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The effects of ozone and relative humidity (RH) at common atmospheric levels on the
properties of single octapeptide bioaerosol particles were studied using an improved
rotating reaction chamber, an aerosol generator, an ultraviolet aerodynamic particle sizer
(UVAPS), an improved single particle fluorescence spectrometer (SPFS), and equipments
to generate, monitor and control the ozone and RH. Aerosol particles (mean diameter
�2 μm) were generated from a slurry of octapeptide in phosphate buffered saline,
injected into the rotating chamber, and kept airborne for hours. Bioaerosols were sampled
from the chamber hourly for the measurements of particle-size distribution, concentra-
tion, total fluorescence excited at 355-nm, and single particle fluorescence spectra excited
at 266-nm and 351-nm under different controlled RH (20%, 50%, or 80%) and ozone
concentration (0 or 150 ppb). The results show that: (1) Particle size, concentration, and
the 263-nm-excited fluorescence intensity decrease at different rates under different
combinations of the RH and ozone concentrations used. (2) The 263-nm-excited UV
fluorescence (280–400 nm) decreased more rapidly than the 263-nm-excited visible
fluorescence (400–560 nm), and decreased most rapidly when ozone is present and RH
is high. (3) The UV fluorescence peak near 340 nm slightly shifts to the shorter wavelength
(blue-shift), consistent with a more rapid oxidation of tryptophan than tyrosine. (4) The
351/355-nm-excited fluorescence (430–580 nm/380–700 nm) increases when ozone is
present, especially when the RH is high. (5) The 351/355-nm-excited fluorescence increase
that occurs as the tryptophan emission in the UV decreases, and the observation that
these changes occur more rapidly at higher RH with the present of ozone, are consistent
with the oxidation of tryptophan by ozone and the conversion of the resulting ozonides to
N-formyl kynurenine and kynurenine.
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1. Introduction

Bioaerosols, e.g., airborne bacteria, fungal spores and
hyphae, pollens, algae, proteins, viruses, and fragments of
the above, play important roles in public health and
climate [1–3]. Various technologies have been used to
study atmospheric and laboratory generated bioaerosols.
They include biochemical analysis (e.g., sequencing of DNA
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or RNA); elastic scattering; chromatography; mass, nuclear
magnetic resonance (NMR), ion-mobility, fluorescence
emission, break-down emission, terahertz absorption,
infra-red (IR) absorption, and Raman scattering spectro-
scopy, [e.g., 3,4] either based on the analysis of the
collection of particles or of on-line individual single
particles. Although thousands of studies of bioaerosols
have been published and many features of bioaerosols
and their concentrations in the atmosphere have been
described, and many methods and instruments for char-
acterizing bioaerosols have been described and used, there
is still more that needs to be understood about the
properties and sources of these bioaerosols, and to sig-
nificantly improve our ability to reliably detect and char-
acterize bioaerosols.

Fluorescence-based bioaerosol detection and character-
ization systems have been developed for the early warning
of possible presence of biological threat agents, for envir-
onmental monitoring, and for studies of bioaerosols and
their effects on clouds, climate, etc., [e.g., 5–13]. Algo-
rithms for using spectral measurements of, e.g., fluores-
cence, elastic scattering, and laser induced breakdown
spectroscopy, for discriminating bioaerosols from other
atmospheric aerosols rely mainly on the properties of
laboratory-generated aerosols measured shortly after the
aerosols were generated. Some of the studies on open-air
factors (OAF) [14] are some of the exceptions to this
generalization. However, the properties (including viabi-
lity) or parameters obtained from laboratory measure-
ments may change with time and with exposure to
different atmospheric conditions after bioaerosols are
released into the air. Therefore, it is important to study
how the physical, chemical and biological properties of
bioaerosols are affected by various atmospheric conditions
(sunlight, temperature and gases), and to understand the
fate of bioaerosols in different atmospheric environments
over time. Such studies and results will expand our basic
knowledge of bioaerosols, and they can lead to predictive
models and algorithms for the detection of bioaerosols and
aerosolized bio-threat agents in various complex atmo-
spheric environments.

There have been many studies of atmospheric aging
and processing of organic carbon aerosols and bioaerosols,
particularly on the effects of ozone and simulated OAF
[e.g., 14–20]. Changes in fluorescence spectra from pollens
(not aerosolized) treated with ozone have been measured
[19]. Some correlation between ozone and naturally occur-
ring aerosols including fungi, pollen and other organic
materials have been observed [20]. Exposure to ozone was
reported to change the absorption and fluorescence of the
aromatic amino acids (tryptophan (Trp), tyrosine (Tyr),
and phenylalanine (Phe)) in solution and in animal tissues.
N-formyl kynurinene (NFK) and kynurenine (KN) were
found to be the primary products from oxidation of
tryptophan [21–28]. These measurements were carried
out in aqueous solutions or on samples collected from air
onto substrates.

Atmospheric aging and processing of bioaerosols in
the natural environment may involve many different
chemical reactions which occur on different time scales
(minutes, hours and days). Different sizes of bioaerosols
may respond differently to various environmental condi-
tions because of the different surface/volume ratios of the
particles, which will result in different diffusion and
reaction rates of the interacting gases. Continuous inspec-
tion of bioaerosols collected on a substrate, or trapped in
the air, may not be adequate for understanding how
bioaerosols change in the atmosphere. Particles collected
on a surface may not be exposed to the same environ-
mental conditions as they would be in the atmosphere, for
several reasons: (a) the portion of the particle in contact
with the collection surface may not be exposed directly to
atmospheric gases as it would be in the atmosphere; (b)
additional reactions may occur during to the collection
process; (c)properties of particles on the surface and
trapped in air may be changed from multiple times of
measurements such as photo-degradation [e.g., 29], and
(d) the optical properties of the particle may be affected by
the surface and the angle of illumination. Therefore, a
preferred way to investigate atmospheric processing of
biological (or other types of) particles involves replicating
or approximating atmospheric conditions for particles
suspended in air, where each particle is measured
only once.

