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Abstract

Improved real-time methods for characterizing airborne biological particles are
needed. Here we review our efforts in developing techniques for measuring the laser-
induced fluorescence (total and spectrally dispersed) of individual airborne particles,
and describe our present system which can measure fluorescence spectra of single
micrometer-sized bioaerosol particles with good signal-to-noise. We demonstrate the
capability of this system by showing measured spectra of a variety of airborne parti-
cles generated in the laboratory from road dust, ammonium sulfate, Bacillus subtilis
and other bacteria prepared under various conditions, allergens, cigarette smoke,
chicken-house dust, etc. These spectra illustrate the capability of the system to
distinguish between some biological and non-biological aerosols, and among several
types of laboratory-generated biological aerosols. We suggest improvements needed
to make our system fieldable.

Keywords: bioaerosols, aerosol detection, fluorescence spectroscopy, instrumen-
tation, single-particle fluorescence, biological aerosols
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1. INTRODUCTION

A. The Bioaerosol Detection Problem

Bioaerosols are ubiquitous in the earth’s tropospheric boundary layer, although they typi-
cally occur in small concentrations.1−3 They have both natural and anthropogenic sources.
Bioaerosols are found in the workplace,4 in residential houses,5 in medical facilities,6,7 in
manufacturing operations in which metalworking fluids are used,8 in animal-hair processing
facilities,9 in dairy facilities,10 or other animal houses,11 in sites of sludge application,12 in
recycling or composting plants,13 in sanitary landfills,14 and in sewage plants.15 Unlike most
common atmospheric aerosols, airborne microorganisms can cause disease, allergies and res-
piratory problems. Bioaerosols are feared as potential biowarfare and terrorist agents.16−19

Improved methods for measuring aerosols, particularly bioaerosols, are needed.
Presently, methods that measure aerosol size distributions in real time provide almost no
information about particle types and are not able to identify specific microorganisms. Ef-
forts to develop fieldable instruments for detection and identification of airborne biological
particles have accelerated during the last several years.20

The ideal instrument for detecting bioaerosols would be compact and portable, have a
fast response, and provide specific identification. Current efforts are concentrating on two
complementary types of apparatus: (1) a bioaerosol detector that could operate continuously
without consumables and give a real-time indication of the presence of bioaerosol particles
in certain broad classes, and (2) an identifier of specific microorganisms, based on biological
recognition molecules, which (it now appears) would be slower, require consumables and a
logistics trail, and would require collection of the particles.21−26 These two types might be
combined into a single instrument, with the bioaerosol detector serving as a warning device
indicating when to turn on the identifier for specific microorganisms.

A bioaerosol detector that provides real-time detection, even without specific identifica-
tion of bacteria or protein toxins in particles, would be useful for studying the prevalence
and dispersion of bioaerosols in the atmospheric boundary layer, in the workplace, and in
medical and agricultural facilities, etc. A potential limitation of instruments which identify
specific microorganisms in a reasonable time (e.g., 30 minutes), is that such instruments
at present require the prior generation of specific recognition molecules for each microbe,
allergen, or toxin of interest. A bioaerosol detector that does not identify might be par-
ticularly useful in cases where new, or unexpected types of bioaerosol occur. The primary
quasi-real-time bioaerosol detection methods that require no reagents and are not capable of
identifying specific microorganisms fall into two categories: (1) those that exploit the intrin-
sic fluorescence (total27−30 or spectrally dispersed31−37) of biological molecules, and (2) those
that perform mass spectrometry of ions created by laser ablation,38 laser desorption,39−42

or pyrolysis43−46 of particles.

B. Intrinsic Fluorescence-Based Bioaerosol Detection

Building a point detector that exploits the intrinsic fluorescence of bioaerosol particles for
their detection and classification is technically challenging for several reasons. First, particles
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of interest may exist as a small concentration in a dominant background. Average fluores-
cence spectra accumulated for a population of aerosol particles may yield little or no infor-
mation about the few particles of interest, i.e., single-particle spectra are required. Second,
fluorescence signals are weak because single particles contain only a few picograms of mate-
rial, and only a small fraction of the mass of biological particles consists of fluorophors.47,48

Third, particles are generally dispersed nonuniformly in the air (their concentration fluc-
tuations follow the Kolmogorov spectrum of atmospheric turbulence), and they must be
detected at random times as they are carried rapidly by a stream of air through an opti-
cal cell. Fourth, an optimal detector should excite particles in the ultraviolet where most
biological particles (and biological molecules) fluoresce efficiently. Ultraviolet laser sources
are costly and have relatively low energy output. Fifth, bioaerosols of interest, including
individual particles in bioaerosols, may be complex mixtures. Fluorescence from various
components of the mixture may limit the usefulness of classification schemes. If fluorescence
emission bands were narrow and the number of possible materials in a single particle were
small, then it may be possible to solve the inverse problem and determine the materials
that contributed to the spectrum. However, the intrinsic fluorescence bands from biological
materials tend to be spectrally wide; the primary fluorophors in the majority of bioaerosols
fall into only a few broad categories49−52 (e.g., the aromatic amino acids, tryptophan, ty-
rosine, and phenylalanine; nicotinamide adenine dinucleotide compounds (NADH); flavins;
and chlorophylls); and the number of possible materials is very large. The differences be-
tween spectra of bacteria appear to depend on preparation methods (growth media, type
and extent of washing of the samples, etc.) more than they depend on intrinsic variations
between well-purified bacteria.37−53

Therefore, we are now realizing that it will not be possible, except with severely restricted
classes of bioaerosols, to identify specific bioaerosols based only on their fluorescence spectra
and their size (as determined from elastic scattering). The extent to which it will be possible
to characterize naturally occurring and anthropogenically produced bioaerosols (e.g., group
them into a few or even a few tens of categories) is yet unknown. Our goal at this stage is
to demonstrate that fluorescence spectra of bioaerosols can be measured in real time, and to
show that the single-particle spectra obtained are sufficiently different to suggest that the
technique may be a powerful diagnostic tool for bioaerosol classification. Improvements in
our technique will be needed for its evolution into a fieldable detector that can be used to
study bioaerosols in various atmospheric environments.

