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ABSTRACT

The study of structures and properties of bacterial spores is important to understanding spore formation and biological re-
sponses to environmental stresses. While significant progress has been made over the years in elucidating the multilayer archi-
tecture of spores, the mechanical properties of the spore interior are not known. Here, we present a thermal atomic force micros-
copy (AFM) study of the nanomechanical properties of internal structures of Bacillus anthracis spores. We developed a
nanosurgical sectioning method in which a stiff diamond AFM tip was used to cut an individual spore, exposing its internal
structure, and a soft AFM tip was used to image and characterize the spore interior on the nanometer scale. We observed that the
elastic modulus and adhesion force, including their thermal responses at elevated temperatures, varied significantly in different
regions of the spore section. Our AFM images indicated that the peptidoglycan (PG) cortex of Bacillus anthracis spores consisted
of rod-like nanometer-sized structures that are oriented in the direction perpendicular to the spore surface. Our findings may
shed light on the spore architecture and properties.

IMPORTANCE

A nanosurgical AFM method was developed that can be used to probe the structure and properties of the spore interior. The pre-
viously unknown ultrastructure of the PG cortex of Bacillus anthracis spores was observed to consist of nanometer-sized rod-
like structures that are oriented in the direction perpendicular to the spore surface. The variations in the nanomechanical prop-
erties of the spore section were largely correlated with its chemical composition. Different components of the spore materials
showed different thermal responses at elevated temperatures.

Structures and material properties of bacterial spores play an
important role in protecting them against a variety of environ-

mental stresses, such as toxic chemicals (1), radiation (2, 3), and
heat (3–5). The current knowledge of spore structures has been
obtained largely using transmission electron microscopy (TEM)
methods in various forms (6–20). A mature spore usually shows a
concentric multilayer structure, consisting of the core, inner
membrane, germ cell wall, cortex, outer membrane, and coat as-
sembly. For Bacillus anthracis spores, there is an exosporium layer
that loosely encases the spore. The spore core, which contains
mostly DNA, RNA, enzymes, and dipicolinic acid (DPA), is in a
dehydrated and metabolically dormant state (21–25). The ability
of bacterial spores to survive for long durations, sometimes in
harsh environments, has been attributed to the immobilization of
essential DNA, RNA, and enzymes by small, acid-soluble spore
proteins (SASP) (28–30). It was suggested that the DPA can be
intercalated with spore DNA and RNA through covalent bonds,
forming a gel-like polymer matrix (26, 27). It is worth mentioning
that the DPA structure in the spore core is not well understood.
The germ cell wall (e.g., inner cortex) and outer cortex of spores
are two integrated peptidoglycan (PG) structures (31–41). The
germ cell wall is similar to the vegetative cell wall, consisting of
glycan chains of alternating N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM) residues. A peptidoglycan network is
formed through cross-linking between peptide side chains on the
NAM residues. The cortex peptidoglycan is characterized by a low
degree of peptide cross-linking, resulting from peptide side chain
removal and muramic acid conversion to muramic lactam. The
loosely cross-linked PG cortex has been hypothesized to play a role

in protoplast dehydration (31). During spore germination, the
cortex is rapidly degraded by peptidoglycan lytic enzymes. The
germinated spore loses its outer cortex and coat, and its inner
spore cortex becomes the cell wall of the vegetative cell. It is worth
mentioning that the loosely cross-linked peptidoglycan can ex-
hibit a significant change in volume when the spore is exposed to
different ionic environments or humidity. The bonding between
the loosely cross-linked PG and other spore materials, such as the
coat and germ cell wall, may be weak because the cortex materials
can be dissolved and washed away in the thin sections of formalin-
fixed Bacillus megaterium spores (32). Thwaites et al. (33) sug-
gested that the PG can add mechanical strength to the cell enve-
lope and maintains cell shape. However, Popham et al. (37)
argued that the cortex role in spore dehydration is not mechanical
in nature, rather serving as a static structure to maintain dehydra-
tion. Even though the structure of the bacterial peptidoglycan has
been extensively studied for decades, it is still debatable how the
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PG strands are arranged in the cell wall and spore cortex. Many
believed that the peptidoglycan strands form regular planar net-
works parallel to the plasma membrane. However, there were sev-
eral studies that suggested that the peptidoglycan strands are ori-
ented perpendicular to the plasma membrane (39–41). In
addition, the length distribution and elasticity of the PG strands
are not known. TEM studies of Gan et al. (19) showed that the PG
strands were circumferential, parallel to the cell membrane, and
perpendicular to the long axis of the cell. More recently, the elec-
tron cryotomography study of Tocheva et al. (15) showed that
vegetative Bacillus subtilis cells and mature spores both are sur-
rounded by a thick layer of peptidoglycan, revealing the presence
of a PG-like layer throughout engulfment. Two thick layers of
cortex were apparent between the inner and outer spore mem-
branes. The inner cortex (e.g., the germ cell wall) was denser and
more uniform in thickness (50 to 70 nm) than the outer cortex (50
to 100 nm). They suggested that both forms of the PG materials
have the same circumferential architecture. However, the nuclear
magnetic resonance (NMR) studies of Dmitriev et al. (39) sug-
gested a scaffold model in which the PG strands in a normal ori-
entation to the cell surface. Computer simulation by Dmitriev et
al. (40) indicated that a moderate degree of the PG cross-linking
makes a planar peptidoglycan unfavorable. The AFM studies of
Hayhurst et al. (41) indicated that the PG strands of B. subtilis
sacculi were bundled together, forming hollow cables around the
cells.