This paper describes our improved laboratory system
for studying changes of bioaerosols in controlled atmo-
spheric environments. We have improved our previous
apparatus in a number of ways to address issues identified
in previous studies [30]. To ensure that the reaction
chamber (rotating drum [30–34]) was both chemically
inert and not subject to the electrostatic effects seen in
previous work [30], it was constructed from stainless steel
and all interior surfaces were coated with polytetrafluor-
oethylene (PTFE). The ozone generation was moved out-
side of the chamber to eliminate the possibility of radical
production through water vapor photolysis. Control of the
relative humidity (RH) was improved to allow a wider
range of RH to be studied. As in our previous study [30],
a home-built single-particle fluorescence spectrometer
(SPFS) system was used to measure fluorescence spectra
one-at-a-time for individual aerosol particles drawn from
the drum. Capabilities to measure the elastic-scattering
size for each particle, and to measure the pulse energy for
each shot of the illuminating laser, were added to the SPFS
so that each fluorescence spectrum could be associated
with a particle size and the energy of the pulse. This allows
for more useful comparisons of fluorescence intensity as
the mean particles decrease in size during the whole
measurement process. Also, a pulsed laser at 351 nm was
added to SPFS so that fluorescence spectra could be
measured with 351-nm and 263-nm excitation (not both
spectra for the same particle), the 351-nm laser allows us
to measure the fluorescence from the molecules within
bioaerosol particles that has absorption at 351 nm but not
at 263 nm. Bioaerosols were sampled from the chamber
hourly for the measurements of particle size distribution,
concentration, total fluorescence with 355-nm excitation,
and single-particle fluorescence spectra with 266-nm and
351-nm excitation. A tryptophan-containing octapeptide
subunit of thrombospondin-1 (Arg–Phe–Tyr–Val–Val–Met
–Trp–Lys) was used in the experiments. This octapepetide
was chosen because it contains the aromatic amino acids
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but eliminates the fluorescence emission from NADH,
riboflavin and other fluorophors that are present in cells
and many other bioaerosols. It therefore provides a rela-
tively clean way to study the aging of tryptophan (with
tyrosine and phenylalanine) in peptides exposed to ozone
with various RH. Such studies can lead to a better under-
standing of aging of tryptophan, peptides, and proteins,
which can also help in understanding other bioaerosols.
The experiments were done using different controlled RH
(20%, 50%, or 80%) and ozone concentrations (0 or
150 ppb). Each experiment lasted approximately 4 h if no
ozone was added and 4.5 h if ozone was added. For each
combination of RH and ozone concentration the experi-
ments were repeated three times during different days.

2. Experimental arrangements

Fig. 1 shows the overall design of the laboratory system
including the aerosol generation components, RH and
ozone generating, controlling and monitoring compo-
nents, the rotating drum, and the aerosol measurement
instruments.

2.1. Humidity control

Prior to the generation of aerosol, the drum is pre-
conditioned to the desired RH. A reservoir hanging from
the stationary axle supplies water to a piezoelectric gen-
erator, which vaporizes the water. The humidified air is
then forced into the drum by pumping air through the
reservoir at flow rates between 0 and 500 mL/min.

2.2. Aerosol generation

Aerosol is generated using an ultrasonic spray nozzle
(Sono-Tek Corp., 06-04010), with a 30-mL syringe and
pump (Sono-Tek Corp., 11-01061) set to infuse the liquid
suspension at a rate of 100 μL/min. A broadband ultrasonic
generator (Sono-Tek Corp., 06-05108) is used to control the
nozzle frequency. It is set at 3 W. The Sono-Tek nozzle is
placed at the top of an aerosol capacitance chamber (ACC)
Fig. 1. Schematic of the rotating drum. The scale of the axel relative that
of the drum is exaggerated to show the details of the air and aerosol flow
paths, and different monitors.
that allows for mixing and initial evaporation of the
droplets (initially 18 μm diameter) prior to their entering
the drum. The aerosol is introduced into the drum from
the ACC at a flow rate of 5 LPM.

2.3. Ozone generation

A small mercury pen lamp (Pen Ray, 97-0067-01) was
placed outside the drum and shielded by a Teflon body
with ports for airflow across the lamp. The mercury lamp
produces deep ultraviolet light with energy sufficient to
photolyze oxygen (wavelengths less than 220 nm). The
singlet oxygen formed recombines with molecular oxygen
(O2) to form ozone. Dry air was sent through the lamp and
into the drum at a flow rate of 50 mL/min.

2.4. Rotating drum

The rotating drum developed and used in this study
consists of a �400 L stainless steel tube capped on each
end with stainless steel ends. Each end has 3 Acrylite OP4
windows, to allow penetration of UV light, for simulated
solar exposure. A stainless steel perforated tube serves as
the center axle of the drum. This axle is fixed, allowing the
drum to rotate around it by means of a sealed bearing
system attached to the end-caps of the drum. The holes in
the axle allow the passage of wiring and tubing between
the main drum and the inner fixed axle. All interior steel
surfaces are coated with a thick layer of Teflon to prevent
the steel from reacting with the gas-phase species in the
drum. A Roxtec seal with 4 ports allows tubing and wiring
to pass in and out of the drum. The inlet supplies the
aerosol, air and water flow from the RH generator, airflow
from the ozone generator, and electrical and data connec-
tions to probes inside the drum. The outlet has ports
connecting tubing to the UVAPS, the SPFS, the ozone
monitor, the all-glass impinger (AGI-30, Ace-Glass Inc.),
and a pump for purging the air. The tubing from the fourth
port is split and controlled with valves to allow separate
pumps for the AGI and the system purge. Each of these
pumps is connected in series after a HEPA filter and a
charcoal filter to prevent any aerosol or ozone from
reaching the pump and release into the laboratory.

