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Abstract We established an optimized biofilm observation
method using a hydrophilic ionic liquid (IL), 1-butyl-3-
methylimidazolium tetrafluoroborate ((BMIM][BF4]). In the
present study, a biofilm was formed by Staphylococcus
epidermidis. Using field emission (FE) scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), the colonization of assemblages formed by microbial
cells was observed as a function of the cultivation time. FE-
TEM analysis revealed that the fibril comprises three types of
protein. In addition, the ultrastructure of each protein mono-
mer was visualized. It was expected that the curly-structured
protein plays an important role in extension during fibril
formation. Compared to the conventional sample preparation
method for electron microscopy, a fine structure was easily
obtained by the present method using IL. This observation
technique can provide valuable information to characterize the
ultrastructure of the fibril and biofilm that has not been re-
vealed till date. Furthermore, these findings of the molecular
architecture of the fibril and the colonization behavior of
microbial cells during biofilm formation are useful for the
development of antibacterial drugs and microbial utilization.
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Introduction

Bacteria are well known for their adhesive behavior on solid
surfaces to form an optimal environment for growth. A bio-
film is an assemblage of surface-associated microbial cells
that is enclosed in an extracellular polymeric substance
(EPS) matrix [1, 2]. They can cause infections and contami-
nations because it is irreversibly associated with the surface
and enclosed in a matrix of primarily polysaccharide material
[3, 4]. Hence, many researchers focused on microbial adhe-
sion [5, 6]. It has been reported that EPS and filamentous cell
appendages facilitate bacterial adhesion between a cell and its
surface [7—11]. Therefore, we need to understand the roles of
filamentous cell appendages and EPS to reveal the mechanism
of biofilm formation. Especially, Staphylococcus epidermidis
is well known as a commensal microorganism of human skin,
nares, and mucous membranes [12, 13]. Although fibrillar
structures of S. epidermidis have been observed [11, 14, 15],
observations of the ultrastructure of fibrils and detailed infor-
mation on biofilm formation have not been reported till date.
Electron microscopes are widely used as important tools of
material characterization because of technological advances, par-
ticularly in high-resolution image, analysis equipment, and 3D
observation abilities [16, 17]. Especially in the inorganic mate-
rials research field, the spherical-aberration-correction (Cs+cor-
rection) technique of the objective lens in a transmission electron
microscope (TEM) has opened up a new field in high-resolution
imaging [18, 19]. Even single atom images were obtained using
the aberration-corrected TEM and STEM [20]. In the biological
materials research field, only some researchers reported high-
resolution image using TEM [21-23]. However, the preparation
method of biological samples requires special techniques and is
time consuming. Furthermore, it has been reported that glutaral-
dehyde fixation produces artifacts. Therefore, to observe the
actual morphologies of hydrous samples using a simple tech-
nique, new methodologies have been extensively searched.
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Room-temperature (RT) ionic liquids (ILs) have attracted
significant attention as novel, eco-friendly materials. These
ILs comprise cations and anions, which exist in a liquid state
at RT [24]. Because of their negligible vapor pressure and high
conductivity, various studies have also revealed that combi-
nations of ILs with samples can be directly observed by
electron microscopy without the addition of a conductive
coating [25, 26]. On the other hand, the observation of bio-
logical materials by electron microscopy without structural
deformation is a real challenge. In this regard, combining
ILs with biological materials can be the most simple and
attractive approach to reveal the morphological structure by
electron microscopy [27, 28]. We found that the osmotic
pressure of biological materials needs to be maintained to
observe the fine morphology [29]. However, TEM observa-
tions of biological materials using ILs have not been reported
till date. Therefore, it is necessary to develop an optimized
method for biological materials, which is applicable to both
scanning electron microscopy (SEM) and TEM observations.

In the present study, we investigated the simple observation
method for S. epidermidis with the aid of IL using field
emission (FE)-TEM and FE-SEM. In addition, we visualized
the protein structure of a fibril using this optimized observa-
tion technique.