The spore coat usually is composed of a multilayer structure of
highly cross-linked proteins (42–44). The number of the protein-
aceous layers varies from species to species. In addition to pre-
dominant proteins, the coat also contains small amounts of car-
bohydrates and lipids. The primary function of the coat is known
to provide mechanical and chemical protection for the spore. The
coat can limit harmful chemicals from entering the spore interior
while allowing small-molecule nutrients and germinants to pass
through. The coat can contract and expand in response to changes
in the environment and biological processes, e.g., germination.
For example, dormant spores of Bacillus thuringiensis expand and
shrink in response to increasing and decreasing relative humidity
on different time scales from tens of seconds to minutes (45). The
contraction of the coat often is accompanied by the formation of
small ridges on the spore surface (46). Plomp et al. (47–50)
showed that the surface of Bacillus thuringiensis is covered with
crystalline hexagonal honeycomb structures; the surface of Bacil-
lus cereus spores is covered with small randomly oriented do-
mains. The AFM studies of Chada et al. (51), Giorno et al. (52),
and Wang et al. (53) revealed that the Bacillus spore surface is
covered with nanometer-sized circular bumps. The surface of Ba-
cillus subtilis and Bacillus anthracis spores is populated by ridge
structures largely oriented with the long axis of the spore. We
previously showed that four closely related species of Bacillus
spores can be distinguished by surface morphology analysis (54).
Using thermal atomic force microscopy (AFM), we recently char-
acterized thermal effects on the topographic morphology and
nanomechanical properties of Bacillus anthracis spores at elevated
temperatures (55, 56). We observed striking changes resembling
phase transitions in the physical properties of heated spores on the
nanometer scale. It is not clear how the coat is designed to achieve
high stiffness while maintaining large elastic flexibility. However,
even less is known about the physical properties of the spore,
particularly the spore interior.

Leuschner and Lillford (14) investigated the molecular mobil-
ity of 31P and 13C in dormant Bacillus subtilis spores with different
water concentrations using high-resolution solid-state NMR. The
molecular mobility in the freeze-dried spores generally was low
but increased significantly with increasing water content in the
spores. The 13C mobility in the dipicolinic acid was independent
of hydration, while the 31P mobility in the core was strongly de-
pendent on hydration, which suggests that the DPA is immobi-
lized in the spore core. The NMR analysis of Bradbury et al. (57)
indicated that the mobility and concentration of water in the core
are higher than those in the coat and cortex. Ghosal et al. (58)
studied water and ion uptake into the core of dormant Bacillus
thuringiensis spores. Using isotopic and elemental gradients in the
B. thuringiensis spores, they showed that deuterated water (D2O)
and solvated ions can permeate throughout and be incorporated
into the whole spore.

In this work, we describe an AFM method for producing spore
sections and characterizing the internal structure and nanome-
chanical properties at elevated temperatures. Our AFM method is
composed of a two-step procedure. First, we fracture the spore by
means of indentation using a stiff diamond AFM tip to expose the
interior of dormant spores. Second, we image the surface mor-
phology and probe the nanomechanical properties of the frac-
tured spore using a soft, sharp AFM tip. We were able to study the
spore section for the first time using a non-TEM method. We
observed a previously unknown ultrastructure of the spore inte-
rior. We showed that there were significant changes in the struc-
tures and properties of the spore section. Different spore compo-
nents exhibited different thermal responses. Our findings may
advance the understanding of the architecture and properties of
spores.

MATERIALS AND METHODS
Sample preparation. Bacillus anthracis spores (Sterne strain, Thraxol-2,
code 235-23) were grown on nutrient agar at 35°C for about 7 days. The
spores were transferred to a microcentrifuge tube and washed at least
three times with sterile deionized water after they were harvested from the
agar plates using a sterile cell scraper. The spore purity was confirmed to
be greater than 95% by microscopic examination. The spores were incu-
bated on a heating block at 65°C for 30 min to inactivate vegetative growth
and washed again with DI water before storage at 4°C or measurement at
room temperature. For AFM imaging of individual spores, a drop of 10 �l
diluted spore suspension containing about 105 spores was placed on
freshly cleaved mica. The spores were air dried in a biosafety level 2 cabinet
for at least 12 h before they were characterized using the atomic force
microscope.

