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ABSTRACT
The monitoring of air pollution, especially the detection and characterization of biological aerosols 
(bioaerosols) in the atmosphere continues to be a challenging task. Most biosensors rely on the presence 
of specific molecules, such as antigens on the surface, DNA sequences, or the common fluorescents 
tryptophan, flavins, or reduced form of nicotinamide adenine dinucleotide (NADH). However, the de-
tection signatures from either of these technologies can change significantly when the bioaerosol is 
released into the atmosphere, and the observed changes are strongly dependent upon the environmental 
conditions. In developing bioaerosol detection and characterization methods, researchers must account 
for the potential changes in their physical, chemical, and biological properties caused by various at-
mospheric conditions. The experimental results presented here show how the fluorescence spectral 
profile and intensity, the viability, and the PCR signature of bioaerosols, in particular for the vegetative 
bacteria Escherichia coli, change with time in the presence of one, or combinations of two, three, or 
four of the following variables: relative humidity <30% or ~75%, ozone ~100 ppb, α-pinene ~5 ppb, 
toluene ~45 ppb, and simulated solar ultra-violet light illumination with the typical levels in common 
atmospheric constituents and meteorological conditions. Large changes have been observed, e.g. UV 
fluorescence intensity dropped to be less than 1/10 of its initial value and the ratio of UV/visible fluo-
rescence intensity flipped from 2 to ½ within 3 h. These changes could happen on a typical day in any 
city or suburban area. Recording data of the ageing processes measured here should be very useful in 
developing biosensors and monitoring air pollution. 
Keywords: Age process, Bioaerosol, Environmental factors, Fluorescence spectra, PCR signature, 
Viability.

1  INTRODUCTION
Airborne aerosol particles, including bioaerosol particles, play a very important role in the 
atmosphere, where their physical, chemical, and biological properties, as well as their inter-
actions with the environment have significant impacts on the climate, environment, and 
human health [1]–[3]. ‘Primary biological aerosols (PBA), in short bioaerosols, are a subset 
of atmospheric particles, which are directly released from the biosphere into the atmosphere. 
They comprise living and dead organisms (e.g. algae, archaea, bacteria), dispersal units (e.g. 
fungal spores and plant pollen), and various fragments or excretions (e.g. plant debris and 
brochosomes. PBA particle diameters range from nanometres up to about a tenth of a mil-
limetre’ [4]. The properties and viability of bioaerosols in the atmosphere have shown sig-
nificant changes as they interact with the local atmospheric environment. These changes of 
bioaerosol particles in the atmosphere could be resulting from oxidization by ozone or OH 
radicals, hydration or desiccation due to fluctuations in relative humidity (RH), degradation 
by solar irradiation or light-induced photochemical reactions, agglomeration with other aero-
sols and interactions with secondary organic aerosols (SOA), free radicals, volatile organic 
compound (VOC), semi-VOC, or inorganic gas-phase compounds (e.g. NOx and SOx) [5]–
[15]. There are some studies about the total fluorescence changes for fungal spores as they 
exposed to flowing air in cultures of different ages [10]; about the changes of viability and 
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inactivation, absorption and fluorescence for bacteria and aromatic amino acids in bulk sam-
ples after exposure to ozone [11]–[12]; and about the change of fluorescence and viability 
for bioaerosols suspended in air while they interact with ozone in different relative humidi-
ties [13]–[15]. However, there is limited study about the effects of these ‘open air factors 
(OAF)’ to bioaerosols suspended in real atmosphere. In the troposphere, particularly in areas 
impacted by anthropogenic emissions, the trace chemical composition can be quite complex 
and many other compounds, in addition to ozone and relative humidity, may affect the prop-
erties of bioaerosols. The changes of bioaerosols exposed to more complex mixtures of trace 
gasses (e.g. O

3
, radical species and VOCs) under different meteorological conditions (e.g. 

solar irradiation, RH and temperature) requires further study. In order to improve the ability 
for monitoring air pollution, detecting and characterizing bioaerosols, taking the advantage 
of using existing instruments, and better understanding the atmosphere, we explored further 
for the changes of fluorescence spectra, viability and the sensitivity of polymerase chain reac-
tion (PCR) detection of bioaerosols under laboratory-generated complex chemical ageing 
processes in an improved rotating drum in this paper.

