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Abstract Fixation ability of five common fixation solutions,
including 2.5% glutaraldehyde, 10% formalin, 4% paraformal-
dehyde, methanol/acetone (1:1), and ethanol/acetic acid (3:1)
were evaluated by using atomic force microscopy in the present
study. Three model bacteria, i.e., Escherichia coli, Pseudomo-
nas putida, and Bacillus subtilis were applied to observe the
above fixation methods for the morphology preservation of
bacterial cells and surface ultrastructures. All the fixation
methods could effectively preserve cell morphology. However,
for preserving bacterial surface ultrastructures, the methods
applying aldehyde fixations performed much better than those
using alcohols, since the alcohols could detach the surface
filaments (i.e., flagella and pili) significantly. Based on the
quantitative and qualitative assessments, the 2.5% glutaralde-
hyde was proposed as a promising fixation solution both for
observing morphology of both bacterial cell and surface
ultrastructures, while the methonal/acetone mixture was the
worst fixation solution which may obtain unreliable results.
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Introduction

The observation of the morphology of bacterial cell and their
ultrastructures is fundamental for understanding the structure

and behavior of bacteria, since morphology is one way for
bacteria to cope with their environment and gain a competitive
advantage (Young 2007). To facilitate accurate observation,
various fixation methods were widely applied to fix cells
(Moloney et al. 2004). The main objectives of fixation were to
inhibit cellular autolysis, to preserve cellular components and
morphology, and to present cells with a distinct microscopical
appearance (Paavilainen et al. 2010). Fixation methods can be
divided into two groups: additive and denaturing fixations (St-
Laurent et al. 2006). Additive fixation solutions (also called
cross-linking fixations) contain various aldehydes, including
formaldehyde, paraformaldehyde, glutaraldehyde, etc., and
can create covalent chemical bonds between proteins (Dapson
2007). This method can preserve the natural structure of
proteins, i.e., secondary and tertiary structures (Meade et al.
2010). Another group is the denaturing (or precipitating)
fixations. These methods can denature proteins by reducing
their solubility and/or disrupting the hydrophobic interactions,
and thus modify the tertiary structures of proteins as well as
inactivate enzymes (St-Laurent et al. 2006). Alcohols, such as
methanol and ethanol, are commonly used for denaturing
fixation. However, alcohols are seldom solely applied since
they can induce serious cell shrinkage. Other denaturing
chemicals, like acetone and acetic acid, are usually combined
with alcohols to enhance the fixation performance (Moloney
et al. 2004).

To select the promising fixation methods, a number
of studies have been conducted to evaluate the perfor-
mance of different methods in fixing various cells or tissues
(Suthipintawong et al. 1996; Hoetelmans et al. 2001;
Moloney et al. 2004; Vekemans et al. 2004; Celie et al.
2005; St-Laurent et al. 2006; Meade et al. 2010). Unfortu-
nately, the above studies mainly focused on the cells or
tissues from animals or human. The effects of different
fixation methods on bacterial morphology were rarely
studied, and thus research gaps still remained in this issue.
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Microscopical methods were commonly used in previous
studies to evaluate the performance of the fixation methods,
including light microscopy (St-Laurent et al. 2006), reflection
contrast microscopy (Hoetelmans et al. 2001), fluorescence
microscopy (Celie et al. 2005), Raman microscopy (Meade et
al. 2010), electron microscopy (Hoetelmans et al. 2001), as
well as atomic force microscopy (Moloney et al. 2004).
Atomic force microscopy (AFM) has been widely used in all
fields of surface science since its invention in 1986, including
microbiological studies (Bolshakova et al. 2004). Comparing
with other traditional microscopes, one of AFM’s advantages
is acquiring three-dimensional morphological images at
nanometer or sub-nanometer scales under either dry or wet
conditions (Gaboriaud and Dufrêne 2007). This provides
great application potentials for quantitative measurements of
the morphology of bacterial cells and surface ultrastructures.
A few previous studies evaluated the effects of different
AFM scanning modes on the cell morphology of several
bacteria (Camesano et al. 2000; Bolshakova et al. 2001;
Pelling et al. 2005; Arce et al. 2009). Moreover, the bacterial
ultrastructures, including flagella (Touhami et al. 2006), pili
(Pelling et al. 2005; Touhami et al. 2006; Arce et al. 2009),
and capsules (Stukalov et al. 2008), were also observed and
quantified, based on the exquisite sensitivity and high spatial
resolution of AFM. However, as far as we know, studies were
rarely conducted to evaluate the effects of fixation methods
on morphology of bacterial cells and ultrastructures by using
AFM.