2.5. Single-particle fluorescence spectrometer

The single-particle fluorescence spectrometer (SPFS)
measurement system was developed and described pre-
viously [8,9]. The system used in this study is similar to the
reported SPFS system [8] with 263 nm and 351 nm laser
excitation but without the concentrator. The fluorescence
spectrum detector is an Image-Intensified Charge-Coupled
Device (ICCD) (Princeton Instruments, PI-Max3). Briefly,
aerosol is pulled into an 18-in. cubic airtight chamber at
1 LMP from the drum, then focused into a laminar jet of
around 300 mm in diameter by a sheath nozzle within the
chamber. Any aerosol particles larger than 1 mm flowing
through a trigger volume (�100 μm�100 μm defined
by the intersection of two diode-laser beams at 650 nm
and 685 nm) will be detected by two photomultiplier
tubes (PMT) and illuminated by a single pulse of 263-nm
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or 351-nm laser (4th or 3rd harmonic of Nd:YLF laser,
20 mJ/pulse, �20 ns pulse duration, 1 mm in diameter;
Photonics Industries, DC-150-263 or DC-150-351). The
emitted fluorescence is collected by a Schwarzschild
reflective objective (Newport, numerical aperture¼0.4)
and dispersed by a spectrograph (Acton 150, grating
300 l/mm, blaze wavelength 500 nm). Two long-pass fil-
ters (Newport, colored-glass alternative filter) with cut
wavelengths at 280 nm and 365 nm installed in a filter
wheel (Princeton filter wheel FA-2448-2) mounted on the
front of the spectrograph is used to block the elastic
scattering of the laser at 263 nm and 351 nm respectively.
Both filters have about 95% transmission 3 nm above the
cut-off wavelength, and have a very steep cut-off at the
indicated wavelength. Introducing the 351-nm illuminat-
ing laser into the SPFS system here allows us to further
study the bioaerosols for some molecules that may have
high absorption around 351 nm but with or without
absorption at 263 nm.

Another two new functions are added for the measure-
ment of particle size and pulse energy associated with
each fluorescence spectrum based on the previous SPFS
system [8]. A third PMT and a diode laser at 705 nm
(50 mW) are used in measuring particle size. Its beam is
focused about 50 μm below the trigger volume with a
spatial profile about 2 mm in width and 200 μm in height.
Any particles passing through the trigger volume also pass
through 705-nm diode laser beam with relatively uniform
intensity illumination, as its width (2 mm) is much larger
compared to the trigger volume (about 100 μm). The near
forward scattering (10–401) was collected by a third PMT,
amplified, and sent to a data acquisition board (Measure-
ment Computering, MCC/USB-2523), then the digitized
outputs were recorded by the computer. A photodiode
was used to measure the energy of each laser pulse. The
two signals from the third PMT and the photodiode
are recorded only when a particle is passing through the
trigger volume and a UV-LIF spectrum is measured. There-
fore, the particle size, pulse energy of the illuminating UV
laser (263- or 351-nm), and also the fluorescence informa-
tion are recorded for each particle simultaneously. The
pulse energy is less than 5% variation from pulse to pulse.
The fluorescence intensity can then be normalized by the
particle size and pulse energy, to correct the effects caused
by particle size decreasing during the whole observing
process in a few hours.

The size of each detected aerosol particle is calibrated
using NIST traceable polystyrene latex (PSL) microspheres
aerosolized by a Royco aerosol generator (Royco, Model
256). Calibration PSL particles are distinguished from
surfactant, dust and aggregate particles, by the associated
UV-LIF data from the ICCD. The particle size distribution is
also confirmed by an aerodynamic particle sizer (TSI 3321)
during the calibration process. Tryptophan particles, espe-
cially in the big size range (3–8 μm in diameter), are
produced by an ink jet aerosol generator (IJAG, ECBC) for
size calibration.

The relative spectral response for the SPFS system,
which includes the collection optics, spectrograph, and
ICCD detector, is calibrated based on a NIST-traceable
calibration light source from 220 nm to 1050 nm
(DH-2000-CAL deuterium tungsten halogen calibration
standard, Ocean Optics). The relative response at each
wavelength was obtained by comparing the recorded
spectrum of the ICCD with the spectrum of the light
source provided by the manufacturer. Fluorescence spectra
for single particles are obtained by subtracting an average
of background spectra. The average background spectrum
(from 200 shots) is recorded under the same experimental
conditions, but without particles present by internally
firing the laser at 10 Hz. The background counts of the
ICCD are mainly from some elastic scattering leakage, stray
light, and the thermal and read-out noise of the ICCD.

2.6. Ultraviolet aerodynamic particle sizer (UVAPS)

The Ultraviolet Aerodynamic Particle Sizers (UVAPS,
Model 3314, TSI) is a commercially available system used
for real-time monitoring of bioaerosol size and total
fluorescence. To help examine the effects of ozone on
bioaerosols, a UVAPS is used to measure the aerodynamic
particle size distribution and integrated fluorescence
(between 430 and 580 nm) intensity distribution excited
by a 355-nm laser. Sampling from the drum was limited to
1 LPM by attaching only the inner, sample-flow inlet to the
drum and letting the instrument pull the sheath air
(4 LPM) from the surrounding laboratory.

2.7. Preparation of bioaerosol materials

Thrombospondin-1 octapeptide powder (American
Peptide Co.) was suspended into a mixture of 1:5 PBS to
water at a concentration of 0.25 mg/mL. The suspension
was divided into 4 mL aliquots and frozen for storage to
prevent damage to the peptides. Aliquots were defrosted
in the refrigerator prior to aerosolization each day. These
suspensions were loaded into syringes with magnetic stir
bars for aerosolization with the ultrasonic nozzle.

