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SCANNING ELECTRON MICROSCOPE
IMAGING OF AMYLOID FIBRILS
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ABSTRACT
This study demonstrated the applicability of Scanning Electron Microscopy (SEM) for the observation
of amyloid fibrils without staining. As model specimens, two types of amyloid fibrils with different
shapes and chemical compositions were controllably synthesized from hen lysozyme. The apparent
fibril widths in the SEM images were considerably larger than the original diameters analyzed by the
conventional techniques of Transmission Electron Microscopy (TEM) and Atomic Force Microscopy
(AFM). Although this broadening, which depends on the chemical nature of the fibril, is not desirable
for detailed imaging, it makes SEM sensitive to fibrils several micrometers in length and as thin as 3.5
nm. Note that the sensitivity also contributed to clearly distinguishing amyloid fibrils from salt
microcrystals in SEM images. These results suggest the considerable applicability of SEM for the
imaging of amyloid fibrils, even in contaminated samples.
Keywords: Amyloid Fibrils, Scanning Electron Microscopy, Lysozyme
are selectively adsorbed on the amyloid fibrils, (ii)
spectroscopic determination of the beta-sheet structure in
amyloid fibrils, such as circular dichroism and infrared
spectra, (iii) binding and elongation analyses of fibrils by
calorimetry (Kardos et al., 2004; Sasahara et al., 2007;
Morel et al., 2010) and (iv) light, neutron and x-ray
scattering to detect the solution structure of amyloid
fibrils. These methods provide an average ensemble
picture of amyloid fibrils (Nilsson, 2004). By contrast,
Atomic Force Microscopy (AFM) and Transmission
Electron Microscopy (TEM) can probe amyloid fibrils at
the molecular level (Chamberlain et al., 2000; Ikeda and
Morris, 2002; Khurana et al., 2003; Relini et al., 2004;
Arimon et al., 2005; Lashuel and Wall, 2005;
Anderson et al., 2006; Adamcik et al., 2010; Bayliss et al.,
2009; Karakas et al., 2010). To our knowledge, Scanning
Electron Microscopy (SEM) has rarely been used for
imaging amyloid fibrils, although it possesses a

1. INTRODUCTION
Amyloid fibrils are linear beta-sheet-rich aggregates
of protein that form spontaneously both in vivo and in
vitro. Amyloid fibrils are of considerable interest
because amyloidogenesis has often been linked to fatal
degenerative disorders, such as Alzheimer’s and
Parkinson’s diseases. However, the well-defined
structure and biocompatibility of amyloid fibrils have
also suggested new functional materials (Knowles and
Buehler, 2011), such as amyloid fibrils attached to
yellow fluorescent protein (Hamada et al., 2008), insulin
amyloids as a biomaterial for cell culture surfaces
(Sakono et al., 2011) and templates of peptide fibres for
metal nanowire (Reches and Gazit, 2003).
Various measurement methods for amyloid fibrils have
been developed, including (i) spectroscopic analysis by
specific dyes, such as Congo red and thioflavin T, which
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relatively high resolution of several nanometers and high
usability through the detection of secondary electron
emissions from specimen samples.
In this study, we demonstrated the imaging of amyloid
fibrils by SEM. The results were compared with those of
the well-used methods of TEM and AFM. Two types of
amyloid fibrils were produced from Hen Egg White
Lysozyme (HEWL) (Morshedi et al., 2007) with different
shapes and chemical compositions. As expected, the
apparent fibril width in the SEM image was broadened
compared with the height in the AFM image. This
broadening, however, provides a high detectability of
amyloid fibrils with diameters as thin as 3.5 nm. The
chemical differences in the amyloid fibril are also
reflected in the broadening of the image, which can thus
be utilised for chemical-sensitive measurements.

2. MATERIALS AND METHODS
2.1. Materials
HEWL, sodium Chloride (NaCl), potassium
Chloride (KCl) and sodium phosphate were from
Nacalai Tesque Inc. (Tokyo, Japan). Thioflavin-T
(ThT), sodium Hydroxide (NaOH) and Hydrochloric
Acid (HCl) were from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).
S-amyloid was formed as follows. A stock solution
containing 2.0 mg mL−1 HEWL, 137 mM NaCl and 1.34
mM KCl was prepared and adjusted to pH 2.0 using HCl.
Then, the solution was incubated at 50°C for 4 h with
continuous agitation by a stirrer.
A-amyloid was formed as follows. A stock solution
containing 5.0 mg mL−1 HEWL was prepared and adjusted
to pH 1.0 using HCl. The solution was then incubated at
90°C for 9 h with continuous agitation by a stirrer.
The protein concentration was determined
photometrically at 280 nm with an appropriate blank
using a UV-vis spectrophotometer (ND-1000; NanoDrop
Technologies Inc., Wilmington, DE). The extinction
coefficient of 2.63 mL mg−1 cm was used for HEWL.