To fill the mentioned research gaps, the present study
was conducted to determine the effects of different fixation
methods on the morphology of bacterial cell and its
ultrastructures by using AFM and to evaluate the fixation
ability of applied methods via both qualitative and
quantitative assessments.

Materials and methods

Bacterial strains and culture

Three reference bacterial strains were used in the present
study. Two Gram-negative bacteria, Escherichia coli wild-
type strain K-12 and Pseudomonas putida DSM 291 type
strain, were purchased from the E. coli Genetic Stock Center
(Department of Biology, Yale University) and Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(DSMZ), respectively. Gram-positive bacterium, Bacillus
subtilis ATCC 6633, was purchased from Difco Laboratories
(Detroit, USA).

The bacteria were cultivated at 37°C and 150 rpm in
sterilized (121°C for 20 min) Luria–Bertani (LB) medium.
Then, the cells were harvested in the Log phase at a
concentration equivalent to an optical density at 600 nm

(OD600 nm) value of ∼0.1. These bacterial cells were then
used for further experiments immediately.

Substrata preparation

Glass slide was chosen as the substratum for AFM
measurement in the present study. Glass slides were firstly
immersed in ethanol/HCl (v/v 70/1) solution overnight.
After that, slides were washed by sonication for 10 min in
sterilized DI water. This procedure was repeated twice.
Then, the washed slides were placed in sterilized Petri
dishes and dried at room temperature for 12 h. Finally, the
prepared glass slides were stored in a desiccator before use.

Fixation methods

Before fixation, bacterial cells were washed twice in
phosphate-buffered saline (PBS, 8.475 g NaCl, 1.093 g
Na2HPO4, and 0.276 g NaH2PO4 in 1 L DI water; pH 7.4).
Five common fixation methods (Moloney et al. 2004; Celie
et al. 2005) were applied to fix the washed cells, including
2.5% glutaraldehyde in PBS for 2 h, 4% paraformaldehyde
in PBS for 30 min, 10% formalin in PBS for 10 min,
methanol/acetone (1:1) for 10 min, and ethanol/acetic acid
(3:1) for 10 min. All fixations were conducted at room
temperature. After fixation, the cells were washed twice in
PBS and then re-suspended in sterilized ultrapure water to
avoid salts crystallization during dry process and subse-
quent influence on AFM measurement. Finally, 100 μL of
prepared bacterial solution was dripped onto the glass slide
and air-dried. All the samples were stored at 4°C before
AFM measurement. All fixation methods were conducted
with two to three duplicates.

AFM measurements

AFM images were acquired by using tapping mode of JPK
NanoWizard AFM (JPK Instruments, Germany). Silicon
cantilever Tap300 (Budgetsensors, Bulgaria) with a reso-
nance frequency of 300 kHz and a spring constant of 40 N/
m was applied to analyze the air-dried samples in air. The
tip radius of cantilever is less than 10 nm and opening angle
is between 40° and 50° according to the manufacturer. To
decrease the applied force between cantilever tip and
bacteria to minimize the influence to the bacterial morphology
during AFM scanning, the amplitude set point was maintained
at a high level relative to the free amplitude of the cantilever
(Camesano et al. 2000), since the applied force to sample
from cantilever is negatively correlated with the amplitude
value under AFM tapping mode. Measurements were started
by scanning a random area of 50×50 μm2 which could
contain several to dozens of bacterial cells. These images
were used to evaluate the morphology of bacterial cells.
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Then, the scan size was decreased gradually until bacterial
pili or flagella could be observed clearly.

Amplitude and phase images were recorded simulta-
neously with height images. Height images revealed the
sample topography and were applied to quantify the
morphology of bacterial cells, flagella, and pili. Height
images were also used to calculate the roughness of
bacterial surface based on root mean square (RMS) values,
i.e., the standard deviation of all the height values within
the given area (Camesano et al. 2000). RMS roughness was
widely used as an important parameter to describe bacterial
morphology in previous studies (Auerbach et al. 2000;
Camesano et al. 2000; Pelling et al. 2005; Alsteens et al.
2008; Andre et al. 2010). The measurements were
conducted over two different areas (0.5×0.5 μm2) on the
surface of one individual cell, and there were 10 to 20
measurement duplicates for each bacterium/fixation combi-
nation. Amplitude images were captured to analyze surface
features since they have higher sensitivity than height
images (Pelling et al. 2005). Phase images were applied to
reveal the sample heterogeneity since the phase signal is
sensitive to properties of the tip-sample interaction and
may show overall mechanical, chemical, and topographic
properties of the samples (Camesano et al. 2000). More
than eight images were captured for each treatment. Ten to
twenty cells, flagella, and pili were taken into morphology
analysis for each treatment.