2  MATERIAL AND METHODS
A general schematic of the experimental setup is displayed in Fig. 1, the whole appara-
tus is composed of a rotating reaction drum chamber, an aerosol generator, an UV aero-
dynamic particle sizer (UV-APS), a single particle fluorescence spectrometer (SPFS), an 
all-glass impinger (AGI) for sample collection, and equipment to generate, monitor and con-
trol the ozone, RH, UV light simulated solar irradiation and two model atmospheric VOCs 
(α-pinene or toluene). The VOC compounds were chosen to be representative of both bio-
genic (α-pinene) and anthropogenic (toluene) compounds that are commonly attributed to the 
formation of secondary organic aerosol in the atmosphere. Concentration/intensity of ozone, 
water vapour, UV light irradiation, and the two VOCs can be controlled individually, so they 
can be introduced alone or together to examine their effects individually, or in combina-
tion. The chamber has a 400 L volume, corresponding to a radius of 15 inches and a length 
of 36 inches; it was used to ensure that there is sufficient volume for intermittent sampling 
throughout the ageing period of up to several hours. Dry laboratory compressed air, after 
removing residual volatile compounds and particulates by a carbon and high-efficiency par-
ticulate arresting (HEPA) filter, was used to supply clean dry air, humid air (through a deion-
ized (DI) water bubbler), ozone-laden air, VOC-evaporation laden air, and aerosol generation 
air. Each of these air flows was metred at a target flow rate via mass flow controllers (MFC, 
Alicat Scientific) and controlled through a LabVIEW interface. Teflon-coated stainless-steel 
was used as the inert material of the entire drum to avoid the inadvertent generation of static 
charge during the rotation of the drum, other drum materials that are involved in rotation were 
selected to ensure that no plastic on plastic contact is made during rotation. The Teflon coat-
ing also limits the reactivity of the chamber walls to improve observations inside the drum.

Chemically conditioned air (ozone, RH, VOCs) can be introduced into the chamber by two 
methods. First, by introducing through the ports labelled inlets (Fig. 1), which allows better 
mixing and directly replaces air in the drum with conditioned air. This method is used to pre-
condition the drum to the target chemical concentration and humidity quickly. Second, con-
ditioned air can travel along a 2-inch diameter perforated tube, lined with a PTFE-membrane, 
which acts as a gas permeable conditioning system. This approach is utilized during testing, 
to allow mixing of gaseous species through diffusion, while minimizing impact to the aero-
sol concentration either by dilution or disruption to the rotational flow. Direct injection and 
sampling lines both have end conical reducers to limit the disrupting injecting or sampling air 
velocity by increasing the cross-sectional area. 
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During the test process, the drum was rotated at 1 rpm to extend the settling time of the 
particles in the chamber. Particle retention in the drum was measured to be as good as 20% 
of the injected aerosols below 2 μm for up to 5 h. Figure 2 shows a typical concentration 
distributions of bioaerosol Bacillus thuringiensis Al Hakam (B.t.) vary with aerodynamic par-
ticle size at different time lapses, which were recorded at a half hour intervals, after released 

Figure 1: � The schematic of the experimental setup. The scale of the axel relative parts of the 
rotating drum is exaggerated to show the details of the air and aerosol flow paths 
and different monitors.

Figure 2: � Concentration distributions of bioaerosol B.t. Al Hakam vary with aerodynamic 
particle size at different time lapses after released into the rotating drum under (a) 
low relative humidity (20%) and (b) high relative humidity (~75%).
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into the rotating drum. Figures 2a and 2b were injected into the chamber with a conditional 
chamber RH at ~20% and ~75%, respectively. In both low and high RH conditions, particle 
concentration got lower and lower mostly due to the physical loss, the mode concentration 
kept shifting to a smaller size from 2 μm to about 1.5 μm within 4.5 h, while the particles 
have a bigger lose and mode size shift in high RH than in low RH.

•	 Escherichia coli (E. coli) K-12 strain, Bacillus thuringiensis (B.t.) Al Hakam, Yersinia 
rohdei and MS2 bacteriophage were chosen to be the testing materials, particularly the 
experimental results from E. coli are presented in this article. 

