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Abstract

Atomic force microscopy (AFM) provides a unique opportunity to study live individual bacteria at the nanometer scale. In addition to

providing accurate morphological information, AFM can be exploited to investigate membrane protein localization and molecular

interactions on the surface of living cells. A prerequisite for these studies is the development of robust procedures for sample preparation.

While such procedures are established for intact bacteria, they are only beginning to emerge for bacterial spheroplasts. Spheroplasts are

useful research models for studying mechanosensitive ion channels, membrane transport, lipopolysaccharide translocation, solute

uptake, and the effects of antimicrobial agents on membranes. Furthermore, given the similarities between spheroplasts and cell wall-

deficient (CWD) forms of pathogenic bacteria, spheroplast research could be relevant in biomedical research. In this paper, a new

technique for immobilizing spheroplasts on mica pretreated with aminopropyltriethoxysilane (APTES) and glutaraldehyde is described.

Using this mounting technique, the indentation and cell elasticity of glutaraldehyde-fixed and untreated spheroplasts of E. coli in liquid

were measured. These values are compared to those of intact E. coli. Untreated spheroplasts were found to be much softer than the intact

cells and the silicon nitride cantilevers used in this study.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction and significance

Gram-negative bacteria have a cell wall, which includes
the peptidoglycan, a gel-like periplasm, and an outer
membrane with appendages such as fimbriae, pili, and
flagella. Beneath the peptidoglycan, which determines the
shape and rigidity of the bacteria, is the cytoplasmic
membrane. Transporters, channels and other proteins
whose function is to selectively exchange materials between
the cell and its environment are localized within this
membrane [1] (Fig. 1). Removal of the cell wall allows
access to the cytoplasmic membrane and results in the
formation of spherical, osmotically sensitive cells called
spheroplasts [2,3]. Spheroplasts are viable and can be
front matter r 2007 Elsevier B.V. All rights reserved.
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grown in broth where they retain a uniformly spherical
shape. This uniformity is lost when the spheroplasts are
grown on soft agar, a characteristic attributed to differ-
ences in local stresses provided by the agar [4,5]. Never-
theless, specialized growth conditions have been
formulated for their long-term propagation in vitro [6–8].
Spheroplasts of various bacteria have proven to be useful
research models to study mechanosensitive ion channels,
lipopolysaccharide translocation, solute uptake, and the
effects of antimicrobial agents [9–13].
Clinical and histological studies have revealed that

bacteria without cell walls, known as cell wall-deficient
(CWD) forms, are present in human diseases including
Lyme disease, Crohn’s disease, endocarditis, acute cor-
onary syndromes, sarcoidosis, osteomyelitis, arthritis,
inflammatory bowel syndrome, and meningitis [14–16].
Complications in bone marrow transplants and disease
treatment as a result of antibiotic resistance have also been
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Fig. 1. The cellular structure of E. coli. Removal of the cell wall results in osmotically sensitive spheroplasts.
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associated with CWD bacteria [15]. Interestingly, CWD
have also been used as plant biocontrol agents as they can
form symbiotic relationships with plants [6]. The applica-
tion of genetic techniques to the study of CWD and
spheroplasts is limited because they are genetically identical
to their intact bacterial counterparts. Electron microscopy
(EM) has played a significant role in characterizing these
organisms [2,8,15–18]. Although high-resolution imaging is
possible with EM, the requirements for fixation and
staining of samples for image contrast severely limits the
study of living organisms. Atomic force microscopy (AFM)
would be an attractive technique for studying these
organisms because they could be maintained and imaged
in biocompatible conditions. Moreover, AFM is capable of
simultaneously achieving nanometer spatial resolution and
piconewton force detection allowing for detailed studies of
cell surface morphology and monitoring of cell–tip
interactions. This capability has been used to measure cell
elastic and structural properties, identify specific molecules
in the membrane of living cells and to measure binding
affinities at the single molecule level [19–26]. It is expected
that the approaches described in this paper for imaging
spheroplasts by AFM would also be relevant to investiga-
tions of other cell types including CWD forms.

