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ABSTRACT: A fully automated anthrax smoke detector
(ASD) has been developed and tested. The ASD is intended
to serve as a cost effective front-end monitor for anthrax
surveillance systems. The principle of operation is based on
measuring airborne endospore concentrations, where a
sharp concentration increase signals an anthrax attack.
The ASD features an air sampler, a thermal lysis unit, a
syringe pump, a time-gated spectrometer, and endospore
detection chemistry comprised of dipicolinic acid (DPA)-
triggered terbium ion (Tb3!) luminescence. Anthrax attacks
were simulated using aerosolized Bacillus atrophaeus spores
in fumed silica, and corresponding Tb-DPA intensities were
monitored as a function of time and correlated to the
number of airborne endospores collected. A concentration
dependence of 102–106 spores/mg of fumed silica yielded a
dynamic range of 4 orders of magnitude and a limit of
detection of 16 spores/L when 250 L of air were sampled.
Simulated attacks were detected in less than 15 min.
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Introduction

While the 2001 anthrax attack led to 22 cases of life-
threatening infections, including 5 deaths (Jernigan et al.,
2002), it also taught us that even massive exposures to
Bacillus anthracis spores can be effectively treated with a
simple antibiotic regimen (Tahernia, 1967). However, for
treatment to be effective it must be initiated soon after
exposure. Anthrax progresses over 1–6 days with initial
flu-like symptoms and leads to high mortality rates within

36 h after the onset of respiratory distress (Meselson et al.,
1994; Weyant et al., 2001). In the case of an attack, rapid
‘‘detect-to-treat’’ technologies are critical for identifying
exposed victims for prompt treatment. Considering the
health and economic impacts of an anthrax attack, the
need for a rapid, cost effective, and automated anthrax
surveillance system remains high but unfulfilled. This need is
further amplified by the possibility of a scaled up attack,
where for example, it has been estimated that a 100 kg release
of B. anthracis spores in Washington, D.C. would result in
up to 3 million deaths (Office of Technology Assessment
UC, 1993).

In general, an anthrax surveillance system requires a
method of bioaerosol sampling (Baron and Willeke, 2001;
Cox and Wathes, 1995; Griffiths and Decosemo, 1994;
Griffiths et al., 1997) coupled with an analysis method with
high specificity and sensitivity for detecting B. anthracis
spores. Rapid analysis methods based on nucleic acid or
antigen detection are under intense investigation for this
application, and have been reviewed in detail (Katie et al.,
2006; Levine et al., 2005). In one of the most promising
examples, the U.S. Postal Service has employed an anthrax
surveillance system, named the Biohazard Detection System,
which is based on real-time PCR with fully automated
microfluidic sample handling developed by Cepheid
(Ulrich et al., 2006). However, the cost of continuous
operation due to reagent consumption and maintenance is
exceedingly high given the number of postal facilities in
need of monitoring (Knight, 2002). In an effort to reduce
the operation costs of an anthrax surveillance system by
approximately two orders of magnitude, we have developed
and tested an automated anthrax smoke detector (ASD) that
measures airborne bacterial spores using an air sampler
coupled to a simple, robust, and inexpensive chemical test.

This article contains Supplementary Material available at
http://www.interscience.wiley.com/jpages/0006-3592/suppmat.
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The ASD is intended to serve as a front-end monitor for
species-specific anthrax surveillance systems, where in
the case of a bacterial spore event, the ASD triggers the
expensive-to-operate validation technology to confirm the
result.

The ASD employs a rapid chemical test for the detection
of bacterial spores based on dipicolinic acid (DPA)-
triggered terbium ion (Tb3!) luminescence (Hindle and
Hall, 1999; Pellegrino et al., 2002; Rosen, 1999, 2006; Sacks,
1990), which is closely related to a colorimetric assay first
developed in 1958 (Janssen et al., 1958). DPA is present in
high concentrations (up to 1 molar,"15% of dry weight) in
the core of bacterial spores (Gould and Hurst, 1969). For all
known life forms, DPA is unique to bacterial spores and can
thus be used as an indicator molecule for the presence of
bacterial spores (Slepecky and Foster, 1959). Thermal lysis
(i.e., rupture) of spores via dry heat or autoclaving efficiently
releases DPA into the surrounding matrix (Janssen et al.,
1958; Rotman and Fields, 1969), which enables DPA to bind
to terbium ions with high affinity. Under UV excitation, the
Tb-DPA complex formation triggers intense green lumines-
cence (Hindle and Hall, 1999; Lester and Ponce, 2002;
Pellegrino et al., 2002; Rosen, 1999; Sacks, 1990) (Fig. 1),
signaling the presence of bacterial spores. Luminescence
intensities can then be correlated to bacterial spore
concentrations (Shafaat and Ponce, 2006).

