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ABSTRACT

Destruction of bioweapon facilities due to explosion or fire could aerosolize highly pathogenic micro-
organisms. The post-event air quality assessment is conducted through air sampling. A bioaerosol sample
(often collected on a filter for further culture-based analysis) also contains combustion products, which
may influence the microbial culturability and, thus, impact the outcome. We have examined the inter-
action between spores deposited on collection filters using two simulants of Bacillus anthracis [B. thur-
ingiensis (Bt) and B. atrophaeus (referred to as BG)] and incoming combustion products of Al as well as Mg
and B-Ti (common ingredient of metalized explosives). Spores extracted from Teflon, polycarbonate,
mixed cellulose ester (MCE), and gelatin filters (most common filter media for bioaerosol sampling),
which were exposed to combustion products during a short-term sampling, were analyzed by cultiva-
tion. Surprisingly, we observed that aluminum combustion products enhanced the culturability of Bt (but
not BG) spores on Teflon filters increasing the culturable count by more than an order of magnitude.
Testing polycarbonate and MCE filter materials also revealed a moderate increase of culturability al-
though gelatin did not. No effect was observed with either of the two species interacting on either filter
media with products originated by combustion of Mg and B-Ti. Sample contamination, spore agglom-
eration, effect of a filter material on the spore survival, changes in the spore wall ultrastructure and
germination, as well as other factors were explored to interpret the findings. The study raises a question
about the reliability of certain filter materials for collecting airborne bio-threat agents in combustion
environments.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

choice in the above scenario. The specifics of field conditions and
operational objectives of a military or counter-measure operation

In the event when a bio-weapon facility is accidentally or in-
tentionally targeted by explosives, it is advisable to perform an
ambient air monitoring because even very minor release of highly
pathogenic bio-threat agents in the atmosphere resulting from this
destruction may cause a catastrophic public health impact.
Therefore, appropriate strategies and methods for collecting bio-
logical aerosol samples from explosion/combustion environments
are being developed as a key component of environmental and
defense research programs in the United States (Henderson, 2004;
Hogan et al., 2005; Koch, 2006) as well as in many other countries
(Tan et al., 2006; Nadasi et al., 2007). Among different bioaerosol
sampling methods, collection on a filter is often a method of
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as well as the fast development and propagation of a released
cloud make an investigator rely on a short-term sample collection.
The nature of airborne microorganisms released following a
destruction of a bio-weapon facility is vastly different from a ty-
pical ambient or indoor bioaerosol. The bio-weapon agents are
likely to be bacterial endospores mostly in the dormant spore
form. E.g., spores of Bacillus anthracis (the causative agent of an-
thrax), can remain dormant for decades (Mock and Fouet, 2001).
These dormant spores constitute an enhanced risk of pathogeni-
city because they are more resistant to environmental stresses
than non-spore-forming viable bacteria and likely to stay in-
fectious in ambient environment for a much longer period.
Particulate matter and gaseous compounds released during
explosion and combustion interact with the released micro-
organisms in the environment. When a bioaerosol sample is
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collected on a filter, the combustion products and microorganisms
also interact on the collection media, which may affect the cul-
turability and thus cause a bias in the assessment of air con-
tamination by viable bioaerosol. Generally, this interaction may
either inactivate the collected spores or break the dormancy of the
collected spores, which, in turn, can either decrease or increase the
culturable count.

The filter media most commonly utilized for bioaerosol col-
lection include polytetrafluoroethylene (PTFE) or Teflon, poly-
carbonate, mixed cellulose ester, and gelatin. Some of the above
have been used in the past for sampling of airborne B. anthracis
spores during suspected environmental contamination episodes
(CDC, 2004; Small et al., 2001). Smooth, sticky, or uneven surfaces
of these filter media as well as the constituents of fibers and ge-
latin could influence the interactions between spores and com-
bustion products. Little is known about the performance of these
collection filters in the presence of various explosive and com-
bustion products, including metallic compounds widely used in
conventional weaponry.