Bacillus thuringiensis Kurstaki was obtained from Dugway
Proving Grounds and resuspended in water at 10 mg/mL for
aerosolization. B. subtilis was obtained from the U.S. Army
Edgewood Chemical Biological Center (ECBC) and suspended
in water at 0.025 mg/mL to produce the nominal 1.5 μm size
in diameter particles by IJAG for system testing.
2.8. Measurement protocol

Each measurement period lasted for 4 h, with addi-
tional time required for ozone conditioning if necessary.
Prior to the test, the drum was pre-conditioned to a RH
about 5% below the desired humidity to allow for addi-
tional moisture that was introduced into the drum by the
aerosol generation process. Aerosol was generated and
introduced into the chamber for 10 min to reach a particle
concentration of approximately 300 particles/cm3. Once
the aerosol reached the desired concentration, initial
measurements were made with the UVAPS and SPFS.
During these measurements, the airflow out of the drum
was balanced by dry air introduced into the drum. If
the test required ozone conditioning, ozone was added
to the drum for approximately 20 min after the initial
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measurements, until the ozone reached a concentration of
150 ppb. The 4-h measurement period then began, with
UVAPS and SPFS measurements made every hour. The
UVAPS was sampled for 3 min every hour. Its pump was
turned off during the rest of the test. During the 3-min
sample period, a controller and software activated the
ozone and RH control/generation systems, if necessary, to
maintain the ozone and RH at their set points. Addition-
ally, the ozone control system was turned on for 2 min
every 10 min to maintain ozone levels at approximately
150 ppb during trials at high ozone concentration. Air lost
to the UVAPS, SPFS, and ozone monitor was balanced with
dry, filtered air sent into the drum. When measurements
were not occurring, no air was introduced into or removed
from the drum. After the 4-h measurement period, the
drum was purged at 55 LPM for about 30 mins, until the
aerosol concentration was far below 1% of its starting value.

3. Results and discussion

The new chamber was initially characterized using Bacil-
lus thuringiensis Kurstaki particles. Aerosol was generated
and injected into the chamber (which rotated at 1 rpm) and
measured hourly with a UV-APS over a 9 h period. The
measured size distributions were binned according to their
fluorescence properties. It is presumed that only the fluor-
escent fraction of the particles contain spores. During these
experiments, the RH was maintained at 30.9%72.8%, tem-
perature was 20.670.4 1C, and no ozone was generated.
During the 9-h experiment, little change was observed in the
particle size distribution (Fig. 2(a) and (b)), although it is
apparent that some loss was occurring in the larger, fluor-
escent particles, particularly after the first 3 h. The number
concentration decreased steadily over the 9 h period, in
response to both sampling loss during the measurements
and settling loss, although even after 9 h �33% of the initial
concentration remained in the chamber.

During a separate experiment, the ability to maintain
both a stable RH and ozone concentration simultaneously
was observed. Over this 4-h experiment, the target ozone
concentration was 150 ppb (the highest used in this study)
and the target RH was 50%. After the initial target
concentrations were reached, the RH was measured
approximately every 10 s (using the internal sensor shown
in Fig. 1) and the ozone was measured every 15 min (using
Fig. 2. (a) Particle size distribution, (b) mean particle size, and (c) particle num
over a 9 h period in the rotating chamber.
an external sensor). We found that the ozone was able to
be maintained at 145.4 ppb76.6 ppb. The RH was held at
49.0%72.8%, while the temperature remained constant at
20.470.6 1C.

Although the UVAPS was used to measure the size
distribution and concentration at any measurement time
for the bioaerosol particles within the chamber, it did not
accurately reflect the particles sampled by SPFS, which has
a different aerodynamic design and only responds to
particles larger than 1 μm. In particular, previously
described versions of the SPFS cannot supply the indivi-
dual particle size associated with a measured UV-LIF
spectrum. Therefore, a capability to measure the forward
elastic scattering from the particles and to estimate the
particle size from this scattering was added to the SPFS
system. Fig. 3(a) shows the aerodynamic paricle size
distribution measured by TSI-APS 3200 and Fig. 3(b)
shows the corresponding elastic scattering intensity dis-
tribution measured by SPFS for PSL spheres and trypto-
phan particles with nominal sizes 1 μm, 1.1 μm, 2 μm,
2.3 μm, 3 μm, 3.1 μm, 4.2 μm, and 5.8 μm. The light scatter-
ing particle size histograms show reasonable agreement
with the aerodynamic size histograms, but exhibit larger
uncertainty. The PSL spheres (Duke Scientific) are specified
by the manufacturer to have a standard deviation in size of
less than 5%. The tryptophan particles produced by the
IJAG had a standard deviation greater than 10%. Fig. 3(c)
summarizes the average scattering response of the SPFS to
1000 of the PSL and tryptophan particles in multiple tests.
A quadratic fit was applied to the scattering intensity
versus particle size. The best least squares fit to the data
was found to be I¼0.10012�0.04254dþ0.28517d2, where
I is the scattering intensity from the PMT and d is the
particle diameter in μm. Using this relation, a particle size
can be estimated from its scattering intensity. However,
larger errors are expected if the particle has a high
absorption at 705 nm, nonspherical shape, different refrac-
tive index, or inhomogeneities. For the octapeptide parti-
cles studied here, we do not expect large errors from any
of these factors because peptide and water have very little
absorption at 705 nm, the oxidation products of trypto-
phan (e.g., kynurenine) have not been reported to absorb
strongly at 705 nm, and the dried peptide particles are
likely to be approximately spherical with an approxi-
mately homogenous refractive index.
ber concentration of the Bacillus thuringiensis Kurstaki particles changing



Fig. 3. Histograms of (a) aerodynamic paricle size distribution measured
by TSI-APS 3200 and (b) the corresponding elastic scattering intensity
distribution measured by SPFS for polystrene (PSL) sphere and trypto-
phan particles with nominal sizes 1 μm, 1.1 μm, 2 μm, 2.3 μm, 3 μm,
3.1 μm, 4.2 μm, and 5.8 μm. (c) Averaged scattering response of SPFS to
the above PSL and tryptophan particles used for calibration. The blue line
is a quadratic fit to the data. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Successive UV-LIF spectra from 22 single aerosolized Bacillus
subtilis particles (around 1.5 μm in diameter) excited by (a) 263 nm and
(b) 351 nm lasers.