C. Overview

We report here on our recent advances that exploit the intrinsic fluorescence of bioaerosols
as a diagnostic for their rapid detection and classification. We briefly review these advances:
(1) the development of a fluorescence particle counter for measuring the elastic scattering and
undispersed fluorescence (excited with a continuous wave (cw) 488 nm laser) of individual
particles as they are carried by an air stream through an optical cell27; (2) the development
of a method for measuring the fluorescence spectra of ensembles of airborne particles as they
flow through a laser beam31; (3) the use of a conditional sampling strategy32 (with a gate-
able image-intensified CCD (charge coupled device) camera) for measuring single-particle
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fluorescence spectra of individual bioaerosol particles excited with a single cw laser; (4) the
introduction of a conditional laser-firing strategy, wherein particles are excited by a pulsed
UV laser that is triggered to fire (triggered by scattering signals from a cw laser) when parti-
cles traverse the sample volume33,34; and (5) the further refinement of the conditional firing
technique, the use of a more precise crossed-beam triggering system and large-numerical-
aperture reflective optics, which results in a superior capability for rapidly measuring high-
quality, UV-excited fluorescence spectra of single micrometer-sized bioaerosol particles as
they are carried by a stream of air through an interrogation region.35,36

We demonstrate with our latest technique that (1) fluorescence spectra of single parti-
cles (which are agglomerates of bacteria) as small as 1.8 µm in diameter can be measured
with repeatability; (2) fluorescence spectra of a trace concentration of potentially interesting
bioaerosol particles entrained within a dominant concentration of other biological particles
can be measured; (3) fluorescence spectra can be used to differentiate biological particles
(e.g., Bacillus subtilis) from some common atmospheric aerosol particles (ammonium sul-
fate, soil-derived particles, black carbon, ammonium nitrate); (4) bacteria (e.g., B. subtilis)
and some common biological particles can be distinguished from their fluorescence spectra;
(5) the same bacteria grown under different conditions can be differentiated based on their
fluorescence spectra; (6) fluorescence spectra of washed and unwashed bacterial samples are
different; (7) even though the spectra of two samples (fungal spores and B. subtilis) are
similar when excited at one UV wavelength (266 nm) they can be different when excited at
another wavelength (351 nm); (8) conversely, two samples that have similar 351-nm-excited
spectra can have different 266-nm-excited spectra, demonstrating that multi-wavelength ex-
citation of fluorescence can be a more powerful diagnostic for classifying biological particles
compared to single-wavelength excitation; and (9) the 266-nm-excited fluorescence spectra
of B. subtilis and tobacco smoke are similar (but with subtle differences), suggesting that
particle size in combination with spectral measurements may be particularly useful for dis-
tinguishing between smoke and bacterial particles (tobacco smoke particles tend to have
submicrometer sizes).

Our latest technique represents the culmination of our efforts over the last several years to
exploit laser-induced fluorescence to detect and classify bioaerosol particles. The technique
has not yet been engineered onto a platform suitable for field applications. However, the
availability of diode-pumped solid state lasers (which we have used here to demonstrate
the technique), advances in UV semiconductor lasers, and advances in multi-anode PMT
detectors should make a fieldable system practical.

2. DEVELOPMENT OF FLUORESCENCE PARTICLE COUNTER AND SPEC-
TROMETER

A. Fluorescence Particle Counter (FPC)

In our first attempt27 to measure the fluorescence of single bioaerosol particles we constructed
an optical cell to measure the elastic scattering and fluorescence of single particles as they
were carried by an air stream through the cell (we modified a cell used in a light scattering
aerosol counter available commercially from Particle Measuring Systems, Inc., Boulder, CO).
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Particles were illuminated with a cw argon-ion laser, either 0.7 kW/cm2 extracavity or 50
kW/cm2 intracavity at 488-nm wavelength. Although fluorescence in flavins is excited at
this wavelength, fluorescence of amino acids and NADH are not. To increase sensitivity, we
collected the elastic scattering and fluorescence with a parabolic reflector subtending a rather
large (≈ 2π sr) solid angle. Photomultiplier tube detectors were used to convert the elastic
scattering and total (undispersed) fluorescence into electrical signals, which were pulse-height
analyzed. Elastic scattering signals were related to particle size using Mie scattering theory.
We displayed our results in the form of particle size versus fluorescence histograms, as in
Fig. 1 (from Ref.27). Kaolin (Fig. 1a) is a common constituent of soil-derived aerosol in
arid regions of the earth. B. subtilis (Fig. 1b) is a simulant for B. anthracis. The B. subtilis
particles exhibit far more fluorescence and clearly can be distinguished from kaolin.