Imaging bacterial cells by AFM requires that the cells
are stably immobilized, so that they are not displaced by
forces generated by the tip during scanning. Immobiliza-
tion procedures are established for intact bacteria and have
facilitated investigations on elasticity, adhesion, surface
structure, and swarming behavior [27–30]. A simple,
effective, and general immobilization strategy for both
gram-negative and gram-positive bacteria is to briefly
incubate a bacterial suspension on a gelatin-coated mica
surface [31,32]. Immobilization on the gelatin-coated mica
is sufficiently robust for intermittent and contact mode
imaging techniques and it is used in the current study for
the immobilization of intact bacteria. Adhesion molecules,
present on the exposed surfaces of bacteria, likely account
for their immobilization on gelatin [33,34]. Spheroplasts
and CWD require immobilization techniques different
from intact bacteria and have yet to become the subject
of extensive AFM investigations. While procedures for
making spheroplasts have been established for decades,
immobilizing them for study has only recently been
reported [35]. In this paper, we describe a new immobiliza-
tion technique for spheroplasts using aminopropyltriethox-
ysilane (APTES) and glutaraldehyde-treated mica, which
allows stable imaging of the cells. Images of immobilized
spheroplasts are presented as well as results from indenta-
tion and elasticity measurements on intact E. coli,
glutaraldehyde-fixed spheroplasts and untreated sphero-
plasts of E. coli.
2. Materials and methods

2.1. Cell cultures

Cultures of E. coli in Luria Broth (LB) supplemented
with 100 mg/ml ampicillin were grown overnight at 37 1C in
a shaking incubator. A fresh culture was inoculated from
the overnight culture on the morning of experimentation
and returned to the incubator shaker for 5 h to insure that
the cultures were in logarithmic phase when harvested.
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2.2. Spheroplasting

The spheroplasting procedure used was an adaptation of
the one published by Birdsell and Cota-Robles [2]. Briefly,
1ml of the fresh logarithmic phase E. coli LB broth culture
was collected by centrifugation and washed in 1ml 0.01M
Tris–HCl buffer, pH 8.0 (TB). The cells were pelleted by
centrifugation at 4.5 rcf (relative centrifugal force) and
resuspended in 500ml of a TB supplemented with 0.5M
sucrose (TBS1) to induce plasmolysis. After 20min in a 37 1C
incubator shaker, lysozyme (Sigma, St. Louis, MO) was
added to the cell suspension at a final concentration of 50mg/
ml. After 20min incubation in the incubator shaker, the
suspension was diluted 1:1 with TB and EDTA was added to
a final concentration of 10mM. The suspension was returned
to the 37 1C incubator shaker for an additional 30min. After
this incubation, transition of the rod-shaped bacteria into
spheres was confirmed by light microscopy. The reaction was
stopped by pelleting the cells at 0.5 rcf for 25min. The
spheroplasts were then washed in 1ml TB with 0.25M
sucrose and 10mM MgSO4 (TBS2), pelleted at 0.5 rcf for
20min and resuspended in 100ml TBS2.

2.3. Mica preparation

2.3.1. APTES/Glut mica

The APTES/Glut mica was prepared according to a
published procedure [36]. Briefly, the tops of two 1.5ml
tubes were cut and placed (open end up) in the bottom of a
dessicator. The dessicator was purged with argon for 2min.
Freshly cleaved rectangles (22� 30mm) of cut mica were
placed into the dessicator. To one top, 30ml of APTES (99%;
Sigma-Aldrich, St. Louis, MO) was added and 10ml N,N-
diisopropylethylamine (Sigma-Aldrich) was added to the
other top. The dessicator was purged for 2min and then
sealed for 2.5 h. After this time, the two tops were removed
and the dessicator purged for 2min. The mica was removed
and stored for later use in a sealed dessicator. Prior to
immobilizing spheroplasts on the mica, 100ml of 2.5%
glutaraldehyde was added for 20min, rinsed vigorously in a
stream of nanopure-deionized water, dried under a stream of
dry nitrogen and placed in a covered dish until used.