•	 The ageing process of the resting bioaerosol particles in the reaction chamber was charac-
terizing by the ultra-violet (UV) laser-induced fluorescence spectra measured every half 
hour, also bacterial viability and PCR from the beginning and the end collected by the 
AGI sampler. The fluorescence spectra from single individual bioaerosol particles from 
the rotating drum at each measuring time points throughout each experiment were meas-
ured by the single particle fluorescence spectrometer (SPFS) [13]–[15]. It provided dis-
persed fluorescence spectra covered 280–560  nm excited by a 263-nm laser pulse and 
380–650 nm excited by a 351-nm laser pulse associated with an elastic scattering particle 
size. Meanwhile an ultraviolet aerodynamic particle sizer (UV-APS, Model #3312, TSI 
Inc.) measures the total fluorescence (430–580 nm) of aerosols excited by a 355 nm laser 
and reports the aerodynamic size of the aerosol between 0.523 and 20  μm, it supplies 
the aerosol concentration and size distribution during each test to normalize biological 
losses for physical losses (described below). Both the SPFS and UV-APS sampled from 
the chamber at 1 Lpm during the measurements. For the aerosol samples, which were 
collected at the beginning and end of each test by an AGI-30s with 20 mL of phosphate-
buffered saline, were analysed for bacterial viability and further analysed by PCR. To de-
termine viability, the AGI-30 samples were serially diluted in PBS and plated in triplicate 
on 3M Petrifilm Aerobic Count Plates and LB agar to determine the equivalent spore/cell 
concentration. The Primers and probes for PCR signal are determined based on an existing 
published K-12 specific assay [16].

Finally, quantification by viable counts and PCR were normalized to particle concentrations 
in the drum, to compensate for the varying levels of particle loss depending on the test condi-
tions, and the sample time. Meanwhile, the mass concentration of aerosols was used instead 
of number of concentration for higher reliable viability calculation. Therefore, the log decay 
rates normalized to aerosol concentration was calculated as,
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where aerosol concentration C is determined by PCR or plating, total aerosol concentration n 
is determined by UV-APS; t is the time point for second AGI sampling, which is equal to the 
ageing time of aerosol within the chamber; and the notation 0 and 1 indicates the initial and 
final aerosol sampling time point, respectively.

In the experiment, the variables were applied to the chamber either one by one individually, 
or in the combination of two, three, or four of them in observing the ageing process, both a 
zero and a controlled concentration of each variables were chosen to perform the experiment. 
In total 24 possible test conditions we used. Each of these conditions was repeated three to 
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four times. Each test lasted at least 3–4.5 h, not including the time required for conditioning 
and purging the chamber. For the tests that had the contribution from VOC, only one of the 
two VOCs (either toluene or α-pinene) was applied. During each test, bioaerosol were gener-
ated for approximately 10 min to reach a particle concentration of 300 particles/cm3 in the 
chamber. Immediately following chemical conditioning and aerosol generation, initial meas-
urements were made with the UV-APS, SPFS, and an 5 min. initial sample was collected with 
the AGI-30 at 12.5 Lpm. Throughout each test, UV-APS and SPFS took measurements every 
30 min. UV-APS samples were collected for 3 min using a 30-s sampling cycle. The SPFS 
recorded 200 fluorescence spectra from individual particles for both 263-nm and 351-nm 
excitations associated with its size in each measurement. Once aerosol was drawn from the 
chamber, its population was effectively diluted due to the influx of the clean particle-free air 
to maintain pressure.

3.  RESULTS AND DISCUSSIONS

3.1  Biological Signature Ageing

Figures 3 and 4 summarize the biological ageing results of these experiments in terms of the 
corresponding log change rate (defined in eqn (1)) of viability and PCR sensitivity for aero-
solized E. coli cells under the different experimental conditions. Changes in the viability of 
collected aerosol particles and changes in the PCR sensitivity were examined and normalized 
against physical losses in the chamber, as measured by the UV-APS. 

Figures 3 and 4 show that E. coli exhibits significant change differences between ageing 
conditions. Mostly the changes in PCR detection for E. coli were not in good correlation with 
the changes in viability except in a few cases. For instance, high humidity demonstrated no 
significant ageing, alone or in combination with VOCs. However, UV light, high RH with 

Figure 3: � Log change rate (defined in eqn (1)) of viability for aerosolized E. coli cells under 
the different experimental conditions within the reaction chamber.
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ozone did cause relatively accelerated ageing when compared to other conditions. The lack of 
change in PCR concentration as a function of humidity indicates that the changes in viability 
are likely occurring on the surface, or as a function of pH in the particle, instead of com-
promising the genomic DNA. Throughout testing, the PCR results are relatively noisy com-
pared to the changes in viability. Since the DNA or RNA is relatively protected, it is chang-
ing slower than the viability, which relies on reactive surface proteins and cell membranes 
remaining intact and functional. These small changes become even noisier when normalized 
to particle concentrations to account for variations in physical losses, especially when com-
pared to the relatively accelerated changes in viability. 