The ASD implementation of the terbium luminescence
assay in conjunction with an aerosol capture device, thermal
induced bacterial spore lysis, and a miniature time-gated
spectrometer enables inexpensive and fully automated
measurement of airborne bacterial spores every 15 min.
While in operation, the ASD samples 16.7 L of air per
minute and collects micron-sized particles, including
airborne bacterial spores if present, onto a meshed quartz
fiber tape. After collection, the sample is processed with the
thermal lysis unit at "2508C to release DPA from any
captured spores. Addition of the TbCl3 reagent solution via
syringe pump forms the luminescent Tb-DPA complex.

Finally, the Tb-DPA luminescence intensity is measured
under pulsed UV excitation using the time-gated spectro-
meter. A sharp increase in airborne bacterial spore
concentration is a strong signature of an anthrax attack,
because (1) bacterial spores, rather than the vegetative cells
are capable of surviving in the atmosphere (Nicholson et al.,
2000) and are thus excellent vehicles for B. anthracis
dispersal, and (2) natural background concentrations are
very low, varying between 0.01 and 1 spore/L (Pastuszka
et al., 2000).

Here we report the first fully automated application
of the ASD (Lester and Ponce, 2002; Lester et al., 2004)
for monitoring aerosolized bacterial spore concentra-
tions during a simulated anthrax attack with surrogate
B. atrophaeus spore powders.

Materials and Methods

Chemicals

Pyridine-2,6-dicarboxylic acid (99%), terbium (III) chloride
hexahydrate, 99.999%, fluorescein and fumed silica were
purchased from Aldrich (St. Louis, MO) and were used as
received. 1 M sodium acetate buffer was prepared and
an equal concentration of acetic acid was added until pH
5.8 was obtained. Tb-DPA solutions were prepared in
3.5-mL disposable methacrylate cuvettes (Perfector Scien-
tific, Atascadero, CA) for fluorimetric measurement. All
solutions were prepared in 18.2 MV-cm deionized water
(Water Pro Plus, Labconco, Kansas City, MO), 0.2-mm filter
sterilized and used within 1 week.

Biological Samples

An endospore suspension of B. atrophaeus ATCC 9372 was
purchased from Raven Biological Laboratory, Inc. (Omaha,

Figure 1. a: Electron micrograph of an endospore of Geobacillus stearothermophilus. A large depot of DPA is deposited at the spore core, comprising "15% of dry weight.
Scale bar, 0.3mm. Courtesy of Stuart Pankratz. b: General spore detection mechanism based on DPA-triggered Tb-luminescence. DPA binds to Tb ions with a high binding constant.
DPA has a high molar extinction coefficient and efficiently transfers energy to Tb ion, triggering an intense green luminescence with an enhancement of more than 20,000 times. c:
Demonstration of DPA-triggered Tb-luminescence in quartz cuvettes bottom illuminated by a mercury UV lamp.
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Nebraska). Stock suspension used in this study contained
3.1# 1010$ 4.5# 109 spores/mL counted with a hemocyt-
ometer (Hausser Scientific, Horsham, PA) under phase
contrast microscopy, as well as 1.4# 1010$ 8.9# 108 CFU/
mL counted by tryptic soy agar spread plating. Spores,
maintained in 40% ethanol at 48C before use, were purified
from vegetative cells fragments and free DPA in the
suspension by centrifuging at 13,200 rpm for 10 min,
washing and resuspending in deionized water twice. Pure
spore suspension was sterilized in an autoclave (Tuttnauer
2540E, Brinkmann Instruments, Inc., Westbury, NY) at
1248C for 15 min to release DPA. The suspension was
cooled and acidified with 1 N hydrochloric acid to reach pH
1.0. Cell debris was removed via filtering through a 0.2-mm
filter. The filtrate was subsequently neutralized with 1 N
sodium hydroxide and represented the autoclaved spore
sample.