2.3.2. Gelatin-treated mica

A gelatin solution was prepared by dissolving 0.5 g
gelatin (Sigma #G6144) in 100ml of nanopure distilled
water at 90 1C and cooled to 60 1C prior to vertically
dipping several 22� 30mm rectangular, freshly cleaved
mica surfaces into the solution. The gelatin-coated mica
surfaces were supported on edge on a paper towel and then
air dried overnight [27,31].

2.4. Immobilization of cells

2.4.1. Spheroplasts

A 100 ml aliquot of the spheroplast suspension was added
to the APTES/Glut-prepared mica surface. After 1 h, the
sample was rinsed in a stream of TBS2, placed in the AFM
and imaged in the same buffer. Fixed spheroplasts were
prepared likewise except after the 1 h incubation period on
APTES/Glut mica, 100 ml of 0.5% glutaraldehyde was
added to the immobilized spheroplasts for 20min and
rinsed in TBS2 prior to being imaged in the same buffer.

2.4.2. Intact bacteria

A 1ml aliquot of a logarithmic culture of E. coli bacteria
was pelleted by centrifugation, washed in the same volume
of deionized water, pelleted again and resuspended in
500 ml of deionized water. Twenty microliters of this cell
suspension was applied onto a gelatin-treated mica surface.
The sample was allowed to stand for 10min before it was
rinsed in deionized water and imaged in the liquid cell of
the AFM.

2.5. AFM

Samples were placed in the liquid cell of a PicoPlus
atomic force microscope (Agilent Technologies, Tempe,
AZ) and imaged using a 100 mm scanning head. The
instrument was operated in MAC Modes at 256 or 512
pixels per line scan at speeds ranging from 0.6 to 2Hz.Cells
were imaged using Type IVe and IVc silicon nitride
cantilevers (MACleversTM, Agilent Technologies, Tempe,
AZ) with nominal spring constants of 0.1 and 0.01 nN/nm,
respectively. The resonant frequencies of the type IVe and
IVc cantilevers in air are 38 and 7 kHz, respectively.
Imaging in liquid was required for the experiments in this
report because the spheroplasts are osmotically sensitive
and must be maintained in a sucrose buffer to prevent lysis.
Because the first harmonic of the type IVc cantilever in
liquid was unreliable, the second harmonic, having a
resonant frequency of approximately 6.5 kHz in liquid, was
used. All of the images presented are first-order flattened.

2.6. Force curve acquisition in buffer

From a low-resolution MAC Modes scan of a surface
containing either intact bacteria or spheroplasts, an area of
interest containing isolated cells was identified. This area
was scanned at higher resolution and a single isolated
bacterium of interest was identified within the scanned
area. After recording this scan, the cursor was placed in the
center of the identified bacterium and force curves were
generated using a sweep duration of 0.2 s. After placing the
cursor over the sample and allowing five force curves to be
taken to stabilize the instrument, approximately 20
measurements were recorded. The cursor was then
relocated to a region outside the perimeter of the cell on
the substrate where at least six control force curves were
similarly obtained. A subsequent image was generated to
confirm that the condition and location of the cell of
interest had not been changed by the force curve
measurements.
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2.7. Cantilever spring constant determination

Prior to measuring the elasticity of a sample, force curves
were generated in contact mode from six 50 mm approaches
to mica in air. The sweep duration of the force curves was
0.5 s. After each approach, the slope in the contact region
from the fifth curve was recorded. The inverse of this slope
is the conversion coefficient, which was entered into
‘Thermal K’, a program that interfaces with the imaging
software to calculate the spring constant of a cantilever by
the thermal method [37–39]. The mean of these six spring
constants was called S1. After imaging a sample, six
additional approaches to the surface in air were made.
Force curves were generated for each approach and spring
constants were again determined as described above. The
mean of these spring constants was called S2. The average
of S1 and S2 was used in the calculations as the spring
constant of the cantilever.