2.2. Thioflavin T (ThT) Fluorescence Assay
The growth of amyloid fibrils was monitored by
fluorescence analysis with ThT. After fibril formation,
15 µLof the sample solution was mixed with 1,485 µL of
5 µM ThT in 50 mM Gly NaOH buffer (pH 8.5). The
ThT
fluorescence
was
monitored
using
a
spectrofluorimeter (FP-6500; Jasco, Tokyo, Japan) with
a 1-cm path-length quartz cell. The sample was excited
Science Publications

at 440 nm (5 nm slit-width) and the fluorescence
intensity at 480 nm (5 nm slit-width) was monitored at
25°C; the temperature was controlled using a
temperature controller.

2.3. Mass Spectra Measurement
The mass spectra were obtained using matrix-assisted
laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF MS) (UltrafleXtreme
MALDI-TOF/TOF; Bruker Daltonics Inc., Billerica,
USA). The amyloid was centrifuged from the sample
solution and dissolved in pure water for the MALDITOF MS measurements. The matrix solution used for
these measurements was a saturated α-Cyano-4Hydroxycinnamic
Acid
(CHCA)
solution
in
water/acetonitrile 1:1 v/v, diluted by a factor of 2 in the
same solvent mixture. The sample was prepared by
mixing 1.0 µL of the protein solution with 1.0 µL of the
matrix solution directly on the sample probe and
allowing the solution to dry at room temperature. Samyloid and A-amyloid were analyzed by MALDI-TOFMS in the positive-ion liner and reflect modes,
respectively. Native HEWL was also analyzed by
MALDI-TOF-MS in the positive-ion reflect mode.

2.4. Imaging of Amyloid Fibrils by TEM, AFM
and SEM
Transmission Electron Microscopy (TEM) images of
the amyloid fibrils were examined using stain (silicon
tungstate) and a transmission microscope (JEM-1400;
JEOL, Tokyo, Japan) with an acceleration voltage of 200
keV (Takai et al., 2014a). The sample solution was
diluted 100-fold with pure water. Then, 2 µL of the
solution was negatively stained with 2 µL of 2% (w/v)
silicon tungstate solution. Next, 2 µL of the stained
solution was placed on a 150-mesh copper grid covered
with a carbon-coated hydrophilic film. The solution on
the grid was dried for a few minutes.
Atomic Force Microscopy (AFM) images of amyloid
fibrils
were
examined
using
S-image
(SII
NanoTechnology Inc., Chiba, Japan) operating in
tapping mode and a silicon cantilever (SI-DF20, SII
Nanotechnology) with a tip curvature radius of 10 nm
(Matsubara et al., 2009; Takai et al., 2014b). The sample
solution was diluted 100-fold with pure water.
Subsequently, 1 µL of the diluted samples was placed on
freshly cleaved mica and dried in air for 10 min.
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The Scanning Electron Microscopy (SEM) images
of amyloid fibrils were examined using an SEM
system (Hitachi S4800) with an acceleration voltage of
15 keV. The sample solution was diluted 100-fold with
pure water. Subsequently, 1 µL of the diluted samples
was placed on silicone and dried in air for 10 min.
The fibril width values in the TEM and SEM images
were measured by comparison with each scale bar. The
fibril width values in the AFM image were measured
from the transversal profiles of AFM topology. The
fibril height values were also determined by the
transversal profiles of AFM topology.

3. RESULTS
3.1. Preparation of Amyloid Fibril From SelfAssembled Lysozyme (S-amyloid) and AcidHydrolysis Lysozyme (A-Amyloid)
For the present study, we prepared two types of
amyloid fibrils (S-amyloid and A-amyloid) from
HEWL. S-amyloid is generated from HEWL incubated

under acidic conditions (pH 2) with saline under
continuous agitation by a stirrer, as reported previously
(Hirano et al., 2010; Takai et al., 2014c). Under this
condition, amyloid fibrils are mainly formed from
nonfragmented monomers of HEWL without
hydrolysis. As expected, S-amyloid was characterised
by a typical sigmoidal evolution of the Thioflavin T
(ThT) fluorescent intensity with a lag time of 2-3 h
(Fig. 1A). S-amyloid is a non-branched straight fibril
with a height of approximately 5 nm and a length of
approximately 500 nm, with a helical structure (Fig. 1B
and C). Figure 1D shows the histogram of the height
of S-amyloid determined from an AFM image; the
average diameter of the S-amyloid was 8±2 nm, which
is similar to the value previously reported for nonhydrolysed lysozyme fibril (Chamberlain et al., 2000).
Notably, the histogram appears to exhibit two maxima
centred at approximately 5 and 10 nm, corresponding to
the inner-fibril corrugation due to the helical structure
of amyloid fibrils (Adamcik et al., 2010).

