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Abstract

Characteristic particle size, fluorescence intensity and fluorescence spectra are important
features to detect and categorize bioaerosols. In this thesis, | developed a size-resolved single-
particle fluorescence spectrometer (S2FS), which enables measurement of fluorescence spectra
dispersed in 512 channels between 370 nm and 610 nm with excitation wavelength (Aex) at 355 nm.
Moreover, it can simultaneously measure aecrodynamic diameters of aerosol particles from 0.5 um
to 20 wm (52 channels, logarithmic size scale). The S2FS consists of an aerodynamic particle sizer
and a fluorescence spectrometer with a 355-nm laser excitation source and an intensified charge-
coupled device (ICCD) as detector.

Preliminary ambient measurement in Mainz (Germany, central Europe) shows that an emission
peak at ~440 nm was frequently observed for fluorescent fine particles (0.5-1 um), suggesting the
occurrence of dipicolinic acid (DPA), which constitutes a significant fraction of bacterial
endospores and exists exclusively in bacterial endospores. Fluorescent fine particles account for
2.8% on average, based on the number fraction in the fine mode. Fluorescence coarse particles (>
1 um) exhibit emission peaks at ~440 nm, ~450 nm, and ~470 nm, suggesting the existence of
agglomerated bacterial endospores, pollen fragments, and fungal spores in the coarse mode.
Fluorescent coarse particles account for 8.9% on average based on the number fraction, with
strongest occurrence observed during a thunderstorm and in the morning.

| further demonstrate that the volume of single particles can be used as the single parameter to
calibrate the intensity of an online/in situ fluorescence spectrometer (OFS). Among the materials
tested, nicotinamide adenine dinucleotide (NADH), cellulose, and chitin exhibit fluorescence
scaling with the volume of the particle. After the fluorescence intensity is calibrated by volume,
the fluorescence spectra are nearly the same for particles with different sizes. This method implies
that the fluorescence intensity can be compared and scaled between different online/in situ
fluorescence spectrometers.

The last part is to explore the potential interference of biogenic secondary organic aerosols
(SOA). I measured the fluorescence property of fresh SOA and aged SOA in the particle phase by
using the S2FS. Fresh SOA were generated by the reaction of limonene or a-pinene with ozone
(O3) while aged SOA were generated by the reaction of limonene or a-pinene with ozone (Oz) in
the presence of ammonia. Preliminary results show that fresh SOA exhibit fluorescence from 400-
500 nm with the emission peaking at ~470 nm while aged SOA cover a broader range from 400-
610 nm with the emission peaking at ~480 nm with Aex = 355 nm. The fractions of fluorescent fresh
SOA and fluorescent aged SOA are 1-4% and 6-10%, respectively. Relative humidity (RH)
influences fluorescence of fresh SOA in the shorter wavelength while RH influences fluorescence
aged SOA mainly in the longer wavelength.
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1 Introduction

1.1 Bioaerosols in the atmosphere

Bioaerosols are also termed as primary biological aerosol particles (PBAP) (Despres
et al., 2012;Frohlich-Nowoisky et al., 2016), which mean they are directly emitted from
the biological community. Biogenic secondary organic aerosols (BSOA) (Hallquist et al.,
2009) are oxidation products of biogenic volatile organic compounds (BVOC), but they
are not classified as PBAP. In terrestrial ecosystems, PBAP consist of viruses, bacteria and
archaea, fungal and fern spores, pollen from vascular plants, algae and lichens from
cryptogamic covers, and fragments of animal and plant matter (Despres et al., 2012). In
marine ecosystems, PBAP consist of viruses, bacteria and archaea, fungi, protozoa, algae,
fragments and exudates of phytoplankton emitted from sea surface microlayer (SML)
(Hawkins and Russell, 2010;Frohlich-Nowoisky et al., 2016). In the coarse mode (> 1 um),
PBAP account for 4-10% in urban and rural environments (Gabey et al., 2011;Huffman et
al., 2010) and 30% in rainforest environments (Huffman et al., 2012) based on the number
concentrations. In the fine mode (< 1 um), the fraction of PBAP decreases to ~7%
(Schneider et al., 2011). However, a large fraction of ~30% has been reported for fine
particles (0.4-1 um) (MatthiasMaser and Jaenicke, 1995) although the number fraction
could be much lower by taking into account the particle below 0.4 pm.

PBAP can influence climate by acting as ice nuclei (IN) (Wilson et al., 2015;Poschl et
al., 2010). PBAP can account for ~33% of the ice-crystal residues at high altitude (Pratt et
al., 2009) although on a global scale PBAP account for < 1% of the IN (Hoose et al., 2010).
In precipitation and fresh snow samples (Christner et al., 2008), rainforest aerosol samples
(Prenni et al., 2009;Poschl et al., 2010), or exudates from marine phytoplankton cells
(Wilson et al., 2015), PBAP were observed to be IN active at high temperatures. Some
types of PBAP can act as IN since they have similar chemical bonding and crystallographic
structures to those of ice (Knopf et al., 2011). Some types of PBAP such as pollen are likely
to participate as giant cloud condensation nuclei (GCCN), which are effective in changing
the intensity and amount of precipitation although the concentration of GCCN is low in the
atmosphere (Mohler et al., 2007). Moreover, some species of PBAP are pathogens or



allergens for humans, animals, and plants, and they have been identified in northern

America (Brodie et al., 2007), central Europe (Frohlich-Nowoisky et al., 2009) or eastern
Asia (Cao et al., 2014).
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Figure 1. PBAP in the atmosphere are directly emitted from terrestrial ecosystems and

marine ecosystems. In terrestrial ecosystems, PBAP consist of viruses, bacteria and
archaea, fungal and fern spores, pollen from vascular plants, etc. In marine ecosystems,
PBAP consist of viruses, bacteria and archaea, fungi, protozoa, algae, fragments and
exudates of phytoplankton emitted from sea surface microlayer (SML). They may affect
climate by acting as ice nuclei (IN) or giant cloud condensation nuclei (GCCN). The figure

is adapted from (Frohlich-Nowoisky et al., 2016).



1.2 Real-time analysis of bioaerosols

The approaches for analysis of bioaerosols fall into offline techniques and online (also
termed as real-time or in situ) techniques. Offline techniques mean first collecting samples
on a filter from the air; afterwards, the filter is analyzed by fluorescence and electron
microscopy, polymerase chain reaction (PCR), chromatography, mass spectrometry,
electrochemical, immunochemical, or immunological methods (Despres et al., 2012).
Offline techniques enable comprehensive analysis of PBAP, e.g., by gene sequencing
PBAP can be identified at the species level (Cao et al., 2014). The disadvantage is that
aerosol sampling and subsequent offline analysis require intensive laboratory work and
have low time resolution (hours/days) (Despres et al., 2012). Besides, some viable
bioaerosols may reproduce on the filter during the aerosol sampling process, thus
influencing the subsequent quantification of bioaerosols.

Online techniques are also termed as real-time techniques or in situ techniques, which
can directly analyze airborne bioareosols without the need of the filter. These methods
consist of aerosol mass spectrometry (Schneider et al., 2011), Raman spectroscopy
(Sowoidnich and Kronfeldt, 2012), laser-induced breakdown spectroscopy (Hybl et al.,
2003), and laser/light-induced fluorescence (LIF) spectrometers (Huang et al., 2008).
Among them, LIF spectrometers have been frequently used in recent years to quantify
bioaerosols in the atmosphere (Gabey et al., 2010;Huffman et al., 2010;Perring et al.,
2015). Several commercial LIF spectrometers have been developed and commonly used
including the Ultraviolet Aerodynamic Particle Sizer (UV-APS) (Huffman et al., 2012) and
the Wideband Integrated Bioaerosol Sensor (WIBS) (Toprak and Schnaiter, 2013). These
commercial instruments measure the fluorescence intensity by using photomultiplier tubes
(PMT) as sensor. In order to measure the dispersed fluorescence spectra at different
emission wavelengths, the number of channels of PMT has been extended from 1 channel
to 32 channels (Crouzy et al., 2016). Higher-resolution fluorescence spectra have been
achieved in non-commercial applications, e.g., by particle-fluorescence spectrometer
(PFS) (Pinnick et al., 1998) or dual-wavelength particle-fluorescence spectrometer (DPFS)
(Pan et al., 2014) using an intensified charge-coupled device (ICCD) with 1024 channels.



Apart from the fluorescence property, simultaneous measurement of particle size is
also important. Firstly, some types of PBAP exhibit characteristic size distributions. For
example, a characteristic peak at ~3 pm has been observed in many studies and probably
can be explained by fungal spores (Huffman et al., 2012;Huffman et al., 2010;Healy et al.,
2014;Schumacher et al., 2013). Secondly, the size information of a single particle is also a
fundamental factor concerning health effects. Fine particles can penetrate deep into lungs,
which may eventually lead to tissue damage and cardiovascular problems (Polichetti et al.,
2009). Thirdly, the fluorescence intensity scales with the size of particles (Hill et al., 2015).
Fluorescence intensities are difficult to compare without accounting for the size of

particles.
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Figure 2. Laser/light-induced fluorescence (LIF) spectrometers for analysis of bioaerosols.
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Most of the commercial instruments can measure the fluorescence intensity and the size of
the particle simultaneously, but the fluorescence spectra resolution is low. Particle-
fluorescence spectrometer (PFS) and dual-wavelength particle-fluorescence spectrometer
(DPFS) enable measurement of high-resolution fluorescence spectra, but the size
information of the particle is of low resolution. This figure is adapted from (Pohlker et al.,
2012).



1.3 Research objectives

The major objective of this PhD project is to develop an in situ LIF spectrometer to
simultaneously measure high-resolution fluorescence spectra and aerodynamic diameters.
Most of the commercial LIF instruments can measure the fluorescence intensity and the
size of the particle simultaneously, but the fluorescence spectra resolution is low (Figure
2). Particle-fluorescence spectrometer (PFS) and dual-wavelength particle-fluorescence
spectrometer (DPFS) enable measurement of high-resolution fluorescence spectra, but the
size information of the particle is of low resolution (Figure 2). The new LIF spectrometer
enables the simultaneous measurement of high-resolution fluorescence spectra and high-
resolution aerodynamic diameters. After the development and evaluation of the new LIF
spectrometer in the lab, the new LIF spectrometer is applied for atmospheric measurement.

The second objective is to develop a method to calibrate fluorescence intensity of
online/in situ fluorescence spectrometers. Fluorescence intensity of LIF spectrometer is
commonly applied as an arbitrary unit, which limits comparisons between different
instruments. In order to facilitate comparisons, a standard fluorescence intensity calibration
method is needed by using one single parameter.