2.8. Force curve analysis

A Matlab-based automatic algorithm was developed to
analyze force distance curves in order to identify the
Fig. 2. Spheroplasts immobilized on APTES and glutaraldehyde-treated mic

nominal spring constant of 0.1 nN/nm: (a) 70mm scan; (b) individual spheropla
approach region, obtain the slope in the region of constant
compliance; identify the boundaries between regions; and
to calculate the indentation values. An average of 20 force
curves collected from each sample was plotted and the
instantaneous slopes at each data point were calculated.
The mean value of the last 20 points in the approach curve
was calculated to be the slope over the constant compliance
region. A line was drawn by using this slope and the
median point over the sample space was used for
determining the slope. Another line to mark the base of
the curve was drawn by using a slope of zero and the first
data point in the approach curve. In order to identify the
end of the nonindentation region and the beginning of the
constant compliance region, the data points from the
shifted curve were fit to the two lines (base and slope,
respectively) and a threshold (0.05) was set on the values
obtained. Ideally, when the points fit the line, the value
should be equal to zero and when it is greater than 0.05, we
identified the point to be on the boundary. This threshold
was user-defined and could be changed to suit the
requirements. These two regions were then defined as well
as the value of slope in the constant compliance region. In
order to find the indentation, a reference control curve was
a. MAC Modes images taken with a silicon nitride cantilever having a

st; and (c) cross-section measurement of topograph image showing height.
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obtained on the sample substrate. This curve was plotted
with the force curves from the specimen.

3. Results and discussion

3.1. Spheroplast immobilization and morphology

The adhesion proteins believed to be responsible for
immobilizing intact bacteria on gelatin are likely absent in
spheroplasts upon removal of the cell wall, making gelatin-
coated mica an unsuitable substrate for their immobiliza-
tion [35]. Spherical yeast cells have been successfully
trapped in isoporous membranes and subsequently imaged
by AFM [20,40]. However, our attempts to immobilize
spheroplasts this way have been unsuccessful, possibly
because the rigid cell wall is absent and the flexible cell
membrane allows the spheroplast to compress and pass
through the filter. This idea is supported by the finding that
CWD forms are able to penetrate filters having only
220 nm pores [16]. In view of these observations, alternate
immobilization strategies must be developed specifically for
Fig. 3. MAC Modes images of a 0.5% glutaraldehyde-fixed spheroplast acqu

0.1 nN/nm: (a) topograph image; (b) phase image; and (c) cross-section measu
bacteria that do not present surface molecules compatible
with gelatin binding. In an earlier paper, we described an
immobilization method where spheroplasts were mixed
with warm gelatin on a mica surface [35]. It was
demonstrated through confocal microscopy that using this
technique results in some of the spheroplasts becoming
embedded in the gelatin to various depths. It is also
possible that a thin layer of gelatin covers the spheroplasts
preventing direct contact between the tip and the cell.
Furthermore, the possibility that the temperature of the
gelatin affects the characteristics and integrity of the
membrane cannot be eliminated. Therefore, a goal of the
current study was to find an alternative immobilization
technique that allows for rapid, facile mounting of cells and
increased accessibility to the cantilever.
Glutaraldehyde is one of several cross-linking agents

used in light, electron, and atomic force microscopies. It is
a small molecule able to cross-link the free nitrogens of the
amino acids of proteins with the aldehyde groups on both
ends of the glutaraldehyde polymer [41]. Wang et al.
reported that mica pretreated with aminopropyltriethox-
ired using a silicon nitride cantilever having a nominal spring constant of

rement of topograph image.
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Fig. 4. Images of untreated spheroplasts acquired using a silicon nitride