In this study, we focused mainly on combustion products of
aluminum (Al); limited experiments were performed also using
combustion products of magnesium (Mg), and boron-titanium
(B-Ti). Al-based powders were initially selected because they are
widely deployed in energetic formulations for the metallized ex-
plosives (Carney et al, 2006; Gogulya et al., 2004; Keshavarz,
2005). Aluminum powders are also widely used in various pro-
pellants and pyrotechnics (Pokhil et al., 1972; Kuo and Summer-
field, 1984). Combustion of Al powders has been extensively in-
vestigated. Its combustion products include (but are not limited to)
aluminum oxide, carbon oxides, and soot (Umbrajkar et al., 2008).
Previous studies demonstrated that aerosolized Bacillus spores
were significantly inactivated when passed through the flame
produced by Al-containing materials (Grinshpun et al., 2010; 2012;
Aly et al., 2014; Grinshpun, 2014). However, there is a lack of data
with respect to the interaction between products of Al combustion
with spores collected on filters. Similar to Al, powdered Mg has
been widely explored for deployment as metal fuel additive in
explosives, propellants, and pyrotechnics (Li et al., 2008). Boron
and titanium are also considered as metal fuel additives in dif-
ferent energetic formulations due to their relatively high com-
bustion enthalpies (Yeh and Kuo, 1996; Foelsche et al., 1999; Go-
gulya and Brazhnikov, 2009; Schoenitz et al., 2003; Trunov et al.,
2008).

Several previous studies on microbial inactivation utilized Ba-
cillus thuringiensis (Bt) and B. atrophaeus (also known as BG)] as
simulants of B. anthracis (Faille et al., 1999; Beuchat et al., 2005;
Rice et al., 2005; Helfinstine et al.,, 2005; Luna et al., 2008).
Therefore, we have tested these two species as challenge aerosols
in this investigation.

2. Materials and methods
2.1. Experimental setup

The experimental setup utilized in our previous studies
(Grinshpun et al., 2010, 2012, 2013; Grinshpun, 2014; Aly et al,,
2014) was modified and adopted for this effort. The main com-
ponent of the setup is a continuous-flow chamber - a horizontal
cylindrical channel of 50 mm inner diameter and 320 mm height.
The challenge bioaerosol was generated from a surfactant-free, de-
ionized water suspension of spores using a six-jet Collison nebu-
lizer (BGI Inc., Waltham, MA) operating at an air flow rate of
6 L min~'. This flow was diluted with a HEPA-filtered dry air flow
of 30 L min~—!. After passing through a 10-mCi 3°Kr charge equi-
librator (model 3012, TSI Inc., St. Paul, MN), the resulting

36 Lmin~! flow carrying dry airborne spores (Bt or BG) entered
the chamber. Spores were subsequently sampled and collected on
a tested filter. In our above-quoted studies, the bioaerosol gen-
eration and the powder combustion took place simultaneously,
and the airborne spores and combustion products were mixed in
the chamber air volume. In the present study, the bioaerosol was
collected on the filter after passing the chamber with no com-
bustion products in it. Subsequently, the pre-loaded filter was
exposed to the products generated by combustion for 1 min (this
sampling time was established as a reasonable minimum). Com-
bustion products were generated by air-acetylene flames seeded
with metallic powders of different compositions (see description
in the next section). The powder feeder supplied the tested pow-
der to the combustion chamber by a high-velocity gas jet at a
specific mass feed rate. An electro-chemical igniter was used to
initiate combustion. The burn time of the electro-chemical igniter
was ~0.01 s. To eliminate the influence of the ignition-associated
combustion products the bioaerosol sampling was delayed by five
seconds after combustion began.

The bioaerosol sampling was performed in three identical cy-
lindrical probes at a flow rate of 5L min~! through each probe).
The probes were oriented isoaxially to the incoming air flow as-
suring a sampling efficiency of about 95-100%. Each probe ended
with a 25-mm filter containing the collection filter being in-
vestigated (Teflon, polycarbonate, MCE, or gelatin). We started our
experiments with Teflon filters (also known as Polytetra-
fluoroethylene or PTFE) because they are more durable than MCE
and gelatin filters and they previously showed better efficiency
compared to polycarbonate filter for collecting airborne Bacillus
subtilis endospores (Burton et al., 2005). Polytetrafluoroethylene is
a synthetic fluoropolymer of tetrafluoroethylene and the best
known brand name of PTFE is Teflon produced by DuPont Co.
Teflon is prominently non-reactive due to the strength of carbon-
fluorine bonds in its structure; consequently, it is often used in
containers and pipe work for reactive and corrosive chemicals.
Teflon filters are more preferable than others when sampling
during destruction of a bio-weapon facility in a high-temperature,
harsh environments.

The experimental setup was installed in a Class II biosafety
cabinet (Model 6TX, Baker Co., Inc., Sanford, ME). The experi-
mental protocols used in this study for the determination of the
spore survival ratio (described below) are schematically presented
in Fig. 1.