3.2  Changes in Fluorescence Intensity and Profile

The averaged fluorescence spectra excited by 263 and 351 nm laser from 200 E. coli aerosol 
particles at different times were measured by SPFS during these experiments. Each spectrum 
is the averaged data from 200 spectra recorded during a single measurement period. Only 
spectra collected at t = 0, t = 30 min, and then at 1-h intervals thereafter are presented. This 
shows the rapid spectral changes observed in the first hour of many experiments, while limit-
ing the overlap as the rate of change decreases over the duration of the test. In addition to the 
spectra, the integrated fluorescence intensity over three emission bands is plotted verses time 
for all measurements (shown at the bottom row in Figs. 5–7). These averaged emission bands 
clearly illustrate the change trends in fluorescence amplitudes. The UV263 is the integrated 
fluorescence band intensity from 280 to 400 nm when excited by a 263 nm laser. The Vis263 
represents the fluorescence band intensity from 400 to 580 nm when excited by a 263 nm 
laser. The Vis351 is the emission band from 380 to 650 nm when excited by a 351 nm laser.

Figure 4: � Log change rate (defined in eqn (1)) of PCR sensitivity for aerosolized E. coli cells 
under the different experimental conditions within the reaction chamber.
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Figures 5–7 show the time-dependent change of fluorescence spectra and the correspond-
ing integrated band intensities from aerosolized E. coli cells under various conditions in 
the rotational drum with the combinations of three or four variables applied. Once ozone 
and high RH presented together, even with other variables added, the UV263 band always 
significantly decreased with some minor changes in Vis263 bands (increase or decrease). 
While the Vis351 bands gave significant increase for ‘ozone + high RH + toluene’, and some 
small changes for other cases. For these conditions with UV illumination, but without ‘high 
RH + ozone’ presented together, all the fluorescence bands decreased, especially with a con-
siderable decrease in the UV263 band. For the ‘Ozone + VOC + UV’ conditions, all the fluo-
rescence bands decreased at a similar rate, but the spectral profiles had little change during 
the ageing process.

By analysing all the measured results, we noticed UV light illumination has the largest 
ageing effect, which drives all the fluorescence band intensities decreased. The combina-
tion of high RH and ozone also play an important role in the ageing process, it significantly 

Figure 5: � Time-dependent change of fluorescence spectra and the corresponding integrated 
band intensities from E. coli aerosol under various conditions in the rotational 
drum with three variables (High RH + Ozone + VOC or UV) applied (RH ~75%, 
ozone ~100 ppb, α-pinene ~5 ppb, toluene ~45 ppb, or UV light illumination).
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Figure 6: � Time-dependent change of fluorescence spectra and the corresponding integrated 
band intensities from E. coli aerosol under various conditions with the combina-
tions of three variables applied (RH ~75%, ozone ~100 ppb, α-pinene ~5  ppb, 
toluene ~45 ppb, or UV light illumination).

weakens the UV fluorescence, but increases the visible emission via oxidization. They 
showed more effects on the ageing processes as they combined with other variables. Overall, 
the degradation was stronger when more variables were applied. 

3.3  Comparison of the fluorescence and biological ageing results 

In order to quantitatively compare these changes under different conditions, and to make 
more direct comparisons with the biological ageing results, the intensity change rates of the 
three fluorescence bands are calculated as,

	 Avg fluorsec intensity change rate. . ( ) / ( ) %= − × ×I I I t1 0 0 1 100 	 (2)

where I is the integrated fluorescence band intensity; t is the time point for the last measure-
ment in the whole test, which is equal to the ageing time of aerosol within the chamber; and 
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the notation 0 and 1 indicates the initial and final aerosol sampling time point, respectively. 
It is important to note that this is the change averaged over the entire interaction time, which 
does not precisely reflect the non-linear ageing process where most ageing occurs in the first 
30 min. However, it is still valuable for comparing ageing between fluorescence, viability and 
PCR sensitivity. Figure 8 summarizes the average intensity change of the three fluorescence 
bands under the different experimental conditions. There is clearly a lot of variability, but 
several trends are apparent. The UV263 band typically decreases at the highest rate, and its 
intensity only slightly increases during limited single variable experiments (ozone or VOC). 
The Vis263 band typically follows the changes of UV263 (increase or decrease simultane-
ously) but with a smaller change rate. Vis263 and UV263 only changed in opposite directions 
in the ozone + high RH + toluene measurements. The Vis351 bands have the smallest change 
rates, and in quite a few cases, their intensities increased especially when ozone, high RH 
and VOC are applied. 