Fig. 1. Preparation and characterisation of S-amyloid and A-amyloid. (A) Growth of S-amyloid detected by thioflavin T (ThT)
fluorescence. The continuous line though the data points was fitted with a sigmoidal curve. (B) AFM images of S-amyloid. The
white line indicates the transversal profile of surface topology shown in C. (C) AFM topography image of S-amyloid, from
which amyloid height was measured. (D) Histogram of S-amyloid AFM height (fibril diameter). (E-H) Figures for A-amyloid
corresponding to the ones shown in Fig. (A-D). In E, the continuous line though the data points was fitted with a linear curve
Science Publications
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A-amyloid was similarly generated by incubation
under more acidic conditions (pH 1) at a higher
temperature (90°C), without saline but with continuous
agitation by a stirrer. HEWL was hydrolysed under this
condition (Lara et al., 2011). The peptide fragment of
hydrolysed HEWL was immediately assembled into
longer fibrils, characterised by the linear increase in ThT
intensity with increasing incubation, without any lag
time (Fig. 1E). In the AFM measurements, long and nonbranched fibrils of much greater than 1 µm were
observed with a height of approximately 2 nm (Fig. 1F
and G). Figure 1H shows the histogram of the height of
A-amyloid, with an average diameter of 4±1 nm. The
histogram also shows two maxima, at 2 and 4 nm,
corresponding to the helical shape of the fibril. The
structure and dimensions agree with previously reported
values (Lara et al., 2011).
Although they are generated from the same protein,
S- and A-amyloid have different structural dimensions
and chemical compositions. The MALDI–TOF MS
spectra of S-amyloid showed two abundant peaks at m/z
7153, which corresponds to the doubly protonated
HEWL and at m/z 14306, which corresponds to the
singly protonated HEWL (Fig. 2A). By contrast, the
MALDI–TOF MS spectra of A-amyloid had many peaks
below m/z 4000 (Fig. 2B). The MALDI-TOF MS spectra
of native HEWL also had two abundant peaks at m/z
7153 and 14306 (Fig. 2C). These results show that Samyloid was formed by nonfragmented monomers of
HEWL without hydrolysis and A-amyloid was formed
by aggregating peptide fragments of hydrolysed HEWL.
Analysis using an amino acid analyzer (JLC500/V2,Japan Electron Optics Laboratory Ltd, Tokyo,
Japan) revealed that A-amyloid contains fewer residues
of Arg (pKa 12.5) (Jin and Manabe, 2005), Lys (pKa
10.2) (Jin and Manabe, 2005) and His (pKa 6.0
(Edgcomb and Murphy, 2002) and more residues of Leu,
Ile and Pro than native HEWL (data not shown),
indicating that A-amyloid has less electrical capacity
than S-amyloid. As described above, these two amyloid
fibrils exhibited rather well-defined structures.
Therefore, S-amyloid and A-amyloid are useful model
fibrils for characterising the utility of SEM.

lengths less than 1 µm (Fig. 3A-C). However,
considering the scale of the A-amyloid images, the fibrils
shown by SEM were clearly different from those shown
by TEM and AFM. Thus, we further analyzed the
differences in the images of S-amyloid and A-amyloid
by TEM, AFM and SEM.
Figure 4 A-C shows magnified images of a single Samyloid. The histogram of the apparent width of the
fibrils in each image is presented in Fig. 4D-F. The TEM
images of S-amyloid show clear edges of the fibrils and
the centred value of the width was determined to be 13±7
nm (Fig. 4A and D). The width determined from the
TEM images, 13±7 nm, was similar to the height of the
fibril determined from the AFM images, 8±2 nm. By
contrast, the AFM images of S-amyloid had fine edges
and exhibited wider widths of 38±8 nm (Fig. 4B and E).
This phenomenon is a well-known broadening that
reflects the finite curvature of the cantilever,
approximately 10 nm (Matsubara et al., 2009).

3.2. Comparison with Fibril-Width Values in
TEM, AFM and SEM Images
Figure 3 displays large views of S-amyloid and Aamyloid imaged using TEM, AFM and SEM. In the
TEM, AFM and SEM images, S-amyloid was
consistently observed to form straight mature fibrils with
Science Publications

Fig. 2. MALDI–TOF MS spectra of S-amyloid (A), A-amyloid
(B) and native HEWL as a control (C)
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Fig. 3. Comparison of TEM, AFM and SEM. S-amyloid was monitored by TEM (A), AFM (B) and SEM (C). A-amyloid was
monitored by TEM (D), AFM (E) and SEM (F)

Fig. 4. Width of S-amyloid. microscopic images of S-amyloid by TEM (A), AFM (B) and SEM (C). Histogram of width of Samyloid by TEM (D), AFM (E) and SEM (F)