2.2. Tested combustion materials

Three materials were burned as powders containing close-to-
spherical aluminum particles of 3-4.5 pm in diameter, 97.5% purity
(Alfa Aesar, Ward Hill, MA), equiaxial magnesium particles
of <44 pm, 99.8% purity (Alfa Aesar), and non-spherical B-Ti par-
ticles of approximately 12 um average equivalent diameter (Tru-
nov et al., 2008).

2.3. Preparation of microbial suspension

Freeze-dried Bt spores were acquired from Certis USA Inc.
(Columbia, MD) [referred to as B. thuringiensis serovar kurstaki,
Btk, strain SA-11 (product # SA-11 SDTC; technical grade con-
centrate developed for US Army and Air Force)]. Freeze-dried BG
spores were obtained from the US Army Edgewood Laboratories,
Aberdeen Proving Ground, MD). These two simulants are well-
characterized as they have been extensively used as simulants of
bio-warfare agents (Faille et al., 1999; Beuchat et al., 2005; Rice
et al., 2005; Helfinstine et al., 2005; Luna et al., 2008).

The originally purchased Btk spores had approx. 65% protein
crystals (referred to as insecticidal crystal proteins). Our
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Fig. 1. Schematical representation of the experimental protocol for determining the survival ratio.

aerosolization experiments were conducted with the crystal-con-
taining spore suspension as well as with a crystal-free spore sus-
pension. We wanted to have the crystal removed because the toxic
insecticidal proteins could influence the culturability. To purify
Btk, freeze-dried spores were suspended in 50% EtOH (pH 9.0),
washed two to three times by centrifugation until the supernatant
was clear, and resuspended in cold acetone overnight in a re-
frigerator. The suspension was filtered to complete dryness, dried,
and crushed into dry powder in mortar and pestle. This procedure
enabled us to lower the crystal amount down to 2% from the initial
65% (by number).

As part of preparation of the suspension for aerosolization, the
purified Btk powder, original Btk powder (with crystals), as well as
the powder made of BG spores were suspended in sterile filtered
deionized water, vortexed to remove clumps, centrifuged at ap-
proximately 6300 x g for 7 min, and washed again for two times.
The concentration of viable spores in the suspension was 107-
10'° CFU/mL as determined after making serial dilutions and cul-
tivating aliquots on TSA (BD, Franklin Lakes, NJ) at 30 °C (for BG)
and 37 °C (for Btk) for 24 hours and total spore concentration
determined by Acridine Orange staining and epifluorescence
microscopy.

2.4. Analysis of sample, calculation of the survival ratio, data
analysis

Immediately after the filter samples were generated, 10 mL of
sterile filtered de-ionized water was used to extract the deposits,
including spores covered with combustion products. The spores
were extracted from filters by intermittent vortexing for two
minutes in sterile deionized water. Aliquots of filter extracts were
cultivated on tryptic soy agar medium followed by incubation at
30°C or 37 °C, depending on the species, for approx. 24 hours.
Aliquot volumes ranging from 200 uL to 5 mL were used. The
highest volumes were chosen when the colony counts were ex-
pected to be close to the limit of detection due to high microbial
inactivation by combustion products. After incubation, the colony

forming unit (CFU) enumeration was performed for every sample
that was exposed to combustion products as well as to those non-
exposed (control). An average CFU value per sample was de-
termined from at least three replicate counts. Based on the sam-
pling flow rate and sampling time, the airborne concentration of
culturable spores (CFU m~3) was determined for each sample. By
comparing the combustion-exposed and non-exposed (control)
values, Ceyirurapie(COMBUSTION EXPOSED) and Ceyiturapie(CONTROL),
respectively, the survival ratio was quantified:

Ceutturaple (COMBUSTION EXPOSED)
Cculturable (CONTROL) (.1)

With the data log-normally distributed, the geometric mean
(GM) of the survival ratio as well as the geometric standard de-
viation (GSD) were calculated. The survival ratios produced by
different materials were compared using ANOVA test. A p-value of
0.05 or less was considered to identify statistically significant
differences.

To visualize any readily detectable morphological changes in
the coat and outer layers of Btk spores treated with Al combustion
products on Teflon filters, we performed transmission electron
microscopy (TEM). Samples were fixed and prepared for thin-
section TEM essentially as described by Margolis (1993).