The third objective is to measure the potential inference of fresh secondary organic
aerosols (SOA) and aged SOA. Fresh biogenic secondary organic aerosols (SOA) and aged
SOA are potentially interfering particles since they have been reported to exhibit
fluorescence in the liquid phase. But the fluorescence property of fresh SOA and aged SOA
in the particle phase has not been measured. The third objective of this PhD project is to
quantify the potential inference of fresh secondary organic aerosols (SOA) and aged SOA.



2 Results and conclusions

2.1 Individual studies

2.1.1 Size-resolved single-particle fluorescence spectrometer for
real-time analysis of bioaerosols: laboratory evaluation and

atmospheric measurement

A size-resolved singe-aerosol fluorescence spectrometer (S2FS) to simultaneously
measure fluorescence spectra and aerodynamic diameters was developed, tested in the lab,
and applied for atmospheric measurement. The peak position and fluorescence index of
biofluorophores measured by the S2FS were consistent with those measured by the offline
spectrometer. Measurement of cellulose and chitin demonstrates that the S2FS is probably
more sensitive than the FL3 channel of the WIBS, thus enabling the measurement of
weakly fluorescent particles.

PAH exhibited fluorescence patterns overlapping with those of biofluorophores. PAH
are normally coated on the surface of combustion-related particles, rather than exist as pure
substances. The comparison between measured fluorescence spectra calculated
fluorescence spectra support the mechanism that the fluorescence of PAH is quenched by
particle bulk materials in the combustion-related particles. 355 nm is an effective excitation
wavelength to distinguish bioaerosols from combustion-related aerosols.

Ambient measurement suggests that the fluorophore content and composition of
bioaerosols are different for fine and coarse particles. The emission peak at ~440 nm was
frequently observed for fluorescent fine particles (0.5-1.0 um) and the peak at ~440 nm
might be used as a tracer for bacterial endospores. During the thunderstorm, fluorescent
coarse particles (> 1.0 um) exhibited the emission peaking at 450 nm, which can probably
be explained by phenolic compounds in the pollen fragments. In the early morning,
fluorescent coarse particles (> 1.0 um) exhibited the emission peaking at ~440 nm or 470
nm, which suggests the existence of agglomerated bacterial endospores and fungal spores,

respectively.



2.1.2 Intensity calibration of an online/in situ fluorescence

spectrometer (OFS) using the volume of single particles

Online/in situ fluorescence spectrometers (OFS) have been widely used to analyze bio-
aerosols in real-time for atmospheric research. Fluorescence intensity of OFS is commonly
applied as an arbitrary unit, which limits comparisons between different instruments. In
order to facilitate comparisons, a standard fluorescence intensity calibration method is
needed by using one parameter. Here the volume of the single particle has been used as the
single parameter to calibrate the fluorescence intensity.

In the size range between 1 pm and 3 um, the fluorescence intensity of NADH,
cellulose, and chitin show power law based exponent of ~3, which suggests that the
fluorescence intensity is proportional to the particle volume. Quinine in the core of the
particle does not contribute the observed fluorescence, which might explain the lower value
of quinine of 2.6. Riboflavin reveals a smaller exponent value of 1.2 suggesting that the
fluorescence intensity of riboflavin increases with the diameter of the particle. Quenching of
fluorescence or the cooperative effect of shielding of absorption and quenching of
fluorescence could happen for riboflavin particles

Among the materials tested, nicotinamide adenine dinucleotide (NADH), cellulose,
chitin, and quinine exhibit fluorescence scaling with the volume of the particle. After the
fluorescence intensity is corrected by volume, the fluorescence spectra are nearly the same
for particles with different sizes. This method implies that the fluorescence intensity can
be compared and scaled between different OFS.

Xex and Aem used in the S2FS (Aex = 355 nm, Aem = 370-610 nm) were similar to those
of the FL3 sensor used in the WIBS (Aex = 370 nm, Xem = 420-650 nm), the Ultraviolet
Aerodynamic Particle Sizer (UV-APS, dex = 355 nm, Aem = 420-575 nm), or the Plair
detector (Aex = 337 nm, Aem = 390-600 nm, so the above results might be applied to these

instruments as well.



2.1.3 Fluorescence of fresh and aged biogenic secondary organic
aerosols (SOA)

The fluorescence spectra of fresh SOA and aged SOA have been measured in the
particle phase for the first time. Fresh SOA were generated by the reaction of limonene or
a-pinene with ozone (Oz) while aged SOA were generated by the reaction of limonene or
a-pinene with ozone (O3) in the presence of ammonia. Preliminary results show that fresh
SOA exhibit fluorescence from 400-500 nm with the emission peaking at ~467 nm or ~478
nm while aged SOA cover a broader range from 400-610 nm with the emission peaking at
~480 nm with Aex = 355 nm. The fractions of fluorescent fresh SOA and fluorescent aged
SOA are 1-4% and 6-10%, respectively.

Relative humidity (RH) influences fluorescence of fresh SOA in the shorter
wavelength while RH influences fluorescence aged SOA mainly in the longer wavelength.
One possible mechanism to explain the RH effect is that the hydration state of particles is
different under different RH. In order to test this mechanism, a Nafion dryer with a sheath
flow of 5 LPM was used in front of the DMA. The fluorescence spectra of SOA particles
with the Nafion dryer are nearly the same as those without the Nafion dryer, suggesting
that the difference of fluorescence is not caused by the hydration state of particles. The
other possible mechanism is that RH influenced the final chemical compounds. Although
the molar fraction of chromophores induced by RH was small (2%), these products have a
significant influence on the absorption property and the fluorescence property of aerosol
particles.

The assignment of the fluorescence spectra to individual chemical compounds in
mixtures of fresh SOA and aged SOA is based on the published literatures. The relatively
weak fluorescence of fresh SOA could probably be explained by carbonyl while the
chemical compounds of aged SOA are more complex. The nitrogen containing
heterocycles including a coupled 2,5-dimethylpyrrole unit or a substituted dihydropyridine

could possibly explain fluorescence of aged SOA.



2.2 Summary and outlook

In summary, a new in situ fluorescence spectrometer named as size-resolved single-
particle fluorescence spectrometer (S2FS) was developed. With this new instrument, some
new discoveries were made and can be summarized as follows:

(1) Fluorescence spectra for atmospheric aerosol particles below 1 pm have not been
measured before, but these smaller particles have more adverse health effects since they
can penetrate deeper into lungs. The fluorescence emission peak at ~440 nm for fluorescent
fine particles (0.5-1 um) was frequently observed, suggesting the occurrence of dipicolinic
acid (DPA), which is a chemical compound composing a significant fraction of bacterial
endospores and exists exclusively in bacterial endospores. Fluorescent coarse particles
exhibited multiple fluorescence emission modes. During the thunderstorm, fluorescent
coarse particles (> 1 um) exhibited the peak emission at ~450 nm, which can probably be
explained by phenolic compounds existing in pollen fragments. In the early morning,
fluorescent coarse particles (> 1.0 um) exhibited the emission peaking at ~440 nm or 470
nm, which suggests the existence of agglomerated bacterial endospores and fungal spores,
respectively. These results demonstrate that the high-resolution fluorescence spectra are
necessary since the peak positions are quite close for atmospheric aerosols.

(i) NADH, cellulose, and chitin are good candidates for calibrating the fluorescence
intensity of online/in situ fluorescence spectrometers (OFS). The volume calibrated
fluorescence spectra of particles with different sizes are nearly the same. This means the
volume calibrated spectra depend on the species of chemicals and settings of in situ
fluorescence spectrometers, rather than on the size of the particle. The calibration factor of
NADH, cellulose, and chitin should be the same and can be used for atmospheric
measurement results as well.

(iii) Fresh SOA exhibit fluorescence from 400-500 nm with the emission peaking at
~467 nm or ~478 nm while aged SOA cover a broader range from 400-610 nm with the
emission peaking at ~480 nm with Aex = 355 nm. The fluorescence of fresh SOA could
possibly be explained by carbonyl while the florescence of aged SOA could be due to
nitrogen containing heterocycles. These fluorescence spectra results suggest that

fluorescent fine particles during atmospheric measurement in Mainz (Central Europe) are



not biogenic fresh SOA or biogenic aged SOA since the fluorescent fine particles have the
emission peaking at ~440 nm or ~450 nm.

The above peak position assignment constrains the previous abundant biofluorophors
to a few major biofluorophores. The assignment of peak positions to biofluorophores and
PBAP is tentative and a long-term atmospheric measurement including nighttime
observation will be conducted in the future to better probe the relationship between
fluorescence spectra and the type of bioaerosols. Besides, the instrument can be further
updated with better performance. The laser energy of this instrument is in the order of pJ
to obtain the molecular fluorescence information (S2FS-version 1). When the laser is
replaced with a new laser with the energy in the order of mJ, the elemental information can
be obtained (S2FS-version 2). The particle will become fragments when the laser energy
is in the order of mJ, and the fragments can be further analyzed by installing mass

spectrometry behind the optics chamber (S2FS-version 3).
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B Abbreviations

Short name
a.u.

