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Effective killing of Bacillus anthracis spores is of paramount importance to antibioterrorism, food safety, environmental protec-
tion, and the medical device industry. Thus, a deeper understanding of the mechanisms of spore resistance and inactivation is
highly desired for developing new strategies or improving the known methods for spore destruction. Previous studies have
shown that spore inactivation mechanisms differ considerably depending upon the killing agents, such as heat (wet heat, dry
heat), UV, ionizing radiation, and chemicals. It is believed that wet heat kills spores by inactivating critical enzymes, while dry
heat kills spores by damaging their DNA. Many studies have focused on the biochemical aspects of spore inactivation by
dry heat; few have investigated structural damages and changes in spore mechanical properties. In this study, we have inactivated Ba-
cillus anthracis spores with rapid dry heating and performed nanoscale topographical and mechanical analysis of inactivated
spores using atomic force microscopy (AFM). Our results revealed significant changes in spore morphology and nanomechanical
properties after heat inactivation. In addition, we also found that these changes were different under different heating condi-
tions that produced similar inactivation probabilities (high temperature for short exposure time versus low temperature for long
exposure time). We attributed the differences to the differential thermal and mechanical stresses in the spore. The buildup of
internal thermal and mechanical stresses may become prominent only in ultrafast, high-temperature heat inactivation when the
experimental timescale is too short for heat-generated vapor to efficiently escape from the spore. Our results thus provide direct,
visual evidences of the importance of thermal stresses and heat and mass transfer to spore inactivation by very rapid dry heating.

Bacterial spores are metabolically dormant cells formed in a
process called sporulation, which is generally induced by re-

duced levels of nutrients in the environment (1–3). Efficient inac-
tivation of spores is of critical importance for a wide range of
applications, including biodefense, food safety, environmental
protection, and medical device sterilization (4–6). Spores are
known to be more resistant to inactivation by heating, radiation
exposure, and chemical decontamination than their correspond-
ing vegetative cells. While various methods, including heating,
chemical treatment, radiation, and UV treatment, have been used
to inactivate spores (4, 6, 7), thermal inactivation is often the
method of choice for many applications (8). Thermal inactivation
of Bacillus spores in laboratory studies is most often achieved by
wet heat in which spores are fully hydrated during heating (9–11)
or dry heat in which dry spores are heated on a solid substrate, in
an ampoule heated by an oil bath, in a hot air plume, or by infrared
heating (5, 8, 12–20). It has long been observed that spores are
much less resistant to heat in a well-hydrated environment than in
a dry state (4). Moreover, the inactivation mechanisms are differ-
ent under wet- and dry-heat conditions. It is known that wet-heat
inactivation of wild-type Bacillus subtilis spores is associated with
protein denaturation and enzyme inactivation (9, 11, 21), al-
though specific damaged proteins that result in spore death re-
main to be identified. Spore killing by dry heat, on the other hand,
is accompanied by the accumulation of DNA damage, including
strand breaks initiated by depurination (14, 22, 23). These results
come mainly from the biochemical and molecular biological anal-
yses of inactivated and survivor spores. Damage to the spore struc-
tures and mechanical properties is relatively understudied, and
their possible correlations to the biochemical results remain to be
determined. A recent study by Tabit and Buys demonstrated by
transmission electron microscopy that Bacillus sporothermo-

durans spores treated with wet heat at 130°C began to show struc-
tural damage to the cortical membrane after 4 min of heating and
showed severe damage to the cortex and exosporium after 12 min
of heating (10).

The spore’s structure is considered to play important roles in
spore resistance to various types of stresses, including ionizing
radiation, reactive chemicals, UV photochemistry, and heat (4).
Starting from the outside and proceeding inward, the spore layers
include the loose-fitting exosporium (only for some spore-form-
ing species, including Bacillus anthracis), the multilayered spore
coats, the outer membrane, the peptidoglycan-rich cortex, the in-
ner membrane, and the central core that contains most spore en-
zymes and spore nucleic acids (24). Analysis of spore architecture
has mainly relied on electron microscopy (EM) techniques that
frequently require sample preparation methods such as fixation,
staining, dehydration, and embedding that may damage the native
structural integrity of biological specimens (25). Nearly a decade
ago, Plomp et al. (25) used atomic force microscopy (AFM) to
directly visualize the native spore ultrastructure with unprece-
dented resolution. Since then, rapid progress has been made in
applying AFM to study spore coat assembly, spore architecture,
and germination dynamics (25–29). AFM images revealed previ-
ously unrecognized germination-induced alterations in spore
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coat architecture and in the disassembly of outer spore coat rodlet
structures. These and other studies (30–39), including our previ-
ous work that showed that the spores of four closely related Bacil-
lus species can be distinguished by AFM surface morphology anal-
ysis (37) have proved AFM to be a powerful tool complementary
to EM techniques, providing three-dimensional images of native,
minimally processed biological samples with nanometer resolu-
tion.