Noticeably, due to the “side-wall” artifact (Fig. S1), the
image width of bacterial filaments (e.g., flagella and pili)
might be overestimated comparing to their true width
(Bolshakova et al. 2004; Harada et al. 2008; Kuznetsov
and McPherson 2011). The error between the image and
true width is a function of the width of the cantilever tip
(Kuznetsov and McPherson 2011). In the present study, the
error was predicted and the true width of bacterial filaments
was corrected to accurately evaluate the fixation ability
(please refer to the Supporting information for details). For
bacterial cells, no correction was conducted since the “side-
wall” artifact could be negligible at micron scale.

Results

Effect of fixation methods on cell morphology

As shown in Fig. 1, single E. coli (Fig. 1a) and P. putida
(Fig. 1b) cells were evenly separated on the glass slide,
while B. subtilis formed multicellular chains (Fig. 1c). The
morphological data (Table 1) showed that the fixed and
unfixed cells were flattened on the glass slide since the
height values of bacteria were lower than the width values.
Thus, to quantitatively evaluate the effect of fixation
methods on bacterial morphology, the width/height ratio

(W/H) was firstly used as an index to reflect the
preservation of bacterial cell shape after fixation since the
natural W/H of an intact cell is about one for rod-shaped
bacteria. The results in Table 1 showed that all the W/H
values of cells after the fixation treatments were signifi-
cantly lower (P<0.01) than those of no fixation treatments
except for P. putida (P=0.09) and B. subtilis (P=0.87)
treated by the methanol/acetone mixture. This revealed that
the applied fixation methods could reduce the influence of
dehydration during air-dry process and therefore effectively
maintain cell morphology. Among these fixation solutions,
the ethanol/acetic acid solution performed the best since the
W/H ratios of cells fixed by it was the closest to 1,
especially for P. putida and B. subtilis. The 2.5% glutaral-
dehyde, 10% formalin, and 4% paraformaldehyde solutions
showed their medium preservation ability, while the
methanol/acetone solution had the highest W/H and
therefore showed the worst performance among the five
fixation methods.

Bacterial surface roughness, in terms of the RMS value,
was another quantitative index to evaluate the cell surface
morphology. The results in Table 1 showed that the tested
bacteria had rough surfaces. For the two Gram-negative
strains, i.e., E. coli and P. putida, their RMS roughness
values fells into the similar ranges, i.e., 9.1–20 and 8.1–
21 nm, respectively. However, the roughness of Gram-
positive strain B. subtilis was in a higher range varying
from 18 to 40 nm.

Effect of fixation methods on cell surface ultrastructures

Several cellular ultrastructures were detected from AFM
images, including flagella, pili, and extracellular polymeric
substance (EPS). To eliminate the “side-wall” artifacts, the
corrected widths for bacterial filaments (i.e., flagella and
pili) were calculated according to the image width and tip
geometry of applied cantilever (please refer to Supporting
information for details). Multiple flagella could be observed
for all the tested bacteria, having a width of 40–90 nm and
a height of 8–12 nm (Table 2). The peritrichous E. coli and
B. subtilis had flagella all round the cell while the flagella
of P. putida were only found at the cell pole. The flagella of
bacterial cells fixed by 2.5% glutaraldehyde and 10%
formalin were preserved better than those without fixation
(Fig. 2). The flagella could also be detected in the treatment
using 4% paraformaldehyde. However, the amount of
flagella per cell decreased significantly and many of them
were detached from the cell body or had incomplete
structure (white arrows in Fig. 2 A-d and C-d). For the
methanol/acetone and ethanol/acetic acid groups, the
flagella totally disappeared.