APS
BSOA
BVOC
CCN

Da

DMA

DPA

DPFS

DSO
FAP
FPSL
FWHM
GCCN

ICCD

Description

Arbitrary units

Aerodynamic particle sizer

Biogenic secondary organic aerosols

Biogenic volatile organic compounds

Cloud condensation nuclei

Aerodynamic diameter

Differential Mobility Analyzer

Dipicolinic acid

Dual-wavelength particle-fluorescence

spectrometer

Digital storage oscilloscope

Fluorescent aerosol particles

Fluorescent polystyrene latex

Full width at half maximum

Giant cloud condensation nuclei

Intensified-charge-coupled device
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LIF

NAD*

NADH

NADPH

NF.c

NFf

NT,c

NTf

OFS

OPS

PAH

PBAP

Ice nuclei

Laser/light-induced fluorescence

Oxidation form of nicotinamide adenine

dinucleotide

Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide

phosphate

The number concentration of coarse

fluorescent particles

The number concentration of fine

fluorescent particles

The number concentration of total coarse

particles

The number concentration of total fine

particles

Online/in situ fluorescence spectrometers

Optical particle sizer

Polycyclic aromatic hydrocarbons

Primary biological aerosol particles
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PCR Polymerase chain reaction

PFS Particle-fluorescence spectrometer

PMT Photo-multiplier tubes

RH Relative humidity

S2FS Size-resolved single-particle fluorescence
spectrometer

SML Surface microlayer

SOA Secondary organic aerosols

TAP Total aerosol particles

UV-APS Ultraviolet Aerodynamic Particle Sizer

WIBS Wideband Integrated Bioaerosol Sensor

Aex Excitation wavelength

Aem Emission wavelength
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ABSTRACT

Characteristic particle size, fluorescence intensity and fluorescence spectra are important features
to detect and categorize bioaerosols. A prototype Size-resolved Single-particle Fluorescence
Spectrometer (S2FS) was developed to simultaneously measure aerodynamic diameters and
fluorescence spectra. The S2FS consists of an aerodynamic particle sizer and a fluorescence
spectrometer with a 355-nm laser excitation source and an intensified charge-coupled device
(ICCD) as detector. Emission spectra are dispersed in 512 channels from 370 to 610 nm, where a
major portion of biological fluorescence emission occurs. Preliminary ambient measurement in
Mainz (Germany, central Europe) show that an emission peak at ~440 nm was frequently
observed for fluorescent fine particles (0.5-1 um), suggesting the occurrence of dipicolinic acid
(DPA), which constitutes a significant fraction of bacterial endospores and exists exclusively in
bacterial endospores. Fluorescent fine particles accounted for 2.8% on average, based on the
number fraction in the fine mode. Fluorescence coarse particles (> 1 um) exhibited emission
peaks at ~440 nm, ~450 nm, and ~470 nm, suggesting the existence of agglomerated bacterial
endospores, pollen fragments, and fungal spores in the coarse mode. Fluorescent coarse particles
accounted for 8.9% on average based on the number fraction, with strongest occurrence observed

during a thunderstorm and in the morning.

1 INTRODUCTION

Primary biological aerosol particles (PBAP), also termed as bioaerosols, have important impact
on human health! and may influence cloud formation and precipitation by acting as ice nuclei
(IN)? or giant cloud condensation nuclei (GCCN)3. The approaches for analysis of PBAP fall
into offline techniques* 3 and online (also termed as real-time or in situ) techniques® 7. Offline

techniques enable comprehensive analysis of PBAP, e.g., by gene sequencing PBAP can be
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identified at the species level®. The disadvantage is that aerosol sampling and subsequent offline
analysis require intensive laboratory work and have low time resolution (hours/days)°. High time
resolution is required to understand its formation and transformation mechanisms. To analyze
PBAP in real-time with high time resolution, laser/light-induced fluorescence (LIF)
spectrometers!'%-12 are commonly used based on the fluorescence of biofluorophores being

excited at certain wavelengths'3 14,

Several commercial LIF spectrometers have been developed and commonly used such as the
Ultraviolet Aerodynamic Particle Sizer (UV-APS)!3-18 and the Wideband Integrated Bioaerosol
Sensor (WIBS)!%-23. These commercial instruments measure the fluorescence intensity by using
photomultiplier tubes (PMT) as the sensor. In order to measure dispersed fluorescence spectra at
different emission wavelengths, the number of channels of PMT has been extended from 1-
channel to 8-channel?*, 16-channel?> 2%, or 32-channel?’-3°. Higher-resolution fluorescence
spectra have been achieved in non-commercial applications, e.g., by Pinnick et al.3!, Saari et al.?

and Pan et al.3? using an intensified charge-coupled device (ICCD) with 1024 channels.

Apart from fluorescence properties, simultaneous measurement of particle size is also important.
Firstly, some types of PBAP exhibit characteristic size distributions. For example, a
characteristic peak at ~3 um has been observed in many studies and probably can be explained
by fungal spores!® 3436, Secondly, the size information of a single particle is also a fundamental
factor concerning health effects. Fine particles can penetrate deep into lungs, which may
eventually lead to tissue damage and cardiovascular problems?’. Thirdly, the fluorescence
intensity scales with the size of particles’® 3°. Fluorescence intensities are difficult to compare

without accounting for the size of particles.
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Either optical particle sizer (OPS) or aecrodynamic particle sizer (APS) is commonly used for LIF
spectrometers. The advantage of OPS is that it can measure particles up to 100 um?3° while the
APS measures particles limited below 20 pm'>-18. The disadvantage of OPS is that the elastic
scattering intensity is subject to non-unique and non-monotonic response function due to
oscillations in the Lorenz-Mie response curves when the diameter of particles is in the same
order as the incident light*?-4!. In our case, APS*> was used for measuring the size of the single
particle with the advantage that the time-of-flight has a monotonic response to the diameter of

particles (Figure S1).

Here we develop a size-resolved single-particle fluorescence spectrometer (S2FS), which enables
measurement of the fluorescence spectra dispersed in 512 channels between 370 nm and 610 nm
with excitation wavelength (A.x) at 355 nm. Moreover, it can simultaneously measure the
aerodynamic diameters of aerosol particles from 0.5 um to 20 um (52 channels, logarithmic size

scale).

2 MATERIALS AND METHODS

2.1 Technical Description of the S2FS.

The S2FS utilizes the optical chamber of a UV-APS!3-18 in which a red laser (A = 655 nm) passes
through a calcite beam splitter to produce two red laser beams (Figure 1a). On the one hand, the
two red laser beams are used to measure aerodynamic diameters based on time-of-flight of single
particles*> 3. The detectable size range of aerodynamic diameters is between 0.5 and 20 um
(Figure S1). On the other hand, the red lasers are used to trigger the 355-nm excitation laser,
which is positioned slightly downstream of the second red laser beam. This UV laser is pulsed by
a Nd:YAG crystal with a pulse energy between 17 and 20 pJ, which utilizes an actively Q-

switched, high-repetition laser system (Explorer One XP, Spectra Physics, USA). The pulse
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1 width (FWHM, full width at half maximum) of the UV laser is ~10 ns. After excitation, elliptical
2 mirrors focus the fluorescence signal on a slit of a spectrograph. The slit width is 1 mm
3 corresponding to a spectral resolution of ~15 nm?°. A filter is placed in front of the slit to get rid

4  ofthe residual UV light.

_____________________________________

(a) e — T . E
Elliptical mirrors Tlme]ﬁhght
\ - ’," .......

UV laser

Filter

___________________________________

Red laser ! \\\ ,/4 -.,/\/\

Focus mirror

Grating mirror

.
ICCD sensor

6  Figure 1. Construction of the size-resolved single-particle fluorescence spectrometer (S2FS),
7  which consists of (a) an aerodynamic particle sizer and (b) a fluorescence spectrometer including

8 a355-nm excitation laser and an intensified charge-coupled device (ICCD) detector.

9  The fluorescence spectrometer consists of an optical fiber, a high performance imaging
10 spectrograph, and an ICCD sensor (Figure 1b). The optical fiber has a numeric aperture of 0.5
11 with a diameter of 1 mm (Thorlabs GmbH, Germany). The spectrograph is an IsoPlane SCT-320

12 imaging spectrograph (Princeton Instruments, USA).
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The detector is an efficient back-illuminated ICCD camera system (PI-MAX4: 512EMB-HBF,
Princeton Instruments, USA). The ICCD gain was set to the maximum of 100 without suffering

from saturation of the detector during laboratory and atmospheric measurement.

The ICCD, the UV laser and the digital storage oscilloscope (DSO) are synchronized to ensure
that the fluorescence spectrum and the aerodynamic diameter for the same particle are measured

(Figure S2).

2.2 Generation of Fluorescent Materials

Detailed information of tested materials in the lab can be found in Table S1. Ambient
measurement was performed on the roof of the Max Planck Institute for Chemistry in the
daytime from 31 May 2017 to 8 June 2017. The location is surrounded by a city in the north and
east and a rural region in the south and west3*.

3 RESULTS AND DISCUSSION

3.1 Performance of the S2FS

In order to evaluate the performance of the S2FS, we used selected pure biofluorophores and
pollen as sample aerosols. Figure 2 (solid lines) shows that the peaks of averaged spectra of
nicotinamide adenine dinucleotide (NADH) and riboflavin by the S2FS were located at ~450 nm
and ~562 nm, respectively. These results are consistent with those detected by the offline
spectrometer (at ~452 nm and ~564 nm; dashed lines). Apart from the peak position, the
fluorescence index (defined as the ratio of emission intensities at 450 nm and 500 nm following
355-nm excitation)** of NADH measured by the S2FS is 1.76, which is consistent with that of

1.77 measured by the offline spectrometer (Figure 2).
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2 Figure 2. Normalized spectra of NADH and riboflavin by the S2FS compared to those by the
3 offline spectrometer. The solid lines indicate the spectra by the S2FS, which were smoothed
4  every 32 pixels and normalized to the maximum. The shaded area indicates the first order

5 Rayleigh scattering of excitation light of the offline spectrometer.

6  Pollen revealed two fluorescence modes with A, = 355 nm. Ambrosia artemisiifolia, Sambucus
7  nigra, and Urtica dioica exhibited an emission peak at ~450 nm and Artemisia vulgaris exhibited
8  an emission peak at ~460 nm (Figure S3a). Betula pendula exhibited an emission peak at ~480
9 nm and Olea europaea exhibited an emission peak at ~510 nm (Figure S3b). The pronounced
10 peak at ~450 nm or ~460 nm is assigned to phenolic compounds in the cell wall while the peak at

11 ~480 nm or ~510 nm probably can be explained by carotenoid pigments®.

12 The sensitivity of different LIF spectrometers may vary between each other, thus influencing the
13 quantification of concentration of PBAP in the atmospheric measurement?>. The excitation (L)
14  and emission (Ay,) wavelengths used in the S2FS (A, = 355 nm, A, = 370-610 nm) are similar to
15  those used in the FL3 channel of the WIBS (A = 370 nm, A¢, = 420-650 nm). In order to

16  compare the sensitivity of the S2FS, we used relatively weak fluorescent materials such as
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cellulose and chitin. By using the S2FS, the fluorescence counting efficiencies of cellulose and
chitin particles with an aerodynamic diameter of 3 um were 67% and 51%, respectively (Figure
S4a). Savage et al.?’ reported that cellulose and chitin with an optical diameter of 3 um emitted
very weak fluorescence in the FL3 channel of the WIBS. According to our measurement with the
WIBS, only 2% of cellulose and chitin particles with an optical diameter of 3 um were above the
background threshold in the FL3 channel of the WIBS (Figure S4b). These results demonstrate
that the S2FS is probably more sensitive than the FL3 channel of the WIBS, thus enabling
measurement of particles with very weak fluorescence signals. The possible reason is that the
gain of the sensor was set to the maximum for the S2FS while the gain of the sensor was set with
low values for the WIBS3> or the UV-APS!6 in order to avoid saturation of the sensor or to
reduce the possible interference of non-biological artifacts. During our measurement in the lab
and in the ambient environment, saturation of the sensor was not observed; therefore, the gain of

the sensor was set to the maximum for all of measurement.