Anthrax Smoke Detector

The ASD is operated in full automation with a software
interface implemented in LabVIEWTM 7. Figure 2 shows a
schematic of the ASD system, which consists of five
components:

Spooling Mechanism (Metone, Grants Pass, OR)

A roll of quartz tape (Whatman, Florham Park, NJ) installed
on the spool was advanced through five sample collection
and processing stages in series. In the first position, air
samples were collected onto a spot on the filter tape.
The tape was then advanced to the second position for
thermal lysis of the collected spores. In the third position, a
drop of TbCl3 solution was added. Finally, in the fourth
position, spore concentration was quantified using Tb-DPA
luminescence assay with the time-gated spectrometer. When
this sequence of monitoring is completed, used tape would
be wound up in another roll to serve as a physical history of

the sampling record that can be retrieved at a later point in
time.

Air Sampler (Metone, Grants Pass, OR)

The impaction air sampler applied suction to draw air
through the tape at a rate of 16.7 L/min. Duration of air
sampling is adjustable to suit different purposes. Aerosol was
collected onto a circular spot ("7 mm) on the tape.

Thermal Spore Lysis Unit

A soldering iron with a 1-cm diameter cylindrical tip was
motor-driven to press against the filter tape. The iron
contact time with the sample on the tape was 10 s at
250%C (operated at 30 W).

Reagent (TbCl3) Addition Pump

A syringe pump (PSD/4, Hamilton, Reno, NV) supplied
20 ml of TbCl3 through a delivery nozzle onto the sample
spot.

Time-Gated Spectrometer

Samples impregnated on the tape were analyzed by the
spectrometer, with details as follows:

Spectrometry. The spectrometer consists of a 24W pulsed
xenon flashlamp (FWHM "5 ms and tailing out to "50 ms),
a photomultiplier tube (Hamamatsu R6353P, Bridgewater,
NJ), 2 concave aluminum mirrors and 2 bandpass filters
(Fig. 2c). Pulsed excitation light at 10 Hz was focused on
samples with a concave aluminum turningmirror and band-
limited by an interference filter (50% pass bandwidth 255–
280 nm, 23% maximum transmittance). Luminescence
from the sample traversed through a bandpass filter (50%
pass bandwidth 538–553 nm, 70% maximum transmit-
tance) and another concave aluminum mirror to enter the
PMT. The filter set was chosen to overlap with the excitation

Figure 2. Anthrax smoke detector (ASD) (a) ASD enclosed in an 1800 cubic stainless steel case. Driven by a vacuum pump, the particulate matter 10 (PM10) inlet head collects
airborne particles with aerodynamic diameters<10 mm onto a quartz fiber tape. b: Close-up view of the ASD highlighting the spooling mechanism for automatic tape advancement,
thermal lysis unit, reagent addition nozzle, and time-gated spectrometer. c: Optics of the time-gated spectrometer consisting of a xenon flashlamp (lower left corner), two aluminum
concave mirrors, excitation and emission filters, and a PMT (upper right corner, on the spectrometer case lid).

866 Biotechnology and Bioengineering, Vol. 98, No. 4, November 1, 2007

DOI 10.1002/bit



and emission spectra of Tb-DPA (Fig. 3). Time gating
was achieved by a delayed detection of the sample
luminescence after each flash, according to a chosen delay
time. Throughout all measurements in this study, the PMT
was operated at 950 V, photocathode aperture was set to be
15 mm# 10 mm, delay and integration time was 100 ms and
2 ms, respectively. The entire assembly was shielded from
ambient light using a black anodized aluminum enclosure.
The spectrometer was custom constructed by Jobin Yvon,
Edison, NJ.