Pili are another filamentous structure and only detected
from E. coli. There were several distinct differences between
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pili and flagella in AFM images. First, the size of pili was
significantly smaller than flagella with corrected widths of
17–33 nm and heights of 4.3–6.2 nm, respectively (Table 2).
Second, the pili had linear structure while flagella were

helical filaments. Third, the length of pili was significantly
shorter than that of flagella (Figs. 2 and 3). The lengths of E.
coli flagella and pili were 2.7±0.69 and 0.82±0.21 μm,
respectively (P<0.001; n=10). The results showed that the
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Fig. 1 AFM height images of E. coli (a), P. putida (b) and B. subtilis
(c) which were air-dried only (a) and fixed by 2.5% glutaraldehyde
(b), 10% formalin (c), 4% paraformaldehyde (d), the methanol/

acetone (e) and ethanol/acetic acid (f) solutions. The profiles of black
lines in images were shown in the figures (A-g, B-g, and C-g) at the
bottom
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pili fixed by 4% paraformaldehyde, methanol/acetone, and
ethanol/acetic acid totally disappeared in AFM images (Table
3). For the treatment using 10% formalin, most of pili were
also detached from the cell body (Fig. 3c). However, the

detached pili still remained on the substrata surface, and thus
their morphology could be measured. The 2.5% glutaralde-
hyde solution showed the best performance since the pili
were intact and maintained in the natural morphology.

Table 1 Cell morphology of E. coli, P. putida, and B. subtilis

Bacteria Fixations Length (μm) Width (μm) Height (μm) W/H ratio RMS roughness (nm)a No. of cells

E. coli No fixation 3.7±1.1 1.7±0.56 0.17±0.023 10±3.6 9.8±2.6 10

2.5% Glutaraldehyde 2.9±0.35 1.2±0.28 0.29±0.042 4.0±0.77 18±3.2 10

10% Formalin 2.9±0.39 1.2±0.12 0.40±0.075 3.0±0.64 20±4.9 16

4% Paraformaldehyde 3.3±0.43 1.2±0.090 0.31±0.049 4.0±0.61 20±7.2 18

Methanol/acetone 3.3±0.44 1.4±0.047 0.18±0.014 7.5±0.58 9.1±1.9 20

Ethanol/acetic acid 2.8±0.33 1.1±0.13 0.37±0.050 3.0±0.47 19±5.0 20

P. putida No fixation 3.5±0.32 1.1±0.10 0.16±0.020 6.6±0.76 8.1±3.6 15

2.5% Glutaraldehyde 3.4±0.40 1.0±0.11 0.32±0.043 3.2±0.50 21±11 16

10% Formalin 3.3±0.33 1.2±0.13 0.30±0.039 3.9±0.73 17±7.2 19

4% Paraformaldehyde 3.4±0.40 1.2±0.10 0.27±0.042 4.5±0.65 17±4.1 20

Methanol/acetone 3.3±0.31 1.1±0.10 0.19±0.029 6.1±1.2 13±5.7 19

Ethanol/acetic acid 2.9±0.32 0.89±0.17 0.48±0.060 1.8±0.26 23±4.8 17

B. subtilis No fixation 4.9±0.86 1.1±0.20 0.20±0.035 5.2±0.96 23±7.1 17

2.5% Glutaraldehyde 4.8±0.85 0.96±0.12 0.35±0.049 2.8±0.62 26±7.9 20

10% Formalin 4.8±0.59 0.94±0.14 0.35±0.031 2.7±0.47 22±7.4 13

4% Paraformaldehyde 5.0±1.3 1.0±0.10 0.29±0.040 3.5±0.48 28±13 17

Methanol/acetone 4.8±0.91 1.0±0.12 0.20±0.042 5.2±1.3 18±6.6 12

Ethanol/acetic acid 4.7±0.80 0.86±0.065 0.42±0.070 2.1±0.44 40±14 16

a 0.5×0.5 μm2 area was used to measure the cell surface RMS roughness

Table 2 Flagellar morphology of E. coli, P. putida, and B. subtilis

Bacteria Fixations Image width (nm) Corrected width (nm) Height (nm) W/H ratio No. of flagella

E. coli No fixation 105±16 88±16 8.9±1.1 10±1.8 10

2.5% Glutaraldehyde 55±4.2 37±4.1 9.9±1.9 3.9±0.86 12

10% Formalin 77±9.8 59±9.6 10±1.4 5.7±1.1 15

4% Paraformaldehyde 81±11 64±11 9.6±1.5 6.7±1.1 11

Methanol/acetone N. D.a

Ethanol/acetic acid N. D.