Our measurement shows that fluorescence signals from a single particle are not strong enough to
produce a complete spectrum dispersed in 512 channels (Figure S5). Here, we define N as the
minimum number of particles needed to obtain the complete fluorescence spectrum (Figure S6a).
N was determined to be between 100 and 3000 for test particles, which was proportional to the
square root of the number of electrons detected by the ICCD sensor for a single particle (Figure

S6b).

Although atmospheric aerosol particles are of heterogeneous compositions, ambient
measurement!® 3436 suggests that one type of aerosols could probably dominate PBAP during a

certain period. For example, fungal spores constitute the major part of PBAP in the morning!6: 3%
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36, This lays the foundation for the fluorescence spectra process by averaging over multiple

particles during a certain period in ambient measurement.

Highly fluorescent particles such as Ambrosia artemisiifolia pollen and Olea europaea pollen can
be distinguished on a single particle level without averaging over multiple particles when the

fluorescence spectrum is binned from 512 channels to 8 channels (Figure S7).
3.2 Potential Interfering Particles

PBAP often exhibit fluorescence!3, and that is why LIF spectrometers can be used to detect
them. However, non-PBAP may also be fluorescent*®. Polycyclic aromatic hydrocarbons (PAH)
exhibited fluorescence in the overlapping region with that of biofluorophores (Figure 3a). PAH
can often be found on the surface of combustion-related particles?’, rather than exist as pure

substances.

Here we tested combustion-related particles including diesel soot and biomass burning particles.
Diesel soot and biomass burning particles exhibited very weak fluorescence signals with A =
355 nm (Figure 3b) compared to pure PAH. Lamberg et al.*® reported that total PAH accounted
for ~2% of PM, (median value) while pyrene and fluoranthene accounted for ~40% (median
value) of total PAH in typical small-scale combustion appliances. Robinson et al.’° reported that
the fluorescence intensity of particles scaled with the volume of the particle. Assuming that no
quenching effect happened, the fluorescence intensity of biomass burning particles with an

aerodynamic diameter of 3 um was calculated as follows:

Ibiomass of 3 um — Ipyrene of I ym * (3/1)3 *2% * 40%
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The calculated fluorescence intensity of biomass burning particles (Figure 3c) was higher than
that measured by the S2FS (Figure 3b). Therefore, our calculation supports the mechanism
previously proposed by Panne et al.#’ that the fluorescence of PAH is efficiently quenched by

particle bulk materials.

(a) — Pyrene (b) 20- —— Diesel soot

il —— Fluoranthene —— Biomass burning

Benzo[a]anthracene 15 Humic acid
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Figure 3. Fluorescence spectra for PAH and combustion-related particles. (a) Averaged S2FS

spectra of PAH particles with an aerodynamic diameter of 1 um. (b) Averaged S2FS spectra of

combustion-related particles and humic acid particles with an aerodynamic diameter of 3 pm. (c)

Calculated fluorescence spectra of biomass burning particles with an aerodynamic diameter of 3

um assuming that no quenching effect happened.
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When A was changed from 355 nm to 263 nm, Pan et al.*° reported that combustion-related
particles exhibited strong fluorescence in the same range as that of pollen?® by normalizing the
fluorescence intensity to the elastic scattering intensity of the particle. The strong fluorescence
with Ay =263 nm was ascribed to the combinations of tyrosine-like, tryptophan-like, and humic-

like substances®.

The above results can better explain previous ambient measurement in the Yangtze River Delta
of China by our group with the WIBS#®. Type ABC particles (defined as particles that are
simultaneously detected in channels FL1 A, = 280 nm, Aep, = 310-400 nm, FL2 Ao = 280 nm, Acp,
=420-650 nm and FL3 Ae = 370 nm, A, = 420-650 nm) showed a good correlation with
fractions of combustion-related particles*®. The measurement by the S2FS shows that pure
combustion-related particles exhibited very weak fluorescence with A, =355 nm (close to 370
nm used in FL3 of the WIBS). The above two observations suggest that type ABC particles
measured by the WIBS are probably internally mixed particles of PBAP and combustion-related

particles.

Apart from combustion-related particles, humic acid particles with an aerodynamic diameter of 3
um also exhibited very weak fluorescence in the solid phase (Figure 3b) although the

fluorescence intensity of humic acid was reported to be high in the liquid phase!s.

3.3 Ambient Atmospheric Application

Dispersed fluorescence spectra have been measured for atmospheric aerosol particles above 10
um3%, 3 um>°, or above 1 um?°. Meanwhile, fluorescence spectra for atmospheric aerosol
particles below 1 um have not been measured before, but these smaller particles have more

adverse health effects since they can penetrate deeper into lungs3’. A fluorescence emission peak
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at ~440 nm for fluorescent fine particles (0.5-1 pm) was frequently observed on 31 May, 3 June,
4 June, and 5 June (Figure 4b, bottom panel). The emission peak at ~440 nm suggests the
occurrence of dipicolinic acid (DPA), which is a chemical compound composing a significant
fraction of bacterial endospores and existing exclusively in bacterial endospores!33!-52, This is
supported by the offline measurement of DPA with an emission peak at ~440 nm (Figure S8). A
fluorescence emission peak at ~450 nm for fluorescent fine particles was observed on 1 June and
2 June, which might be due to NAD(P)H or pteridine!3 in the bacteria. Fluorescent fine particles
accounted for ~2.8% in the fine mode with an averaged concentration of ~0.035 cm-3 (Figure 4a,

Table 1).

Fluorescent coarse particles exhibited multiple fluorescence emission modes. During a
thunderstorm on 3 June, fluorescent coarse particles (> 1 um) exhibited an emission peak at ~450
nm (Figure 4b, top panel), which can probably be explained by phenolic compounds* existing in
pollen fragments. This is supported by frequently reported thunderstorm asthma events caused
by pollen fragments>3. In the morning of 5 June, fluorescent coarse particles exhibited an
emission peak at ~440 nm, suggesting that these fluorescent coarse particles are probably
agglomerated bacterial endospores!3-3!. In the morning of 7 June, fluorescent coarse particles
exhibited an emission peak at ~470 nm, which might be explained by ergosterol existing in
fungal spores'3. Fluorescent coarse particles accounted for ~8.9% in the coarse mode with an
averaged concentration of ~0.031 cm (Figure 4a, Table 1), which is in the same range as that

measured by the UV-APS in Mainz**.

The assignment of peak positions to biofluorophores and PBAP is tentative and a long-term
atmospheric observation including nighttime observation will be performed in the future to better

probe the relationship of fluorescence spectra and the type of PBAP.
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2 Figure 4. Fluorescence measurement data for atmospheric aerosol particles. (a) Time series of
3 fluorescent aerosol particles (FAP) concentrations and corresponding meteorological conditions
4 such as temperature, wind speed and relative humidity (RH). Middle panel left y-axis is
5  integrated total FAP number (Ng) and middle panel right y-axis is number ratio of integrated
6  FAP to total aerosol particles (TAP, Nt). The solid line indicates coarse particles and the dashed
7  line indicates fine particles. Bottom panel is FAP number size distribution (dNg/dlogD,) for each
8  1-hour sampling time. The blue crosses represent rain events and the red scar represents the
9  thunderstorm. The black rectangles represent the period of averaged particles. (b) Averaged

10  fluorescence spectra of atmospheric fluorescent aerosol particles over a certain period in the

11 coarse mode (top panel) and in the fine mode (bottom panel), which were smoothed over 32

12 pixels.
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1  Table 1. Integrated number concentrations of coarse TAP, coarse FAP, fine TAP, and fine FAP

2 measured by the S2FS from 31 May 2017 to 8 June 2017.

Number Values
Nt (cm?) Mean 0.38
Median 0.28
Ng (cm™) Mean 0.031
Median 0.025
Ng /N1 (%) Mean 8.88
Median 9.62
Nrg(em3) Mean 1.16
Median 0.98
Nes(cm™) Mean 0.035
Median 0.031
Nr /Nt (%) Mean 2.76
Median 2.29
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ABBREVIATIONS
a.u. Arbitrary units
APS Aerodynamic particle sizer
D, Aerodynamic diameter
DPA Dipicolinic acid
DSO Digital storage oscilloscope
FAP Fluorescent aerosol particles
GCCN Giant cloud condensation nuclei
FWHM Full width at half maximum
ICCD Intensified-charge-coupled device
IN Ice nuclei
LIF Laser/light-induced fluorescence
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TAP Total aerosol particles
UV-APS Ultraviolet Aerodynamic Particle Sizer
WIBS Wideband Integrated Bioaerosol Sensor
Aex Excitation wavelength
Aem Emission wavelength
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Relationship between the aerodynamic diameter and the time-of-flight
The detectable size range of aerodynamic diameters is between 0.5 and 20 um and the

corresponding time-of-flight of the particle is between 0.7 us and 3.7 ps.
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Figure S1. Dependence of the time-of-flight on the aerodynamic diameter. Note that each

APS device has an individual relationship®.
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Technical description of the spectrograph

The size of the sensor was chosen to be 8 mm, and then the optics of the spectrometer
was designed around the detector?: The focal length is 320 mm, and the groove density of
the grating is150 gr mm*, which means the groove spacing of the grating is 6.6 * 10% nm.
The grating is a ruled diffraction grating with 500 nm blaze wavelength.

The diffraction grating equation is the following?:
sin o + sin Bm = -mA/d

where o, angle of incidence; Bm, angle of diffraction; m, order of diffraction; A,
wavelength; d is the groove spacing of the grating. Therefore, different A have different

Bm, which correspond to different locations of the detector.

The spectral range is 240 nm in our case, which is dependent on groove density (groove
spacing) of the grating?. For our application, the range was set between 370 nm and 610
nm, which represents a spectral hot spot where a major portion of biological fluorescence

emission occurs®.

The wavelength of the spectrometer was calibrated by the IntellCal spectral calibration

system with a Hg/Ne atomic emission light source.
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Technical description of ICCD sensor

The ICCD has a data-transfer rate of a few milliseconds, resulting in a data-transfer rate
of ~300 Hz. If two aerosol particles pass by the UV laser at the time interval shorter than
0.33 milliseconds, the second aerosol particle can not be recorded by the ICCD. The
particle will be detected by the red laser but the fluorescence measurement will not be
recorded. This problem does not influence the calculation of the fraction of fluorescent
aerosol particles (FAP), but influences the concentration of FAP. In order to overcome
this problem, the concentration of FAP was corrected by multiplying with the ratio of
total to measured particles (also termed as the correction factor) in each size bin, as
already used by the WIBS*®,

The analog-to-digital unit (the conversion factor from electrons into digital counts) of the
microchannel plate (MCP) gain per electron was 909 when the ICCD gain was set to be
100. Therefore, the number of electrons was calculated as dividing the sum fluorescence
intensity by 909. The number of photons emitted by the particles is 4 to 16 times higher
than the number of electrons detected by the detector by taking the efficiency of the
elliptical mirrors, optical fiber, spectrograph, and the ICCD sensor into account.