Originally invented for topographic imaging, AFM has evolved
into a multifunctional molecular tool kit, enabling researchers not
only to observe structural details of cells but also to measure the
nanoscale chemical and physical properties of cells and the local-
ization and properties of individual molecules (34, 40, 41). Using
the AFM probe as a nanoindentation tool, AFM deflection data
can be converted into load versus indentation depth plots and
analyzed using theoretical models that provide quantitative infor-
mation on the elasticity of the sample (represented by Young’s
modulus) (38, 39). More recently, cell hardness was found to cor-
relate well with UV resistance and heat resistance, so Young’s
modulus measurement by AFM (or scanning probe method
[SPM]) was proposed as a quick and direct method to determine
resistance in some spore species (42). In summary, with its ability
to observe single microbial cells at nanometer resolution, to mon-
itor structural dynamics in response to environmental changes or
chemicals, and to detect and manipulate single-cell surface con-
stituents, AFM provides new insight into the structure-function
relationships of cell envelopes and is having an increasingly im-
portant impact on many disciplines of microbiology, including
cellular and molecular microbiology, pathogenesis, diagnosis, an-
timicrobial therapy, and environmental microbiology.

In this study, we have chosen B. anthracis spores to investigate
rapid heat inactivation of bacterial spores because of their medical
and military significance. B. anthracis is a Gram-positive, spore-
forming bacterium that is the causative agent of the infectious
disease anthrax. We have developed a rapid dry-heating system
that allows us to quickly inactivate spores in a precisely controlled
manner. We compared the inactivation efficiencies under various
heating conditions and studied the structural alterations and
nanomechanical properties of inactivated spores. This study com-
pares the changes in nanoscale structural and mechanical proper-
ties of spores after rapid dry-heat inactivation.

MATERIALS AND METHODS
Bacterial strains and spore preparation. Bacillus anthracis Sterne strain
(Thraxol-2, code 235-23) spores were grown on nutrient agar (Difco nu-
trient agar) for about 7 days at 35°C. Once phase-contrast microscopic
examination confirmed spore purity (�95%), spores were harvested from
the agar plates using a sterile cell scraper, then transferred to a sterile
microcentrifuge tube, and finally washed five times with sterile deionized
(DI) water. Clean spores were again confirmed by phase-contrast micros-
copy, suspended in DI water, and counted using a hemocytometer before
the heat inactivation experiments started.

Rapid heat inactivation of B. anthracis Sterne spores. Heat inactiva-
tion of spores was achieved by using a conductive heating system designed
in-house. This system generates a near-top hat heating profile for heating
times as short as 0.1 s, which means that both the heating and cooling
phases are considerably shorter than the steady-state heating phase; thus,
the observed effects can be attributed mainly to the steady-state heating.
Test samples were prepared using a drop of spore suspension containing
5.6 � 107 spores placed onto the surface of clean thin gold foil (60 �m
thick) and left in a biosafety cabinet overnight to air dry. The spore-

carrying pieces of gold foil were then folded and held closed using tweezers
with ceramic tips. The use of ceramic-tipped tweezers minimized heat loss
by conduction. The tweezer holding the gold foil was then mounted onto
a computer-controlled translation stage. This motorized stage moved the
sample rapidly into a preheated micro-oven for a set period of time and
then quickly pulled it out. The temperature of the sample was monitored
in real time using an infrared imaging system (FLIR infrared camera,
model SC655).

Spore recovery from the substrate. Spores on the gold foil were re-
covered by a combined method of sonication and polyvinyl alcohol
(PVA) stripping. The PVA method was adapted from a method reported
by Moeller et al. (43). A droplet of 10% PVA solution was placed so that it
would evenly cover the spores, and the sample was then left to air dry in
the biosafety cabinet. After drying, the thin PVA film was stripped off the
gold foil and resuspended in sterile DI water. The gold foil was then placed
into DI water and sonicated for 30 min at room temperature to remove
residual spores. Spores recovered from PVA stripping and sonication
steps were combined for further analysis. This method was first tested
with untreated control B. anthracis spores that were air dried on a gold foil
substrate, proving it to be biocompatible (i.e., does not affect spore colony
formation ability) and demonstrating 95% or higher recovery efficiency.
The recovered spore suspension was then centrifuged at 4,000 rpm for 10
min to separate the spore pellet from the supernatant. Spore pellets were
further washed with sterile DI water three more times to remove residue
PVA. The supernatant was used for spore constituent leakage studies.

Inactivation assay. Spore pellets from the recovery step were resus-
pended in sterile DI water, and the number of spores per ml was deter-
mined using a hemocytometer. Appropriate dilutions of each sample were
then plated on nutrient agar plate incubated overnight at �35°C. The
number of colonies was counted to determine spore colony formation
ability.