P. putida No fixation 86±14 69±14 9.5±1.3 7.4±1.8 15

2.5% Glutaraldehyde 77±15 59±15 12±1.6 5.1±1.5 13

10% Formalin 84±12 67±12 8.7±1.9 8.0±2.0 13

4% Paraformaldehyde 65±8.8 48±8.7 10±1.2 4.7±1.0 14

Methanol/acetone N. D.

Ethanol/acetic acid N. D.

B. subtilis No fixation 94±16 77±16 8.2±1.7 9.6±2.0 15

2.5% Glutaraldehyde 80±11 63±11 9.8±1.0 6.5±1.2 20

10% Formalin 66±11 49±11 9.3±1.7 5.5±1.7 12

4% Paraformaldehyde 83±11 67±11 8.6±1.0 7.8±0.96 12

Methanol/acetone N. D.

Ethanol/acetic acid N. D.

a No detection of flagella
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Fig. 2 AFM amplitude images of E. coli (a), P. putida (b), and B.
subtilis (c) which were air-dried only (a) and fixed by 2.5%
glutaraldehyde (b), 10% formalin (c), and 4% paraformaldehyde (d).
The right images (a’, b’, c’, and d’) showed the profiles of black lines
obtained from corresponding height images (not shown here). The

white arrows in the images of A-d and C-d showed a detached
flagellum from E. coli cell body and the incomplete flagellar structure
on B. subtilis cell, respectively. The black arrow in A-c indicated the
coating artifacts
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EPS could also be observed in the phase images since its
physicochemical and topographic properties were different
from bacterial cells (Fig. 4). The EPS of E. coli and B.
subtilis was observed in several fixation treatments, includ-
ing 10% formalin, 4% paraformaldehyde, and the methanol/
acetone solutions (Figs. 1, 2, and 4). This indicated other
fixation methods using 2.5% glutaraldehyde, and the
ethanol/acetic acid solution significantly removed the EPS.

This is a good point for observing the morphology of
bacterial cells and surface ultrastructures since (1) the EPS
might interfere the cell edge estimation and consequently
affect the morphology observation, (2) other ultrastructures
like flagella and pili might be covered by the dehydrated
EPS and thus could not be observed in AFM images, and (3)
EPS might contaminate the cantilever tip during scanning
and finally deteriorate the image quality.
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Fig. 3 AFM height (a’) and
phase (b’) images of E. coli
which were air-dried only (a)
and fixed by 2.5% glutaralde-
hyde (b), 10% formalin (c). The
right images (c’) showed the
profiles of black lines in height
images (a). The white arrows in
c-b’ showed the detached pili
from cell body. The black arrow
in c-b’ indicated the coating
artifacts

Table 3 Pili morphology of E. coli

Fixations Image width (nm) Corrected width (nm) Height (nm) W/H ratio No. of pili

No fixation 48±9.1 33±9.0 4.3±0.46 7.8±1.8 11

2.5% Glutaraldehyde 32±2.5 17±2.4 6.2±0.51 2.7±0.45 10

10% Formalin 38±11 23±11 4.8±0.94 5.2±3.1 15

4% Paraformaldehyde N. D.a

Methanol/acetone N. D.

Ethanol/acetic acid N. D.

a No detection of pili
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Debris and coating artifacts caused by the fixation

Two types of artifacts, i.e., debris and coating, caused by
the fixation, could occur in the AFM images. The debris
artifacts on the sample surface, which mainly came from
disintegration of bacterial cells during washing and fixation
processes, generated false morphological data and thus
affected the morphology analysis significantly (Moloney et
al. 2004). In AFM images, the visible debris artifacts were
in smaller size than bacterial cells, had heterogeneous
morphology, and commonly existed on the sample surface
(Figs. 1 and 2). Based on the amount and size of debris, the
ethanol/acetic acid solution seemed to be the best fixation
method generating little debris. Debris with larger amount

and size were found in the samples fixed by 10% formalin
and the methanol/acetone solution, indicating that these two
fixation methods were less preferred due to debris gener-
ation and the unreliable morphology.