Background noise consists of the ICCD noise (read noise, Poisson noise, and fixed-
pattern noise)’ and the inherent signal from the optical chamber®. Here the ICCD noise
was determined by measuring the signal five times with 100 ns for each time while
keeping the shutter closed. The ICCD noise was subtracted from the measured signals of
individual particles. To determine the inherent signal from the optical chamber, a forced
signal was used to trigger the UV laser and the fluorescence spectra were measured and

regarded as the background noise, similarly to the WIBS technique*®.

Background measurement was performed every 2 hours. The nozzle surface was cleaned
when the background was observed to increase, which happened roughly every two days
for ambient measurement. In the lab, the nozzle needs to be cleaned from every 10

minutes to a few hours, depending on the type of particles.
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Synchronization methods

Once the UV laser was fired, an electrical pulse would be generated to trigger the ICCD
detector, opening its shutter for 100 ns. Afterwards, the ICCD transmitted an auxiliary
port output (AUX OUT) signal to trigger a channel (channel B in Figure S2) of the digital
storage oscilloscope (DSO). A second channel (channel A in Figure S2) of the DSO was
connected with the detector of two red laser beams to measure the time-of-flight signal of
the particle. The advantage of the DSO is that it could record the data before triggering;
therefore, the time-of-flight signal of the red laser beams was recorded even though the
triggering happened afterwards. The amount of fluorescence spectra and time-of-flight
signals is the same. In this synchronization way, the fluorescence spectrum and the

aerodynamic diameter for the same particle are measured.

When using parallel triggering (Figure S2a), the number of signals measured by the DSO
is larger than that of the ICCD since the maximum working frequency of the DSO is
higher than that of the ICCD. With the serial triggering (Figure S2b), the size information
and the fluorescent signal can be retrieved for the same individual particle. In our case,

the serial triggering is preferred over parallel triggering.

(a)

UV fire 550 Channel A Light scattering of red laser
R <

1Channel B

A 4

ICCD

(b)

UV fire Channel Ei

.
>

Channel A Light scattering of red laser
DSO [e

ICCD

Figure S2. Two possible synchronization methods: (a) serial triggering of ICCD and
DSO by the UV laser, or (b) parallel triggering of ICCD and DSO by the UV laser.
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Offline Measurement

Offline measurement was performed to validate the accuracy of the S2FS. The offline
spectrometer was a Horiba dual-FL spectrometer (Horiba, Japan). Several milligrams of
powdered materials were placed on to the black surface holder and the slit width of the
spectrometer was set to be 10 nm with Aex = 355 nm. Dipicolinic acid (DPA) was

dissolved in ethanol with a concentration of 4*10° M.

WIBS Measurement
WIBS measurement of cellulose and chitin particles was performed to intercompare the
sensitivity of the S2FS. The WIBS-4A was purchased from Droplet Measurement

Technologies (DMT, USA).

Chemicals and aerosolization methods

Either liquid aerosolization or powder aerosolization was used for aerosol generation.
PAH were dissolved with isopropanol with the concentration of 0.5 mM. The solution
was subsequently nebulized by a Portable Atomizer Aerosol Generator (Model 3079A,
TSI Inc., St. Paul, MN, USA). A silica gel drier was used to dry particles after
nebulization. NaCl was dissolved in water with the concentration of 0.5 mM. Afterwards,
NaCl particles were generated by liquid aerosolization method. The relative humidity
(RH) was measured by a RH sensor, which was connected to the outlet of the optics
chamber. The RH varied between 19-24% during measurement for water-soluble

chemicals.
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Biofluorophores, combustion-related particles and pollen were aerosolized by using
powder aerosolization® 8. In brief, compressed air was flushed through a glass vial filled
with solid chemicals while a magnetic bar stirred the powdered chemicals.

Table S1. The Details of Chemicals and Corresponding Aerosolization Methods.

Chemicals Company CAS Aerosolization  Aerodynamic
number method diamter used
for analysis
Beta-nicotinamide  Sigma-Aldrich  606-68-8 Powder 1.5 pm, 2 pm,
adenine Chemie 2.5 um
dinucleotide GmbH
reduced, disodium  (Germany)
salt hydrate
(NADH)
Riboflavin Sigma-Aldrich  83-88-5 Powder 1.5 um, 2 pum,
Chemie 2.5 um
GmbH
(Germany)
Cellulose Sigma-Aldrich  9004-34-6  powder 3 um
Chemie
GmbH
(Germany)
Chitin TCI 1398-61-4  powder 3 um
Deutschland
GmbH
(Germany)
Ambrosia Bonapol AS., - Powder 10-16 pum
artemisiifolia Czech
R li
(comon ragweed) epublic
Artemisia vulgaris ~ Bonapol A.S., Powder 10-14 pm
(common mugwort) Czech
g Republic
Betula pendula Bonapol A.S., Powder 7-15 um
o Czech
(White birch) Republic
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Olea europaea

(European olive)

Sambucus nigra

(Elder)

Urtica dioica

(Nettle)

Pyrene

Fluoranthene

Benzo[a]anthracene

Humic acid

Diesel soot

Biomass burning
particles?

Polystyrene latex
(PSL)

Bonapol AS., -
Czech
Republic

Bonapol A.S.,
Czech
Republic

Bonapol A.S.,
Czech
Republic

Sigma-Aldrich  129-00-0
Chemie

GmbH

(Germany)

Sigma-Aldrich  206-44-0
Chemie

GmbH

(Germany)

Sigma-Aldrich  56-55-3
Chemie

GmbH

(Germany)

Carl Roth
GmbH
(Germany)

1415-93-6

National SRM 2975

Institute of

Standards and
Technology
(NIST;
Gaithersburg,
MD, USA)

Self-made Self-made

Thermo -
Scientific
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Powder

Powder

Powder

Liquid

Liquid

Liquid

Powder

Powder

Powder

Liquid

9-13 um

7-18 um

7-11 pm

0.6 um,0.8 um,
1 pm, 1.8 um



Fluorescent
polystyrene latex
(FPSL)

NaCl

Dipicolinic acid
(DPA)

Thermo -
Scientific

Sigma-Aldrich  7647-14-5
Chemie

GmbH

(Germany)

Sigma-Aldrich  499-83-2
Chemie

GmbH

(Germany)

Liquid

Liquid

Offline
measurement

0.6 um,0.8 um,
I um, 2.1 uym

1 um

aBiomass burning particles were obtained by burning wheat. A glass slide was placed on

top of the fire to collect biomass burning particles.
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Performance of the S2FS

b
@ 200 — A artemisiifolia ®) B. pendula
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S. nigra ‘
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Figure S3. Averaged fluorescence spectra of 300 individual pollen grains by the S2FS.
Solid lines indicate that the spectra were smoothed every 32 pixels and dashed lines
indicate the raw spectra without smoothing.
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Figure S4. Fluorescence intensity distribution of cellulose and chitin (a) with an
aerodynamic diameter of 3 um observed by the S2FS or (b) with an optical diameter of 3
um observed by the WIBS. The fluorescence intensity is binned into 16 channels and
frequency means the ratio of particles in each channel to the number of total particles.
Dashed lines represent Gaussian fits. The threshold was calculated as the average plus 3

times the standard deviation of the background intensity.
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Individual spectrum of the single pollen

(a) Pollen ambrosia artemisiifolia (comon ragweed)
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N
. ]
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=
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]
2300 £

0
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Figure S5. Individual spectrum of the single particle of (a) Ambrosia artemisiifolia

pollen and (b) Olea europaea pollen.
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The minimum number of particles needed to obtain the complete fluorescence spectrum

In practice, N was determined when the deviation between the averaged fluorescence
spectrum over a certain number of particles (N) and the averaged fluorescence spectrum
over N+100 particles was below a certain threshold, which was manually set as 2*107 in

our case (Figure S6a).

(b) 3 Chitin
(a) 2 \ PAH
Step 1. Each spectrum was v g%llufllose
B H H [ ] 1DOtlavin
normalized by the sum intensity g 1000 - e NADH
] Pollen
= 6 FPSL
Step 2. Deviation= g i
(Yn1Ynet00.1) 2+ (YN s21-Yiet00,521)2 £ 3
=
- y=23+5830x05 L
tep 3.
if deviation<threshold (2e-06) 100 A————————rry —
4 8 2 4 8 4 6
averaged number output 10 100 1000

Number of electrons

Figure S6. (a) Procedure to calculate the number of particles to obtain the complete
fluorescence spectrum as a function of number of electrons detected by the ICCD sensor.
(b) The number of particles needed to obtain the complete fluorescence spectrum is
between 100 and 3000. The black solid line indicates a power fit with an exponential

value of -0.5. The detailed information of particles can be found in Table S1.
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Cluster analysis of single pollen particles

Pinnick et al.® have used a hierarchical cluster analysis to cluster atmospheric aerosol
particles into 12 main categories on a single particle level. A hierarchical cluster analysis
means combining spectra that have the largest overlap until the largest dot product
exceed a manually set threshold®. The fluorescence spectrum was binned from 512
channels to 8 channels. Afterwards, the fluorescence spectra were combined that have the
largest overlap until the largest dot product exceeded a manually set threshold®. Ambrosia
artemisiifolia pollen and Olea europaea pollen can be distinguished on a single particle
level by using this hierarchical cluster analysis method (Figure S7). Meanwhile, for
atmospheric aerosol particles during our measurement, fluorescence only appeared on a
few pixels (Figure S9). Therefore, the fluorescence spectra of fluorescent particles were

averaged over a certain period.
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Figure S7. Cluster analysis of single pollen particles by the S2FS. Each species of pollen
contained 300 individual single particles. The fluorescence spectrum was binned from
512 channels to 8 channels. The threshold was set as 0.9. This hierarchical cluster
analysis method was applied to analyze the above two species of pollen, which can
separate them based on the fluorescence spectrum. Cluster 1 represents Ambrosia

artemisiifolia pollen and cluster 2 represents Olea europaea pollen.
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Comparison of atmospheric fluorescent aerosol particles in the fine mode to the spectrum
of DPA

257 — Fine, 5/31
Fine, 6/1
_ Fine, 6/2
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Wavelength (nm)
Figure S8. Comparison of averaged fluorescence spectra of atmospheric fluorescent
aerosol particles in the fine mode to the spectrum of DPA measured by the offline
spectrometer. The peak intensity of DPA was normalized to the same range as that of
atmospheric fluorescent aerosol particles in the fine mode. The spectra observed on 31
May, 3 June, 4 June, and 5 June fit well to the spectrum of DPA measured by the offline

spectrometer.
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Individual spectrum of the single aerosol particle in ambient air

Intensity (a.u.)