B. Aerosol Fluorescence Spectrum Analyzer (AFSA)

The initial goal of this advance was to upgrade the capability of the FPC to measure single-
particle fluorescence spectra.31 The image of the particle as it traverses the argon-ion laser
beam is imaged onto the spectrograph slit. However, the parabolic reflector in the FPC
placed stringent requirements on particle trajectories within the cell, and our attempt to
use this reflector was abandoned. We settled for an f/4 lens system, that had a significantly
smaller collection solid angle (about 0.008 times the 2π sr of the parabolic mirror), with
the attendant loss of sensitivity, to collect and focus the light. Because of this small solid
angle, and because the linear CCD detector array could not be gated on for less than a
few milliseconds, we were not able to record single-particle spectra. However, we did obtain
spectra integrated over ensembles of many particles excited at 488 nm31 and at 363 nm.34

The spectra obtained were different for the various biological samples and suggested that
spectra may be a useful diagnostic tool for classification. It was clear that this technique
would be particularly useful if single-particle spectra could be measured, so that a minority
species could be detected, and not be masked by a larger emission coming from the main
population of more abundant aerosol particles. Although the 488-nm light does not excite
fluorescence of proteins or NADH (a disadvantage for looking at bioaerosols), it also does not
excite fluorescence of a variety of non-biological materials (e.g., napthalene, benzopyrene,
various minerals), which are excited at the wavelengths required for excitation of amino
acids and NADH. Therefore, there are fewer potential interferents with 488-nm excitation.

C. Conditional Sampling Aerosol Fluorescence Spectrum Analyzer

To upgrade the capability of the AFSA to measure single-particle fluorescence spectra, we
developed a conditional sampling strategy32 in which an intensified and gateable image-
intensified CCD (ICCD) camera is used to record spectra only when a particle of interest
traverses the laser beam. Again, the image of the particle trajectory as it traverses the
argon-ion laser is imaged along the spectrograph slit. One end of an optical fiber is placed
immediately behind a slit aperture at the top of the laser beam at a point where the trajec-
tory of the particle is imaged when it first moves into the laser beam. This fiber is connected
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to PMT detectors that sense both elastic and fluorescence light scattered by the particle.
Signals from these two PMT detectors trigger an ICCD camera, placed at the exit port of
the spectrograph, for measuring fluorescence spectra. The image intensifier immediately in
front of the CCD detector is triggered only when a particle’s trajectory is imaged onto the
slit aperture, and is gated to be on only during the time required for the particle to traverse
the beam. This arrangement permits the measurement of fluorescence spectra of preselected
single particles; i.e., particles that exceed a certain size or have fluorescence exceeding a
certain threshold voltage on the two PMTs. Other particles are ignored. The system was
shown to be able to record the fluorescence spectra of a few interesting particles mixed in a
cloud of background aerosol.

D. Conditional Firing AFSA with UV Excitation

A limitation of the previous work is that the argon-ion laser used (with output at 363 nm
and longer wavelengths) is unable to excite the fluorescence of the aromatic amino acids, and
at the stronger lines (e.g., 488 nm) is unable to excite fluorescence of NADH and related
compounds, some of the primary fluorophors in biological materials. In order to excite
fluorescence of amino acids found in bioaerosol particles, UV excitation at wavelengths
below about 300 nm is required (these wavelengths also excite NADH compounds which can
absorb at wavelength as large as about 380 nm). CW UV energy below 300 nm is available
from argon-ion lasers, but the efficiency and output energy is low enough that these lasers are
not ideal for obtaining spectra of rapidly moving particles (slowing the particles below a few
m/s would allow better spectra to be obtained, but at the cost of a decrease in sample rate).
Thus we decided to exploit the availability of pulsed, triggerable, UV lasers to improve the
capability of our detector. In this advance33 particles being sampled first traverse a visible
cw laser beam where their undispersed fluorescence and elastic scattering are measured with
photomultipliers. When the photomultiplier output levels meet preset logic conditions, a UV
probe laser (at 266 nm) is triggered to fire and illuminate the targeted particle that had just
traversed the visible cw beam. The resulting UV-excited fluorescence spectra is measured
with an ICCD camera (placed at the exit port of a spectrograph) which is triggered to be
on when the pulsed laser fires. This system can measure the fluorescence spectra of single
µm-sized biological particles. However, the SNR is only moderate34 because the solid angle
subtended by the collection optics is relatively small54 (because of the relatively poor spatial
quality of the UV laser,55 and the chromatic aberration in the UV collection optics).

E. Conditional Firing AFSA with UV Excitation, Cross-Beam Triggering, and Reflec-
tive Optics

In order to increase the SNR of single-particle fluorescence spectra, we made three key
improvements in our detection system: (1) To more efficiently excite fluorescence in mi-
croparticles, we use a more tightly focused pulsed UV probe laser with superior spatial
beam quality and a longer pulse length, and which is easily triggerable on demand. The
higher quality spatial profile allows for higher intensity at the focal point and more unifor-
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mity in measured spectra of particles traversing different parts of the beam, and the longer
pulse length provides for multiple excitation of fluorescent molecules during a single pulse
(the lifetime of tryptophan is ≈ 3 ns, and the newer pulse lengths are ≈ 27 ns and ≈ 120
ns). (2) To increase our fluorescence signal, we employ a large numerical aperture reflecting
objective that can collect fluorescence from the emitting particle over a significantly larger
solid angle, and still focus it onto the slit of a spectrograph without chromatic aberration.
(3) In order to define a small sample volume through which particles must move in order
to be sampled (required because the tightly focused probe laser must overlap with the focal
region of the large numerical aperture collection objective), we require the particles to pass
through two crossed cw-diode laser beams that are focused immediately upstream from the
UV probe laser.

Figure 2 illustrates schematically our experimental setup, which is not yet in a fieldable
configuration. Particles entrained within a stream of air emanating from an ink jet aerosol
generator56 (used here for generation of test aerosol) are directed downward toward the
sample volume. As noted previously, we met the requirement for a precisely defined sample
volume by using two nearly orthogonal diode-laser beams having different wavelengths (635-
and 670-nm) which precisely define a ≈20-µm-diameter focal volume centered in the focal
region of the UV laser beam, and in the focal plane of the reflecting objective. Particles
must pass through the intersection of both of these focused-trigger beams before a logic pulse
triggers the UV laser to fire and the intensifier of the ICCD to turn on. Thus, particles not
flowing through this region, which are not illuminated by the central portion of the UV laser
beam and not in the focal region of the Schwarzschild objective, are ignored.