Coating artifacts were a continuous layer composed of
bacteria-derived materials and/or residual culture medium
which deposited on the sample surface (Moloney et al. 2004).
Coating artifacts might mask the true topography of bacterial
surface and could also significantly interfere the bacterial
morphology determination. Moreover, the surface ultrastruc-
tures, such as flagella and pili, might be embedded in this
thin layer and not be able to be detected totally. Therefore,
the coating effect should be taken into consideration when
choosing the fixation methods. The results of the present

a

2µ m

b

1µ m

c

1µ m

d

2µ m

e

4µ m 2µ m

f

Fig. 4 AFM phase images of E.
coli which were air-dried only
(a) and fixed by 2.5% glutaral-
dehyde (b), 10% formalin (c),
4% paraformaldehyde (d),
methanol/acetone (e), and
ethanol/acetic acid (f). The white
arrow showed the surrounding
EPS. The black arrows in C
indicated the coating artifacts
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study showed the coating artifacts appeared in the AFM
images of several fixation methods, especially 10% formalin
(black arrows in Figs. 2, 3, and 4). This revealed that the
AFM images of samples fixed by 10% formalin might face
the problem of coating artifacts.

Discussion

Cells and ultrastructure morphology

Several studies had been conducted to determine the cell
morphology of various bacterial species using different
AFM operational modes either in air or under aqueous
conditions (Table 4). The observed bacteria were not natural
rod- or sphere-shape, but flattened to certain extents.
Several factors, including environmental variables as well
as AFM operations, could significantly interfere the
morphology determination (Bolshakova et al. 2004). The
scanning conditions were critical for acquiring the bacterial
morphology. Typically, bacterial morphology in air was
flatter than those in liquid (Table 4), since the dehydration
of cell and surface EPS in air might mainly affect the
measurement. Another factor was AFM scanning mode, i.
e., contact and tapping modes. For the contact mode, the
cantilever tip was always touching with the bacterial cells
under a given force during scanning. Although the selected

cantilever for the contact mode was relative soft, the
interaction between the cantilever tip and the cells could
significantly interfere the cell morphology observation,
such as bacterial distortion or detachment caused by the
lateral force as well as artifacts caused by the cantilever
contamination, especially for the soft cell and deformable
EPS. For the tapping mode, the contact between the
cantilever tip and cell surface only lasts for a small portion
of oscillation cycle, i.e., about at the lowest point of an
oscillation cycle. This scanning mode could significantly
decrease the sample damage and lateral force (Camesano et
al. 2000). In the present study, the relatively “light” tapping
mode by applying larger oscillation amplitude further
reduced the influence of interaction between the cantilever
tip and cells on cell morphology determination.

The bacterial filamentous structures, such as flagellum and
pili, were observed using AFM in a few previous studies
(Pelling et al. 2005; Touhami et al. 2006; Arce et al. 2009).
Unlike bacterial cells, the filamentous structures were difficult
to be detected in aqueous environments via AFM since the
force to detach bacterial filaments from the substrata was
relatively small, and thus these structures were easily detached
in a fluid medium (Touhami et al. 2006). However, it was
easier to detect these filamentous structures after drying and
by scanning in air since the adhesion strength increased
significantly after drying (Roosjen et al. 2005). In the present
study, the flagella of three tested bacteria and pili of E. coli

Table 4 Bacterial morphology determined by AFM under various conditions in previous studies

Bacteria Width/diameter
(μm)a

Height
(μm)

W/H ratio AFM operation Reference

Acinetobacter venetianus RAG-1 1.1±0.05 0.66±0.03 1.7 Tapping mode, in phosphate buffer Dorobantu et al. 2008

Escherichia coli DH5α 0.9±0.05 0.4±0.02 2.3 Tapping mode, in phosphate buffer Sahu et al. 2009

Escherichia coli DH12S 1.3±0.1 0.1±0.05 13 Contact mode, in air Lomonosov et al. 2003

Escherichia coli DH12S 1.5±0.2 0.2±0.05 7.5 Contact mode, in distillated water Lomonosov et al. 2003

Escherichia coli K12 J62 0.83±0.06 0.17±0.04 4.9 Contact mode, in air Bolshakova et al. 2001

Escherichia coli K12 J62 1.1±0.5 0.26±0.05 4.2 Contact mode, in distillated water Bolshakova et al. 2001

Escherichia coli JM109 0.8±0.1 0.28±0.08 2.9 Contact mode, in air Bolshakova et al. 2001

Escherichia coli JM109 1.1±0.2 0.5±0.1 2.2 Contact mode, in distillated water Bolshakova et al. 2001

Escherichia coli JM109 0.8±0.2 0.3±0.07 2.7 Tapping mode, in air Bolshakova et al. 2001

Escherichia coli JM109 1.0±0.4 0.08±0.04 13 Tapping mode, in distillated water Bolshakova et al. 2001

Escherichia coli XLIB 0.8±0.1 0.2±0.05 4.0 Contact mode, in air Lomonosov et al. 2003