Nanosurgical AFM method. The AFM method we used for studying
internal structures and properties of spores was a two-step procedure.
First, a stiff diamond AFM tip was used to cut the spore by indentation,
exposing the cross-sectional surface. Second, a sharp silicon or silicon
nitride AFM tip was used to characterize the newly fractured spore sec-
tion, as illustrated in Fig. 1a and b. We explored two different cutting
techniques, which are referred to here as the point-cut and the line-cut
methods. In a typical point-cut operation, the diamond tip was placed at
a selected location on the spore surface, followed by one or multiple in-
dentations until the indenter completely cut through the spore. The tri-
angular indentation mark produced by the diamond cube-corner tip was
characteristic of the point-cut procedure, as shown in Fig. S1 in the sup-
plemental material. Similarly, the line-cut procedure involved cutting the
spores at a series of evenly and closely spaced locations on the sample
surface, producing a fracture line across several spores, as shown in Fig.
S2. In order to distinguish between the native and freshly cut spore sur-
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face, we generated prior to cutting identifiable surface marks by scratching
the spore surface with the diamond tip, as shown in Fig. 2d to f. When the
surface of spores was scanned by the stiff diamond AFM tip, the spores lost
the original ridge structures that are frequently observed on dehydrated
spores (Fig. 2b, arrows), showing nanometer zig-zag patterns (Fig. 2e,
arrows). The tip-induced reconstructions in the surface of the spore coat
can be explained in terms of the mechanical instability of a bilayer thin
film under shear stress (59). The presence of the distinct surface marks
made it easy for us to distinguish the newly created section from the coat
surface of the spore. Other surface features, e.g., large clusters of spores,
dust, or substrate defects, also were useful for quick searching and locating
the target spores. The load required to cut through a spore varied from
tens of nanonewtons to micronewtons depending upon the stiffness of the
spore. When a small load was applied, multiple indentations usually were
required. The depth of tip indentation was monitored by the force curves.
When the diamond tip cut through the spore, the slope of the loading
force curve, which is proportional to the stiffness of the sample surface,
increased quickly as the tip approached the stiff substrate. Since the AFM
sectioning procedures were intensively time-consuming, it was difficult to
sample a large number of spores. However, to ensure that the selected
target spores were representative of the statistical ensemble, we randomly
selected each sample from the mica substrate, which was populated by
approximately 200 to 1,000 spores, depending upon the coverage. The
stiff indenter we used here was a calibrated diamond cube corner tip with
a spring constant of 186 N/m. The following nominal specifications of the
diamond AFM tip were used: tip height, 50 �m; front angle (FA), 55°;
back angle (BA), 35°; side angle (SA), 45°; average tip radius, 40 nm;
cantilever length, 350 �m. A representative scanning electron microscope
image of the diamond tip is shown in Fig. 1c. It should be pointed out that
the spore section produced by this method is oriented at an angle to the

substrate plane, largely depending upon the geometry of the indenter. For
a cube-corner diamond tip, the inclination angle falls between 45° and
55°, varying with the deflection angle of the cantilever beam.

Figure 3 shows representative AFM images of a freshly cut spore sec-
tion (referred to here as sample no. 1), located at the lower end of the spore
cluster, together with four other intact spores (no. 2 to 5). The intact
spores were easily recognizable by their size, shape, and surface morphol-
ogy. The external coat surface of the spore was populated with the tip-
induced surface marks. The triangular indentation print on the spore,
which is characteristic of the cube corner diamond tip (Fig. 3a, white
arrow), provided us with additional topographic features for identifying
the spore section. We observed that most of the fractured spore sections
were associated with the front surface of the diamond tip. Additional AFM
images of the spore sections can be found in the supplemental material
(e.g., see Fig. S3 and S4).

Nanomechanical measurement. The AFM instrument we used to
characterize the surface structures and properties of spores was a Nano-
Scope multimode atomic force microscope with peak force imaging ca-
pability from Bruker Corporation. For nanomechanical measurement,
the atomic force microscope was operated in intermittent contact mode.
The cantilever tip was oscillated at low amplitude (10 to 100 nm) and low
modulation frequency (0.5 to 2 kHz). The load applied to the AFM tip was
maintained as a small preset value (0.3 to 50 nN). The piezoelectric scan-
ner (AS-130VLR) of the AFM instrument is capable of imaging 125 �m by
125 �m in the lateral x and y axis directions and 5 �m in the vertical z axis
direction. Surface properties such as modulus, adhesion, deformation,
and dissipation were measured simultaneously and processed using the
commercial Multimode 8 NanoScope analysis software.