Nanoscale structural and mechanical analysis by AFM. Nanoscale
topographical and mechanical analysis of individual spores was realized
by AFM in air. Briefly, a very dilute suspension of recovered spores was
placed on freshly cleaved mica substrate and left in the biosafety cabinet to
air dry. The AFM cantilever carried a single crystal silicon tip, with a spring
constant of 40 N/m and a tip radius of 5 nm. The instrument we use to
image the Bacillus spores and measure materials properties of the spore
surface is a Nanoscope MultiMode atomic force microscope with peak
force imaging capability from Bruker Corporation. The atomic force mi-
croscope was operated in intermittent-contact mode, in which the AFM
tip oscillates with a small amplitude (10 to 100 nm) and at a low modula-
tion frequency (0.5 to 2 kHz). The force of contact was measured at the
modulation frequency and used for the force control feedback electronics.
The static load was maintained as a small preset value (0.3 to 30 nN). The
AFM instrument is equipped with a scanner (AS-130VLR) that is capable
of imaging 125 �m by 125 �m in the lateral x- and y-axis direction and 5
�m in the vertical z-axis direction. During a typical peak force imaging
process, the instrument acquires and analyzes the individual force curves
from each cycle of contact. Surface properties, such as adhesion, modulus,
dissipation, and deformation, are simultaneously measured and pro-
cessed using the commercial MultiMode 8 nanoscope analysis software.
The modulation frequency is significantly lower than the cantilever reso-
nant frequency so that there is enough bandwidth for fast data sampling
and analysis in real time. The direct force measurement at high speed
allows the force distance data to be analyzed directly without ambiguity.

The adhesion force is 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 forces, such as van der Waals force, electro-
statics, and capillary meniscus of thin liquid film on the sample surface.
The topographic morphology of the surface may affect interfacial adhe-
sion, since the adhesion typically increases with increasing tip size and
area of contact. For silicon-based cantilever probes, the surface of the
probe is usually covered with hydroxyl groups due to surface reactions
with water in air. The adhesion force between the hydrophilic probe and

Xing et al.

1740 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


sample surface is likely dominated by hydrogen bonds in water and other
polar molecules on the surface.

The Young’s modulus of the sample was obtained by fitting the un-
loading portion of the force-distance curve using the Derjaguin-Muller-
Toporov (DMT) model (44), 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 � Vs
2

Es
�

1 � Vtip
2

Etip
��1

where n is the Poisson’s ratio, Etip is the Young’s modulus of the tip, and Es

is the Young’s modulus of the sample.
SEM imaging of inactivated spores. Inactivated spores (as confirmed

by the inactivation assay) were placed on an appropriate substrate, air
dried, and imaged directly using a vacuum scanning electron microscope
(SEM) without sputter coating with metals. For each sample, at least 50
randomly selected spores were imaged and used in measurement.

Assessment of spore inner structure integrity. Two additional exper-
iments were performed to assess the integrity of the spore inner structure
by studying (i) the leakage of spore biomolecules (nucleic acids and solu-
ble proteins) from the damaged spores and (ii) accessibility of a nuclear
dye (45) to the spore core. For the first purpose, we collected supernatant
from suspensions of recovered spores to measure leaked biomolecules.
Nucleic acid content was determined by mixing with Syto 16, a dye that
shows dramatic increase in fluorescence upon nucleic acid binding. The
fluorescence signal was determined by a fluorescence spectrometer
(FluoLog 3; HORIBA) (excitation, 480 nm; emission, 520 nm). Soluble
spore material in the supernatant was determined by measuring the UV
absorbance at 280 nm. In the second experiment, damaged spores were
incubated with Syto 16 for 30 min, washed with DI water, and imaged
using a fluorescence microscope (filter set; excitation, 488 nm; emission,
520 nm). The rationale for this experiment is based on the fact that Syto 16
cannot penetrate the dormant spore core because of the barrier from the
inner membrane (44). Therefore, Syto 16 fluorescence can be used as an
indicator of a compromised inner membrane.

Image analysis. Correlation of the different images (height and adhe-
sion force) was achieved by using the NIH Image J software. Syto 16
fluorescence staining was quantified by performing the Image J “Analyz-
ing particles” function on fluorescence microscopy images of the inacti-
vated spores.

RESULTS
Spore inactivation by rapid dry heat. The spore survival proba-
bility measured under different heat inactivation conditions is
shown in Fig. 1. As expected, for a given temperature (300°C),
spore colony formation ability decreased with increasing exposure
time (0.1 to 100 s). The relationship, however, is not linear: the
largest reduction took place between 0.5 and 1 s, it since became
smaller and eventually flattened out after 5 s. The scenario was
different when the exposure time was kept constant, and only the
temperature was varied for different samples. In this case, the
increase in temperature caused a steady decrease in colony forma-
tion ability within the tested temperature range (300 to 800°C).
Heated spore samples with a colony formation ability of 10�6 or
less (e.g., 300°C for �10 s and 800°C for 0.1 s) were selected for
further quantitative nanomechanical analysis using AFM and
SEM. This is to ensure that the majority of spores seen under these
high-magnification techniques are indeed inactivated spores;
thus, the results can be unambiguously attributed to the proper-
ties of inactivated spores.