Y.-L. Pan et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 133 (2014) 538–550 543
Fig. 4 shows 22 successive UV-LIF spectra from single
Bacillus subtilis particles with a nominated size around
1.5 μm in diameter excited by (a) 263 nm and (b) 351 nm
lasers. Each spectrum is generated from a single particle
excited by a single pulse of the laser. The sharp peaks
around 351 nm and 685 nm (Fig. 4(b)) are the elastic
scattering leakage from the UV illuminating laser and
one diode trigger laser. The spectra show consistent
spectral profiles and good signal to noise (S/N) ratio from
particle to particle. The variation in fluorescence intensity
from particle to particle depends on several factors, but is
dominated by the variation in particle size, which is
proportional to the diameter (d) raised to a power typically
between 1.8 and 3 [10,35]. Thus for particles in the 1–3-μm
diameter range, the range of expected fluorescence is
somewhere between 1 to 7.2 and 1 to 27. Other contribu-
tions to the particle-to-particle variation for fluorescence
intensity are from the changes of (a) total laser fluence
(o5% variation from pulse to pulse), (b) spatial profile of
the laser beam, and (c) position of the particle relative to
the focal region of the collection optics. Variations in
particle composition and the orientation of the particle
(particles are not exactly spherical) relative to the illumi-
nation and collection optics also contribute to the varia-
tions in fluorescence.

Most of the aerosol particles in this study were in the
1–4 mm diameter range with an initial number mean
diameter between 2.2 and 2.8 mm (examples are in Fig. 5
(a, d and g)). Typically this mean diameter gradually
decreased to around 1.4–2.0 mm by the end of the experi-
ment period (depending on the RH, ozone concentration
and total time of the experiment, 4 or 4.5 h). The mean



Fig. 5. UVAPS measurements of particle concentrations and fluorescence for different aerodynamic diameters and at various times after octapeptide
particles were injected into the rotating drum at the RH and ozone concentrations (OZ) indicated: (a, d and g) are typical total-particle size distributions;
(b, e and h) show average fluorescence of particles having fluorescence above a threshold (set at 3 au) for each size bin, plotted vs aerodynamic diameter;
(c, f and i) show time-dependent concentrations and mean sizes for total particles and fluorescent particles (For interpretation of the references to color in
this figure , the reader is referred to the web version of this article.).
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size decreases because of collisions of particles with the
drum surface or other surfaces in the chamber, often
because of settling. The curves in Fig. 5 show how the
concentration and mean size of all the particles and of the
fluorescent particles decrease with time, and how they
decrease more rapidly when the RH and ozone concentra-
tion are larger (Fig. 5f and i). After particles were sus-
pended for 4 or 4.5 h in the chamber the number-mean
diameter of all the particles decreased approximately 15%,
25%, and 45% (from the original mean diameter) while the
total particle concentration decreased to about 35%, 30%,
and 20% (of the peak concentration) for RH and ozone
concentrations of 20% and 0 ppb, 50% and 150 ppb, and
80% and 150 ppb, respectively (e.g., Fig. 5c, f and i). The
time-dependent changes seen Fig. 5 illustrate that the
particle mode size (Fig. 5a, d and g), mean size (Fig. 5c, f
and i), and concentration (Fig. 5c, f and i), decrease with
time, and that the decrease depends on the RH but
has little relationship with ozone concentration. Other
measurements (not shown) are consistent with these
conclusions. The mean size of fluorescent octapeptide
particles (355-nm excitation) decreases at approximately
the same rate as the total particles (Fig. 5c, f and i, dashed
blue lines). The concentrations of the fluorescent particles,
however, decrease more slowly (red dashed lines in Fig. 5c, f
and i). The apparent shift in the size distribution and the
decrease in concentration are likely caused by the prefer-
ential loss of larger particles in the rotating drum, rather
than by a change in particle size due to aging. The large loss
in concentration over the first 2 h is characteristic of the
mixing and initial loss of aerosol in a rotating drum
chamber. Over the next 2 h, the concentration dropped
more slowly, as is consistent with the decrease being caused
primarily by settling and sampling losses. The more rapid
decrease in the concentration of large particles at high RH
might be due to the adsorption of water vapor which could
increase particle mass and make their rate of settling faster
than is ideal for the drum and rotation rate used. Adsorption



Fig. 6. Typical time-dependent UV-LIF spectra of octapeptide aerosol particles under different RH and ozone concentrations (OZ). In the cases listed at
150 ppb, the ozone increased from approximately 0–150 ppb in the first approximately 30 min. The spectra have been weighted by particle diameter as
1/d2.05 for 263-nm excitation and as 1/d2.8 for 351-nm excitation, and so the averaged spectra shown are the converted counts from the measurements of
the ICCD that is estimated to be if all particles were 1 μm diameter.
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of water could also increase the stickiness of the particles
which could lead to more rapid losses to the chamber
surfaces.