Materials and methods
Materials

The bacterial strain used in this study was S. epidermidis
PAGU283 (=ATCC14990T). This strain was stored at
—80 °C and routinely grown at 37 °C for 24 h in 0.5 % CO,
in tryptone soy broth supplemented with 0.25 % glucose
(Becton, Dickinson and Company Co., USA). Subsequently,
the absorbance of the S. epidermidis medium was adjusted to
0.01 or 0.2 using a UV/visible spectrophotometer at a wave-
length of 520 nm (Ultrospec 2100 pro, GE Healthcare Life
Sciences Co., UK). It should be noted that the absorbance was
adjusted to 0.2 for formation of the biofilm shown in Figs. 2e,
f; 3d; and 4a, b, and to 0.01 for all other biofilms.
S. epidermidis was grown in 24-well plates and incubated
for 12, 16, and 24 h at 37 °C. IL used for electron microscopic
observation was 1-butyl-3-methylimidazolium tetrafluorobo-
rate ([(BMIM][BF,4]), which was purchased from Kanto
Chemical Co., Japan, and dried in a vacuum desiccator for
1 day. The water content of IL was 128 ppm.

Structural observations of biofilms using FE-SEM and TEM
The surface morphology of biofilms was observed using FE-

SEM (JEOL Co., JXA-8530FA, Japan) with an accelerating
voltage of 10.0 kV. The internal structure of biofilms was
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observed using FE-TEM (JEOL Co., JEM 2100F, Japan) with
an accelerating voltage of 120.0 kV. The S. epidermidis bio-
film, prepared as described in “Materials,” was characterized
using FE-SEM and FE-TEM.

The biofilm formed in a well was washed with purified
water. Subsequently, the biofilm was treated with phosphate-
buffered saline (PBS) buffer solution for 2 h. The biofilm was
washed with water and treated with IL solution for 5 min.
Following this, it was scraped using a cell scraper. The IL
solution was prepared at an IL to water weight ratio of 1:200.
The biofilm for FE-SEM and FE-TEM observations was
skimmed off by a copper mesh with carbon-coated plastic
microholes for organic samples (HRC-C10, Okenshoji Co.,
Japan). The biofilm sample was then placed in a centrifuge at
10,000 rpm and maintained under vacuum conditions for
30 min. The detailed methodology is illustrated in Fig. 1.
For comparison, the conventional preparation method for
FE-TEM observation was performed. The details of the prep-
aration method have been described in the Electronic Supple-
mentary Material (ESM)

Results and discussion
Morphological observation of biofilm formation

We studied the S. epidermidis biofilms prepared at different
incubation times. These biofilms were prepared combing with
IL following pretreatment using the developed method, as
shown in Fig. 1. The morphologies of the biofilms incubated
at37°C for 12, 16, and 24 h are shown in Fig. 2a—f. After 12 h
of cultivation, the biofilm comprised bacteria with sizes
around 1 pm. Each bacterium could be distinguished although
the cells were adhered to each other (Fig. 2b). The spherical
shapes of the S. epidermidis cells changed to angular shapes
during the biofilm formation process. Some holes can be
observed in the biofilm morphology. In this process, evolution
into the 3D structure was not drastically proceeded with. It is
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Fig. 1 Schematic illustration of the novel pretreatment method for
Staphylococcus epidermidis
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Fig. 2 FE-SEM images of biofilm of S. epidermidis prepared after
different incubation times following pretreatment, as shown in Fig. 1.
The biofilms were incubated at 37 °C for 12 h (a, b), 16 h (¢, d), and 24 h

(e, D)

well known that the EPS is essential for the cell, device,
implant, etc. to adhere. Moreover, polysaccharide intercellular
adhesion (PIA) synthesized by ica gene products has impor-
tant roles as the major functional component and in the accu-
mulation of S. epidermidis biofilms [30, 31]. Another
exopolymer related to the accumulation is protein. We will
discuss about such typed proteins in “Structural observation of
the molecular architecture of the fibril.” Figure 2c, d shows
FE-SEM images of the biofilms after 16 h of cultivation. It can
be clearly observed that primary polysaccharide materials
were formed on the surface of the bacteria and the boundary
between a cell and another cell disappeared. We also observed
the biofilm morphology after 24 h of cultivation (Fig. 2¢). In
contrast to the morphologies shown in Fig. 2a—d, an agglom-
erated morphology was observed. In this process, a 3D struc-
ture was formed during biofilm maturation. A thick film,
which comprised EPS-enclosed polysaccharide, covered the
surface of the bacteria. Thus, 1-um-sized cells were not ob-
served on the surface of the biofilm incubated for 24 h
(Fig. 21).

Figure 3 shows the fine morphology of the biofilms from
selected areas (designated as i—iv in Fig. 2). It should be noted
here that some morphological changes occurred when we
observed the samples at a high magnification for a long time.
It was caused by the radiation damage of the electron beam.
However, we can reduce the damage using osmium coating.