Details of this sampling strategy are as follows. Figure 2 shows that as an aerosol particle
flows through the focal volume of the crossed beams. The near-forward elastic scattering
is measured with two photomultipliers (PMT 1 and PMT 2, with narrow-band interference
filters at 670 nm for diode-trigger laser 1 and 635 nm for diode-trigger laser 2). The two
PMT signals are fed into two single-channel analyzers (SCA 1 and SCA 2) set to operate
as discriminators in a window mode. The PMT pulses must exceed the preset lower voltage
level (set in the threshold mode) before the SCA provides an output pulse. The two SCA
outputs are fed into a logical AND gate, which produces an output pulse only when the
SCAs send out signals that overlap in time. The AND gate output then sends a trigger
pulse to the Q-switched laser57 and to the controller of the ICCD.58

The system can also be operated in a “conditional firing” mode in which fluorescence
spectra are measured only for particles falling within a preset size interval. In this mode,
another restriction is placed on particles before the UV probe laser is triggered to fire and
the ICCD intensifier is gated on. In addition to requiring that particles pass through both
diode laser beams, we require that they have sizes within a certain interval. We accomplish
this by requiring that the intensities of the diode-laser light scattered by the particle fall
within preset intervals, i.e., the SCAs are set in the window mode.
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3. SAMPLES AND AEROSOL GENERATION

A. Biological Samples

Several of the samples were used as purchased: meadow oat pollen allergens (Greer Labora-
tory), paper mulberry pollen (Duke Scientific), B.subtilis [vegetative cells, American Tissue
Culture Collection (ATCC) 6633, Sigma Chem.], B. subtilis var. niger spores (Dugway Prov-
ing Grounds, UT), Erwinia herbicola (ATCC 33243), fungal spores (Aspergillus versicolor,
ATCC 9577). B. subtilis var. niger (vegetative cells) and E. herbicola were also grown by
streaking onto tryptic soy agar plates.

Chicken house samples were collected from a poultry house using a one-stage cyclone.
The cyclone was operated to have a 50% cutoff of 0.8- to 1.2-µm aerodynamic diameter.
The dust was removed from the collection surface and stored in a refrigerator prior to re-
aerosolization.

B. Other Samples

Arizona road dust samples were obtained from Powder Technology Corporation, Burnsville,
MN; ammonium sulfate and ammonium nitrate samples were from Sigma Chemical; carbon
black was obtained from Cabot Corporation.

C. Aerosol Generation

An Ink Jet Aerosol Generator56 (IJAG), (see right inset in Fig. 2) was used to generate
test aerosols. The IJAG produces dry aerosol particles that are somewhat monodispersed
(typical standard deviation in size distribution is ≈15 %). The material to be aerosolized
in the IJAG is suspended in distilled, deionized, and filtered water and then inserted into
an ink jet cartridge (HP 51612A, purchased empty) having 12 nozzles. Each cartridge
nozzle is activated through its resistive heater to generate a droplet approximately 50 µm in
diameter, plus one or two smaller satellite droplets. Droplets are generated sequentially in
the 12 nozzles at a frequency we selected to be between 1 Hz and 2 kHz, or singly on demand.
These droplets are ejected downward, carried by a filtered stream of air, and pass through
a drying chamber heated to about 104 ◦C. As the droplets traverse the drying chamber,
their water evaporates, leaving the residual particles. Smaller aggregates produced from the
satellite droplets are swept out of the drying chamber using a purge flow system. Because
the size of the primary ink jet droplet is fixed, the size of the dried particle depends only on
the initial sample concentration in the water suspension. For this series of measurements we
have in most cases prepared 0.1% suspensions by weight, resulting in 5-µm-diameter dried
particles. A dedicated controller operates the ink jet cartridge and drying chamber. At the
exit port of the generator, the dried particles are carried in an air stream through a tapered
1-mm-diameter exit nozzle.

An Aerodynamic Particle Sizer, model 3310A (Thermal Systems, Inc., Minneapolis, MN)
was used to obtain an aerodynamic-size distribution of the particles in real time. In most
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cases, the aggregate sizes were also measured using scanning electronic microscope (SEM)
images of particles collected onto filters.

4. RESULTS AND DISCUSSION

A. Spectra of Fluorophors Found in Biological Particles

To initially test the AFSA we measured the spectra of some of the primary fluorophors in
biological aerosols (tyrosine, tryptophan, NADH, and riboflavin). Spectra for these com-
pounds in solution are well-known.49,50 We dissolved these materials in water and aerosolized
the solutions with an IJAG. Spectra for single (nominal 5-µm-diameter) particles of these
fluorophors are presented in Fig. 3. With 266-nm excitation, the amino acids tyrosine and
tryptophan have peak emission around 310 nm and 340 nm, respectively, the NADH emis-
sion peaks around 450 nm, and riboflavin emission from dry particles peaks near 560 nm.
Because these peaks occur in different spectral regions, we expect that some simple classifi-
cation of biological particles may be possible from their fluorescence spectral signatures.