cantilever with a nominal spring constant of 0.01 nN/nm: (a) 25mm scan

taken in MAC Modes and (b) cross-section measurement of the two

spheroplasts identified in (a).
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ysilane and glutaraldehyde (APTES/Glut) was an effective
substrate for immobilizing and imaging chromatin using
AFM [36]. The immobilization of chromatin was believed
to result from interactions between proteins on the chromatin
and the treated substrate. Adapting this procedure, an aliquot
of a spheroplast suspension was applied to APTES/Glut-
treated mica. Conceivably, only the surface of the spheroplast
in contact with the mica surface is affected by the
immobilization, leaving the exposed surface both in its native
state and accessible to the tip. After incubation and washing,
the spheroplasts were imaged by MAC Modes AFM in
buffer using a silicon nitride cantilever having a nominal
spring constant of 0.1 nN/nm. The results are shown in Fig. 2.
Measurements taken from individual spheroplasts immobi-
lized this way reveal that the lateral diameters of the cells are
approximately 1mm, similar to measurements determined
from EM images of thin sections [2]. Height measurements of
approximately 100nm, however, are considerably less than
the diameter. Despite using MAC Modes, an intermittent
contact mode designed to minimize the vertical force applied
during imaging, it is likely that the apparent compression of
the spheroplast is caused by forces exerted by the tip.

Previous reports concluded that fixation of mammalian
cells with glutaraldehyde increased the cellular elastic
modulus significantly [42,43]. Since the exposed cytoplasmic
membrane of spheroplasts is similar to the cellular membrane
of mammalian cells, we conducted experiments to determine
whether fixation of spheroplasts would also result in increased
membrane rigidity. This was accomplished by treating the
spheroplasts with 0.5% glutaraldehyde after they had been
immobilized on APTES/Glut-treated mica. When these fixed
spheroplasts were imaged by AFM in MAC Modes with a
silicon nitride cantilever having a spring constant of 0.1 nN/
nm, the diameters of the fixed spheroplasts were similar to the
untreated spheroplasts (Fig. 3). However, the height mea-
surements were increased from 100nm to around 250nm.
Nevertheless, the increased height measurements of the fixed
spheroplasts compared to the unfixed spheroplasts were still
considerably less than the diameters, raising the possibility
that the glutaraldehyde-fixed spheroplasts were also being
compressed by the AFM tip but to a lesser degree than
unfixed spheroplasts.

To determine whether the reduced height was a
consequence of the tip used for imaging or inherent to
the spheroplasts, the experiment was repeated on untreated
spheroplasts with the softer silicon nitride cantilever having
a nominal spring constant of 0.01 nN/nm (Fig. 4). The
resonant frequency of the first harmonic of this cantilever
was very low and found to be unstable in liquid; therefore
the second harmonic was used instead. Following this
change to the softer cantilever (0.01 nN/nm), the height
increased to 300–400 nm, as opposed to the 100 nm height
found when imaging with the stiffer cantilever. These
results further supported the notion that compression of
the spheroplast occurred during imaging and was caused
by excessive cantilever force. Untreated spheroplasts were
also imaged in contact mode using the softer (0.01 nN/nm)
cantilever. The spheroplasts conformed to the shape of the
tip and resulted in an image of the tip (data not shown). It
is important to note that intermittent contact imaging,
which applies a lower force, was required to prevent these
tip artifacts. The APTES/Glut substrate stably immobi-
lized the cells, as repeated contact mode imaging did not
remove the cells. However, the spheroplasts were severely
deformed and often punctured by the tip. Contact mode
imaging of normal intact bacteria does not result in similar
distortions nor were differences in height measurements
noted between those taken with either of the cantilevers.

