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Experiments were conducted in a gas-driven shock tube to investigate shock wave-induced damage
to Bacillus thuringiensis Al Hakam endospores over a wide range of post-shock temperatures in
non-oxidative gas environments. The results were compared with previous studies on B. atrophaeus
and B. subtilis and demonstrate that B. thuringiensis Al Hakam exhibited a qualitatively similar
response to rapid shock heating, even though this strain has a significantly different endospore
structure. B. thuringiensis Al Hakam endospores were nebulized into an aqueous aerosol, which was
loaded into the Stanford aerosol shock tube, and subjected to shock waves of controlled strength.
Endospores experienced uniform test temperatures between 500 and 1000 K and pressures ranging
from 2 atm to 7 atm for approximately 2.5 ms. During this process the bio-aerosol was monitored
using in situ time-resolved laser absorption and scattering diagnostics. Additionally, shock-treated
bio-aerosol samples were extracted for ex situ analysis including viability plating, flow cytometry
and scanning electron microscopy (SEM) imaging. B. thuringiensis Al Hakam endospores lost
the ability to form colonies at post-shock temperatures above 500 K while significant breakdown
in morphology was observed only for post-shock temperatures above 700 K. While viability loss
and endospore morphological deterioration adhere to a similar framework across all endospore
species studied, phenomena unique to B. thuringiensis Al Hakam were noted in the SEM images
and optical extinction data. This initial characterization of the response of B. thuringiensis Al
Hakam spores treated with shock/blast waves shows that these methods have potential for spore
inactivation and detection.

1. Introduction

In response to environmental stress, gram-positive Bacillus species can activate a com-
plex process of genetic, biochemical and morphological events that lead to sporulation
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and the development of a metabolically dormant endospore. Endospores are comprised
of a series of nested proteinaceous shells that protect the core of the endospore. The
core contains cellular essentials that return the dormant endospore to a vegetative state
once the environment is more favorable. Endospores are characterized by increased
resilience to a variety of deleterious treatments including chemical agents, high tem-
peratures, and UV radiation; the dehydrated endospore is a unique and extremely
durable biological entity [1–3].

In an attempt to extend the understanding of endospore response to stress mech-
anisms we have developed a laboratory protocol to study the biological and struc-
tural breakdown of aqueous aerosols of endospores exposed to shock heating [4].
The endospores, suspended in an aqueous aerosol, are introduced into the test section
of a gas-driven shock tube developed for combustion chemistry [5] and this spore-
laden aerosol is subjected to shockwaves of controlled strength. In situ endospore
structural decomposition is monitored with scattering from intact endospores and ab-
sorption by endospore biochemicals using time-resolved laser-extinction measurements
at 665 nm and 266 nm respectively. Pre- and post-shock samples are extracted from
the test region with the use of a gas-dynamic liquid impinger and undergo ex situ
analysis to assess loss of viability and morphological deterioration. Quantitative meas-
urements of shock-treated endospore viable fraction are ascertained via a combination
of standard agar plating techniques and flow cytometry. In addition to enumerating
the shock-treated endospores, flow cytometer analysis is utilized to monitor endospore
morphological degradation through the use of a nucleic-acid-binding dye. Qualitative
assessment of endospore morphology is performed utilizing scanning electron mi-
croscopy.

Our previous studies of the response of B. atrophaeus and B. subtilis to shock waves
in an inert and an oxidative gas environment indicated three distinct stages of shock
wave-induced endospore damage with inactivation occurring before the onset of sig-
nificant morphological deterioration. In this manuscript results are presented for shock
wave-treated spores of B. thuringiensis Al Hakam. This strain was chosen because it
was isolated from a suspected weapons of mass destruction facility in Iraq [6], and it
better simulates the threat agent B. anthracis [7–11] but is thought to be safe for general
research [12]. In contrast to endospores of B. atrophaeus and B. subtilis studied in pre-
vious experiments, B. thuringiensis endospores are larger, possess a thin cell coat, and
display an architectural network composed of a crystalline hexagonal honeycomb mesh
encased in a flexible exosporium. The exosporium interacts with the environment and
confers significant hydrophobicity to spores [13–22]. One might speculate that this ex-
osporium provides resistance to the rapid heating and short high-temperature test time
behind a shock wave. The viability and morphological composition of B. thuringiensis
Al Hakam spores was examined after exposure to shock-heated flows.