The Young’s modulus of the sample was obtained by fitting the un-

FIG 1 Schematic diagrams of the nanosurgical AFM method for producing a cross-sectional sample surface of a single spore using a stiff diamond AFM tip (a)
and characterizing the surface structure and properties of the spore section using a sharp silicon AFM tip (b). Representative SEM images (side view) of the
cube-corner diamond AFM tip (c) and the silicon AFM tip (d) are shown. The major structural components (not drawn to scale) of the Bacillus spores from center
to outer surface are the spore core, inner membrane, cortex, outer membrane, and spore coat.
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loading portion of the force-distance curve using the Derjaguin-Muller-
Toporov (DMT) model (60), as given by

F � Fadhesion �
4

3
E��R�d � d0�3

where F is the load, Fadhesion is the adhesion force, E* is the reduced
modulus, R is the radius of the tip, and (d � d0) is the deformation in the
surface. The reduced modulus is defined by E* � [(1 � �s

2)/Es � (1 �
�tip

2)/Etip]�1, where � is the Poisson’s ratio and E is the Young’s modulus
of the tip and sample (s), respectively, as indicated by the subscripts. It
should be emphasized that for viscoelastic materials such as spore poly-
mers, the modulus measured at a high frequency (e.g., 2 kHz) can be
significantly larger than that obtained using the static measurement (e.g.,
nanoindentation) or at a near-zero frequency. In addition, since the nom-
inal radius of the cantilever tip was used in this work, the measured elastic
modulus was qualitative. Unless specified, the AFM modulus images
shown in this work were the raw or uncorrected data. The deformation
image displayed approximately 85% of the maximum distance at which
the tip penetrates into the surface at a load equal to the peak force. There-
fore, the deformation can be viewed as an indirect measure of the stiffness
of the sample surface, which provides information similar to that of the
modulus in most cases, except for situations when the adhesion force is
dominant. The adhesion force was determined from the pull-off position
in the force-distance curve on each point of contact. The adhesion force
can be produced by any attractive force, such as van der Waals, electro-
statics, and capillary meniscus of thin liquid film on the sample surface.
For silicon-based cantilever tips, the tip surface usually is covered with
hydroxyl groups due to surface reactions with water in air. The adhesion

force between the hydrophilic tip and sample surface likely is dominated
by hydrogen bonds in water and other polar molecules of the spore sur-
face.

It should be pointed out that for an inclined surface the modulus
image often is convoluted with the slope (e.g., peak force image) of the
sample surface, as shown in Fig. S5 in the supplemental material. In order
to properly characterize the modulus of the spore section (e.g., core and
cortex), we utilized a relative comparison method in which the modulus
was evaluated along equal contour lines of the peak force image. To do
this, the peak force image was overlaid with the property image (e.g.,
modulus or adhesion). The intensity of each composite RGB image was
rescaled independently and displayed in different color bands using com-
mercial code (e.g., Matlab). The gray regions in the composite image
showed where the two images have the same intensities, implying that the
peak force and the property images were positively correlated. The ma-
genta regions showed where the property intensities were relatively larger,
while the green regions showed where the peak force intensities were
relatively larger (e.g., two images are negatively or not correlated), as
shown in Fig. S6. The slope effect sometimes can be reduced by rotating
the sample or the direction of the tip scan to minimize changes in peak
force.

Surface heating at nanometer contact. The localized heating at the
nanometer contact of the spore surface was achieved by scanning a heated
AFM tip (AN2-200) in intermittent contact with the surface. Our AFM
system was equipped with the nano-TA controller for thermal AFM tips
from Anasys Instruments. The temperature of the thermal tip was con-
trolled through joule heating in a U-shaped resistor formed in the silicon