Quantitative nanomechanical analysis of inactivated spores.
We first compared the morphological differences between spores
from two selected heat treatments: 300°C for 10 s (low tempera-
ture, long exposure) and 800°C for 0.1 s (high temperature, short
exposure). Figure 2 shows the representative SEM and AFM im-
ages of spores inactivated by the respective treatment. Two types
of AFM images are shown here, the height images and the peak
force error images; peak force error images were provided to show
the finer details which cannot be properly visualized in the height
images due to the large range of image depth. Images of untreated
viable B. anthracis spores are included as a control. Height mea-
surements showed that the average heights of these spores are
774 � 41 nm for the untreated live spores, 671 � 106 nm for
lower-temperature-inactivated spores, and 594 � 153 nm for the
high-temperature-inactivated spores. It is also obvious from these
images (Fig. 2A to C) that the surfaces of untreated spores have a
rather smooth and plump appearance (with small nanometer-
sized clumps visible on the peak force error images), typical for a
B. anthracis Sterne spore covered by an intact exosporium (35,
36). In contrast, the surfaces of the heat-inactivated spores are

FIG 1 Heating conditions and corresponding spore colony formation ability, defined as the number of colonies formed divided by the number of spores plated.
(A) Constant temperature, different exposure times; (B) constant exposure time, different temperatures. Data shown are averages of 6 replicates, and error bars
are standard errors.
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rather rough-looking as shown by the AFM images. For the two
heat-inactivated groups, spores treated at 300°C for 10 s seemed to
have a thin layer of covering. On some spores, folds of this thin
layer are clearly visible (indicated by white arrowheads in Fig. 2F).
These folds have an average roughness of 157 � 14.6 nm and are
visible in both the AFM and SEM images. Spores inactivated at

higher temperature (800°C for 0.1 s) do not have this film layer
and are characterized with thick fiber-like structures that are 160
to 190 nm in width and run mostly in the longitudinal direction,
occasionally in the lateral direction. The morphology and location
of these structures resemble the surface ridges seen in exospori-
um-less B. anthracis spores (35). Figure 3 is a collection of higher-

FIG 2 Spore morphology shown as AFM height (A, D, and G), AFM peak force error (B, E, and H), and SEM images (C, F, and I). (A to C) Untreated viable
spores; (B to F) spores inactivated at 300°C for 10 s; (G to I) spores inactivated at 800°C for 0.1 s. Note that due to the differences in sample preparation for the
two imaging techniques, the specific spore clusters in the AFM images are not the same clusters of spores shown in the SEM images. The white arrowheads
indicate folds, and the white arrows indicate the “gap-like” structures. Bars in the SEM images, 1 �m.

FIG 3 “Gap-like” feature at the edge of some spores inactivated by a high-temperature, short-exposure treatment (800°C for 0.1 s). The “gap-like” structures are
most pronounced in the SEM images and visible although not as obvious in AFM height and peak force error images. Note again that the specific spores in the
AFM images are not the same individual spores shown in the SEM image. Bars, 500 nm.
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resolution images of individual spores, including one that is
clearly shown with 2 closely appositioned ridges (AFM height and
peak force error images). The surface roughness of these ridges is
34 � 3.6 nm and not visible in the SEM images, likely due to the
lower resolution of SEM in the z direction. SEM images of some
spores in the higher-temperature treatment group showed a “gap-
like” structure at the boundaries (Fig. 3 and the areas indicated by
white arrows in Fig. 2I). AFM images showed similar structures at
the edges, but with some differences that are likely due to the
nature of the two imaging techniques (secondary electron emis-
sion in SEM versus force microscopy in AFM).

Nanomechanical analysis of inactivated spores. (i) Adhesion
force. Adhesion force reflects the interaction between the AFM
cantilever tip and the surface of the sample under study. A higher
adhesion force suggests that there was a stronger attractive force
between the tip and the very top layer of the spore surface, and
negative adhesion force values are suggestive of repulsive forces.
Our results clearly showed that inactivated spores by both treat-
ments showed significantly higher adhesion force than the un-
treated viable spores (P � 0.0001 by unpaired t test) (Fig. 4). In
untreated viable spores, adhesion forces between the unmodified
hydrophilic silicon cantilever and spore surface are comparatively
small, with a negative average value, suggesting an overall repul-
sive interaction. This is reasonable since hydrophilic-hydrophobic
interactions are major contributors to AFM tip-sample adhesion
forces, and intact mature B. anthracis spores are known to have
hydrophobic surfaces (46, 47) that would repel the hydrophilic
AFM tip. On an individual spore level, a difference exists between
the center and periphery of the spore surface. Some spores have a
“concave-looking” adhesion map (signal in the center lower than
the edges), while some have a “convex” appearance. Generally, the

variations in adhesion force on control spore surfaces are rela-
tively small compared to those found in the inactivated spores.
Between the two heat-inactivated groups, the high-temperature
group has a high median adhesion force value, but the 10% to 90%
adhesion force ranges are similar, with the values for the high-
temperature group slightly higher.