2. Experimental

2.1 Stanford aerosol shock tube

The experimental method employed in the present study was detailed in our previous
work, therefore only a brief summary will be provided [4]. All experiments were con-
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Fig. 1. Schematic of the SAST facility configured for shock-heating spore-laden aerosols. Three in situ
laser diagnostics monitor the shock-heated gas/aerosol, while pre- and post-shock samples are taken with
gas dynamic impingers for ex situ analysis. (Not drawn to scale).

ducted using the Stanford aerosol shock tube (SAST) [5]. The SAST consists of a driver
and a driven section separated by a thin diaphragm as illustrated in Fig. 1. The driven
section is further divided by a sliding gate valve into an upstream section and a test
section. During preparation for a test the upstream region is filled with the test bath
gas and the test section is filled with a mixture of test bath gas and bioaerosol pro-
duced by a pneumatic nebulizer. Before each test a pre-shock sample is collected with
an impinger for ex situ analysis. After extracting the pre-shock sample, the gate valve
is opened and the driver section is filled with Helium gas until the diaphragm ruptures.
This event produces a planar shock wave that propagates into the driven section. Upon
arrival of the incident shock the gas/bioaerosol mixture at initial temperature and pres-
sure T1 and P1 is rapidly heated and compressed to T2, P2. Subsequent reflection of the
shock wave by the endwall heats and compresses the mixture a second time to the test
conditions T5 and P5. In this region the flow is stagnated and the test conditions per-
sist for 2–3 ms followed by rapid cooling. Immediately following the shock events, the
sliding gate valve is returned to the closed position and a sample is collected with the
post-shock impinger.

2.2 Endospore suspension, loading, and sampling

Endospores of B. thuringiensis Al Hakam were prepared in 0.8% nutrient broth
(NB) amended with CCY salts [20]. Sterile-filtered, refined olive oil (Sigma O1514)
was added as a non-toxic anti-foam to a final concentration of 5%. Sporulation
was performed in 333 mL of pre-aerated broth contained in 1-L plastic baffled
flasks (Corning� Part No. 431403) and incubated in New Brunswick Scientific
shaker/incubators at 34 ◦C, 300 rev min−1 for 72±2 h. Spores were pelleted at 2000 g,
4 ◦C for 10 min. Spore pellets were re-suspended and washed 4 times with sterile-
filtered 5% Tween 80 (Sigma P1754), suspended in 33.3 mL of 0.1% Tween 80, and
frozen at −80 ◦C. Samples were removed at various times after sporulation and heat-
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treated at 65 ◦C for 30 min to determine viable spore titers. Samples were serially
diluted in 0.1% Tween 80, pH7, and dilutions were used to inoculate tryptic soy agar
(TSA) plates acquired from Remel. Plates were incubated for 16 ±1 h at 37 ◦C prior
to colony counting. Heat-resistant titers for independent spore preparations ranged
from 2.3–8.9×10

9
spores mL−1 after cold storage. Light microscopy showed 80–95%

phase-bright spores with the remainder being dead, decaying vegetative cells. Finally,
1 μm SiO2 beads are added to the suspension. These beads act as an indestructible track-
ing particle, remaining physically undisturbed for all post-shock temperatures below
1400 K.

The aqueous bioaerosol was produced from the B. thuringiensis Al Hakam en-
dospore suspension with a gas dynamic nebulizer (6-jet Collison type, BGI Inc.).
Endospores were loaded into the shock tube in an Argon carrier gas. Samples for ex
situ analysis were vacuum extracted from the test section of the SAST before and after
the shock event with commercial (Ace Glass Inc.) gas dynamic liquid impingers. The
aerosol flow through the impinger is directed onto a 10 ml pool of filtered, sterilized
water where particulates in the flow are deposited. Neither the nebulization nor the vac-
uum extraction process adversely affected the viability or morphological structure of
the B. thuringiensis Al Hakam endospores. Further details concerning this method can
be found in Gates et al. 2010.