400 450 500 550 600
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Figure S9. Individual spectrum of the single atmospheric aerosol particle. The signal

appeared only on a few pixels.

60



Fluorescence spectra of background noise
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Figure S10. Individual spectrum of background noise. The signal also appeared only on a

few pixels.

N
(&)

—— Fine, 5/31
—— Background, all

—_ —_ N
o 8] o
| | 1

Intensity (a.u.)

43}
1

[=}
1

I 1 I 1 I
400 450 500 550 600
Wavelength (nm)

Figure S11. Comparison of fluorescent fine particles to background noise. The

background noise was averaged signal of 50,000 forced trigger signals.
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Figure S12. Comparison of fluorescent particles to strongest 3% background noise. The
background noise was averaged spectrum of top 3% strongest signals of 50,000 forced

trigger signals. The fluorescence intensity of the strongest background noise was in the

same range as that fluorescent particles, but the peak position was different.
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Figure S13. The fluorescence intensity of fluorescent fine particles scaled with the
surface of particles, which further suggests that the measured signal is not background

signal.
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Averaged fluorescence spectra of atmospheric particles

Figure S14 shows the averaged fluorescence spectra of all of the fluorescent particles
during the 9-daytime measurement period. Since the fluorescence intensity is a function
of particle size'® 1, the fluorescence intensity was normalized by the sum intensity or the
maximum intensity in each size bin (Figure 14a, 14b). Both of them indicate that the peak
position shifted to a longer wavelength when the size increased. The peak position was
located at ~440 nm for PMos.1 and the peak position was at ~465 nm for PM1.1.25 (Figure

14c). Meanwhile, PM2-20 had multiple peaks.
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Intensity normalized by max
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Figure S14. Size-resolved fluorescence spectra for atmospheric fluorescent particles. (a)
The fluorescence spectra were normalized by the sum intensity while the size was binned
to 52 channels. (b) The fluorescence spectra were normalized by the maximum intensity
while the size was binned to 52 channels. (c) The fluorescence spectra were smoothed
every 32 pixels and normalized by the maximum intensity while the size was binned to 3

channels.
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Gaussian fit to fluorescence spectra of atmospheric aerosol particles

The fluorescence spectra of atmospheric aerosol particles can be fitted well with two
Gaussian functions. The fluorescence spectra of PMos.1 (0.5-1 um) can be fitted with two
Gaussian peaks at 444 and 534 nm while the fluorescence spectra of PM1.1-25(1.1-2.5 pum)
can be fitted with two Gaussian peaks at 449 and 531 nm (Figure S15a, 15b). Meanwhile,
the fluorescence spectra of PM26.20 (2.6-20 um) can be fitted with two Gaussian peaks at
longer wavelengths of 454 and 570 nm, respectively (Figure S15c). The r? value of PMzo
was relatively low. Apart from the peak position of the fluorescence spectra, the ratio of
peak intensities at 450 nm to that at 500 nm was frequently used to distinguish sources of
fulvic acids in water®?. It was observed that a ratio of ~1.9 indicated microbially derived
fulvic acids and a ratio of ~1.4 indicated terrestrially derived fulvic acids'?. For
atmospheric aerosols, a difference of the ratio was observed as well. PMos.1 (0.5-1 um)
had a higher ratio of 1.61 while PMy1.25(1.1-2.5 pm) and PM26.20 (2.6-20 pum) had a lower
ratio of 1.20 and 1.25, respectively (Table S2). These results also suggested that PM; may

come from different sources compared to PM..s and PM2o.
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Figure S15. Observed fluorescence spectra of atmospheric aerosol particles and the

corresponding Gaussian curve fits.
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Table S2. Two Gaussian functions fit to the fluorescence spectra of atmospheric aerosol

particles for PMy, PM1.125, and PM26.20.

Peak FWHM of Peak FWHM of Ratio of r2
position of Gaussian  position of Gaussian  peak value
Gaussian 1 (nm) Gaussian 2 (nm) intensities
1 (nm) 2 (nm)
PMos1 444 63 534 162 1.61 0.936
PMi125 449 72 531 155 1.20 0.951
PMz2e20 454 78 570 173 1.25 0.674
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Size distributions of pollen

The geometric diameter of the measured pollen was 15-20 um. The density of corn
pollen® was ~0.82 * 10° kg/m?3, so the calculated aerodynamic diameter was 13-18 pm.
Figure S16 shows that pollen had the peak size at ~11 um or 8 pum, which was close to
the calculated aerodynamic diameter. Some pollen also had fragments according to the

size distribution. In the manuscript, only the intact pollen was analyzed.
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Figure S16. The size distribution of pollen.
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Size distributions of standard PSL particles
Standard PSL particles were also measured. The aerodynamic diameter was slightly
larger than the geometric diameter since the density of PSL was larger than 1 * 10°

kg/m?.
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Figure S17. The size distribution of PSLs with (a) 600 nm, (b) 800 nm, (c) 1000 nm, and

(d) 1800 nm.
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Intensity calibration

The quantum efficiency of ICCD sensor and spectrograph was dependent on the emission
wavelength. In order to calibrate this effect, a deuterium lamp of DH-mini light source
was used. No obvious change of the fluorescence spectra was observed before and after
the intensity calibration (IC). Therefore, the results in the manuscript were not corrected

for intensity.
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Figure S18. Fluorescence spectra of NADH and riboflavin before and after intensity

calibration. No obvious change was observed.
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Cleaning the nozzle surface

Struggling against background fluorescence signals is a foremost concern since the
number of photons is few’. Toprak and Schnaiter® reported that background fluorescence
is a combination of the detect noise, the variability of the UV intensities, and the
fluorescence induced from aerosol particles escaped from the aerosol flow and deposited
on the inner walls of the detection chamber. Pan et al.* reported that the nozzle surface
was also a major source of background signals. The particles accumulate on the nozzle
surface during measurement. After cleaning the nozzle surface, the spectra of different
materials can be well distinguished (Figure S19). For ambient measurement, the nozzle
needs to be cleaned every 2 days; in the laboratory, the nozzle needs to be cleaned from

every 10 minutes to a few hours, depending on the species of particles.
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Figure S19. Fluorescence spectra of biomolecule particles. (a) After a long time of
operation, the nozzle surface was contaminated by fluorescent particles. High background
values masked any fluorescence spectra from the sample particles. (b) After cleaning the

nozzle surface, fluorescence spectra can be clearly distinguished.
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Abstract

Online/in situ fluorescence spectrometers (OFS) have been widely used to analyze
bioaerosols in real-time for atmospheric research. Fluorescence intensity of OFS is
commonly applied as an arbitrary unit, which limits comparisons between different
instruments. In order to facilitate comparisons, a standard fluorescence intensity calibration
method is needed by using one parameter. Here the volume of the single particle was used
as the single parameter to calibrate the fluorescence intensity of OFS. Among the materials
tested, nicotinamide adenine dinucleotide (NADH), cellulose, and chitin exhibit
fluorescence scaling with the volume of the particle. After the fluorescence intensity is
calibrated by volume, the fluorescence spectra are nearly the same for particles with
different sizes. This method implies that the fluorescence intensity can be compared and

scaled between different OFS.
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1. Introduction

Primary biological aerosol particles (PBAP) (Despres et al., 2012) can impact the
health of plants (Brown and Hovmoller, 2002) and human beings (Lacey and Dutkiewicz,
1994), as well as influence the earth system (Frohlich-Nowoisky et al., 2016). The
biofluorophores of PBAP exhibit fluorescence (Pohlker et al., 2012) when excited by the
UV light without labeling with external dyes, which makes online/in situ fluorescence
spectrometers (OFS) (Crawford et al., 2017; Huffman et al., 2010) one of the commonly
used instruments to analyze PBAP in real-time. OFS consist of a red laser to obtain the size
information and a ultraviolet (UV) light to obtain the fluorescence information. The
fluorescence information is either integrated fluorescence intensity (Hairston et al., 1997;
Huffman et al., 2012; Huffman et al., 2010; Kaye et al., 2005; Savage et al., 2017; Toprak
and Schnaiter, 2013; Yu et al., 2016) or dispersed fluorescence spectrum (Crouzy et al.,
2016; Pan et al., 2014; Pan et al., 2009; Pinnick et al., 1998).

Fluorescence intensity is one important factor to distinguish PBAP from other kinds
of aerosol particles (Gabey et al., 2010; Savage et al., 2017) or differentiate various types
of PBAP (Crawford et al., 2015; Robinson et al., 2013; Sivaprakasam et al., 2011). On the
one hand, a particle can be defined as PBAP when the fluorescence intensity of a single
particle is above a certain noise threshold (Gabey et al., 2010; Savage et al., 2017). On the
other hand, fluorescence intensity distribution patterns are different among several types
of PBAP (Crawford et al., 2015; Robinson et al., 2013; Sivaprakasam et al., 2011).
However, fluorescence intensity is an arbitrary unit, which may vary between different
OFS and may vary when the setting of the same instrument changes.

Recently, Robison et al. (Robinson et al., 2017) recommended using particle mass (d°)
to calibrate OFS. Mixed tryptophan-ammonium sulfate particles were used to calibrate FL1
sensor (Aex = 280 nm, Aem = 310-400 nm) of the Wideband Integrated Bioaerosol Sensor
(WIBS) and quinine particles were used to calibrate the FL2 sensor (Aex = 280 nm, Aem =
420-650 nm) of the WIBS (Robinson et al., 2017). Two questions remain in terms of this
method: (i) Which materials can be used calibrate FL3 sensor (Aex =370 nm, Aem = 420-650
nm)? (i) Are the fluorescence spectra the same after normalizing by the particle mass (d%)?

In order to probe these two questions, we measured fluorescence of certain materials

by using the recently developed size-resolved single-particle fluorescence spectrometer
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(S2FS). The excitation wavelength (Aex) and emission wavelength (Aem) used in the S2FS
(Aex= 355 nm, Aem=370-610 nm) were similar to those of the FL3 sensor used in the WIBS
(Aex= 370 nm, Aem = 420-650 nm) (Kaye et al., 2005). Besides, the S2FS can measure the
dispersed fluorescence spectra, rather than simply measure the integrated fluorescence
intensity.

