atg12
bound with 60-nm gold colloids. Atg12 is dispersed over the whole area near the nucleus. (C) Enlarged
image of the red boxed area in (B). Atg12 is localised along the mesh structure. (D) Pseudo-colour map of
(C) after intensity inversion. (E) Schematic diagram of mesh-like structures and gold colloids
superimposed on a dielectric image of (C). (F) 3D colour map of (D). (G) Histograms of minimum
intervals between pairs of gold colloids. Minimum intervals between LC3-bound colloids are small and
sharply peaked, whereas those between Atg12 are larger and broadly distributed. (H) A schematic picture
of structural organisation of autophagosomes involving LC3 and Atg12 with actin. Atg12 is dispersed as
small particles near the nucleus. LC3 is arranged into arcuate or circular structures. Scale bars: 10 μm in
(A), 1 μm in (B), 500 nm in (C, F).
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