Cuvettes and tape matrix were measured at a distance of
15 mm from the spectrometer. Each cuvette had a final
concentration of 10 mM TbCl3 with DPA (125 nM to
30.5 pM) or autoclaved spores (4.4# 105 to 1.0# 102

spores/mL) in 1 M sodium acetate buffer at pH 5.8. 20 mL
of the aqueous sample was pipetted onto quartz tape,
forming a 7-mm spot, for luminescence measurement.
Spectrometer reading was taken while the spot remained
translucent (i.e., before the solvent evaporated).

Simulated Anthrax Attack. 2.0# 106 B. atrophaeus spores,
as counted using a hemocytometer, were suspended in 100%
methanol and then inoculated to 20 mg of fumed silica. The
slurry was allowed to dry overnight under room temperature
with constant shaking. The flocculent powder thus formed
was used for spore aerosolization experiment. Aerosoliza-
tion of bioaerosol was simulated by holding a spatula with
20 mg spore-spiked fumed silica near the air sampler intake

while the pump was on. The air sampler was operated for
1 min to collect silica onto the quartz filter. Spectrometer
reading was taken following thermal lysis and TbCl3
addition. Samples were run in ascending order of con-
centration to minimize contamination.

Results

The ASD consists of (1) an air sampler using an air filtration
tape made of quartz fiber mesh, (2) a thermal lysis unit that
presses a hot element onto the tape to release DPA from
captured spores, (3) TbCl3 reagent addition pump, and (4) a
time-gated spectrometer for measuring Tb-DPA lumines-
cence intensity. In an effort to characterize ASD per-
formance, the time-gating functionality of the spectrometer
was evaluated against a challenging highly-fluorescent
background (Fig. 4). Then a series of concentration
dependence experiments with pure DPA solutions and
autoclaved spore suspensions were performed to determine
limits of detection under ideal conditions (Fig. 5). Next we
integrated the spectrometer into the ASD system, and
measured a calibration curve using known concentrations of
B. atrophaeus spores doped into fumed silica (i.e., anthrax
powder surrogate) that were manually added to the quartz
fiber air filtration tape to determine dynamic range and
limits of detection under operating conditions (Fig. 6a).
Finally, the ASD was activated in automatic mode to
monitor airborne spore concentrations. At time zero,

Figure 3. Spectral bandpass of emission and excitation filters compared to
excitation and emission spectra of terbium dipicolinate. The excitation spectrum of
terbium dipicolinate (lem& 544 nm, 100 mM TbCl3! 10 mMDPA in 1 M sodium acetate
buffer at pH 5.8), and corresponding emission spectrum (lem& 278 nm) are shown
in thin dashed and solid lines, respectively. The transmittance spectra of the
excitation and emission interference filters are shown in thick dashed and solid
lines, respectively.

Figure 4. DPA concentration dependence of 250 mM fluorescein and 10 mM
TbCl3 with (solid line) and without (dashed line) time gating (lex& 280$ 5 nm,
lem& 530–550 nm).
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simulated anthrax powders, consisting of B. atrophaeus in
fumed silica, were aerosolized and detected with the ASD
(Fig. 6b).

Spectrometer Time-Gated Performance

Short excitation pulses followed by delayed luminescence
detection effectively rejects short-lived background fluor-

escence, which enables the ASD to successfully operate in
realistic environments laden with varying concentrations
of fluorescent interferents. In an effort to test the time-
gated performance of the spectrometer (delay& 100 ms,
integration& 2,000 ms), the average (n& 5) emission
intensities of solutions containing both 250 mM fluorescein
(tem& 4 ns, lex& 485 nm, lem& 530 nm) and 10 mM TbCl3
(tem& 0.6–2.0 ms, lex& 278 nm, lem& 543 nm) were

Figure 5. Time-gated detection (100 ms delay) of (a) DPA and (b) spores in 10 mM TbCl3 buffered in 1 M sodium acetate at pH 5.8 (n& 5). a: Log-log plot of intensity with DPA
concentration. The line represents a power fit, equivalent to a linear fit on a linear scale plot, of the standard curve (R2& 0.998). b: Log-log plot of intensity with spore population. The
line represents a power fit, equivalent to a linear fit on a linear scale plot, of the standard curve (R2& 0.998).