3. Results and discussions

3.1. Survival of purified Btk spores exposed to Al combustion pro-
ducts on filters

Fig. 2 presents the survival ratio for purified Btk spores on four
filter media exposed to incoming Al combustion products. It was
surprising to observe survival ratios exceeding unity. Ideally, all
bacteria should survive sampling, corresponding to a survival ratio
of one. Various stresses (e.g., very high temperature and exposure
to certain chemical compounds during sampling) may inactivate



A. Adhikari et al. / Environmental Research 147 (2016) 212-217 215

100

10

Survival ratio

Teflon Polycarbonate MCE Gelatin

Fig. 2. Survival ratio of Btk spores (purified) on four filter media exposed to in-
coming Al combustion products for 1 min (each bar represent a geometric mean of
10 replicate measurements, the error bars represent geometric standard deviation).

viable bacteria, thus reducing the survival ratio below one. The
values above one suggest that the culturable count increased as a
result of exposure to products released during combustion of Al
powder, i.e., not only these products did not inactivate the spores
but instead increased the numbers of colony forming units. This
“reverse” effect was most prominently observed on Teflon filters
(with the post-exposure culturable count increased by an order of
magnitude). A less pronounced, but significant “reverse effect” was
also observed when using polycarbonate and MCE filter materials;
however, no increase (or decrease) of culturability of Btk spores
was found on a gel medium (gelatin filters) (Fig. 2). Since the most
robust “reverse effect” was observed for Teflon filters, we con-
ducted follow-up testing using this filter medium.

3.2. Survival of Btk spores (purified and non-purified) and BG spores
exposed to combustion products of Al, Mg, and B-Ti on Teflon filters

Testing with non-purified Btk spores on Teflon filters exposed
to Al combustion products produced results similar to the testing
with purified Btk: an increase in culturability by an order of
magnitude. The similarity between the two cases suggests that
protein crystals do not significantly affect the interaction between
Al combustion products and Btk spores on a Teflon filter.

In contrast to Btk, no “reverse’ effect was observed for BG
spores; furthermore, some inactivation occurred due to treatment,
which resulted in survival of approximately 30% (geometric mean)
of spores on the filter, see Fig. 3.

No major change in the spore culturability was observed with
any of the three microbial challenges (purified and non-purified
Btk as well as BG spores) when Teflon filters were exposed to the
product of combustion of two other materials, Mg, and B-Ti
(Fig. 3). Thus, the increase in colony forming units on Teflon filters
was limited to the combination of Btk (either crystal-free or not)
and Al combustion products.

Additional experiments were conducted to determine whether
the samples extracted from filters were contaminated by bacteria
not originally deposited on the filter. For instance, some Btk spores
remaining in the walls of the continuous-flow chamber or inside
the sampling lines could be re-aerosolized in a subsequent test
and be collected on filters, thus increasing the apparent culturable
count. A thorough cleaning with a full disassembling of the system
was performed between tests, and additional negative and

100
o BG
@ Btk (non-purified)
@ Btk (purified)
10
2
<
3
=
=
(7]
1
0.1 :

Al Mg B-Ti

Fig. 3. Survival ratio for Btk spores (with and without crystals) and BG spores on
Teflon filter media when exposed to incoming combustion products of Al, Mg, and
B-Ti for 1 min (each bar represent a geometric mean of at least 10 replicate mea-
surements, the error bars represent geometric standard deviation).

positive controls were introduced in the protocol to rule out the
effect of contamination. These additional experiments ruled out
the likelihood of contamination at a level that could account for
the observed “reverse effect”.

3.3. Transmission electron microscopy of Btk spores and interpreta-
tion of data

TEM analysis was performed to identify possible morphological
changes in the coat and outer layers of Btk spores resulted from
their exposure to Al combustion products on Teflon filters. Electron
micrographs did not reveal readily detectable differences between
exposed and non- exposed samples (Fig. 4A and B). In particular,
there were no obvious differences in the spore exosporium or coat,
the outermost structures that would likely to be affected by ex-
posure. While this analysis does not exclude the possibility of
subtle effects to the spore due to exposure, we conclude that the
reverse culturability effect is unlikely to be the result of a major
alteration in spore ultrastructure before extraction of spores from
the filters.