Another obvious observation from Fig. 4 is the difference of
adhesion force distribution among the spores. Spores inactivated
by high temperature (800°C for 0.1 s) showed a net-like adhesion
force pattern. The peaks and valleys of the adhesion force correlate
well with the topography of the cable-like structures (Fig. 5A).
Although there are small spore-to-spore variations in the adhe-
sion force pattern, most spores exhibited similar appearances.
Spores inactivated at lower temperature (300°C for 10 s), however,
showed large spore-to-spore variations in their adhesion force
distribution (Fig. 5B, C, and D). Most times, the adhesion force
does not closely correlate with topography. Even spores with sim-
ilar topography (note the two spores indicated by white arrows in
Fig. 5B) can have drastically different force distribution: some
resemble the untreated spores, with a “concave-looking” adhesion
map (signal in the center lower than the edges), while others show
a “convex-looking” adhesion map (signals in the center higher
than the edges). The peak and valley differences are 30 to 50 nN
and 60 to 80 nN for the high-temperature and low-temperature
treatment, respectively.

Because adhesion force is a measure of the interactions of spore
surface chemical groups and the AFM silicon cantilever, changes
in adhesion force magnitude and distribution can be viewed as an
indicator of the alterations and reorganization of surface chemical
groups. Untreated viable spores uniformly showed an overall re-
pulsive interaction with the hydrophilic AFM tip, likely a result of
the hydrophobic proteins on the exosporium (2). Heat-inacti-
vated spores showed much higher adhesion force, suggesting the
removal or reorganization of these hydrophobic domains on the
surface. The removal of the top surface layer (exosporium layer or
even some coat) will lead to the exposure of underlying structures
that are less hydrophobic, such as the peptidoglycan-rich cortex
(46), thus resulting in stronger adhesion to the cantilever. Spores
inactivated at a lower temperature were quite different: although
the overall average adhesion force was significantly higher than for
untreated control spores, the large spore-to-spore variation indi-
cates a more complicated process. The presence of a thin film layer
suggests at least partial retention of the exosporium or the outer
coat. In some cases, this layer remained attached to the spore on all
sides. In this situation, dehydration and heat-induced protein de-
naturation and reaction might account for the increases in adhe-
sion force. In other cases, this layer was only partially attached to
the spores at a few sites on one side and subjected to flipping over
(with the attachment sites serving as hinges) during sample recov-
ery and preparation for imaging. Therefore, the observed changes
in adhesion force could be the exposure of the biomolecules on the
inner side of this thin layer and uncovering of the underlying
spore structures.

(ii) Young’s modulus. Modulus is a measure of elastic stiffness
of the material under study. In this case, we have discovered that
spores inactivated by rapid heat treatment are significantly (P
value � 0.0001 by unpaired t test) stiffer than untreated viable
spores (Fig. 6D). However, there is no significant difference in
spore stiffness between the two heating conditions (P value � 0.1).
The observed increase in stiffness after heat inactivation might be

FIG 4 Representative AFM adhesion force images of the spores inactivated by
rapid dry heat. (A) High temperature, short exposure (800°C, 0.1 s); (B) low
temperature, long exposure (300°C, 10 s); (C) untreated viable spores as a
control; (D) graph showing the median adhesion force (indicated by �); and
the 10th to 90th percentile data ranges (the bottom of the boxed area shows the
value for the 10th percentile and the top of the boxed area shows the value for
the 90th percentile; based on measurements of �100 randomly selected
spores).
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the result of one (or the combination) of the following factors: (i)
change in water content in the spore, which has been shown to
affect measurement of modulus in spores (36) and isolated bacte-
ria peptidoglycan (major component of the spore cortex) (48);
and/or (ii) heat-induced denaturation and aggregation of spore
biomolecules that result in hardening of the spore.