B. Repeatability of Fluorescence Spectra of Uniform Particles

We show the sensitivity and reliability of the AFSA detection system with E. coli. The
overall fluorescence quantum efficiency of dry E. coli excited with 266-nm light may be
about 3 % of that of pure tryptophan (based on the fraction of the dry weight in tryptophan
and tyrosine). The uniformity of the fluorescence spectra from single nominal 4-µm-diameter
particles of dried E. coli is exhibited in the sequence of 10 consecutive spectra in Fig. 4.
The broad fluorescence peak at 350 nm is mainly from tryptophan, and the tail from 400 to
500 nm is attributed to fluorescence from residues of the nutrient growth material (which
may have contributions from reduced nicotinamide compounds?). The sharp peaks at 266
nm, 532 nm, 635 nm, and 670 nm are from leakage of the 266-nm beam, the 532-nm beam
that generates the 266-nm light, and the two cw diode lasers, respectively. (In these spectra
the peaks at 266 and 532 nm are larger than in some of the subsequent figures, probably
because in this figure something nearby scattered more light toward the lens–the background
is sensitive to the alignment and to the position of beam blocks.) The 635-nm and 670-nm
peaks have been truncated for clarity of presentation. The spectra shown in this figure are
similar from particle to particle and demonstrate that the system can capture, in real time,
the fluorescence spectra of fairly low quantum-efficiency, µm-sized bioaerosols with a high
SNR and good spectral resolution.

C. Detection of Rare Bioaerosol Particles Mixed in Background

Unlike the uniform E. coli bacteria shown above, the biological particles of interest for field
applications may be entrained with other aerosol particles that comprise the background.
Average fluorescence spectra (which are the sum of the spectra for many aerosol particles)
may yield little or no information about the few particles of interest. Hence, it is important
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for a fieldable detector to be able to measure good-quality spectra from single particles as
they are sampled from a complex mixture.

This capability of our detection method is demonstrated in Fig. 5, which shows 20
consecutive single-shot fluorescence spectra of particles generated from a sample collected
from a chicken house. The sample was mixed with water and aerosolized using the IJAG.
The average particle diameter was approximately 3 µm. Most of the fluorescence spectra
are similar to the single-shot spectra labeled (a) in the inset (these have a broad emission
from about 300 to 600 nm). The more smooth line in (a) overlapping the single-shot result
shows the average spectrum of the 100 consecutive single shots. The spectra labelled (b)
and (c) in the inset show the 4th and 48th fluorescence spectra from the series of 100 single
shots. These are distinctly different from the other spectra. The 4th spectrum (curve c) has
a band with two peaks located near 320 nm and a broader band that peaks around 450 nm.
The 48th spectrum (curve b) has its strongest emission closer to 350 nm.

Chicken house dusts are complicated, with a large variety of microbes mixed in a back-
ground of organic, inorganic, and biological matter. In the sample measured here the total
culturable microbial component is only 1% of the weight, and the culturable fungal species
make up less than 0.006% of the weight.59 The dominant bacterial species are Staphylococcus
aureus and Brevibacterium sp. The uniformity of the large majority of the spectra in Fig. 5
suggests that the major fluorescing component of these particles is either soluble or is in the
form of very small particulates so that the fluorophors are distributed somewhat uniformly
in the suspension used in the IJAG. The fact that the 4th and 48th spectra exhibit much
larger and spectrally distinct fluorescence suggests that some of the fluorescing material is
not uniformly dispersed in the suspension. Our detection method is able to differentiate
these uncommon particles from the background.

This figure demonstrates the capability of the AFSA to detect rare particles that are
mixed with a dominant concentration of background particles.

D. Differentiation of Biological and Nonbiological Aerosols Using Fluorescence Spec-
tra

In many environments the dominant background particles are nonbiological (a minority
concentration of bioaerosols must be differentiated from these nonbiological particles). Be-
cause the UV-excited fluorescence is typically weaker from nonbiological-, as compared to
biological-, particles, the undispersed fluorescence intensity can be used to differentiate be-
tween these two types of particles. However, our data suggests that the differentiation
between biological and nonbiological particles can be made with less chance of error by
including spectral differences between the particle types.

Spectra for aerosols composed of some common nonbiological atmospheric aerosol con-
stituents (ammonium sulfate, soil-derived dust consisting of quartz and clay minerals, black
carbon, and ammonium nitrate) are compared to the spectra of a bacterial spore, B. sub-
tilis var. niger (Dugway) in Fig. 6. As before, we mixed these materials in water (either
in solution or suspension), and aerosolized the mixture with an IJAG to create nominal
5-µm-diameter particles. Each spectrum is an accumulation of 100 particles (summing the
spectra to increase the SNR is necessary for the weakly fluorescing nonbiological samples).
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Compared to B. subtilis, nonbiological particles contribute little fluorescence in the 300- to
350-nm region, and their fluorescence at longer wavelengths is also weak. The results suggest
that, for equal mass particles, the total undispersed fluorescence intensity may be sufficient
to separate biological particles from at least some common nonbiological particles. The
results also suggest that spectral differences could also be useful in distinguishing between
biological and nonbiological particles, regardless of their size.

E. Distinguishing Bacteria from Other Biological Particles

In addition to discriminating between biological and nonbiological particles, we want to
distinguish bacterial aerosol from other biological particles. In Fig. 7 we present fluorescence
spectra of a bacteria (B. subtilis var. niger, vegetative cells) compared to meadow oat pollen,
tobacco leaves, and cigarette ash. All spectra are for single nominal 5-µm-diameter particles.
Clearly the bacteria can be differentiated from some common biological particles that are
not bacterial. Additional examples were shown previously.35

F. Inability to Distinguish Different Washed Bacterial Aerosols

Previous measurements of aerosolized bacteria suggest that well-washed bacteria have similar
fluorescence spectra.37,53 Fluorescence spectra (using 266-nm illumination) accumulated for
100 nominal 5-µm-diameter particles of well-washed bacteria (B. subtilis, E. herbicola, and
E. coli) are presented in Fig. 8. The spectra are normalized at the strong fluorescence peak
around 330 nm. The comparison reveals that all spectra are similar with a strong fluorescence
peak around 330 nm originating from the contribution of tryptophan, and shoulders in the
400- to 500-nm regime. Small differences in the accumulated spectra are not evident for
single particles because the SNR is poorer for single-shot measurements. Thus, at least for
these samples, our technique is not able to distinguish different species of washed bacteria,
in agreement with previous findings.37,53

G. Distinguishing the Same Bacteria Prepared Differently.

If our detection system cannot differentiate among bacteria, can it discriminate between the
same bacteria prepared differently? Spectra for nominal 5-µm-diameter B. subtilis vegetative
cells (Sigma), B. subtilis var. niger spores (Dugway), and washed and unwashed B. subtilis
var. niger vegetative cells are presented in Fig. 9. The spectra are normalized to the 330-nm
tryptophan peak, and show different spectral features in the 400- to 500-nm spectral region.
Clearly, some preparations of the same bacteria can be distinguished by their spectra.