2. Methods

2.1 Aerosol particles generation

Chemicals were purchased from Sigma Aldrich without further purification. All of the
aerosol particles were generated by using the compressed air (Pan et al., 2011). Briefly, a
glass vial was filled with solid chemicals; afterwards, compressed air was flushed through
the glass vial when a magnetic bar stirred the solid chemicals. Neither water nor other
solvent was used during aerosolization, which makes chemicals stable during
measurement.

Differential mobility analyzer (DMA) was not used; instead, the polydisperse particles
were measured. The size and fluorescence spectrum were measured simultaneously for the
same particle, so the fluorescence spectrum of the same size can be analyzed afterwards.
During our measurement, particles from 1 to 3 um were analyzed.

2.2 Size-resolved single particle fluorescence spectrometer (S2FS) setup

The S2FS consists of an aerodynamic particle sizer to obtain the size information and
a fluorescence spectrometer with a 355-nm excitation laser and an intensified charge-
coupled device (ICCD) detector to obtain the fluorescence information. The ICCD gain
was set to the maximum at 100. Even at this maximum setting, no saturation effect was
observed during measurement.

The measured fluorescence emission is dispersed in 512 channels from 370 to 610 nm,
where a major portion of biological fluorescence can be measured in this range.

3. Results and Discussion

Offline fluorescence spectrometers used Raman scatter of water (Lawaetz and
Stedmon, 2009) to calibrate the fluorescence intensity. Meanwhile, online/in situ
fluorescence spectrometers (OFS) measured particles in the solid state, which makes the
using of Raman scatter of water impossible. One advantage of OFS is that the size of the

particle can be measured simultaneously. Recently, Robison et al. (Robinson et al., 2017)
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have developed particle mass (d®) to calibrate OFS. But the FL3 sensor (hex = 370 nm, Aem
= 420-650 nm) was not tested and the dispersed fluorescence spectra were not measured.
Here we have measured fluorescence of certain materials by using the recently developed
size-resolved single-particle fluorescence spectrometer (S2FS). Aex and Aem USed in the
S2FS (hex = 355 nm, Aem = 370-610 nm) were similar to those of the FL3 sensor used in the
WIBS (Aex= 370 nm, Aem = 420-650 nm). The other advantage of the S2FS is that it can

measure the dispersed fluorescence spectra as well.
3.1 Size-dependent fluorescence intensity

Most of OFS analyzed particles by using the fluorescence intensity. The fluorescence
intensity not only depends the type of the particle, but also is a function of the size of the
particle. A mathematical model used by Hill et al. (Hill et al., 2015) suggests that
fluorescence cross sections scales with volume when the particle size and concentration of
fluorophores are small while the fluorescence cross sections are proportional to surface
area for larger particles. Lab results (Sivaprakasam et al., 2011) show that a power function
fit well between fluorescence intensity and particle size with the exponent value between
1.6 and 3.2.

We have measured certain particles composed of biofluorophores in the solid state. In
the size range between 1 um and 3 um, the fluorescence intensity of NADH, cellulose, and
chitin show power law based exponent of ~3, which suggests that the fluorescence intensity
is proportional to the particle volume (Figure 1). According to Robinson et al. (Robinson et
al., 2017), quinine in the core of the particle did not contribute the observed fluorescence,
which might explain the lower value of quinine of 2.6. Riboflavin reveals a smaller exponent
value of 1.2 suggesting that the fluorescence intensity of riboflavin increases with the
diameter of the particle. Quenching of fluorescence (Limpouchova and Prochazka, 2016) or
the cooperative effect of shielding of absorption and quenching of fluorescence could happen

for riboflavin particles (Figure 2).

81



@ ® NADH ®) e Riboflavin
80004 — Power fit —— Power fit
y=130x30:02 800+ y=81x12:02
6000 -
= & 600+
L =
< 73]
Z 4000 £ 400-
8 =
|
— 2000+ 2004
0- T T T T T 0- T T T T T
1.0 1.5 20 25 3.0 1.0 1.5 2.0 25 3.0
D, (pm) D, (um)
c) 60
©) Cellulose @ Chitin
50 Power fit 80+ Power fit
y=130x28203 y=130x32:03
—_ 404 — 60
> ]
8 30 s
> >
7] G 401
§ 20 g
£ =
wéu M? Aél i
01 F] L‘J 0- é .| L}] '%1
T T

e) 40
© Quinine
Power fit

304 y=130x26:04

i i
L ddbiabd

T
1.0 1.5 2.0 25 3.0

Intensity (a.u.)

Figure 1. Size dependent fluorescence intensity of (a) NADH, (b) riboflavin, (c) cellulose,
(d) chitin, and (e) quinine of ~300 single particles in each size bin. In the box-whisker
plots, dot is arithmetic mean; lower and upper limits of the box represent 25th and 75th
percentiles; horizontal bars represent 5th and 95th percentiles. The solid line indicates the
power fit to the mean intensity. NADH, cellulose, and chitin exhibit fluorescence scaling
with the volume of the particle while riboflavin exhibits fluorescence scaling with the

diameter of the particle.
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Figure 2. Possible mechanisms explaining the size-dependent fluorescence intensity.
Particles composed of NADH, cellulose, and chitin reveal the bulk absorption, resulting in
the exponent value of 3. Particles composed of quinine reveal the partial absorption,
resulting in the exponent value between 2 and 3. Particles composed of riboflavin have the

fluorescence quenching effect, resulting in the exponent value below 2.
3.2 Volume calibrated fluorescence spectra and implications

The raw fluorescence spectra of NADH, cellulose, and chitin depend on the size of the
particle. After calibration with the particle volume (d®), the fluorescence spectra of particles
with different aerodynamic diameters are nearly the same (Figure 3). This means that the
volume calibrated spectra depend on the species of chemicals and settings of OFS, rather

than on the size of the particle.
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Figure 3. Raw fluorescence spectra of (a) NADH, (b) cellulose, and (c) chitin and the
corresponding fluorescence spectra with the fluorescence intensity calibrated by volume.

After calibration by volume, the spectra are nearly the same for particles of different sizes.
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Figure 4. The implication of the volume calibrated fluorescence spectra. In principle, the
calibration factor of NADH can be extended to all of the results including other chemicals

and ambient measurement.

The volume calibrated fluorescence spectra measured by the S2FS can be compared
to other instruments and the calibration factor can be calculated. Take NADH as an
example, the peak intensity of volume calibrated spectra of NADH measured by the S2FS
is ~350. Imagine the peak intensity of volume calibrated spectra of NADH measured by an
unknown OFS (xxx) is ~3.5. The calibration factor is 100, which implies that all of the
results measured by S2FS including other chemicals and ambient measurement equal to

those measured by the unknown spectrometer times 100 (Figure 4).
4. Conclusion

In conclusion, NADH, cellulose, and chitin are good candidates for calibrating the
fluorescence intensity of OFS. Robison et al. (Robinson et al., 2017) reported that NADH
was unstable in solution due to the oxidation form (NAD™). However, NADH was in the
solid state during aerosolization and measurement in our method, which makes it a

promising candidate for calibration.
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The volume calibrated fluorescence spectra of particles with different sizes are nearly
the same. This means the volume calibrated spectra depend on the species of chemicals and
settings of OFS, rather than on the size of the particle. The calibration factor of NADH,
cellulose, and chitin should be the same and can be used for atmospheric measurement

results as well.

Xex and Aem of the S2FS (Aex = 355 nm, Aem = 370-610 nm) are similar to those of
commonly used OFS including the Ultraviolet Aerodynamic Particle Sizer (UV-APS, Aex
= 355 nm, Aem = 420-575 nm) (Hairston et al., 1997; Huffman et al., 2012; Huffman et al.,
2010; Schumacher et al., 2013), the Plair detector (Crouzy et al., 2016) (Aex = 337 nm, Aem
= 390-600 nm), and channel FL3 (Aex= 370 nm, Aem = 420-650 nm) (Kaye et al., 2005;
O'Connor et al., 2014; Robinson et al., 2013; Savage et al., 2017; Toprak and Schnaiter,
2013; Yu et al., 2016) of the WIBS. Therefore, the above results can be extended to these

instruments as well.
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Appendix A: List of acronyms and symbols

Acronym/Symbol Description

a.u. Arbitrary units

DMA Differential mobility analyzer

NAD* Oxidation form of nicotinamide adenine dinucleotide
NADH Nicotinamide adenine dinucleotide

OFS Online/in situ Fluorescence Spectrometers

PBAP Primary biological aerosol particles

S2FS Size-resolved single-particle fluorescence spectrometer
UV-APS Ultraviolet Aerodynamic Particle Sizer

WIBS Wideband Integrated Bioaerosol Sensor

Aex Excitation wavelength

hem Emission wavelength
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Abstract

Laser/light-induced fluorescence (LIF) is one of the commonly used techniques to analyze
bioaerosols based on the fact that bioaerosols exhibit fluorescence under ultraviolet (UV)
excitation. Fresh biogenic secondary organic aerosols (SOA) and aged SOA are potentially
interfering particles since they have been reported to exhibit fluorescence in the liquid
phase. Here we measured the fluorescence property of fresh SOA and aged SOA in the
particle phase by using the recently developed size-resolved single-particle fluorescence
spectrometer (S2FS). Fresh SOA were generated by the reaction of limonene or a-pinene
with ozone (O3) while aged SOA were generated by the reaction of limonene or a-pinene
with ozone (Ogz) in the presence of ammonia. Preliminary results show that fresh SOA
exhibit fluorescence from 400-500 nm with the emission peaking at ~467 nm or ~478 nm
while aged SOA cover a broader range from 400-610 nm with the emission peaking at
~480 nm with Aex = 355 nm. The fractions of fluorescent fresh SOA and fluorescent aged
SOA are 1-4% and 6-10%, respectively. Relative humidity (RH) influences fluorescence
of fresh SOA in the shorter wavelength while RH influences fluorescence aged SOA

mainly in the longer wavelength.
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1. Introduction

Primary biological aerosol particles (PBAP) are of great interest to atmospheric chemists®
2 and epidemiologists®. Part of the motivation is due to that PBAP are ubiquitous all over
the world, no matter in the pristine Amazon rainforest* or in the industrialized megacity®.
PBAP consist of viruses, bacteria and archaea, fungal and fern spores, pollen from vascular
plants, algae and lichens from cryptogamic covers, and fragments of animal and plant

matter®.