2.3 Ex situ analysis

100 μL samples from a series of dilutions of the pre- and post-shock impinger samples
were plated on nutrient agar (NA) plates for viable counts. Following overnight incu-
bation at 29 ◦C colonies were counted. Colony count stabilization was ensured through
continued incubation at room temperature for another 48 h. Each sample was plated five
times, at five different dilutions.

Flow cytometry measurements were conducted to enumerate the particles in the
pre- and post-shock impinger samples and to monitor for morphological damage result-
ing from exposure to shock-heated flows. A four-laser BD Biosciences, model LSR II
with laser excitation at 405, 488, 532 and 635 nm was employed. Endospore resistance
to shock exposure is quantified by combining the results of the plating and flow cy-
tometer analysis. These results are subsequently used to generate the viable fraction;
a measure of the amount of initially viable spores that remain viable after shock-
exposure. A detailed discussion of this quantity and how it is computed can be found
in Gates et al. 2010.

Coupled with the aforementioned quantification techniques, an additional qualita-
tive method, scanning electron microscopy (SEM) was employed to assess pre- and
post-shock endospore morphological structure. The SEM employed in this study was
the Hitachi model S-3400N VP. Interrogation samples are filtered (0.22 μm cellulose,
Millipore, MA), air-dried, and placed on double-sided carbon tape on aluminum stubs
(Electron Microscopy Sciences, PA). Stubs were subsequently sputter-coated (100 Å
layer) with gold-palladium in a Denton Vacuum Desk II unit. Sample visualization
was then preformed utilizing secondary electron detection with the SEM, operated
under high vacuum at 10 and 15 kV at a working distance of 8–9 mm. Images (2560×
1920 pixels) were captured with a CCD camera.
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2.4 In situ analysis

Laser diagnostics have been employed extensively to make non-intrusive measurements
in shock-heated flows [23]. These techniques were utilized in the present study to
measure the real-time evolution of endospore morphological damage in situ. A cur-
sory overview of the in situ diagnostics and analysis is provided here. For a detailed
discussion pleaser refer to McCartt et al. 2011 [24].

Real-time optical extinction measurements at 266 nm and 665 nm are used to mon-
itor the evolution of the bioaerosol shock-wave interaction. The UV light at 266 nm is
both strongly absorbed by UV-active endospore biochemicals (e. g. dipicolinic acid and
nucleic acids) and scattered by intact endospores. The visible light at 665 nm, however,
is only scattered by the bioaerosol. Consequently, by monitoring the post-shock decay
of the 665 nm extinction signal we are able to measure a time history of endospore
structural decomposition. Furthermore, the UV light at 266 nm corroborates the 665 nm
signal by monitoring the release of biochemicals from endospore decomposition and
lysis. For low to moderate post-shock temperatures (T5) endospores remain largely in-
tact and both laser extinction signals undergo step changes in magnitude as the shock
waves pass through the measurement location. For high-temperature cases, however,
decay in the visible optical extinction signal indicates endospore morphology degra-
dation, while the elevated level of 266 nm optical extinction signifies the presence of
released UV-active biochemicals.

Multiplexed fiber-coupled lasers tuned to two near-infrared (NIR) water vapor ab-
sorption transitions are used to determine time-resolved gas temperature of the water
vapor in the bioaerosol. Water vapor transitions are chosen near 1343.3 and 1391.7 nm,
with lower-state energy values of 1790 and 1045 cm−1 respectively. Each of the lasers
is scanned in wavelength over the absorption feature. Rapid scanning of the laser wave-
lengths provides integrated absorption line strengths for each transition with 50 μs time
resolution. The water vapor temperature is used in conjunction with the shock speed to
determine post-shock temperature.

3. Results

3.1 B. thuringiensis Al Hakam response to shock-heated flows

A measurement campaign was conducted to examine the response of B. thuringiensis
Al Hakam to shock-heated flows. Using the procedures and protocols detailed above,
the shock-wave bioaerosol interaction was monitored with in situ optical diagnostics,
and pre- and post-shock endospore suspensions were subjected to ex situ examination
including: agar plating viability analysis, flow cytometer quantification, and scanning
electron microscopy imaging.