In order to confirm that the differences we observed were in-
deed related to heating temperature, not due to some postmortem
effects, we imaged spores heated at the intermediate temperature
of 500°C for 0.1 s (Fig. 7). AFM images of spores heated at 300°C
for 0.1 s were included as a comparison. The most striking differ-
ence between these two temperatures, as shown in Fig. 7, is the
difference in the adhesion force image. Spores heated at 300°C for
0.1 s showed an adhesion force map similar to that of the un-
treated viable spores (Fig. 4C). In contrast, many spores heated at
500°C showed a bright line (indicating stronger attraction force)
along the longitudinal middle line (Fig. 7C), while some showed
cable-like structures (indicated by a white arrow in Fig. 7C), as
seen in spores treated at 800°C (Fig. 4A). Some of these bright lines
are accompanied with a bright knob of about 200 to 300 nm in
diameter. These bright lines/spots on an otherwise hydrophobic
surface probably resulted from heat-induced cracking of the su-
perficial hydrophobic layer, exposing the more hydrophilic layers
underneath. This cracking phenomenon is probably the initiating
event that led to the removal of the superficial layer as seen in the
800°C case.

Effects of continued heating beyond inactivation. In order to
understand the effects of long-time exposures on spore inactiva-
tion efficiency, we increased the exposure time at 300°C. Our re-

sults showed that increasing the exposure time to 100 s resulted in
only a small increase in inactivation efficiency but produced sig-
nificant changes in spore morphology. Spores heated under pro-
longed exposure appeared strikingly different from spores from
any other aforementioned treatments. These spores took on a cof-
fee bean-like morphology with a “groove” at the center line (Fig.
8). The average height of the remaining spores at 449 � 23 nm is
much smaller, and the depth of the groove is about 131 � 14 nm.
This is a significant reduction from 670 nm, which is the average
height of spores inactivated under the same temperature but for a
shorter time (300°C for 10 s). This reduction indicates significant
loss of spore materials. The first important observation is the
smoothness of the surface of the remaining spore structure, which
shows no apparent surface ridges or rodlets that are characteristic
of spore outer and inner coats (25, 27, 29, 35, 49). Moreover, the
adhesion force image showed a rather uniform adhesion force on
the spore surface, unlike spores inactivated under the other two
heating conditions, suggesting a chemically different material. On
the basis of these observations, we speculate that these spores had
probably lost most of their outer layers, and the remaining struc-
tures were likely the core or spore body, which had been shown to
have a relatively smooth appearance (50). It is difficult to tell
whether the inner membrane is still retained. Another important
observation from these AFM images is formation of the “groove”
at the center line along the longitudinal direction. We suspect that
this might be the result of either collapsed spore cores (due to the
loss of volatile spore core components) or burst spore cores (due
to internal pressure buildup). The collapsed structures of the
spores indicated that the structural damage may be caused by

FIG 5 Overlay of AFM peak force error (gray) and adhesion force (green) images. (A) High temperature, short exposure (800°C, 0.1 s); (B, C, and D) three
different spore clusters inactivated under low-temperature, long-time exposure (300°C for 10 s). The white arrows in panel B indicate two spores with similar
topographies but different adhesion force patterns. Bars, 1 �m.
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thermal mechanical stress that is concentrated in the longitudinal
direction, because the mechanical strength along the structural
cables is expected to be stronger than that perpendicular to these
cables.

Spore inner structure integrity assessment. (i) Syto 16 nu-
cleic acid staining of B. anthracis spores. Syto 16 is a nuclear dye

that is able to diffuse through the cell plasma membrane and is
therefore a popular dye for live-cell staining. It cannot penetrate
into a dormant spore core, but it is able to enter the core of fully
germinated spores, bind nucleic acids, and exhibit strong green
fluorescence (51, 52). This difference has been attributed to the
structural barrier of the inner membrane (45). Quantitative mea-

FIG 6 Young’s moduli of the heat-inactivated spores. (A) Spores heated at 800°C for 0.1 s; (B) spores heated at 300°C for 10 s; (C) untreated viable spores; (D)
graph showing the median modulus (indicated by �) and the 10th to 90th percentile data ranges (the bottom of the boxed area shows the value for the 10th
percentile and the top of the boxed area shows the value for the 90th percentile; based on measurements of �100 randomly selected spores). DMTModulus,
Derjaguin-Muller-Toporov modulus.

FIG 7 (A to C) Typical AFM images of spores heated at an intermediate temperature (500°C). (D to F) Images of spores treated at 300°C for 0.1 s were included
for comparison. Note the striking difference in the adhesion force map: while the distribution pattern for spores in the 300°C group was similar to that for
untreated viable spores (Fig. 4C), the 500°C image has a bright line along the longitudinal central line, and some spores (indicated by a white arrow) showed cable
structures similar to the ones observed in spores treated at 800°C (Fig. 4A). Images have been individually scaled to yield the best visual effect.
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surements of the fluorescence intensity of representative spores
showed higher fluorescence signals for the group treated at a high
temperature compared to the group treated at a lower tempera-
ture (Fig. 9A). The fluorescence intensities for both of these
groups are significantly higher than that for the untreated viable
spores, indicating increased permeability of the inner membrane
to Syto 16. It is worth noting that significant variability in stain
intensity occurs among inactivated spores in the same treatment
group, suggesting the inner membrane damage in these inacti-
vated spores is not uniform.