Figure 6. Simulated anthrax attack (n& 5). a: Standard curve of surrogate B. atrophaeus spores aerosolized in fumed silica measured with the ASD. b: An anthrax attack was
simulated at time 0 using fumed silica spiked with B. atrophaeus spores. Real-time intensity spike indicates a large increase in airborne spores, corresponding to a total of 1.3# 106

spores being collected.
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analyzed as a function of DPA concentration& 10 nM to 100
mM in gated and ungated modes (Fig. 4). In the ungated
mode, the fluorescein emission intensity masks the Tb-DPA
emission, while in the gated mode the Tb-DPA emission
follows Beer’s law over four orders of DPA concentration,
thus clearly demonstrating the near complete discrimination
of fluorescein emission from that of Tb-DPA.

Quantification of DPA and Spores in Water

Performance of the time-gated spectrometer in response to
pure DPA (Aldrich) and spores as a function of concentra-
tion in 10 mM TbCl3 aqueous solution was assessed.
Luminescence intensities were measured with a delay of 100
ms. The DPA standard curve was best fit to a linear power fit
(R2& 0.998) over three orders of magnitude (Fig. 5a). Limit
of detection (LOD) was calculated as 0.4 nM DPA, based on
a 3-s value corresponding to a confidence level of 90%
(Gilfrich and Birks, 1984). The limit of quantitation (LOQ)
was calculated as 1.2 nM DPA, based upon 10 times the
noise level of the background. The endospore standard curve
was also best fit to a linear power fit (R2& 0.998) over three
orders of magnitude yielding LOD and LOQ as 1.0# 103

and 2.8# 103 spores/mL, respectively (Fig. 5b).
For autoclaved spore suspensions in water, the concen-

tration of DPA present in solution was proportional to spore
concentration. The luminescence intensity of autoclaved
spore samples was compared to the DPA standard
curve (Fig. 5a), from which we obtained a spore-DPA ratio
of 0.343 fmol DPA per B. atrophaeus spore. This is close to
the 0.365 fmol DPA per B. subtilis spore concentration
previously reported (Hindle and Hall, 1999). B. atrophaeus
was formerly known as B. subtilis var. niger or B. globigii
(Fritze and Pukall, 2001). Performance of the spectrometer
with pure DPA solutions and autoclaved spore suspensions
was comparable to that of a conventional bench-top
fluorimeter (supplementary materials).

ASD Response to Simulated Anthrax Attack

Figure 6a shows the spectrometer standard curve for spore-
spiked fumed silica manually added to the ASD quartz filter
tape. After thermal lysis and reagent addition, luminescence
intensities were linearly correlated to the inoculated spore
population in fumed silica (R2& 0.999). Based on this
standard curve, the LOD and LOQ was calculated as
4.0# 103 and 1.1# 104 total spore population collected,
respectively. Given that air was sampled at a rate of 16.7 L/
min for 15 min, the theoretical LOD and LOQ of the
instrument were approximately 16 spores/L and 44 spores/L
of air, respectively. Longer sampling times would yield
correspondingly improved LOD and LOQ. Figure 6b shows
the time course of an automated operation of the ASD.
A simulated anthrax attack consisting of 2.0# 106

B. atrophaeus spores in 20 mg fumed silica was initiated
at time t& 0. A real-time Tb-DPA luminescence intensity

spike was noticed, corresponding to 1.3# 106 total spores
collected as determined by comparison to the standard curve
(Fig. 6a).

Discussion

The ASD is an integrated and automated air sampling,
sample processing, and detection system for airborne
bacterial spores, and is intended as an inexpensive front-
end monitor for anthrax surveillance systems. The principle
of operation is based on the fact that, in an attack,
B. anthracis is dispersed in bacterial spore form, since
vegetative cells cannot survive the desiccation during
aerosolization. Therefore, a large increase of airborne
bacterial spore concentration is a strong signature of an
anthrax attack. In the case of an ASD measurement of a
bacterial spore event, confirmatory testing by the anthrax
surveillance system (e.g., DNA analysis via real time PCR)
would be triggered to validate the ASD result. The
combination of the ASD as a front-end monitor with an
anthrax surveillance system would drastically cut operating
costs ("100-fold) while maintaining low false positive rates
of species-specific detection methods.