Escherichia coli XLIB 1.0±0.1 0.3±0.05 3.3 Contact mode, in distillated water Lomonosov et al. 2003

Haemophilus influenzae PittGG 0.76±0.15 0.21±0.06 3.6 Tapping mode, in air Arce et al. 2009

Haemophilus influenzae PittEE 0.88±0.24 0.26±0.07 3.5 Tapping mode, in air Arce et al. 2009

Pseudomonas stutzeri KCb 1.1 0.15 7.3 Tapping mode, in MOPS buffer Camesano et al. 2000

Rhodococcus erythropolis 20S-E1-c 1.5±0.03 0.71±0.05 2.1 Tapping mode, in phosphate buffer Dorobantu et al. 2008

Staphylococcus aureus 0.70±0.08 0.35±0.05 2.0 Tapping mode, in phosphate buffer Sahu et al. 2009

a For rod-shaped bacteria, the data were widths values; for spherical bacteria, the data were diameter
b The data were collected from figures of cross-section profile in reference
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were clearly observed in air, and their morphologies were
determined accordingly by analyzing AFM height images.

The dimension of bacterial flagella in the present study
varied between 40 and 90 nm in width (the “side-wall”
artifact was taken into consideration) and between 8 and
12 nm in height (Table 2) and was compatible with the
flagellar sizes of others’ studies, which had a width of 17–
48 nm and a height of 5.5–6.5 nm (Jaschke et al. 1994), as
well as a width of 50–150 nm and a height of ∼4 nm
(Schmid et al. 2008). Assuming that flagella were deform-
able and the cross section was ellipse, the perimeter of the
ellipse was equal to that of circular cross section of natural
and undeformed flagella (i.e., L ¼ pH þ 2ðW � HÞ ¼ pD).
From the corrected data of flagellar width and height, the
converted diameters of the three tested bacteria could be
calculated (D ¼ H þ 2ðW � HÞ=p). The converted diame-
ters varied from 14 to 28 nm for E. coli, 17 to 24 nm for P.
putida, and 17 to 23 nm for B. subtilis. This was the typical
dimension of bacterial flagella within the diameter of 12 to
25 nm (Namba and Vonderviszt 1997; Samatey et al. 2001;
Maki-Yonekura et al. 2010). For E. coli pili, the dimension
observed in the present study had a corrected width of 17 to
33 nm, a height of 4 to 6 nm, and a converted diameter of 6
to 10 nm. This was also compatible with the typical
dimension of bacterial pili, which had 4 to 7 nm diameter
according to previous reports (Korhonen et al. 1980;
Telford et al. 2006; Touhami et al. 2006; Arce et al. 2009).

Effect of fixation methods

To optimize the fixation methods for the morphology
observation of bacterial cells and surface ultrastructures,

five common fixation solutions were evaluated on their
preservation ability in the present study. The results
strongly suggested that the fixation methods could
significantly affect the morphology of bacterial cell as
well as the surface ultrastructures. The fixation methods
containing alcohols (including the methanol/acetone and
ethanol/acetic acid solutions) obtained biased morphol-
ogy than those containing aldehydes (including 2.5%
glutaraldehyde, 10% formalin, and 4% paraformalde-
hyde), since the filamentous structures (flagella and pili)
disappeared on the cell surface. This might be mainly
caused by the alcohols in these fixation solutions which
could dissolve the membrane lipids, form large pores in
the cell, and detach the surface macromolecules on the
cell surface (Vekemans et al. 2004). For the cell
morphology, the ethanol/acetic acid solution could obtain
better preservation than the methanol/acetone solution
(Table 1 and Fig. 1). In the ethanol/acetic acid combina-
tion, acetic acid could swell cell and thus counteracted the
shrinkage induced by ethanol, while the main role of
acetone in the methanol/acetone solution was penetrating
cell to facilitate the consequent fixation by methanol (St-
Laurent et al. 2006). Thus, the bacteria cell fixed by the
methanol/acetone solution shrank seriously, and the bac-
terial morphology was poorly preserved. Other studies
also revealed that no reliable morphology could be
obtained after acetone/methanol fixation (Hoetelmans et
al. 2001; St-Laurent et al. 2006).