\‘SOOnm 4

Fig.3 FE-SEM images of the biofilms from selected areas (designated i—
iv) showed in Fig. 2. Areas i, ii, iii, and iv correspond to a, b, ¢, and d,
respectively

In the present study, we could observe the fine morphology
without any conductive coating. The process of biofilm for-
mation according to the cultivation time can be clearly ob-
served. In Fig. 3a, rod-like structures with a diameter of
<100 nm were observed. Franson et al. reported the presence
of “foot” processes sized 100 nm between the cell and the
substrate [1]. In addition, Dubey et.al visualized nanotubes in
neighboring cells [32]. The structures of these “foot” process-
es and nanotubes were similar to the rod-like structure as
shown in Fig. 3a. The nanotubes associated with cytoskeletal
and motor proteins play like an active transport [33]. In
Fig. 3b, the voids between bacteria cells were filled primarily
by polysaccharide materials, and the surface roughness of the
biofilm was drastically increased. These phenomena proceed
further as shown in Fig. 3c. In Fig. 3c, a fine-sized EPS-
enclosed polysaccharide was observed on the surface of the
biofilm. Characklis et al. have reported that the surface rough-
ness of the biofilm increases as microbial colonization pro-
ceeds [34]. Our results are in good agreement with these
findings. In Fig. 3d, some holes <500 nm in size still remained
on the biofilm. These FE-SEM results indicate that fine mor-
phologies can be clearly observed using hydrophilic IL with-
out any conductive coating. Ishizaki et al. have reported that a
simple technique using hydrophilic IL enables the observation
of the fine thread-like morphologies of cultured human cells
[28]. In good agreement with this report, we observed fine
morphologies of filamentous fibrils using an IL. It can be
considered that the simple observation method using hydro-
philic IL will be useful for observing the filamentous mor-
phology of biological materials. It should be noted here that
many fibrils were observed on the surface of bacteria (ESM
Fig. S1). It can be seen that the fibrils anchored to the cell
grow toward another cell. The fibrils function as a ladder from
one cell to another, linking the cells. To further characterize
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the ultrastructure of fibrils derived from S. epidermidis, we
will discuss the details in “Structural observation of the mo-
lecular architecture of the fibril.”

In order to understand the inner part of the biofilm, we
performed cross-sectional observation. Figure 4 shows FE-
SEM images of the biofilm formed after 24 h of cultivation.
Bacterial cells anchored on the surface of the biofilm and
buried under EPS-enclosed polysaccharide were observed.
The adhered bacteria were linked to the biofilm and existed
as an agglomerate (Fig. 4a). The shapes of the cells trans-
formed from a spherical form to a flat form. Figure 4b shows
the cross-section image of Fig. 4a. The EPS product wall
measuring several hundred nanometers was clearly observed
on the surface of the biofilm, and collapsed cells surrounded
by EPS-enclosed polysaccharide were observed in the inner
area of the biofilm agglomerate. Interstitial voids were present
in the inner area of the biofilm covered by the EPS product
wall. It can be considered that water channels exist in the EPS
matrix and cells. These water channels are well known to play
important roles in liquid flow, allowing the diffusion of nutri-
ents and oxygen. However, the nanostructure of the fibril was
not clearly observed using FE-SEM. Therefore, we attempted
to reveal the fibril ultrastructure using TEM. Furthermore, we
tried to observe the internal structure of the biofilm to under-
stand the biofilm formation process.

Structural observation of biofilm formation

Figure 5 shows FE-TEM images of the biofilm that was
formed after 12 and 16 h of cultivation with IL treatment
and kept under vacuum conditions for 30 min. The details of
the preparation method are described previously in Fig. 1.
After 12 h of cultivation, cells with a size of 1 um formed a
microcolony structure (Fig. 5a). After 16 h of cultivation, a
slime-like structure was observed around the cells. It can be
considered that the agglomerated slime-like structure is de-
rived from EPS-enclosed polysaccharide. Moreover, fine EPS
products were observed around S. epidermidis cells (indicated
by arrows). The EPS products were <200 nm in size, and they
were partially observed. The size of the EPS products was
very similar to that shown in Fig. 4a, b. As the cultivation time
increased, EPS production drastically increased to cover the