The integrated fluorescence per particle in each particle
size bin (measured by the UVAPS) increased with time at a
high ozone concentration and especially at high RH (Fig. 5,
middle column). This increase is consistent with Refs. [21–
28,30]. When the ozone concentration is low (less than
5 ppb) as seen in Fig. 5b, the increase in 355-nm excited
fluorescence is much slower. It suggests that even low
ozone concentrations can convert tryptophan to NFK and
KN. In Fig. 5(b, e and h) it may appear that the average
fluorescence of particles decreases very slowly as the
particle size decreases from approximately 2 to 0.9 mm,
as if it had reached an asymptote at approximately 3. This
behavior should not be taken to suggest that the fluores-
cence per particle does not decrease as the particles size
decreases below 2 mm. The curve appears to reach an
asymptote at 3 because a threshold of 3 was used to
categorize particles as fluorescent or nonfluorescent. The
dynamic range of UVAPS is 26¼64, as compared to
216¼65536 for ICCD.

Fig. 6 shows the averaged UV-LIF spectra excited at
263-nm (left column) and 351-nm (right column). The
data in the upper row is for 20% RH and 0 ppb ozone, and
in the lower row is for 50% RH and 150 ppb ozone. For
each of the four panels three sets of 200 individual
aerosolized octapeptide particle were averaged from the
measurements at the RH, ozone concentration and expo-
sure times indicated for the various curves. In previous
efforts [10,35] it has been noticed that for bioparticles
larger than 1 or 2 μm diameter (d) the fluorescence per
particle varies approximately as dx where x is some
number that is typically between 1.8 and 3. In averaging
the fluorescence we weighted the fluorescence by 1/d2.05

at 263-nm excitation and by 1/d2.8 at 355-nm excitation by
theoretical estimation. The value of 2.8 at 351 nm is similar
to the 2.7 and 2.8 measured for ovalbumin excited at
355 nm [10]. The value of 2.05 at 263 excitation is lower
than the three values (2.7, 2.4, and 2.4) reported in
Ref. [10] for ovalbumin. However, the mass fraction of
263-nm absorbing amino acids in the octapeptide is larger
than it is in ovalbumin, i.e., 11.6 times for tryptophan and
3.85 times for tyrosine, and so the exponent should be
smaller than it is for ovalbumin. There are still large
uncertainties in the appropriate values for these expo-
nents as can be seen in the measurements of such
numbers for albumin [10]. There are also uncertainties in



Fig. 7. Fluorescence difference spectra, where each spectrum is the difference between the normalized average fluorescence spectrum at the end of the
experiment and the normalized average spectrumwhen the octapeptide particles were initially released in the chamber. The end of the experiment is after
4 h in the chamber (upper panels with non ozone) or 4.5 h (lower panels with 150 ppb ozone (OZ)) in the chamber. Each curve is an average of three 200-
particle sets of spectra. The vertical axis if multipled by 100 gives the percentage change.
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trying to model the exponent for 351-nm excited pure
proteins or peptides because the absorption by these
materials at 355 nm should be almost zero.

In the octapeptide (Arg–Phe–Tyr–Val–Val–Met–Trp–
Lys) aerosol particles studied here, Phe, Tyr and Trp absorb
strongly at 263 nm. Typically the UV fluorescence of Phe,
Tyr and Trp is centered near 280 nm, 300 nm, and 340 nm,
respectively, depending upon the local environment. In
peptides containing Phe, Tyr and Trp, a significant fraction
of the energy absorbed by Phe and Tyr is typically
transferred nonradiatively to Trp. The net effect is that
the fluorescence from Trp is significantly enhanced, while
that of Phe and Tyr is typically negligible or small. Phe, Tyr
and Trp have very low absorption coefficients for light at
351 or 355 nm, and other amino acids typically contribute
no or negligible absorption or fluorescence for either
263 nm or 351 nm excitation. In Fig. 6, the strong 263-
nm-excited fluorescence band centered near 340-nm (left
panels) is mainly from tryptophan, with possibly a
small contribution from tyrosine and no significant con-
tribution from phenylalanine. This 340-nm band
decreased to about one-half of its initial value after 4 h
at RH �20% and ozone o5 ppb (Fig. 6, top left), but
decreased faster (reduced by approximately 90%) after
4.5 h at higher RH (50%) and ozone (150 ppb) (lower left).
This decrease in the 340-nm band fluorescence is consis-
tent with previous reports of tryptophan reacting with
ozone to form ozonides which in the presence of water can
be converted to NFK and KN.
Initially, the 351-nm excited fluorescence (Fig. 6, right
panels) has a peak intensity about 500 times weaker than
does the 263-nm excited fluorescence. This 351-nm
excited fluorescence changes little at 20% RH and
o5 ppb ozone concentration for 4 h. However, at 50% RH
and 150 ppb ozone this fluorescence increased to 20 fold
larger than its initial intensity (lower right panel). This
increase occurs primarily within the first 1.5 h. Given the
composition of the peptide and what is already known
about reactions of ozone with tryptophan, this increase in
351-nm excited fluorescence indicates that in these octa-
peptide particles the ozone caused the oxidation of tryp-
tophan to NFK and/or KN, molecules that fluoresce in the
visible when excited at 351-nm (Fig. 6) or 355-nm (Fig. 5).
UV-LIF spectra measured at conditions show similar phe-
nomena (see more in Fig. 7).

In order to separate the UV-LIF spectral profile changes
from the changes in intensity, all spectra were normalized
to one at the peak, and then the initial spectrum, which
was measured when the particles were initially released
into the chamber, was subtracted to produce the difference
spectra. Fig. 7 presents the difference spectral profiles
measured initially and after 4 h (with no ozone) or 4.5 h
(when ozone is added) of aging in the chamber. All
263-nm excited spectra, with or without ozone, exhibit
slight blue shifts in the 340-nm band for an increase in
intensity at shorter wavelengths and a decrease at longer
wavelengths. These changes in intensity are less than 5%
when particles were not exposed to ozone (Fig. 7(a)) but
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up to about 10–15% when particles were exposed to ozone
at various RH (Fig. 7(b)).