H. Distinguishing washed and unwashed bacteria.

Figure 10 presents the fluorescence spectra accumulated for 100 nominal 5-µm-diameter
particles of washed and unwashed E. herbicola obtained with 266-nm excitation; also shown
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are spectra for similar-sized particles of the supernatant. Spectra for unwashed E. herbicola
show a fluorescence peak around 330 nm, mainly from tryptophan, and a weaker peak
near 440 nm, which probably has contributions from nutrient growth material and possibly
reduced nicotinamide compounds. In the washed sample the 330-nm tryptophan peak is
reduced in amplitude and the smaller 440-nm peak nearly disappears. The curve which
is the sum of the fluorescence from the washed E. herbicola and its supernatant matches
closely the spectra of the unwashed sample, suggesting that the 440-nm peak is attributable
to water-soluble compounds.

I. Advantage of Multiple Wavelength Excitation for Bioaerosol Discrimination

Some bioaerosols excited at 266 nm have nearly the same fluorescence spectral signature. The
example in Fig. 11 (a) shows fluorescence spectra of fungal spores and B. subtilis var. niger
vegetative cells, both 5 µm in diameter. The spectra are dominated by tryptophan and are
similar for the two samples. On the other hand, the spectra of the same samples excited
at 351 nm (see Fig. 11 (b)) are different. Because the 351-nm photon energy is too low
to excite fluorescence from amino acids, their fluorescence is not observed and consequently
the fluorescence is dominated by other compounds (possibly flavins, NADH compounds, or
growth materials).

The inability to differentiate bioaerosols using spectra can also occur with 351-nm exci-
tation. Figure 12 shows fluorescence spectra of washed and unwashed B. subtilis var. niger
vegetative cells excited by 266-nm and 351-nm light. The spectra are nearly indistinguish-
able with 351-nm excitation, yet are different with 266-nm excitation.

The conclusion that can be drawn from this comparison with two judiciously chosen
excitation wavelengths is that multi-wavelength excitation of fluorescence spectra can some-
times distinguish between samples that cannot be distinguished using only a single-excitation
wavelength.

J. Tobacco Smoke and B. subtilis Have Similar Fluorescence Spectra

Environmental tobacco smoke is a common “bioaerosol” that might interfere with attempts
to detect bacteria. It is also an important pollutant; its monitoring may be an application
of an AFSA. We term it a bioaerosol even though it includes burned and partially burned
materials.

Figure 13 shows the 266-nm-excited fluorescence spectra of sidestream cigarette smoke
and B. subtilis var. niger vegetative cells (averages of over 100 single shots in each case).
The spectra are normalized to have similar heights. A lighted cigarette was held within a
few cm of the apparatus and the sidestream smoke drifted into the sample region.

The thresholds for the PMT voltages were set high enough that individual tobacco par-
ticles (predominantly submicron particles60) do not scatter enough light to reach the thresh-
old for triggering the laser. However, because sidestream tobacco smoke consists of a high
concentration60 of these submicron particles, there were likely multiple particles in the sam-
ple volume (perhaps as many as 100). Thus, the spectra shown are probably from multiple
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smoke particles that were in the sample region. The relatively poor SNRs of the single-
shot tobacco-smoke spectra (not shown) are consistent with the total volume of the smoke
particles being smaller than the volume of the single B. subtilis aggregates (nominal 5-µm
diameters). In addition, the smoke may have different fluorescence per unit volume.

Interestingly, the peak position and lineshape of the fluorescence spectra of the tobacco
smoke and B. subtilis are similar, except that the tobacco smoke has more fluorescence in
the 280- to 310-nm range, and has a small bump between 560 and 610 nm (peaking at about
a 30-nm longer wavelength than riboflavin). Because the differences between the spectra
are relatively small, and because the single-shot tobacco-smoke spectra have relatively poor
SNR, we expect that with the existing setup it may not be possible to distinguish individual
tobacco smoke particles from small bacterial particles (if each were, e.g., 1 µm in diameter—
atypically large for a sidestream smoke particle). However, if the tobacco particles have
significantly different fluorescence per volume, and if we use elastic scattering from each
particle to simultaneously determine particle size, it may still be possible to discriminate
between environmental tobacco smoke and airborne bacteria that are similar to the B. subtilis
shown here. At present, the majority of the tobacco smoke particles would be too small (≈0.1
µm) to be detected by our apparatus if they were dilute enough to pass through the system
one at a time.

5. DISCUSSION

A. Potential Utility of the AFSA

Determining the potential usefulness of the AFSA for classifying atmospheric bioaerosols will
require further investigation. To date, all of our measurements, and those of others,37,53,62

were taken on laboratory-generated aerosols or samples in suspension. No data on the
UV-excited fluorescence spectra of real atmospheric bioaerosols appear to be available. In
natural atmospheric environments individual biological aerosol particles will be, in many if
not most cases, complex mixtures of biological and nonbiological materials, not simply the
relatively pure samples of bacteria or pollen allergens we have studied here. For example,
when droplets are generated in wave action of a lake or pond, a droplet that evaporates
forming an aerosol particle may contain multiple types of bacteria, dissolved decaying plant
material, and inorganic salts that are dissolved in the pond water. Each particle containing
the residue of the dried droplets will be a complex mixture. In agricultural or industrial
environments, bacteria, fungi, and viruses may agglomerate with other aerosol particles.