An alternative would be to attribute the enhancement of cul-
turability of Btk spores to their enhanced germination caused,
perhaps, by the presence of Al combustion powder coatings on the
spores. Since no enhancement was found for BG spores, the effect
is believed to be specific to Btk. The enhancement was more evi-
dent when collecting spores on a dry filter because in this case the
combustion products are likely directly attached to the spore; in
contrast, on gelatin filters, the products may have a limited ability
to reach to spores embedded more deeply in the gel. The possi-
bility of significant germination of Btk spores assumes that there
were a lot of dormant spores in our sample at the start of the
experiment. To address this, we analyzed Btk spores using phase
contrast microscopy, by which germinated spores that have a dark
appearance can be distinguished from dormant (ungerminated)
spores that appear bright (Cutting and Vander Horn, 1990). Prior to
treatment, all the spores in the sample were bright (or “phase-
bright”), indicating that our sample was indeed comprised of
dormant, ungerminated spores. For comparison purposes, it would
have been meaningful to utilize the phase contrast microscopy for
examining also the combustion-treated samples; however, the
exposed filter extracts (which developed numerous colonies on
agar plates) were not analyzable because of the presence of soot
particles. Overall, it was concluded that germination of dormant
Btk spores triggered by exposure to Al combustion products could,
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Fig. 4. Transmission electron micrographs of Btk spores (purified) collected on Teflon filter: (A) unexposed to combustion products (control sample) and (B) exposed to

incoming Al combustion products.

at least partially, explain the culturability enhancement that was
observed on dry filters.

Another possible explanation for the increase in the Btk spore
count on filter samples is clumping. A spore agglomerate could
produce only a single colony when placed on solid agar, even
though it consists of multiple spores. A deagglomerated sample is
expected to produce more colonies. Thus, some deagglomeration
of spores occurring on dry filters or during extraction could affect
the count. To examine this possibility, we initiated the deag-
gregation of spores by briefly sonicating filter extracts prior to
plating. This increased the plate count of Btk colonies as much as
4-fold. While the above effect may help understand increase of the
culturability of Btk on the treated samples, it can only partially
explain the “reverse” effect because even the highest measured (4-
fold) increase in the colony count due to deaggregation is in-
sufficient to account for the entirety of the Al-induced enhance-
ment (e.g., 10-fold for Teflon filters).

One may hypothesize that the products of Al combustion could
improve the efficiency of Btk spore extraction from filters, which
would increase the spore count on the filter samples exposed to Al
We have not found any evidence of the above in the literature.
However, even the extraction was somehow enhanced, it does not
seem plausible that this effect would increase the culturable count
by as much as an order of magnitude.

At this point, we have not developed a fair understanding of the
mechanistic basis for the “reverse” effect, and do not know why it
was observed only for spores exposed to combustion products of
Al, but not Mg and B-Ti. Possibly, the mechanism is specific to the
interaction of Al with the Btk spore surface. Due to a lack pub-
lished studies on this topic, it is challenging to suggest possible
chemical interactions with metals. An even more speculative
possibility is raised by previous reports of aluminum-induced
changes of microbial membrane phospholipid (Jones and Kochian,
1997). We hypothesize therefore that combustion of Al may gen-
erate chemical species that are able to penetrate deep into spore
and reach the inner membrane, altering the lipid and, indirectly,
proteins involved in spore germination. Regardless of the me-
chanism, our data, taken as a whole, demonstrate that interactions
between spores and combustion products are clearly more com-
plex than we presently understand, and require more extensive
analysis and likely additional experiments.

4. Conclusions

Collection of aerosolized spores on filters in presence of che-
micals in the air (e.g., combustion products) may inactivate some

collected viable bacteria, which decreases the culturable count in
the sample, thus causing bias in assessing the air bio-contamina-
tion. In this study, we discovered a “reverse” effect: exposure of
Btk spores to products of combustion of an Al powder on collec-
tion filter media such as Teflon, MCE, and polycarbonate was found
to increase the spore culturability (up to about 10-fold as was
determined for Teflon filters). No similar increase was observed for
gelatin filters. No enhancement of culturability was found for BG
spores. Neither species produced the effect after exposure to
combustion products of Mg and B-Ti. Altogether, the “reverse”
effect observed in our experiments was limited to a combination
of Btk (purified and non-purified) and Al combustion products.
The data suggest that, in light of this effect, gelatin filters may be
considered as a better alternative to Teflon and other tested filters
when collecting viable Btk spores from combustion air environ-
ments. This finding is important as Btk is utilized in many research
efforts as a well-established simulant of B. anthracis. Since no
“reverse” effect was documented for another B. anthracis simulant,
BG spores, the data suggest no similar limitations concerning the
filter material for collecting BG from post-explosion/combustion
air environments.
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