Performing experiments with an endospore species differing in structural compo-
sition from those previously studied allows us to determine if the rate of viability
reduction and morphological breakdown as a function of post-reflected shock tempera-
ture is a feature largely independent of physical constitution. The shock heating is quite
rapid and the test time at the post-shock temperature is only a few milliseconds leading
to speculation that the exosporium of B. thuringiensis Al Hakam would provide en-
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hanced resistance to this rapid heating compared to the long time (equilibrium heating)
applied in more standard heat resistance studies.

3.1.1 Scanning electron microscopy

Pre- and post-shock sample analysis was conducted utilizing scanning electron mi-
croscopy imaging. Representative data is presented in Fig. 2 below. Image a) consists
of untreated B. thuringiensis Al Hakam endospores collected from the nebulizer. The
presence of the loose-fitting exosporium is readily apparent. The second image, b), is
of a nebulized pre-shock sample extracted from the shock tube through the gas dynamic
impinger. The exosporium and overall structure of the endospore remain intact and un-
compromised. The morphological effect of exposure to a shock wave generating a T5

of 500 K is demonstrated in image c). As was found in previous studies, the post-shock
samples of low temperature experiments exhibit virtually no morphological deterio-
ration. In addition, intact exosporiums are clearly visible. With increased post-shock
temperatures, however, the onset of structural deterioration becomes apparent. Image
d) illustrates the effect of endospore exposure to a post-shock temperature of 630 K.
While the overall structure of the endospore remains intact the exosporium is absent and
prominent morphological changes have become apparent.

3.1.2 Viable fraction

To further elucidate the response of B. thuringiensis Al Hakam to shock heated
flows viability analysis of pre- and post-shock samples was performed. Figure 3 plots
B. thuringiensis Al Hakam viability results along with data from previous B. atrophaeus
and B. subtilis tests in the same inert gas environment [4].

The data sets indicate an analogous trend in viability reduction between the three
species. While past studies have demonstrated the consistent response of wild type
endospores of related species sharing similar structural compositions [25], the data
illustrated in Fig. 3 indicates that this characteristic viability reduction response can
be applied to species with significantly different physical constitutions. Even for the
530 K test where the SEM indicates the exosporium remains intact, the exosporium of
B. thuringiensis Al Hakam did not provide increased thermal resistance to viability loss
from the rapid shock heating. This hypothesis is furthered reinforced by examining the
in situ optical measurements.

3.1.3 Laser diagnostics

In situ optical diagnostics were employed to monitor the real time response of
B. thuringiensis Al Hakam endospores to shock heating. The 665 nm optical time his-
tories for relatively weak (T5 = 500 K) and strong (T5 = 990 K) shocks are plotted in
Figs. 4 and 5 below. Step changes in extinction correspond to discrete jumps in dens-
ity across the incident and reflected shock waves. Using the shock-jump relations and
region 2 extinction values, the extinction in region 5 can be predicted [26]. The pre-
dicted extinctions are represented by dotted lines in Figs. 4 and 5. For the relatively
weak shock (Fig. 4 T5 = 500 K), measured and predicted values agree, and extinction
remains relatively constant during region 5. This indicates minimal endospore morph-
ology breakdown for this low-temperature condition.
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Fig. 2. Scanning Electron Microscopy (SEM) images: a) Untreated nebulizer sample; b) Pre-shock sample;
c) Post-shock sample with T5 = 500 K; d) Post-shock sample with T5 = 630 K.

Fig. 3. Viable fraction plotted vs. post-reflected shock temperature (T5) for a test time of approximately
2.5 ms. Triangle: B. atrophaeus; circle: B. subtilis; square: B. thuringiensis Al Hakam.

In contrast, for shocks with very high temperatures (e. g. Fig. 5 T5 = 990 K) all of
the endospores are destroyed, and the visible scattering at long time arises solely from
SiO2 bead scatter. In previous experiments with B. atrophaeus and B. subtilis, an initial
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Fig. 4. Extinction plotted vs. time for in situ diagnostics at 665 nm (red) for low temperature shock (T5 =
500 K). No decay is seen in region 5. Step changes in extinction correspond to density jumps across shock
waves. The predicted extinction values (dotted line) are calculated with shock jump equations and region 2
extinction values.