We have demonstrated a technique which can be used to measure single-particle fluo-
rescence spectra, and we have demonstrated similarities and differences among the spectra
of different particle types. We are striving toward developing a capability to measure spec-
tra of natural and anthropogenic bioaerosols in a variety of environments. Our goal is a
system that can work in complex atmospheric environments (urban, agricultural, hospital,
workplaces, etc.), with the capability of indicating if the aerosol is biological or not, and, if
biological, of classifying the bioaerosol into a few (perhaps as many as 30) broad categories
based on both spectral features and particle size. (Particle sizes could be determined from
elastic scattering signals and would require no additional lasers).
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B. Fieldable System

The prospect of transforming the present laboratory AFSA system into a fieldable instru-
ment depends on size, weight, and power consumption of each of the crucial components.
The spectrograph used here could consist of a single, concave, holographically constructed
grating. The present ICCD detector could be replaced by recently available multi-anode
PMT detectors, which can be powered with small batteries.

Among the components needed for the AFSA, the UV excitation source is the heaviest
and consumes the most power. Pulsed UV radiation sources are ideal, because the aromatic
amino acids need to be excited in the UV (250- to 290-nm), and the particles transit the focal
volume in less than 5 µs. Smaller and more-energy-efficient UV sources depend critically on
advances in laser and/or nonlinear crystal technology. In the 1970s the meter-long, large-
power-consuming, water-cooled, cw, argon-ion lasers (emitting at 351 nm in the UV) were
all that were available. In the 1980s flashlamp-pumped Nd:YAG lasers (1064 nm) that had
to be converted to the 3rd and 4th harmonic became available for laboratory use. In the
1990s, with the advancements in GaAs-diode-laser-pumped Nd:YAG lasers and nonlinear
crystals for more efficient and reliable 2nd, 3rd, and 4th harmonic conversions, pulsed blue
(355 nm) and UV (266 nm) sources became accessible. The miniaturized microchip Nd:YAG
laser that is self Q-switched, GaAs- diode-laser-pumped, and 4th harmonic convertible is
an example of how far laser technology has advanced.30 In the late 1990s, intense research
is being conducted in developing blue to near-UV semiconductor lasers. The entertainment
industry (with CD and other optical storage technology in particular) is propelling the
development of GaN, GaInN, and AlGaN semiconductor diode lasers. Recently, cw blue
GaInN lasers (operating over 10,000 hours) have been demonstrated.63 In the next few years
the prospect is good for building a fieldable and portable AFSA instrument that contains
several pulsed blue- and near-UV-emitting semiconductor diode lasers, reflecting optics, a
holographic grating, and a multi-anode photomultiplier.

C. Sample Rates

The sample rate for the present setup is relatively small. If the sample volume has a 20-
µm diameter and the particle flow rate is 10 m/s, the sample rate is π(0.001 cm)2(1000
cm/s) = π × 10−3 cm3/s. If the particles are concentrated a factor of 300 : 1 before being
introduced to the sample region, then the sample rate increases to 1 cm3/s, or only 0.06
liters/min. (The sample rate is necessarily small because the interrogation region was made
small to ensure that the particle is examined only when it is in the small focal volume of
the high-NA reflecting lens).

With a more sensitive detector (such as a multi-anode PMT), and dispersion of the
fluorescence into fewer channels (e.g., 32, instead of the present 1000 channels), the SNR
may be increased by a factor of 100. With this detector upgrade the sample volume could
be increased and the sample rate increased to perhaps 6 liters/min.
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6. CONCLUSIONS

We have demonstrated an intrinsic-fluorescence-based method for the detection and classifi-
cation of bioaerosols. Our detection system can capture the UV-excited fluorescence spectra
of single, µm-sized bacteria, pollens, and fungal spores as they are carried by a stream of air
rapidly through the sample volume. In some of the cases we have studied, the fluorescence
spectra allow for differentiation of: (1) bacteria from common atmospheric aerosols such as
ammonium sulfate, ammonium nitrate, quartz and clay minerals of soil origin, and black
carbon, (2) some bacteria from some pollens and some allergens, (3) one species of bacteria
prepared in different ways, and (4) washed and unwashed bacteria. We have shown that
multiple-wavelength excitation provides an advantage for distinguishing bioaerosols.

Although intrinsic fluorescence by itself cannot be used to specifically identify airborne
microorganisms, pollens or allergens, we expect that single-particle fluorescence spectra
along with elastic scattering measurements of each particle will be useful for quasi-real-time
classification of atmospheric bioaerosols into some as-yet-unknown set of classes. Given the
recent availability of triggerable diode-pumped solid state UV lasers and multi-anode PMT
detectors, it should be possible to develop the fluorescence spectral method into a field-
able instrument. Such an instrument should be able to run continuously without requiring
reagents, and without requiring the particles to be collected from the air. The instrument
should be able to detect bioaerosols that it has not been presented previously and suggest
when to turn on an system for specific identification. The quasi-real-time capability should
be useful for studies of intermittent events, bioaerosol dynamics, etc.
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Figures