3.2. Indentation and elasticity measurements

Force distance curves record vertical cantilever deflec-
tion as the vertical piezo moves the AFM tip toward the
surface, makes contact with the surface, and is retracted
from the surface. These curves can be used to measure
surface indentation and elasticity. To facilitate this
application, force distance curves generated on a relatively
hard surface such as mica are used to convert voltage into
tip displacement in nanometers. When measuring the
spring constant of a bacterium, two springs are present in
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series (the bacterium and the cantilever). In this case, the
cantilever deflection occurs over a greater distance as soft
samples exhibit a gradual change in deflection initially. The
spring constant of the bacterium (kb) can be calculated
using the equation kb ¼ kcs/(1�s), where kc is the spring
constant of the cantilever and s is the slope from a force
curve taken on the bacterium [44]. The nominal spring
constant, given by the manufacturer, of the softer
cantilever is 0.01 nN/nm. However, in order to improve
the accuracy of the spring constant calculations for
Fig. 5. (a–d) Topograph images taken in MAC Modes. (a, b) Intact bacteria.

generated within the perimeter of the bacteria and on the substrate are represen

force distance curves to verify the condition and location of the measured bac
bacteria and spheroplasts, we used the thermal method to
directly measure the spring constants (kc) of the cantilevers
used in the following experiments. The spring constants of
the cantilevers used on the intact bacteria, fixed spher-
oplasts and untreated spheroplasts were determined to be
0.0343, 0.0349 and 0.0519 nN/nm, respectively. The mag-
netic coating, which is added after the cantilever is
manufactured, likely contributes to the difference in the
spring constants over the nominal value reported by the
manufacturer. Approach force distance curves were
(c, d) Fixed spheroplasts. (a, c) Locations where force distance curves were

ted by s and z, respectively. (b, d) Subsequent images were generated after

teria.
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collected from selected locations on the surface of intact
bacteria, fixed spheroplasts, and untreated spheroplasts.
Approach force distance curves were also collected from
nearby regions of the substrate surface for comparison. A
subsequent image was generated to assess the condition
and location of the measured cell (Fig. 5). For each data
set, approximately 20 force distance curves were generated
within the perimeter of the cell of interest. At least six force
curves were generated at a location outside the cell on the
substrate. The control force distance curves on the gelatin-
treated mica were comparable to controls on APTES/Glut-
treated mica suggesting that any difference between the
substrates is negligible for this analysis.

To extract information about indentation from the force
distance curves, a computer algorithm was developed to
automatically divide the curves into regions. Similar
analyses have been described by Li and Logan [45].
Relevant to this paper are the regions before sample
contact and during constant compliance. Upon approach,
the tip is too far away from the sample to be deflected;
therefore the slope of the force curve before contact is zero.
This region provides a base line and is set to zero cantilever
deflection. Upon hard sample contact, the tip deflects.
However, with soft samples, such as the cells measured
here, the tip begins to indent the sample upon contact. This
Table 1

Summary of spring constants and indentation distances for bacteria and sphe

Sample Cantilever spring constant, kc
(nN/nm)

Slope

Intact 0.0343 (70.002) 0.85 (7
Fixed spheroplasts 0.036425 (70.003) 0.94 (7
Untreated spheroplasts 0.0519 (70.016) 0.97 (7

Fig. 6. Graph of composite force distance curves for the intact cell,

spheroplasted cell, and fixed spheroplast. The dotted vertical lines indicate

the start of the constant compliance regions for the three cell types. The

indentation values for the three cell types are indicated.
indentation causes the slope of the force distance curve to
change continuously until the slope becomes constant in
the constant compliance region.
To estimate indentation, control (hard surface) and

experimental (cell surface) curves were plotted together.
Indentation is defined as the difference between the two
curves at the start of the constant compliance region (Fig. 6
and Table 1). The indentation for the intact bacterium is
50nm, similar to values reported previously [44,45]. The least
amount of indentation, 20nm, occurred on the fixed
spheroplast due to the stiffening of the membrane caused
by the glutaraldehyde cross-linking. The 160nm indentation
of the untreated spheroplast is noteworthy because it
represents a significant fraction of the total height of the
spheroplast. Curvilinear regions exist in the force distance
curves as a result of interactions between the tip and the
bacterial surface. The curve is protracted in the case of the
untreated spheroplasts because of its tendency to deform.
Reaching the quasi-equilibrium represented by the linear
region of the curve is thus delayed. While qualitative
observations can be made, quantitative assertions about this
region are complicated by the uncertain point of contact.
Therefore, the degree of indentation is difficult to determine
precisely. Moreover, it is impossible to know whether
deflection occurs at the instant of contact or after significant
indentation has occurred. If the latter is true, then the
indentation for the untreated spheroplast is underestimated.
This possibility is less of a concern in the intact bacteria
because indentation is limited by the rigid peptidoglycan.
From the force curves generated with the softer