These changes in the spectra profiles may have multi-
ple causes. We speculate that the blue-shift at very low
(o5 ppb) (Fig. 7(a)) or high (150 ppb) (Fig. 7(b)) ozone
concentration might have contributions from one or more
of the following: (1) The ozone (even at less than o5 ppb)
may be sufficient to oxidize a significant fraction of the
tryptophan while causing less or no decrease in the
fluorescence from tyrosine, which has its peak emission
near 303 nm, and some emission even at 360 nm. Also,
most of the energy absorbed by tyrosine is transferred
nonradiatively to tryptophan in typical proteins. As tryp-
tophan is oxidized the transfer of energy from tyrosine to
tryptophan should decrease and tyrosine fluorescence
should therefore increase. This preferential oxidation of
tryptophan is consistent with the order of oxidization rates
(Met4Trp4Tyr–His4Phe) observed when ozone was
bubbled through water containing E. coli or bovine serum
albumin [27]. (2) Rearrangements in the secondary, ter-
tiary and quaternary structure of the octapeptide–NaCl–
water droplets might occur to allow the aromatic amino
acids from different peptides to be more in contact with
each other, and to be in a more apolar environment. The
fluorescence of tryptophan is known to shift to shorter
wavelengths when it moves into a less polar environment
[36]. (3) If the room light contains UV-A and pass into the
chamber through the end windows of the drum, this UV
light could cause the photo-oxidation of tryptophan (to
NFK, KN, hydroxykynurenine and several other molecules
that are less fluorescent if sufficient water is present [37]).
NFK and KN are fluorescent, but possibly the photooxida-
tion occurs in such a manner that some of the products are
nonfluorescent molecules by 263 or 351 nm excitation
when no ozone is involved.

The relative increase in intensity in the visible wave-
length range (400–600 nm) during the exposure to
150 ppb ozone (Fig. 7(b)) indicates that one or more new
fluorescent molecules have been generated (as was shown
in Fig. 6 for 351-nm excitation), and that this oxidation
product can also be excited at 263 nm to fluoresce at
visible wavelengths. Because the composition of the octa-
peptide and the reactions of ozone with tryptophan are
known, the primary new molecules that may be respon-
sible for the new fluorescence are NFK, KN and possibly
further-modified variants of these such as hydroxykynur-
enine. Because we do not know how rapidly the NFK
would hydrolyze to KN and then to hydroxykynurenine at
different RH in these peptide-salt particles we cannot very
well estimate the fractions of these metabolites in these
particles at different RH at the present study.

At ozone concentrations of o5 ppb there is a negligible
increase in visible fluorescence, at 20% or 80% RH, and so it
does not appear that NFK and KN are being produced or
that tryptophan is being oxidized by ozone. That suggests
that the blue shift seen at o5 ppb ozone is not caused by
the oxidation of tryptophan but by a rearrangement of the
peptide to a less polar environment, or by photo-oxidation
of tryptophan to produce non-fluorescent molecules, but
we have no indication that there is sufficient light to
cause that.
Fig. 8 summarizes the time-dependent UV-LIF band
intensity and intensity ratio changes under different
experimental conditions (combinations of RH around
20%, 50%, or 80% and ozone concentration about 0 or
150 ppb). All data points were averaged from 3 data sets,
which were measured on different days with the same
experimental conditions, and each data set contains 200
UV-LIF spectra from 200 single aerosolized octapeptide
particles around the same elapsed time in the chamber
after initial release. The fluorescence intensities from all
spectra were also converted into ICCD count/per 1 μm
diameter equivalent particle (as in Fig. 6) to eliminate
the size decay effect. UV263 is the integrated fluorescence
band intensity from 280 nm to 400 nm excited at 263-nm;
Vis263 is the band intensity from 400 nm to 580 nm
excited at 263-nm; and Vis351 is the band intensity from
380 nm to 700 nm excited at 351-nm. The three fluores-
cence band intensities decrease slowly (a), with similar
decay rate (b) at low RH (20%) and ozone concentration
(�0 ppb), and with a slightly faster decrease for the UV
band at high RH (80%) with the absence of ozone (c and d).

Once the ozone is added to the chamber (150 ppb), the
263-nm excited UV fluoresecnce band decreases more
rapidly for increasingly higher RH (from 20%, to 50%, then
80%), but the rate of change of the 263-nm excited visible
fluorescnce band, composed of emissions from both the
tryptophan tail and the products of tryptophan oxidation,
does not appear to change significantly. When ozone is
present, the magnitude of the 351-nm excited visible
fluoresecnce band increases more rapidly at higher RH,
particularly at the begining, and then slows down once it
reaches a certain intensity level (Fig. 8(e, g and i)). This
band is produced mainly from the products of the ozone
reaction that can be strongly excited by a 351-nm laser,
and only a little from tryptophan. The intensity ratio
changes (Fig. 8(f, h and j)) indicate that the 263-nm excited
UV fluorescence band always decreases faster than the
visible band (red lines), and the visible fluorescence band
excited by 351-nm excitation always increases faster than
the 263-nm excitation, and such changes happen increas-
ingly quickly with the increase of RH in the presence
of ozone.

For aerosolization, the octapeptide was suspended in
PBS, i.e., phosphate buffered saline. The NaCl in the particle
is probably much more hygroscopic than the peptide,
which has three aromatic amino acids out of eight, and
three more non-polar amino acids. Little liquid water is
likely to remain on these particles even at 20% RH, and the
particles at low RH should contain less water than parti-
cles of the same size at high RH. Increased RH appears to
increase the reaction rates of the particles with ozone and
the visible fluorescence intensities increase more rapidly.
The deduced or size-weighted fluorescence intensity com-
parison would be more accurate if we were able to
measure the water fraction of the particle and take it into
account.