Fig. 1. (a) A histogram of a polydispersion of kaolin particles measured with the
fluorescence particle counter (reprinted from Ref. [27]). The population of particles
falls almost exclusively in bins of weak fluorescence. (b) Same as (a) except that
the particles are aerosolized B. subtilis var. niger spores (Dugway Proving Ground,
UT) which had been centrifuged to remove some of the soluble materials in the
sample. The spores correspond to the sloping mound in the histogram. The large
population of weakly fluorescing particles corresponds to dissolved proteins, salts,
etc., present in the sample.
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Fig. 2. Schematic of the AFSA setup used for detecting single-shot laser-
induced fluorescence spectra from individual µm-sized aerosol particles. The
sample volume is defined by two intersecting continuous wave diode laser
beams (at 635 and 670 nm). When a particle traverses the sample volume:
(1) it scatters the light from the two diode-laser beams, (2) this near-forward
scattered light is detected by photomultipliers PMT1 and PMT2, (3) if the
signals from both PMTs fall within preset voltage windows, each single-
channel analyzer (SCA) produces an output, (4) if each of SCA’s outputs are
logical 1’s, the AND gate indicates that a spectrum is to be measured for this
particle (by sending a triggering signal to the UV laser and the intensified-
CCD detector), (5) the Q-switched UV laser fires and excites fluorescence in
the particle, (6) the fluorescence is collected by the reflecting objective and
focused onto the input slit of the spectrograph, (7) the spectrograph disperses
the emission energy, and (8) the fluorescence spectrum is recorded with the
intensified CCD which is gated to be on when the UV laser fires. The inset
is a schematic of the ink jet aerosol generator (IJAG) used for generation of
test particles.
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Fig. 3. Single-particle 266-nm-excited fluorescence spectra of common fluo-
rophors found in biological particles. Each spectrum is for a nominal 5-µm-
diameter particle measured with the AFSA.

Fig. 4. Ten consecutive single-particle fluorescence spectra of nominal 4-
µm-diameter particles composed of E. coli bacteria. The spectra-to-spectra
variations are relatively small, demonstrating the capability of the AFSA
to repeatably measure the fluorescence spectra of nearly uniform particles
with a good SNR. Leakage from the exciting 266-nm laser, the 532-nm laser
generating the 266-nm beam, and the diode trigger lasers is evident in each
spectrum.
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Fig. 5. Twenty consecutive single-particle 266-nm-excited fluorescence spec-
tra of aerosolized particles (nominal average diameter is 3 µm) generated
from chicken-house dust (the dust was mixed with water and aerosolized
with the ink jet generator). The variability in the spectra indicates differ-
ences in particle-to-particle composition. Three single-particle spectra for
the 2nd, 4th, and 48th laser shots are shown in the inset. Most spectra are
similar to the single-shot spectra labelled (a) in the inset, which is in good
agreement with the 100-particle average (smoother line in (a)). The spectra
labelled (b) and (c) in the inset are for the minority of particles in the sample
that have distinctly different fluorescence signatures than those of the main
population of particles.
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Fig. 6. Fluorescence spectra, excited at 266 nm, of a bacterium and common
atmospheric particles (from top to bottom) B. subtilis var. niger (spores,
Dugway), soil-derived dust consisting of quartz and clay minerals (Arizona
road dust), ammonium sulfate, ammonium nitrate, and black carbon. These
materials were mixed in water (solution or suspension) and aerosolized with
an IJAG. Each spectrum represents an accumulation for 100 nominal 5-µm-
diameter particles.
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Fig. 7. Single-particle fluorescence spectra (266-nm-excited) of nominal 5-
µm-diameter particles of B. subtilis var. niger, meadow oat pollen, tobacco
leaves, and cigarette ash. The spectra are distinctly different, demonstrating
the capability of the AFSA to distinguish a bacterial particle from common
nonbacterial, biological particles.
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Fig. 8. Fluorescence spectra (266-nm-excited) of washed bacteria: B. sub-
tilis, Erwinia herbicola, and E. coli. All spectra are averages for 100 nominal
5-µm-diameter particles and have been normalized to the peak fluorescence
at 330 nm. The spectra are nearly the same, revealing the inability of the
AFSA to differentiate among washed bacteria.

Fig. 9. Fluorescence spectra (266-nm-excited) of different preparations of
B. subtilis: washed and unwashed var. niger vegetative cells, var. niger veg-
etative spores, and vegetative cells. All spectra are averages for 100 nominal
5-µm-diameter particles. The spectra are distinct, suggesting that the AFSA
can distinguish different preparations of the same bacterium.
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Fig. 10. Fluorescence spectra (266-nm-excited) of particles of unwashed
E. herbicola, washed E. herbicola, the supernatant, and the washed E. her-
bicola plus supernatant. All spectra are averages for 100 nominal 5-µm-
diameter particles. The spectrum for washed E. herbicola is missing the
440-nm peak, which is largely due to soluble nutrient growth material in the
supernatant.
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Fig. 11. Fluorescence spectra of a bacteria (B. subtilis var. niger vegetative
cells) and fungal spores. All spectra are averages for 100 nominal 5-µm-
diameter particles. For 266-nm excitation (a), the bacteria and fungal spores
have almost identical spectral features; whereas for 351-nm excitation (b),
the spectra are different, suggesting that multi-wavelength excitation of flu-
orescence can provide more discrimination among biological particles than
single-wavelength excitation.
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Fig. 12. Fluorescence spectra of an unwashed and washed bacteria B. subtilis
var. niger vegetative cells. All spectra are averages of 100 nominal 5-µm-
diameter particles. For 351-nm excitation (b), the washed and unwashed
bacteria have similar spectral features; for 266-nm excitation (a), the spectra
are different.
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Fig. 13. Fluorescence spectra of side-stream tobacco smoke averaged over
100 laser shots. A lighted cigarette was held within a few cm of the apparatus
and the smoke drifted into the sample region. The thresholds for the PMT
voltages were set to discriminate against small particles. Also shown is a 100-
shot average of B. subtilis var. niger vegetative cells (5-µm-diameter particles)
normalized to the peak fluorescence around 330-nm wavelength. We cannot
say what the size distribution of the tobacco smoke particles was, because
there may have been multiple particles within the sample volume at one time.
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