cantilevers, slopes for intact E. coli, fixed and untreated
spheroplasts were recorded (Table 1). These slopes were
substituted in the formula given above for calculating kb. It
was determined that the spring constants of the intact
bacteria and the fixed spheroplast were 0.194 and
0.571 nN/nm, respectively. Previously reported spring
constants of untreated, intact bacteria range from 0.020
to 0.26N/m [44,46,47]. The measurements provided in this
report are within this range, albeit near the higher end.
Variations may be attributed to differences in turgor
pressure, protocols for force curve acquisition and physiol-
ogy of the bacteria. In the case of the fixed spheroplast, the
relative rigidity suggested by the spring constant may be
due to the effects of the glutaraldehyde as it has been
shown to dramatically increase the elastic moduli of
mammalian cells [42,43]. On the other hand, when
considering the margin of error, the slope measurements
roplasted bacteria

Indentation (nm) Spring constant of bacteria, kb
(nN/nm)

0.02) 50 (711.5) 0.194

0.06) 20 (75) 0.571

0.05) 160 (721) –
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on the fixed spheroplasts are only slightly different from
the control slope measurements. For the measurement
system used here, namely two springs in a series, sensible
measurements will be obtained when the two springs have
similar spring constants. The similarity of the slopes of the
fixed spheroplast to that of the control curve indicates that
the surface may be much softer than the value obtained.
Therefore, further experiments are required to interpret the
data related to the fixed spheroplast. For the untreated
spheroplast, the slope is essentially identical to the slope on
the control curve. In this case, the spheroplast is much
softer than the cantilever and the cantilever does not deflect
until after the spheroplast has been indented.

We have chosen to compare the spring constants of the
bacteria rather than employ Hertzian models to calculate
Young’s moduli for comparison as assumptions regarding
homogeneous contact surfaces, defined indenter shape,
small deformations, infinite sample thickness, and the
axisymmetric contact cannot be confirmed in AFM
measurements on cells [48–50]. The spring constant is a
direct measurement and provides a quantitative basis for
comparison within the experimental system and the
parameters described in this paper.

4. Conclusions

In this report, spheroplasts of E. coli were immobilized
on surfaces pretreated with APTES and glutaraldehyde for
AFM study. Previously reported methods for immobilizing
bacteria are not applicable to spheroplasts because they
either rely on adhesion molecules present on intact bacteria
surfaces or the trapping of rigid cells in pores. Spheroplasts
have neither of these characteristics because the outer wall,
which is the source of that rigidity in intact bacteria, is
removed. The strategy of chemically cross-linking the
spheroplasts to an APTES/Glut substrate described here
permits reliable imaging of spheroplasts in liquid.

Imaging spheroplasts with stiffer silicon nitride cantile-
vers (0.1 nN/nm) is possible, however the softer silicon
nitride cantilevers (0.01 nN/nm) resulted in improved
height measurements during imaging. Experiments to
determine the relative indentation and elasticity of intact
bacteria, glutaraldehyde-fixed spheroplasts and untreated
spheroplasts revealed that indentation was a significant
fraction of the height of the cell. Considering the
indentation and the spring constant measurements to-
gether, it appears that even the softer silicon nitride
cantilevers (0.01 nN/nm) are too stiff to accurately measure
the elasticity of the untreated spheroplasts. Due to their
morphological similarities, these findings are expected to be
applicable to CWD forms of bacteria.
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