Aqueous tryptophan can be converted by ozone to NFK
and KN [21–28]. UV light, including UV-A, can photo-
degrade proteins [37–40], generating several fluorescent
products of tryptophan, including NFK, KN and hydroxy-
kynurenine [37], and several products of tyrosine. KN has a



Fig. 8. Averaged intensities and intensity ratios of UV-LIF bands from octapeptide aerosol particles vs time with different experimental conditions
(combinations of RH at 20%, 50%, or 80% and ozone (OZ) at 0 or 150 ppb). In all cases the ozone is o5 ppb for the measurement at time¼0 min. In the
panels marked 150 ppb, the ozone gradually rose from o5 ppb to 150 ppb within the first 30 min (left gray area). UV263 is the integrated fluorescence
band intensity from 280 nm to 400 nm excited by 263-nm lasetr. Vis263 is the fluorescence from 400 nm to 580 nm excited by 263 nm laser. Vis351 is the
band from 380 nm to 700 nm excited by 351-nm laser. The spectra have been weighted by particle diameter as d2.05 for 263-nm excitation and as d2.8 for
351-nm excitation, and so the averaged spectra shown are the counts on the ICCD that would would be measured if all particles were 1 μm diameter (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.).
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wide fluorescence emission band in the visible, peaking
around 430–490 nm, and has absorption peaks near
360 nm and 260 nm. The fluorescence is much stronger
when KN is covalently attached to amino acids. NFK
fluoresces in a similar wavelength region and has a strong
absorption peak around 330 nm and a small absorption
peak at 265 nm [e.g., 39,40]. For the octapeptide with
the sequence Arg–Phe–Tyr–Val–Val–Met–Trp–Lys studied
here, only phenylalanine, tyrosine, and tryptophan emit
UV fluorescence when excited at 263-nm and fluoresce
very little when excited at 351-nm. By checking the
possible oxidization products or modification of molecules
by various oxidizing sources [e.g., 41], NFK and KN (from
tryptophan) and dityrosine (from tyrosine) are the main
fluorescent molecules that can be produced by interaction
with ozone. Dityrosine has high absorption around 315 nm
and also absorbs strongly at 263 nm but absorbs very little
at wavelengths above 350 nm. It fluoresces around 350–
500 nm with a peak at 408 nm when excited at 325-nm
[42]. In the fluorescence spectral profile excited at 351-nm
(Fig. 6(d)) and the spectral profile changes by 263-nm and
351-nm excitation (Fig. 7), it appears that the new pro-
ducts fluoresces in the visible wavelength range (400–
700 nm) and is peaked around 450 nm when excited at
351-nm or 263-nm. These measurements are consistent
with previous studies of pure amino acids in aqueous
suspensions, where KN was produced when tryptophan
interacted with ozone [21–23,25–28], where the observed
fluorescence emission is primarily from the oxidation
product KN, with possible small contributions from dityr-
osine and NFK. However, in the aerosolized peptide-salt
particles studied here, the water activity is much lower
than in typical aqueous media, especially at the lower
humidities (RH¼20% or 50%) and so the conversion of NFK
to KN will be less rapid than it is in aqueous solutions.
Previous studies have also observed that a more rapid
uptake of ozone by amorphous protein particles happens
at higher humidity [43–44]. Our measurements also show
that the oxidation is more rapid at higher RH.

The typical ambient ozone concentrations found in
remote continental measurements are from 1 to 125 ppb
dependent on altitude, atmospheric conditions and local
conditions. The typical peak concentrations in American
cities are between 150 and 510 ppb [45]. Therefore, the
changes in florescence spectral intensities and profiles of
biological particles observed in the laboratory simulated
conditions here (RH around 20%, 50%, or 80% and ozone
around 0 or 150 ppb) are potentially important in the
atmosphere. These changes in fluorescence may signifi-
cantly impact fluorescence-based detection of biological
aerosols that were exposed to atmospheric ozone under
similar conditions.

4. Summary

A laboratory system, improved over our previous appa-
ratus [30], for studying the changes in bioaerosol particles
in simulated atmospheric environments was developed.
Aerosolized octapeptide (Arg–Phe–Tyr–Val–Val–Met–Trp–
Lys) particles (mostly in the 1–4 μm diameter size range
with a mean size around 2 μm) were injected into a
rotating reaction chamber and suspended inside for 4 or
4.5 h of observation under controlled RH (20%, 50%, or
80%) and ozone concentration (0 or 150 ppb). Hourly
measurements of the octapeptide bioaerosol particles
sampled from the chamber show the following: (1) Parti-
cle size, concentration, and the 263-nm-excited fluores-
cence intensity decrease at different rates under different
combinations of the RH and ozone concentrations used.
(2) The 263-nm-excited UV fluorescence (280–400 nm)
decreases with time, which is consistent with the oxida-
tion of tryptophan molecules. (3) The UV fluorescence
peak near 340 nm slightly shifts to shorter wavelengths
with time elapse, possibly because tryptophan oxidizes
faster than tyrosine does. (4) The 351- and 355-nm-excited
fluorescence increases when ozone is present, especially
when the RH is high. (5) The increase in fluorescence
emission in the visible that occurs with the decrease of
tryptophan emission is due primarily to increases in NFK
and KN, which have been reported to be two of the main
products of ozonolysis–hydrolysis of tryptophan. This
study provides a better understanding of the changes in
bioaerosols and their properties occurring in the atmo-
spheric environment, and suggests limitations of
fluorescence-based bioaerosol measurements, particularly
in environments where moderate to high ozone concen-
trations may exist.
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