1um L Y 3 500nm

Fig. 4 a Conventional FE-SEM image and b cross-sectional FE-SEM

image of biofilm after 24 h of cultivation pretreated with new method
according to Fig. 1
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Fig. 5 FE-TEM images of the biofilm formed after a 12 hand b 16 h of
cultivation following pretreatment using the new method, as shown in
Fig. 1. FE-TEM images of fibrils attached to cells formed after 12 h of
cultivation. ¢ Initial stage of the adhesion process, d attachment of a long
fibril, e attachment of variable numbers of short fibril, and f fibril formed
by several threads. Scale bar 50 nm

bacterial cells. In Fig. S1 in the ESM, the morphology of the
fibril was observed using FE-SEM. To understand further the
fibril structure and role, TEM study was also performed.
Figure 5c—f shows the process of fibril adhesion to a cell.
After 12 h of cultivation, the biofilm was observed in four
selected areas (Fig. Sc—f). Figure Sc shows some fibrils that
were <200 nm in length. The shaft was approximately 50 nm
in width. On the other hand, a 2.5-um-long fibril with a 30-
nm-wide shaft was also observed (Fig. 5d). Figure 5¢ shows
S. epidermidis fibrils adhered to another cell via thin adhesion
threads. These fibrils extended straight from one cell to an-
other without branching. Figure 5f shows the fibrils attached
to the biofilm formed in another area. Interestingly, these
fibrils were formed by several threads with diameters
<30 nm (indicated by arrows). The cells bound via several
threads formed a wrinkled structure. It is assumed that this
wrinkled structure is caused by the formation of several fibrils.
EPS-enclosed polysaccharide within cells may be used to
form the bundle structure of the fibrils. It is a similar phenom-
enon to that observed in Fig. 2d.

To further understand the biofilm formation process on the
basis of the bundle structure, the attachment region between a
cell and another cell was observed carefully. Figure 6 shows
FE-TEM images of the biofilm after 12 h of cultivation. The
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Fig. 6 a FE-TEM image of substances bound between cells after 12 h of
cultivation following pretreatment using the new method, as shown in
Fig. 1. b High-magnification image of selected area i

bundled bound substances between cells were clearly ob-
served. The shafts were 100200 nm in width (indicated by
arrows). It should be noted that there is a mesh grid at the back
of the cells in the upper right area of Fig. 6a (indicated by
lines). Figure 6b shows a magnified image of area i in Fig. 6a.
Some rod-like substances were observed between the cells. It
can be considered that the fibril, which existed as a rod-like
structure involving the EPS-enclosed polysaccharide, was
bundled. The contrast of the rod-like structure was not con-
stant. Thereby, it was expected that a rod-like structure is not
solid. The surface morphology of the cell and fibril could be
observed using FE-SEM (Fig. 3). In addition, TEM analysis
determined the internal structure of the fibril. From these
observations, it seems that the rod-like structure has a tubular
structure. It is considered that the rod-like structure can work
as an active transport. The correct structure was elucidated

Fig. 7 Molecular architecture of
fibril after 12 h of cultivation
following pretreatment using the
new method, as shown in Fig. 1. a
Combined FE-TEM image of a
fibril (approximately 18~22 pro-
teins), b high-magnification im-
age of a protein subunit anchored
to the cell wall surface, ¢ protein
subunit anchored to the middle
region of a fibril, d protein sub-
unit at the middle region of a fi-
bril, e protein subunit at the tip of
a fibril, and f another fibril an-
chored to the cell wall

using a combination of both types of electron microscopy. In
the present study, we tried to observe the fibrils using the
conventional method for TEM observation in order to com-
pare the new method using a hydrophilic IL. TEM images
derived from the conventional method showed clearly inner
structures of cells (ESM Fig. S2). However, the structures of
fibrils were not clearly observed, although some fibrils were
found between the cells.

Structural observation of the molecular architecture
of the fibril

To obtain further structural information and determine the
molecular architecture of S. epidermidis, we observed the
ultrastructure of the fibril by using FE-TEM. Figure 7a shows
a TEM image of the fibril. It was confirmed that the length of
the fibril was 340 nm and the width of the shaft was approx-
imately 20 nm. The fibril had bamboo-like structures in the
middle region of the shaft. However, the part that adhered to
the cell wall and the tip of the fibril lacked ring-shaped
structures. The high-magnification images show the ultra-
structure of the fibril. It was clearly observed that the fibril
was anchored to the cell wall (Fig. 7b). The structure was
changed 80 nm from the bottom of the fibril (Fig. 7c). From
80 nm toward the tip side, ring-shaped structures were ob-
served (Fig. 7¢, d). Vesicle structures that were 10-20 nm in
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diameter were observed inside the fibril structure. This is the
first observation of protein monomers at such high magnifica-
tion. It can be considered that each protein was tightly bound to
the next protein. The tip side was formed by a circle-shaped
protein with a diameter of 20 nm. The orientation of the protein
at the tip end was different from that of the shaft proteins at the
bottom and middle regions of the fibril. It can be considered
that this protein is responsible for adhesion. The fibril just
beginning to be formed was also observed (Fig. 7f). The length
of the fibril in Fig. 7f was approximately 50 nm, and the width
of the shaft was approximately 20 nm. This can be because the
bottom of the fibril (approximately 80 nm in diameter) has a
different protein arrangement than the middle region of the
fibril, as described above. The tip of the fibril was formed by
structures that appeared curled. It is expected that these struc-
tures would extend during fibril formation.