By contrast, the images of S-amyloid by SEM showed
fuzzy edges due to its intrinsic lower resolution
compared with TEM and AFM (Fig. 4C and F). The
average width in the SEM images was as large as
22±5 nm. During the SEM measurement, secondary
electron emission from the amyloid fibril, which is an
insulator, is less likely than that from the silicone
plate, which is a semiconducting substrate, resulting
in the dark appearance of the amyloid fibril in the
Science Publications

SEM image. Thus, there are multiple possible causes
of the fuzzy appearance of the edge of the S-amyloid,
including (i) the charging of S-amyloid induced by its
lower secondary electron emission and (ii) the
influence of counter ions (Na+), which produce large
secondary electron emissions.
A-amyloid was similarly characterised by TEM,
AFM and SEM (Fig. 5). The results for A-amyloid
were found to be similar to the results for S-amyloid;
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the TEM image provides an apparent width of 5±2
nm, which is close to the fibril height determined by
AFM. The apparent width in the AFM image was
again found to be as large as 33±4 nm, reflecting the
tip effect. A huge broadening of the apparent width, as
large as 57±14 nm, was observed in the SEM image of
A-amyloid, although the original width of A-amyloid
was much thinner than that of S-amyloid. This huge
broadening of A-amyloid is probably due to the
chemical nature of A-amyloid, which differs from the
chemical nature of S-amyloid. A-amyloid should be
more insulating than S-amyloid. A-amyloid consists
of peptide fragments of hydrolysed HEWL and has
fewer positively charged residues but more
hydrophobic residues, whereas S-amyloid can contain
plenty of non-beta-sheet side chains from nonfragmented HEWL, which can potentially be
conducting. Thus, considering the different chemical
natures of A-amyloid and S-amyloid, some possible

causes of the huge broadening of A-amyloid in the
SEM image include (i) more charging of A-amyloid
and (ii) more influence from counter ions (Na+).

4. DISCUSSION
The apparent width of amyloid fibrils by SEM was
shown to be 7 to 10 times broader than the original value
(Table 1). This broadening is not desirable for the
detailed characterisation of the fibril structure, but the
broadening of the apparent contrast can be utilised to
increase the detectability of small fibrils. Indeed, in a
large view, A-amyloid with diameters as small as 3.5 nm
can be detected, as well as thicker fibrils (Fig. 6A).
Although further characterisation of the relationship
between the SEM appearance and the structure and
composition of the amyloid fibrils is required, the high
detectability of the small fibrils is useful for the
screening of amyloid fibrils formed in vivo and in vitro.

Table 1. Diameter and width of amyloid fibrils measured by TEM, AFM and SEM
S-amyloid
-------------------------------------------Replicates
Average (nm)a
Height
AFM
99
8±2
TEM
102
13±7
Width
AFM
100
38±8
SEM
125
22±5
a
The average and standard deviation of the sampled fibril width and height are shown

A-amyloid
---------------------------------------------Replicates
Average (nm)a
129
4 ±1
96
5±2
101
33±4
123
57±14

Fig. 5. Width of A-amyloid. microscopic images of A-amyloid by TEM (A), AFM (B) and SEM (C). Histogram of the width of Aamyloid by TEM (D), AFM (E) and SEM (F)
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Fig. 6. (A) SEM image of A-amyloid. The scale bar is 3 µm. (B) SEM image of S-amyloid and a salt micro-crystal (black arrow).
The scale bar is 1 µm

S-amyloid and small crystals of NaCl were clearly
distinguished in the SEM image (Fig. 6B). Amyloid
fibrils are usually dispersed in the solution with other
solutes, such as inorganic salts and low-molecularweight compounds for pH buffering. These other solutes
often disturb microscopic measurements in AFM and
TEM. However, SEM clearly distinguishes amyloids
from these contaminants because the secondary electron
emission is sensitive to chemical natures (Fig. 6B). The
easy distinction from contaminants suggests that SEM
should be the first choice of microscopic measurement
for amyloid fibril imaging.

5. CONCLUSION
This study examined SEM images of two types of
amyloid fibrils compared with well-characterized AFM
and TEM images. Although the resolution of SEM was
found to be poor for insulating amyloid fibrils, even
conventional SEM was able to detect amyloid fibrils as
thin as 3.5 nm in width through broadening in the image.
The broadening effect was also found to be dependent on
the chemical composition of the fibril, which can be
further utilized in chemical discrimination. Although
further characterization of the dependence of the
chemical properties on the apparent broadening will be
required, the several advantages of SEM, in combination
with other observations in solution, such as the TIRFM
system (Ban et al., 2006; Ozawa et al., 2009; Yagi et al.,
2010; Ozawa et al., 2011), cryo-TEM (Jimenez et al.,
1999; 2001) and in-liquid AFM (Liu et al., 2012),
contribute to the investigation of amyloid fibrils.
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