FIG 2 AFM images of the Bacillus anthracis spore surfaces without (a to c) and with (d to f) the tip-induced surface marks on the mica substrate. The top
row includes the height (a), deformation (b), and adhesion (c) image of the intact, native surface of the spores. The bottom row includes the height (d),
deformation (e), and adhesion (f) image of the patterned surface of the spores. The images are plane-fitted using the line-by-line algorithm and rescaled
for visual clarity.
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cantilever beam by a doping process. For constant-temperature AFM
measurement, the AFM tip was quickly heated to the preset temperature
at a rate of about 1,000°C/s. The heating time (or dwell time) at the tip-
surface contact is very short, about 5 � 10�4 s, at a modulation frequency
of 2 kHz. Our finite element analysis modeling substantiated that the
temperature distribution in the spore supported by a silicon substrate can
reach its steady state within a time of less than 5 �10�4 s (55). The spring
constant of the thermal tip, ranging from 0.5 to 3 N/m, was determined
using the thermal tune method (61). The detailed specifications for the
thermal cantilever tip are the following: tip height, 3 to 6 �m; tip
radius, �30 nm; cantilever length, thickness, and resonant frequency,
200 �m, 2 �m, and 55 to 80 kHz, respectively. We assume that the FA,
BA, and SA of the thermal silicon tip are close to those of common pyra-
mid silicon tips, which are about 25°, 15°, and 22.5°, respectively. The
SEM image (Fig. 1d) shows a representative side view of the silicon tip. All
AFM tips were rinsed with high-purity methanol and acetone before use.
In addition, the thermal tip was briefly heated to about 400°C for 10 s to
remove possible contaminations before each measurement. For thermal
tip temperature calibration, the AFM was operated in contact mode on
the vendor calibration samples. The temperature calibration curve was
produced by quadratic fitting of the melting points (Tm) of polyethylene
terephthalate (PET; Tm � 235°C), high-density polyethylene (HDPE;
Tm � 116°C), and polycaprolactone (PCL; Tm � 55°C) to the correspond-
ing heating voltages at which the crystalline polymers start to melt, similar
to our previous calibration (62).

RESULTS AND DISCUSSION
Nanostructures of the spore section. High-resolution AFM im-
ages of the spore section (no. 1; enclosed area in Fig. 3c) are shown
in Fig. 4. The structural components of the spore section, includ-
ing the core, cortex, and coat, were identified based upon current
knowledge about the spore architecture (6–20). It has been well
documented that the core is located at the center of the ellipsoid-
shaped spore of about 1 to 2 �m in size. Therefore, we assigned the
central region of the section to be the core area of the spore (en-
closed by the white dashed line 1 in Fig. 4a). The upper right
region was assigned to be the coat of the spore because of the
presence of the surface marks (e.g., zig-zag patterns) we created on
the native coat layer of the spore samples (Fig. 2 and 3). The
narrow region between the core and coat must belong to the cor-
tex of the spore. The boundary between the coat and cortex, where
the outer membrane is expected to be located, appeared to be
sharp and well defined (blue line 2 in Fig. 4a). A small segment of
the coat may have been torn off the cortex (solid line 3 in Fig. 4a),
suggesting a weak coat-cortex interface. The thickness of the cor-
tex layer varied from 90 to 150 nm, consistent with the dimensions
observed in most TEM studies (8–10). The thinnest cortex was near
the polar region of the long axis; the thickest cortex was near the short

FIG 3 AFM images of a cluster of spores with the tip-induced marks on the coat surface. (a) Height with the lighting illumination effect; (b) peak force; (c)
deformation; (d) modulus on the logarithmic scale; (e) adhesion; (f) dissipation. The following AFM parameters were used: scan size, 7.2 �m; scan rate, 1 Hz;
number of samples/line, 512; line direction, retrace; capture direction, down; scan angle, 90°; control gain, 18; amplitude set point, 33 nN; drive amplitude, 120
nm at 2 kHz; spring constant, 2.5 N/m; tip radius, 30 nm. The AFM images were line fitted using the line-by-line algorithm, flattened, and rescaled for visual
clarity. The incident light was in the positive y axis direction and at 25° off the x-y plane. The cutting diamond tip was aligned in the positive y-axis direction
(arrow in panel a).
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axis. However, it is not clear whether or not our AFM observations of
the cortex thickness distribution can be generalized to the whole
spore population. A thin membrane-like structure of about 10 nm in
thickness was apparent at the interface between the coat and cortex
(Mb in Fig. 4b and the blue line in Fig. 6 and 7). It is worth mentioning
that it is still debatable whether or not mature Bacillus spores have an
outer membrane or a complete membrane (16).

The surface morphology of the spore core appeared to be rel-
atively smooth and uniform compared to those of other sur-
rounding spore materials except for a few small cracks and holes
(Fig. 4 and 5). The nature of these defects, which may be intrinsic
or produced by the fracture force during tip indentation, is not
known. The mechanical properties of the spore core, such as de-
formation, modulus, and adhesion, also followed a similar tread
without significant variations over the majority of the core area
(Fig. 4b to d). However, when imaged at a higher resolution (Fig.
5), the core was shown to be comprised of small, dense granular
particles of a mean diameter of about 10 nm. The deviation in the
diameter, which was measured by the difference between 5% and
95% of the histogram values, was about 18 nm. The similar gran-
ular structures, which were observed by the TEM study of Tocheva
et al. (16) to be distributed throughout the cytoplasm, were attrib-
uted to cell ribosomes and proteins embedded in the DPA.