Figure 7: � Time-dependent change of fluorescence spectra and the corresponding integrated 
band intensities from E. coli aerosol under various conditions with the combi-
nations of three or four variables applied (RH ~75%, ozone ~100 ppb, α-pinene 
~5 ppb, toluene ~45 ppb, or UV light illumination).
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Comparing the rate changes in viability (Fig. 3), PCR sensitivity (Fig. 4) and intensities 
of fluorescence bands (Fig. 8) for the E. coli aerosols under different experimental condi-
tions within the reaction chamber, we noticed that the changes of fluorescence do not appear 
directly related to a loss in viability and PCR signals. Attempt to correlate the decay rates 
of both fluorescence and PCR signals to the decay rate of viability produce disappointing 
results (R2 = 0.23, 0.14, 0.08 and 0.17 for UV263, Vis263, Vis351 and PCR, respectively). 
The UV263 fluorescence is primarily due to tryptophan and other aromatic amino acids, and 
as such should be a good marker for protein degradation, and therefore viability degrada-
tion. Vis263 fluorescence has some contribution of fluorescence due to amino acids, but is 
primarily related to flavins (flavin mononucleotide (FMN) and flavin adenine dinucleotide 
(FAD)), metabolic by-products. Vis351 fluorescence is dominated by NADH and its phos-
phate (NADPH), flavins, and metabolic products. Therefore, both Vis263 and Vis351 bands 
may not directly correlate to the viability of the organism when it is not active metabolically. 
Decay in the PCR signature should also be a good marker for DNA damage, and therefore be 
related to viability. However, the lack of a statistically defendable relationship between fluo-
rescence and PCR, and viability decay rates is likely due to the variety of processes that may 
cause change in any of the variables, but not all. Some processes may damage DNA leading 
to viability loss, but not damage proteins and vice versa. It is possible that extracellular DNA 
was oxidized, photodegraded or destroyed during the different interacting processes in exper-
iments and resulted in a lower genomic material available for q-PCR. This would result in 
the ratio between culturable cells and genomic equivalents to decrease, regardless of changes 
in viability. Therefore, that the use of q-PCR (measurement of total genomic equivalents in 
a sample) as a method of normalizing for physical loss, might not be the most appropriate 
method for determining biological decay of E. coli in these experiments. 

Figure 8: � Time-averaged change rates of the three fluorescence bands UV263, Vis263 and 
Vis351 under various conditions in the rotational drum.
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4.  SUMMARY
The experimental results were presented for how the fluorescence spectral profile and inten-
sity, the viability, and the PCR signature of E. coli aerosol particles change with time in the 
presence of one, or the combinations of two, three, or four of the following variables: relative 
humidity below 30% or around ~75%, ozone around 100 ppb, VOCs α-pinene (~5 ppb) or 
toluene (~45 ppb), and simulated solar UV light illumination. UV263 (280–400 nm) band 
always has the greatest rate of decrease except for slight increases during limited single 
variable experiments (with ozone or VOC). Vis263 (400–580 nm) band typically follows the 
changes in UV band (increase or decrease simultaneously) but with a much smaller rate of 
change. They did change in opposite directions only when ozone, high RH, and toluene were 
applied. Vis351 (380–650 nm) band has the smallest decay rate, and in quite a few cases, their 
intensities increased especially when ozone, high RH and VOC are applied. Overall, all three 
of the viability, the PCR signature, and the fluorescence intensity of the E. coli aerosol parti-
cles decay faster when more variables were applied, and simulated solar UV light irradiation 
was the largest single driver of ageing, followed by the combination of high RH and ozone. 
Interestingly, the decay of fluorescence and PCR signals do not appear to directly correlate 
with a loss in viability. The results show that these changes are not special, they could happen 
on a typical day in any city or suburban area. Therefore, we have to reflect these ageing 
processes within the algorithm of bioaerosol detection systems, and hope our data observed 
here can provide a very rough estimation or point out a trend direction for the development 
of biosensors.
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