(ii) Leakage of spore constituents. As shown in Fig. 9B, nucleic
acid release from the spores inactivated by lower-temperature
treatment (300°C for 10 s) was almost at the baseline level. Nucleic
acid release from the 800°C-treated spores is significantly higher,
above the baseline. However, the total amount of leaked nucleic
acid even in the spores treated at high temperature is small as
shown by the weak fluorescence signal (Syto 16 fluorescence when

it complexes with leaked nucleic acids in the supernatant). This
suggests that although there is structural damage, the damage to
the inner membrane is not so severe to remove most of the nucleic
acid material from inside the spore. In contrast, UV 280 absor-
bance in both cases was significantly higher than the baseline level
(Fig. 9C). Therefore, there is significant leakage of other spore
constituents (e.g., coat proteins and dipicolinic acid [DPA]) in
both cases. Future analysis (high-performance liquid chromatog-
raphy [HPLC] and mass spectrometry analysis) of the composi-
tion of the leaked molecules will provide more insights on the
sources of the leaked protein components.

DISCUSSION
Rapid dry-heat inactivation. Compared with common labora-
tory dry heating studies, temperatures in this study are much
higher (from 300°C to 800°C as opposed to 120°C), and the expo-
sure times are significantly shorter (0.1 to 10 s versus 30 to 120 min

FIG 8 Spores heated for 100 s at 300°C. (A) AFM height image; (B) AFM peak force error image; (C, D, and E) high-resolution height, adhesion force, and
modulus images of two representative spores within the box outlined by a white dotted line in panel A.

FIG 9 Spore inner structure integrity assessed by three different methods. (A) Nucleic acid staining in spores (shown as the median [�] and 10th to 90th
percentile [box] fluorescence intensity of Syto 16-stained spores; based on measurements of 100 randomly selected spores). (B and C) Nucleic acid leakage (B)
and leakage of soluble spore components as measured by UV 280 absorbance (C). Data in panels B and C are averages of 6 replicates, and error bars are standard
errors. All graphs are shown in arbitrary units (a.u.). Values that are significantly different (P � 0.01) are indicated by a bar and asterisk.
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[6]). This type of high-temperature rapid heating is found in mil-
itary situations or environmental decontamination with a high-
temperature plume. It has been suggested that the killing mecha-
nism under rapid high-temperature heating might differ from
long-term, low-temperature heating conditions (8, 20). This is
reasonable since at very short timescales (less than 1 s), the time-
scales of processes such as heat and mass transfer in a spore be-
come comparable to heating times and may contribute signifi-
cantly to spore killing in addition to that from heat-promoted
biochemical reactions. By far, only a very limited number of stud-
ies have addressed this issue, so the inactivation mechanism under
short-time heating conditions is just being unraveled (19, 20, 53).
One recent finding is that mutational damage is involved in the
causal chain of events leading to inactivation of aerosolized en-
dospores exposed to heat for subsecond time periods (19). In this
study, we attempted to provide insights in spore inactivation from
the perspective of structural damages by using atomic force mi-
croscopy and other techniques.

Nanoscale analysis shed new insights on the heat inactiva-
tion mechanism. Our results (especially AFM results) have shown
completely different surface topography patterns, adhesion force
maps, and elastic properties (modulus) for spores inactivated rap-
idly by dry heat. Inactivated spores lost the plump look of native
untreated spores, likely due to the loss of intraspore water and the
rupture of outer spore layers. Spores inactivated at a lower tem-
perature (300°C) for a longer time (10 s) appeared to retain a thin
layer of covering, which could be the exosporium or outer coat.
Attached and folded coat appear frequently, and occasionally,
there is a dislocated coat from the spore (data not shown). It
appears that at 300°C, the spores went through a dehydration
process: intraspore water molecules vaporize and escape from the
spores, leaving a shriveled-looking spore behind. It has been
shown several times that the bacterial spore coats are able to fold
and unfold as a response to changes in the humidity (25). In the
current study, the loss of water appears to be irreversible since the
spores did not return to the plump-looking appearance even after
rehydration in water. Prolonged heating for 100 s resulted in fur-
ther structural damage with the loss of more outer layers, probably
including the cortex, leaving a smooth concaved, coffee bean-like
structure behind. The coffee bean-like-structure could be the re-
sult of a collapsed inner core structure. In the spores inactivated by
high temperature (800°C for 0.1 s), we have observed the absence
of the superficial thin layer that is found in the spores treated by
lower temperature (300°C for 10 s).