The cortex of the spore was characterized by the loosely packed

nanoparticles that were larger than the granular particles in the
core (Fig. 4b). High-resolution images of the spore section showed
that the cortex appeared to be composed of a two-layer structure;
the boundary between these two cortex layers is highlighted by the
green lines in Fig. 6b to d. The outer layer of the cortex appeared to
be composed of rod structures that were oriented perpendicular to
the spore surface. These rods were about 10 nm in width and 60
nm in length. The inner layer of the cortex, which can be desig-
nated the germ cell wall, was comprised mainly of small, loosely
packed particles of about 10 nm in width and 20 nm in length. We
have confirmed that the rod orientation was not dependent upon
the direction of the AFM tip scan. When the direction of the tip
scan was changed by 90°, the orientation of the cortex strand
showed no change. Since the width of these rods was significantly
larger that the diameter of individual glycan strands, these rods
could be bundle or coil structures of the PG strands. We observed
that these loosely packed cortex particles in the germ cell wall
occasionally could be displaced or removed by a scanning AFM
tip, indicating that the interactions between these particles are not
strong. Our observation is consistent with the current under-
standing of the cortex materials, which are made mainly of the
low-cross-linking peptidoglycan polymer (31–41) and can be dis-
solved and washed away in the thin sections of formalin-fixed B.
megaterium spores (38). While it is possible that the formation of

FIG 4 AFM images of the cross-section of a fractured dormant spore, as displayed in Fig. 3, at ambient temperature in air. (a) The height image is a rescaled
three-dimensional presentation of the AFM image. The core area of the spore is enclosed by white dotted line 1. The boundary between the coat and cortex is
indicated by solid line 2. (b) To show deformation, the cortex layer is indicated by the white arrow; the membrane-like structure is highlighted by the arrow
labeled Mb. (c) Raw modulus image on the logarithmic scale. The surface defects are indicated by arrow H. (d) Adhesion. The images are plane fitted using the
line-by-line algorithm and rescaled for visual clarity. The lighting effects are used to enhance the visual depth of the height images, namely, incident light in the
positive y axis direction and at 25° off the x-y plane. The following AFM parameters were used: scan size, 1.5 �m; scan rate, 1 Hz; number of samples/line, 512;
line direction, retrace; capture direction, down; scan angle, 90°; control gain, 9; amplitude set point, 3.0 nN; drive amplitude, 120 nm at 2 kHz; spring constant,
2.5 N/m; tip radius, 30 nm.
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the rod-like structures in the cortex are related to the spatial ar-
rangement of the muramic-lactam residues and/or the cross-
linked peptide side chains parallel with the surface plane of the
spore, such a picture is unlikely in our case, because the strong
peptide cross-linking interactions between PG strands are likely to
form a cohesive polymer shell instead of a loose granular layer, as
observed by us and others (38). With the AFM resolution
achieved, it is not clear how rod orientation is correlated with
strand orientation. We anticipate being able to measure the ultra-
structure of the spore cortex at higher resolution in the future. The
interface between the core and cortex, where the inner membrane
is expected to be located, showed significant discontinuities (Fig.
6b to d). Some segments of the interface (indicated by the solid
lines) appeared to be sharp and well defined; others (indicated by
the dotted lines) appeared to be diffuse and not well defined. Our
findings suggested that the inner membrane in the spore is dam-
aged by the fracture force during sample preparation. The ultra-
structure of the cortex became more apparent when the AFM
images were inverted, as shown in Fig. 7. The changes in surface
morphology and properties (e.g., stiffness and adhesion) are sig-
nificantly different for the core, cortex, and coat regions. Addi-
tional AFM images of the spore sections can be found in the sup-
plemental material. We have produced and examined more than a
dozen spore sections. It should be pointed out that while the over-

all sectional structures of the different spore samples we studied in
this work were similar to each other, the ultrafine structures of
each primary spore component, such as the core and cortex, var-
ied slightly from sample to sample, as shown in the supplemental
material. The variations were mostly in the cortex layer of the
spores, because the cortex material showed loose granular prop-
erties.

Nanomechanical properties of the spore section. Using the
equal-contour analysis method we describe in the supplemental
material, we showed significant changes of the nanomechanical
properties in the core, cortex, and coat of the spore, as shown in
Fig. 8. As the AFM tip scanned from the coat (right end) to the
core regions (Fig. 4d, fast scan in the x axis direction and slow scan
in the y axis along line AB), the peak force curve exhibited small
fluctuations across the different regions, except for a jump in the
outer cortex layer (indicated by the arrow). Because the slope ef-
fect is negligible when the variations of the peak force along the
direction of fast scan are small, we can directly compare the ma-
terial properties of the spore section using the raw AFM images
without correcting the slope effect. The elastic modulus (Y) of the
spore section decreased in the following order: Ycortex 	 Ycoat 	
Ycore. The adhesion force (F) of the spore decreased in the follow-
ing order: Fcore 	 Fcoat 	 Fcortex. The deformation (D) of the spore
decreased in the following order: Dcore 	 Dcoat 	 Dcortex. The