The fibrillar structures of S. epidermidis were reported by
some researchers [11, 15]. It was found that Aap is the essen-
tial component of the fibril and accumulation-associated pro-
tein [11, 15, 35]. Furthermore, Fbe, AtlE, Bap, Embp, and
Bhp proteins have been reported as proteinaceous intercellular
adhesins in biofilm accumulation [36-39]. Aap is a cell wall-
anchored protein with an N-terminal signal sequence and a C-
terminal sorting signal including an LPXTG motif followed
by a hydrophobic transmembrane region and a positively
charged cytoplasmic tail. Moreover, it was reported that Aap
is fibrillar adhesion [15]. Nelson et.al reported that fibrinogen-
binding protein Fbe and accumulation-associated protein Aap
play major roles in the adherence of cells to accumulative
growth on the polymer surface [14].

In the present study, the three types of protein structure
regions of the fibril were revealed with the aid of a novel
technique using IL. It can be expected that the curled protein
was derived from Aap protein and mainly fibrillar structure
comprise Aap and Fbe proteins. Moreover, Embp protein has
extracellular matrix-binding properties [38]. Thus, the slime-
like layer can be formed related to Embp protein (Fig. 5).

We successfully observed the ultrastructure of the fibril
under high magnification using IL. Compared to the conven-
tional method, the protein formation of the fibril was clearly
observed. Although field emission-type TEM was used for
characterization, electron beam damage was not observed. On
the other hand, the individual protein structure was not found
using the conventional method (ESM Fig. S2c¢). It should be
noted here that excess IL around the biofilm was removed
using a centrifuge. In addition, PBS buffer was used for sample
preparation. When the sample was prepared without treatment
of the PBS buffer, the biofilm was partially broken during the
sample preparation. Normally, conventional processing of bio-
logical materials for TEM observation takes more than a few
days and consists of fixation with glutaraldehyde, dehydration,
resin embedding, slicing of sections, and counterstaining. The
new method enables to reduce preparation time. The new
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method using IL takes only 3 h because processes such as
fixation, dehydration, resin embedding, slicing of sections,
and counterstaining are skipped. Therefore, we can observe
the ultrastructure of bacteria without any technique and specific
apparatus. The information on fibril structure obtained in the
present study will help in the understanding of the development
of biofilms by aggregation or coaggregation.

Conclusions

We have successfully observed the ultrastructure of
S. epidermidis with the help of electron microcopy techniques
using a hydrophilic IL [BMIM][BF,]. Furthermore, the com-
plex process of biofilm formation was elucidated by visualiz-
ing biofilms after different cultivation times. In particular, the
fibril, which plays an important role in cell adhesion, was
characterized using FE-SEM and FE-TEM. Our TEM study
confirmed that the fibril has a protein with a bamboo-like-
structured protein at the middle region. We can summarize the
mechanism of biofilm formation as follows: (1) a fibril de-
rived from a cell extends toward another cell and subsequently
adheres to the surface of the other cell; (2) the fibril forms a
bridge between cells; (3) bundle structures consisting of fibril
and EPS-enclosed polysaccharide are formed; (4) EPS prod-
uct sized 200 nm accumulates on the surface of the cell and
between cells; and (5) film-like structured EPS product covers
the cell agglomerates. Consequently, this electron microscopic
observation using an optimization method for sample prepa-
ration enables the observation of the ultrastructure of biolog-
ical materials. It is concluded that compared with the conven-
tional technique, the time required for sample preparation can
be drastically reduced using the optimization method. The
structural observation of the fibril in this study will help reveal
the model of the fibril of S. epidermidis. Moreover, the find-
ings related to the mechanism of biofilm formation and the
fibril structure can be very significant for the development of a
vaccine and microbial utilization. The simple optimization
method using IL developed in the present study can be widely
applied to characterize biological materials such as microor-
ganisms, plants, and animals without any special apparatus.
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