We believe that the above observations are associated with the
thermal and mechanical stresses built up within the spore upon
rapid heating. According to previous modeling studies (36, 57),
heat transfer within a spore is very rapid: it requires less than 1 ms
(for well-dispersed, isolated spores) to 21 ms (for spores in a
1,000-spore cluster) for a spore to reach the steady-state temper-
ature. As the spore core temperature rises rapidly, its water con-
tent (both chemically bonded and mobile water molecules) starts
to vaporize and expand. If the vaporized content cannot diffuse
out of the spore in time, pressure will build up inside the spore.
Mechanical stresses caused by the buildup of pressure, once ex-
ceeding a stress-rupture limit, will cause the spore to fail structur-
ally (likely first along the longitudinal direction as shown in Fig.
7). Another possible source of the thermal stress buildup is due to
differential thermal expansion between different layers of the
spore structures. Spores experiencing the 0.1-s 800°C heating con-

dition will have distinctly greater thermal and mechanical stresses
gradients across the spore structure than spores experiencing the
10-s 300°C treatment. The differences in surface topography and
nanomechanical properties are probably direct results of this dif-
ferential thermal and mechanical loading. Current results do not
provide sufficient insights into damage to the inner layers of the
spore structures and the critical biochemical events that led to
eventual spore inactivation. However, it is very probable that these
spores inactivated under two heating conditions differ in these
two aspects as well.

AFM nanomechanical analysis of biological samples in air
versus in fluid. The nanomechanical analysis in this study was
carried out in ambient air, and we are aware that this is not the
ideal condition for nanomechanical analysis. Ideally, nanome-
chanical analysis of biological samples should be performed in a
fluid environment for the reason that most cells, unlike spores,
require sufficient hydration to stay alive, and also conducting the
experiment in liquid circumvents the issue of the capillary menis-
cus effect in air (54–56). The latter is extremely important for
molecular recognition studies in which the focus is the molecular
interactions between molecules. In the current study, all of the
nanomechanical analysis was performed under ambient lab con-
ditions; therefore, the values (adhesion force and Young’s modu-
lus) obtained are expected to differ from those obtained in aque-
ous environments. For instance, the Young’s moduli of spores
measured in a fluid environment are of much smaller magnitude
than the values in this study (38). However, AFM in air is a much
easier and less time-consuming experiment involving less-strin-
gent sample preparation, as it is well-known that it is not a trivial
task to keep spores attached to and immobilized on a substrate in
a liquid environment (30, 33). Besides, our goal for this study is
not to accurately determine the actual nanomechanical properties
of the spores. Instead, we intend to use it as a rapid, direct com-
parative tool to differentiate spores inactivated under various
heating conditions. In this respect, it has proved very useful by
quickly revealing the remarkable differences among the various
spore preparations in this study: the untreated viable spores, the
high-temperature-inactivated spores and the low-temperature-
inactivated spores. These direct, visual differences point to likely
different inactivation mechanisms without sophisticated bio-
chemical assays.

Previous biochemical and molecular biological studies sug-
gested that dry heat inactivates bacterial spores mainly through
DNA damage as evidenced by the high-frequency mutations in
dry-heat survivors as well as the abundance of single-strand breaks
in DNA isolated from dry-heat-treated spores. This damage pro-
cess is hindered by the presence of the small acid soluble proteins,
which also protect spores from other types of stresses (wet heat,
oxidizing agents, and desiccation) (4, 14). Given the differences in
structural damage caused by the two temperature regimes in this
study, it will be worthwhile to find out, as we anticipate, if there are
differences in biochemical and molecular biological effects in
these differently inactivated spores. Future work therefore will
include the quantitative identification and mapping of DNA dam-
age using molecular biology and mass spectrometry techniques.

Conclusion. In this work, we developed and applied a heat
treatment method that is capable of heating spores in a rapid ther-
mal treatment with accurately controlled temperature and expo-
sure time. Using AFM, we performed nanoscale analysis on the
heat-inactivated spores under different temperature/time combi-
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nations. Our results showed drastically different morphology and
surface nanomechanical properties in spores inactivated under
different heating conditions. We attributed these differences to
the differential thermal and mechanical stresses inside rapidly
heated spores. The effects of buildup of internal thermal and me-
chanical stresses become more prominent in ultrafast, high-tem-
perature heat inactivation, when the heat-induced vapor genera-
tion and differential thermal expansions inside the spore far
exceed the yield strength of the spore. It remains to be determined
whether there is a correlation between the structural/nanome-
chanical changes and the biochemical changes that are directly
linked with spore inactivation. In summary, this study has pro-
vided novel insights into inactivation of Bacillus anthracis spores
by rapid heating by the evaluation of structural damage and
changes in nanomechanical properties. The findings in this study
suggest that AFM in ambient laboratory conditions can be used to
quickly distinguish spores that were thermally inactivated (e.g.,
viable spores versus heat-inactivated spores) and also distinguish
spores that were inactivated by very high-temperature, short-time
exposures from those inactivated by low-temperature, long-time
thermal treatments.
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