FIG 5 High-resolution AFM images of the core of the spore at ambient temperature in air on the mica substrate. (a) Height. (b) Deformation. (c) Raw modulus
image on the logarithmic scale. (d) Adhesion. All of the AFM images were rescaled for a clear view. In addition to the rescaling, the height image also was flattened.
Mean particle diameter in panel a, 10 nm. Deviation, 18 nm (the difference between 5% and 95% histograms). The images are plane fitted using the line-by-line
algorithm and rescaled for visual clarity. The following AFM parameters were used: scan size, 1.5 �m; scan rate, 1 Hz; number of samples/line, 512; line direction,
retrace; capture direction, down; scan angle, 90°; control gain, 6; amplitude set point, 1.1 nN; drive amplitude, 120 nm at 2 kHz; spring constant, 2.5 N/m; tip
radius, 30 nm.
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spore core appeared to be soft and wet, while the cortex appeared
to be stiff and dry. The coat of the spore appeared to have moder-
ate stiffness and wetness. The outer layer of the cortex showed
slightly lower adhesion and greater stiffness than the inner cortex
layer (Fig. 6 and 7). It is worth mentioning that the relative orders
of the nanomechanical properties for the spore core, cortex, and
coat were consistent among all samples we studied. The dehydra-
tion state, measured by adhesion force, of the spore section
showed few changes after the freshly created section was exposed
to air for several days under ambient conditions, indicating good
stability of the spore core against water uptake in air.

Thermal effects on the nanomechanical properties of the
spore section. Figure 9 shows AFM deformation images of the

spore section at elevated temperatures. The inner germ cell wall
and outer cortex exhibited different thermal responses. At low
temperatures below 195°C, there were two boundaries that were
clearly visible (Fig. 9a, white and blue arrows). One belonged to
the core-cortex interface (white arrow), and the other was the
cortex-coat interface (blue arrow). However, when the temper-
ature was increased to 230°C, the interface between the inner
and outer cortex layer became apparent (Fig. 9b). The newly
created boundary broadened and blurred at about 300°C. This
result clearly indicated that the chemical composition at the
interface between the germ cell wall and the cortex was signif-
icantly different from the nearby inner and outer cortex PG
materials. The adhesion of the inner cortex layer increased sig-

FIG 6 High-resolution AFM images of the multilayer structure of the core, cortex, and coat of the spore at ambient temperature in air. (a) Height (rescaled). (b)
Peak force. (c) Deformation. (d) Adhesion. The interface between the core and cortex is indicated by line 1. The well-defined boundaries are highlighted by the
solid line, while the less well-defined boundaries are highlighted by the dotted lines. The interface between the cortex and coat is indicated by line 2. The boundary
between the torn-off coat and air is labeled by line 3. The possible interface between two cortex layers is suggested by line 4. The following AFM parameters were
used: scan size, 600 nm; scan rate, 1 Hz; number of samples/line, 512; line direction, retrace; capture direction, down; scan angle, 90°; control gain, 5; amplitude
set point, 1.0 nN; drive amplitude, 120 nm at 2 kHz; spring constant, 0.5 N/m; tip radius, 10 nm.

FIG 7 High-resolution AFM images (inverted) of the multilayer structure of the core, cortex, and coat of the spore at ambient temperature in air. (a) Height
(rescaled). (b) Peak force. (c) Deformation. (d) Adhesion. The interface between the core and cortex is indicated by line 1. The well-defined boundaries are
highlighted by the solid line, while the less well-defined boundaries are highlighted by the dotted lines. The interface between the cortex and coat is indicated by
line 2. The boundary between the torn-off coat and air is labeled by line 3. The interface between two cortex layers is suggested by line 4.
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nificantly at high temperatures (see Fig. S7 in the supplemental
material).

More detailed results of thermal effects on spore section are
shown in Fig. 10. The data we display in Fig. 10 were obtained
from the selected area of the spore section, as highlighted by the
rectangular dotted line in Fig. 3c. The raw modulus data were