Fig. 5. Extinction plotted vs. time for in situ diagnostics at 665 nm (red) for a high temperature shock (T5 =
990 K). Endospore breakdown is observed by decreasing region 5 665 nm scatter. The predicted extinction
values (dotted line) are calculated with shock jump equations and region 2 extinction values.

short-term rise in extinction above the expected level was observed. The initial breakup
of intact endospores was hypothesized to decrease the individual volume of endospore
particulate but briefly increase the total scattering cross-section. This phenomenon is
also detected in B. thuringiensis Al Hakam tests (as seen in Fig. 5). However in con-
trast to previous experiments with other species, extinction levels remain at or below the
expected level. This observation suggest that some morphological damage is occurring
during the passage of the reflected shock; possibly the partial or complete removal of
the exosporium.

Pertinent data regarding the structural integrity of the endospore is extracted from
the long time 665 nm extinction signal levels. Specifically, the fraction of endospores
that remain intact as a function of post-shock temperature (T5) is quantified and shown
in Fig. 6. Similar to other experiments with B. atrophaeus and B. subtilis endospores,
the rate of structural decomposition is rapid between 700 and 900 K. For all species,
minimal morphological damage is incurred for tests with T5 below 700 K, while com-
plete morphological deterioration is observed for experiments with T5 greater than
900 K.

In addition to the 665 nm laser, a 266 nm laser was utilized to monitor the release
of UV active biochemicals from ruptured endospores. Previous studies with B. at-
rophaeus and B. subtilis have indicated the level of 266 nm laser extinction consistently
increases as endospore deterioration commences due to the rapid dispersion of absorb-
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Fig. 6. Percentage of endospores morphology that remains intact after the high temperature region 5
test time plotted vs. post-shock temperature (T5). Triangle: B. atrophaeus; circle: B. subtilis; square:
B. thuringiensis Al Hakam.

ing lysate molecules [24]. The B. thuringiensis Al Hakam experiments in this study,
however, deviated significantly from this trend. Ultra violet extinction at long times
for high temperature shocks was reduced and somewhat inconsistent (data not shown).
Further experimentation is necessary to determine the physical mechanisms behind the
observed 266 nm post-shock extinction.

4. Discussion

Previous experiments showed that B. atrophaeus and B. subtilis endospores exhibited
a three-tiered response to gas dynamic heating [4,25]. B. thuringiensis Al Hakam en-
dospores adhered to this framework suggesting that structural differences among these
species provide negligible difference in resistance to gas-dynamic heating.

Ex situ analysis indicates that B. thuringiensis Al Hakam viability response to gas
dynamic heating is similar to previously tested species, and that for the short-time ex-
posure to the high post-shock temperatures studied here, the exosporium structure does
not provide added resistance to heat treatment. The majority of endospore viability loss
occurred by internal disruption of biochemical networks critical for agar plate colony
formation, with a four log reduction in viable fraction occurring before the onset of
significant morphological damage.

While the survival kinetics of B. thuringiensis Al Hakam endospores after gas dy-
namic heating followed the same overall trend as B. atrophaeus and B. subtilis, several
phenomena unique to this species were observed. SEM analysis of post-shock sam-
ples from the 630 K shock showed evidence of endospores stripped of their exosporia.
Furthermore, for the dynamic range (700–900 K) Fig. 6 shows a slightly increased
amount of morphological damage for B. thuringiensis Al Hakam endospores. It is hy-
pothesized that this increase amount of morphological damage is due to the removal
of the loose-fitting exosporium. Finally, the 266 nm extinction after disintegration of
B. thuringiensis Al Hakam endospores was relatively reduced. The reduction in signal
suggests either a dearth of biochemicals within the endospore – possibly due to differ-
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ences in growth media – or reduced dispersion of UV-active biochemicals after spore
rupture due to inter-species structural differences.
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