The ASD employs time-gated detection of long-lived
terbium dipicolinate luminescence, which is a sensitive assay
for the detection of trace amounts of endospores in real
world environments, such as office buildings, subway
stations, and post offices. Such environments are filled
with a plethora of fluorescent compounds that can
confound fluorescence-based assays. Time-gated detection,
however, essentially eliminates background fluorescence by
taking advantage of the fact that fluorescent compounds
have lifetimes in the nanosecond regime (Lakowicz, 1983),
whereas terbium complexes have lifetimes in the millisecond
regime (Jones and Vullev, 2002).

The false positive rate for the ASD is expected to be very
low, because false positives due to fluorescent interferents is
essentially eliminated with time-gated detection, and false
positives due to natural bacterial spore concentration
fluctuations (i.e., 0.01–1 bacterial spore per liter of air)
are unlikely because they are below the limit of detection.
Nonetheless, false positives due to concentrated non-
B. anthracis spore samples remain possible (e.g., hoax using
other species, or B. thuringiensis spores used in agriculture),
but again these events would be rapidly identified during
confirmatory testing by a given anthrax surveillance system.

False negatives due to masking of B. anthracis spores by
confounding agents are expected to be lower for bacterial
spore detection versus species-specific detection, because
DPA is required for spore survival (Church and Halvorson,
1959; Paidhungat et al., 2000) while antigen or DNA targets
can be modified with molecular biology methods to the
extent that detection is compromised but virulence is
maintained. Since approximately 108 molecules of DPA are
present in each bacterial spore, as compared to a few copies
of DNA for example, no expensive sample amplification
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schemes are required which lowers the complexity of the
instrument and corresponding costs.

The detection threshold (i.e., LOD) for DPA in aqueous
solution when using the Tb-DPA luminescence assay can be
limited by instrumentation, such as excitation source (e.g.,
Xe-flash lamp vs. UV LED (Li et al., 2004)) or type of
detector (e.g., PMT vs. CCD), but is ultimately governed by
the binding constant between Tb3! and DPA (Ka& 108.7)
(Cable et al., 2007; Grenthe, 1961). Indeed, below
nanomolar concentration (i.e., "103 spores/mL), the
percentage of DPA molecules bound to Tb3! approaches
nil. Since binding is required to trigger the luminescence
turn-on, detection below those concentrations is not
possible regardless of the excitation source or detection
system. In the supplementary material, we have shown
results on DPA and spore concentration dependence
experiments using a benchtop fluorimeter (Jobin-Yvon
Fluorolog-3). The performance by both instruments is
comparable, albeit the fluorimeter is equipped with a higher
intensity xenon lamp source and double monochromators.
This suggests that a simple xenon flashlamp in conjunction
with a PMT suffices to obtain the limit of detection, which
appears to be constrained by the DPA-Tb binding constant
rather than instrument performance.

The ability to detect 16 spores/L in 15 min with full
automation and inexpensive operation costs qualifies the
ASD as a rapid front-end monitor for anthrax surveillance
systems. We contend that bacterial spore is the ideal
detection target for a front-end anthrax monitor, because
(1) it enables low operating costs, (2) it is going to be the
vehicle for anthrax delivery, and (3) false positives due
to natural fluctuations are expected to be very rare, and
verifiable when coupled with species-specific detection
technology. We envision that the ASD will serve as a front-
end instrument for anthrax surveillance systems, capable
of long-term, cost-effective, unattended monitoring of
airborne bacterial spores.

Conclusion

In conclusion, we have demonstrated quantification of
aerosolized bacterial spores with a response time of 15min, a
detection limit of 16 spores per liter of air when 250 L of air
is sampled, and a dynamic range of four orders of magnitude
using a bioaerosol sampler, thermal spore lysis, and a time-
gated spectrometer, which promises tremendous reduction
in operating costs for anthrax monitoring.

We thank Harry B. Gray, Sal Atzeni, Ray Pini, Metone, Amir
Ettehdieh, Raymond Lam, Steve Monacos for helpful discussions.
The research described in this paper was carried out at the Jet
Propulsion Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space Administration.
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