corrected based upon the coat modulus we measured previously
(51). The mean modulus of the spore core showed no significant
changes until the sample was heated at about 230°C. The core
modulus increased slightly from about 1.2 to 1.6 GPa when the tip
temperature was varied between 265 and 335°C. When the spore
was cooled back to 20°C, the modulus decreased to about 0.9 GPa.
The modulus of the coat and cortex decreased gradually by about
30% with increasing temperature from 20 to 230°C and remained
nearly constant at about 2 GPa during the subsequent heating at
higher temperatures. The mean adhesion of the spore core showed
a small decrease from 13 to 10 nN as the tip temperature was
increased from 20 to 230°C. The core adhesion reduced to less
than 2 nN at temperatures between 265 and 335°C and increased
quickly to about 33 nN after the spore was cooled down to 20°C.
The temperature dependence of the modulus and adhesion for the
coat and cortex showed a similar trend. The mean adhesion of the
spore coat decreased from 7.8 to 5.8 nN as the tip temperature was
increased from 20 to 230°C. The coat adhesion further reduced to
less than 2 nN at temperatures between 265 and 335°C and in-
creased slightly to about 2.5 nN after the spore was cooled down to
20°C. Similarly, the mean adhesion of the spore cortex decreased
from 4.1 to 3.4 nN as the tip temperature was increased from 20 to
230°C. The cortex adhesion further reduced to less than 2 nN at
temperatures between 265 and 335°C and increased slightly to
about 2.5 nN after the spore was cooled down to 20°C. The statis-
tical analysis indicates that the temperature dependence of the
nanomechanical properties for the core, cortex, and coat were
significant.

FIG 8 Changes of surface morphology and properties across the cross-section
of a freshly cut spore (sample 1). All curves were normalized along the scan
direction in the x axis and shifted in the y axis, except for the peak force curve.
The modulus data were on the logarithmic scale. The following AFM param-
eters were used: scan size, 1,000 nm; scan rate, 1 Hz; number of samples/line,
512; line direction, retrace; capture direction, up; scan angle, 0°; control gain,
12; amplitude set point, 1.8 nN; drive amplitude, 120 nm at 2 kHz; spring
constant, 0.5 N/m; tip radius, 10 nm.

FIG 9 AFM deformation images of the cross-section of an air-dried Bacillus anthracis spore at elevated temperatures of 195°C (a), 230°C (b), 265°C (c), 300°C
(d), 335°C (e), and 20°C (f) after cooling from 335°C in air. The interface between the core and cortex is indicated by the white arrow. The interface between the
cortex and coat is indicated by the blue arrow. The interface between the germ cell wall (e.g., inner cortex) and outer cortex is indicated by the green arrow. The
following AFM parameters were used: scan size, 2.1 �m; scan rate, 1 Hz; number of samples/line, 512; line direction, retrace; scan angle, 90°; control gain, 18;
amplitude set point, 11.5 nN; drive amplitude, 120 nm at 2 kHz; spring constant, 2.5 N/m; tip radius, 30 nm.
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The low modulus of the core can be attributed to small DPA
molecules and high water content in the spore core (24–27). The
large modulus of the cortex can be related to the large, cross-
linking PG polymers (31–41). The modulus of the proteinaceous
coat appeared to be similar to that of the cortex PG polymers
(42–44). It is clear that the cortex material was the more hydro-
phobic, while the core was the more hydrophilic structure in the
spore section. These results appear to be consistent with the cur-
rent hypothesis that spore water is trapped largely in the core by
the DPA polymer network; the cortex maintains the state of dehy-
dration of the spore by providing a hydrophobic layer that can
hinder water diffusion in or out of the core. It should be pointed
out that the spore core showed significant mechanical stability at
elevated temperatures. For example, when the core was heated
from 20 to 230°C, its modulus showed few changes, even though
its adhesion force decreased by 23%. This may not come as a
surprise, since the elastic modulus of a polymer is determined
largely by its backbone structure. The adhesion force may be sen-
sitive to changes in the arrangement of its size polar groups. The
temperature at which the modulus showed a large increase and the
adhesion showed a large decrease was slightly above the melting
point of DPA (about 250°C), suggesting that the changes in the
nanomechanical properties are associated with a phase transition
of DPA in the spore core. The lack of periodic structures in the
spore core indicated that it is in a glassy state. The large increase
in the adhesion of the heated spore core, together with a small
drop in the modulus, may signal irreversible thermal denatur-
ation of the core materials. The spore structures appear to be
able to withstand transient heating at temperatures of more
than a hundred degrees higher than the temperature (e.g.,
about 150°C) that is routinely used to kill bacteria in most
static heating environments.

Conclusions. We performed an AFM study on the surface
morphology and nanomechanical properties of a cross-section of
individual spores. The internal spore structures, such as the core
and cortex, were exposed to a probing AFM tip by means of nano-
indentation cutting with a diamond AFM tip. We observed that

the nanomechanical properties, such as the adhesion and modu-
lus, differed significantly in different regions of the spore cross-
section. We found that the nanomechanical properties of the
spore cross-section showed strong dependence upon the temper-
ature. Our AFM images indicated that the PG cortex of Bacillus
anthracis spores appeared to consist of rod-like nanometer-sized
structures that are oriented perpendicular to the spore surface.
Our findings may advance the understanding of spore architec-
ture and properties.
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