The fixation methods applying aldehydes showed medi-
um preservation ability for cell morphology judging from
the W/H ratios (Table 1). For bacterial filaments morphol-
ogy, the aldehyde fixations performed much better than

Table 5 Assessments and comments for the applied fixation methods

Fixations Cell morphology
preservation

Flagella/pili
preservation

EPS removal Debris
artifactsb

Coating
artifactsb

Overall Comments

2.5% Glutaraldehyde ○a + + ○ ○ + The best option of the applied
fixation methods for observing
morphology of both cells and
ultrastructures

10% Formalin ○ ○ ○ − − ○ The coating and debris artifacts may
affect morphology observation

4% Paraformaldehyde ○ − − ○ ○ ○ The existed EPS may cover surface
features, and some filaments like
pili may detach from cells

Methanol/acetone − − − − ○ − The worst fixation method which
may obtain biased results

Ethanol/acetic acid + − + + + + The best option for evaluating cell
morphology, but poor for
observing bacterial filaments

a + means good; ○ means medium; − means poor
b Good: little debris and coating artifacts appear; medium: debris and coating appear but not serious; poor: debris and coating appear seriously
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alcohols since aldehydes fixed cell by forming covalent
chemical bonds between proteins and therefore could
maintain the integrality of membrane lipids as well as the
surface macromolecules (Dapson 2007). In the present
study, 2.5% glutaraldehyde showed the best performance
for fixation of filaments, following by 10% formalin and
4% paraformaldehyde. Paraformaldehyde, the polymerized
form of formaldehyde, would be depolymerized to formal-
dehyde when dissolved (Kiernan 2000). Therefore, the 4%
paraformaldehyde solution contained pure formaldehyde.
For the 10% formalin solution, the major component is
formaldehyde but also contains 1% methanol which is
added to slow down the polymerization of formaldehyde
(Kiernan 2000). This might be the main reason to explain
the slightly different performances between 10% formalin
and 4% paraformaldehyde (Tables 1 and 2). Comparing
with formaldehyde, glutaraldehyde could fix sample more
tightly since it has longer molecule and two aldehyde
groups which has potential to link more distant protein
molecules (Kiernan 2000). This might explain the best
performance of glutaraldehyde in fixing the bacterial
filaments among the applied fixation methods.

The bacterial surfaces were not smooth but with lots of
spherical structures (phase images in Figs. 3 and 4). These
structures were always observed in the images of different
bacteria fixed with aldehydes, indicating they were the
bacterial morphological feature, instead of artifacts formed
in drying and fixation or due to the cantilever contamination.
These spherical structures were also observed in a few
previous studies and considered to be the surface proteins
(Camesano et al. 2000; Micic et al. 2004) and/or lip-
opolysaccharides (Micic et al. 2004; Handa et al. 2010;
McEwen et al. 2010). Comparing with aldehyde fixations, the
bacteria fixed by alcohols showed obscure spherical struc-
tures (Fig. 4). This further indicated that the alcohols could
remove the surface proteins and/or lipopolysaccharides.

To comprehensively evaluate the applied fixation methods
and determine which one was the most promising method,
quantitative and qualitative assessments were conducted in the
present study (Table 5). Quantitative assessments were based
on the morphology preservation of both bacterial cell and
surface filaments by comparing the W/H ratios of cells fixed
using different methods. Qualitative assessments were based
on the EPS removal, debris, and coating artifacts by
analyzing AFM images. Other possible artifacts, such as salt
crystals and streaking artifacts (Moloney et al. 2004), could
also affect the morphological analysis. Salt crystals might
derive from washing buffer (PBS or others) after drying. To
avoid crystals generation, the ultrapure water was applied to
re-suspend the fixed cells before drying in air. The AFM
images also showed no salt crystals generated on the sample
surface. Streaking artifacts are mainly caused by the
inappropriate AFM operation or tip contamination which

might lead into inaccurate measurements and consequently
interfere the morphology analysis, but having nothing to do
with the fixation methods. In the present study, the operation
parameters such as set points and scan rates were optimized
in the pre-experiments and also adjusted during scanning to
avoid the streaking artifacts due to inappropriate AFM
operations. For bacterial samples, the tip contamination was
almost inevitable since the cell or debris which adhered
loosely on the cell surface easily adhered to the tip during
scanning. The strategy applied in the present study was to
replace the contaminated cantilever immediately with a new
one when the streaking artifacts appeared in an image.
Therefore, the salt crystals and streaking artifacts were not
taken into consideration for the assessments of the fixation
methods. Based on above assessments, several comments
were also proposed in Table 5 for future applications.
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