The quantification of PBAP in the atmosphere is attracting more attention in recent years.
Offline techniques enable measurement of the averaged information of PBAP over a
certain period, which include staining particles with a protein dye’, offline aerosol mass
spectrometric technique (AMS)8, and quantitative polymerase chain reaction analysis
(gPCR)®. Online techniques can analyze the PBAP in real-time with high time-resolution,
which include aerosol mass spectrometry!® 11 laser-induced breakdown spectroscopy?*?,

and laser/light-induced fluorescence (LIF)*%2,

LIF instruments can reveal the fraction of PBAP and concentration of PBAP? based on
the fact that PBAP exhibit autofluorescence?* under ultraviolet (UV) excitation. However,
some potential interfering particles may also exhibit fluorescence under UV excitation such
as combustion-related particles®™ 28, and secondary organic aerosols (SOA)?" including

aromatic organic acid aerosols®.

Recently, Lee et al.?” measured the fluorescence property of fresh SOA and aged SOA
dissolved in water, which suggests that aged SOA particles may exhibit sufficient
fluorescence to interfere with that of PBAP. However, the fluorescence property measured
in the liquid phase?” might be different from that measured in the particle phase. Besides,
the interference of fresh SOA and aged SOA can not be quantified by measurement of SOA
in the liquid phase.

Here we directly measured the fluorescence properties of fresh SOA and aged SOA in the
particle phase by using the recently developed size-resolved single-particle fluorescence

spectrometer (S2FS) (Figure 1). The fluorescence spectra of particles can be directly
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obtained without dissolving them in water. Furthermore, the interference of fresh SOA and

aged SOA can be quantified by measurement in the particle phase.
2. Experiment
2.1. Generation of fresh SOA and aged SOA

Fresh SOA and aged SOA were generated in a 0.7 m® Teflon chamber. Fresh SOA were
generated by using the method according to Lee et al.'”. In brief, ~400 ppb of O3 was
flushed through the chamber. Oz was generated by photolysis of O2 using an UV light (O3
generator SOG-2). The O3z concentrations were measured by an Oz analyzer (Model 49i,
Thermo Fisher Scientific, USA, lower detection limit: 1 ppbv). Then the outlets of the
chamber were closed and the fan was turned on. Afterwards, 2 puL of d-limonene or a-
pinene was flushed into the chamber by the compressed air with a flow rate of 4 LPM for
2 min, corresponding to a concentration of ~400 ppb assuming there was no loss. Then the
inlet of the chamber was closed and the fan continued working for another 3 min. The
reaction last 20 h in the darkness. According to Atkinson et al.?8, the OH radical formation
yields from the gas phase reactions Oz of with d-limonene or a-pinene were 0.86 and 0.85,
respectively. Therefore, the particles measured are a mixture of Oz and OH radical

products.

For the generation of aged SOA, ~400 ppb of O3z was flushed through the chamber. Then
the outlets of the chamber were closed and the fan was turned on. ~0.18 M ammonia
solution was flushed into the chamber with a flow rate of 0.5 LPM for 5 min. The
concentration of ammonia in the chamber was ~50 ppm by using a cavity-ring-down
spectroscopy. Afterwards, 2 uL of d-limonene or a-pinene was flushed into the chamber
by the compressed air with a flow rate of 4 LPM for 2 min. Then the inlet of the chamber
was closed and the fan continued working for another 3 min. The aging process last 20 h

in the darkness.

After the generation of fresh SOA or aged SOA, the chamber outlet was connected to a
differential mobility analyzer (DMA). The sheath flow of the DMA was 2 LPM and the

aerosol flow was 1 LPM; the diameter was set to be 850 nm. Under this setting, the
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concentration was high enough for the subsequent measurement. The DMA was then
directly connected to the S2FS (Figure 1).

VOC

O,

SOA

0.7 m?3 Teflon S2FS
chamber

Figure 1. The construction of the reaction chamber and the size-resolved single-particle
fluorescence spectrometer (S2FS). The SOA particles were selected by a differential
mobility analyzer (DMA). Afterwards, the fluorescence property was directly measured by
the S2FS.

2.2. Construction of the S2FS

The S2FS can measure the fluorescence property of the single particle in the particle phase.
The aerosol flow was 1 LPM. Aex is 355 nm and the measured fluorescence emission is from
370 to 610 nm dispersed in 512 channels.

3. Results and discussion
3.1. Fluorescence spectra of fresh SOA and aged SOA

By using an offline fluorescence spectrometer, Lee et al.?” observed the peak emission
occurring at ~440 nm or ~450 nm for fresh SOA and aged SOA. To be more specific, aged-
LIM/O3z and aged-PIN/Os exhibited the peak emission at ~441 nm and ~440 nm,
respectively?’. Fresh LIM/O3 (Control) and fresh PIN/Os (Control) exhibited the peak
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emission at ~444 nm and ~454 nm, respectively?’. The integrated fluorescence intensity of
the aged SOA was 5-12 times higher than the corresponding fresh SOA?’.

A similar trend of fluorescence spectra and integrated fluorescence intensities was
observed by the online fluorescence spectrometer S2FS. As shown in Figure 2, aged
LIM/O3 and aged PIN/O3 exhibit the peak emission at ~480 nm and ~480 nm, respectively.
Fresh LIM/Oz (Control) and fresh PIN/O3z (Control) exhibit the peak emission at ~467 nm
and ~478 nm, respectively. Both fresh SOA and aged SOA in the particle phase exhibit the
fluorescence peaking at a longer wavelength compared to that measured in the liquid

phase?’.

Consistent with the offline results, the integrated fluorescence intensity of the aged SOA

measured by the online spectrometer is 3-7 times higher than the corresponding fresh SOA.

— LIM/O3

64 |- LIM/O3 (Control)
—— PIN/O3

5 PIN/O3 (Control)

Intensity (a.u.)

] 1 ] ] I
400 450 500 550 600
Wavelength (nm)
Figure 2. Fluorescence spectra of aged and fresh SOA (control) particles, which are

averaged over 20,000 particles and smoothed over 64 pixels. Solid lines indicate aged
SOA while dashed lines indicate fresh SOA (control).
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3.2. Possible chemical compounds responsible for the fluorescence

The assignment of the fluorescence spectra to individual chemical compounds in mixtures
of fresh SOA and aged SOA is based on the published literatures. The relatively weak
fluorescence of fresh SOA is predictable since fresh SOA are dominated by molecules with
carbonyl, carboxyl, and hydroxyl functional groups?. Carboxyl and hydroxyl functional
groups have high-energy electronic transitions?® 3° while carbonyl has relatively low-

energy electronic transitions®, thus having weak absorption and fluorescence properties.

The chemical compounds of aged SOA are attracting more attention in recent years®.
Bones et al.®! suggested that the fluorescence of aged SOA could be attributed to nitrogen
containing aromatic heterocyclic compounds from intermediate imine compounds. Kampf
et al.®> 3 tested the light absorbance properties of a series of nitrogen containing
compounds, among which a coupled 2,5-dimethylpyrrole unit and a substituted
dihydropyridine have the absorbance maximum at around 355 nm®2. Therefore, the
nitrogen containing heterocycles including a coupled 2,5-dimethylpyrrole unit or a

substituted dihydropyridine could possibly explain fluorescence of aged SOA.
3.3. Fractions of fluorescent particles of fresh SOA and aged SOA

To what extent do fresh SOA or aged SOA influence the LIF instruments is an unsolved
question. We used thresholding mode of photon counting of ICCD camera to calculate the
fractions of fluorescent particles. When the incoming intensity exceeds the defined
threshold (set to be 200 in this study) at one pixel, the incoming intensity was recorded as

one photon.

Aged-LIM/O3 have the largest fraction of 10.9% while aged-PIN/Os have the fraction of
6.1%. Fresh LIM/Os (Control) also have a large fraction of 4.5% above the background
threshold. Fresh LIM/O3 (Control) have the smallest fraction of 1.4%, which is the nearly
the same as that of NaCl. According a previous field measurement in Central Europe, the
fractions of fluorescent submicron particles were between 1% and 10%2. The fractions of
fluorescent particles of fresh SOA and aged SOA are in the same range as the fractions of

fluorescent submicron particles. It could be that fresh SOA and aged SOA contribute to the
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fluorescent particles to some degree in the submicron range but the effect of PBAP in the

submicron range'! can not be excluded.
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Figure 3. The distribution of number of photons for aged SOA and fresh SOA. Solid lines
indicate aged SOA while dashed lines indicate fresh SOA (control). Fresh PIN/O3 reveal

the same intensity distribution as that of NaCl.

3.4. Effect of relative humidity (RH)

The above results were measured when the initial RH of the chamber before reaction was

90%. A lower initial RH of 10% was also measured and the corresponding results were
illustrated in Figure 4. The influence of RH on fresh SOA and aged SOA is different. For

aged SOA, a decrease was observed in the longer wavelength when the RH decreased;

meanwhile, for fresh SOA, a decrease was observed in the shorter wavelength when the
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RH decreased (Figure 4). After subtraction, the aged SOA have a peak at ~ 530 nm while

fresh SOA have a peak at ~470 nm (Figure 5).
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Figure 4. The fluorescence spectra of aged SOA and fresh SOA (control) under different

relative humidities. The fluorescence spectra are averaged over 20,000 particles and

smoothed over 64 pixels. Solid lines indicate aged SOA while dashed lines indicate fresh

SOA (control).

One possible mechanism to explain the RH effect is that the hydration state of particles is
different under different RH. In order to test this mechanism, a Nafion dryer with a sheath
flow of 5 LPM was used in front of the DMA. The fluorescence spectra of SOA particles
with the Nafion dryer are nearly the same as those without the Nafion dryer (Figure 6),
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suggesting that the difference of fluorescence is not caused by the hydration state of

particles.
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Figure 5. The subtracted fluorescence spectra of aged SOA and fresh SOA (control) under

different relative humidities. The fluorescence spectra are averaged over 20,000 particles

and smoothed over 64 pixels. Solid lines indicate aged SOA while dashed lines indicate
fresh SOA (control).

The other possible mechanism is that RH influenced the final chemical compounds of

particles®™ 3. Nguyen et al.>* demonstrated that when the relative humidity (RH) dropped

and the droplets of aqueous solutions of biogenic SOA mixed with ammonium sulfate

evaporated, the rate of chromophore formation increased by three orders of magnitude.

Although the molar fraction of chromophores induced by RH was small (2%)3*, these

products have a significant influence on the absorption property®* and the fluorescence

property of aerosol particles (Figure 4, 5).
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Figure 6. The fluorescence spectra of fresh LIM/O3 without (Control) a Nafion dryer and
with a Nafion dryer. The fluorescence spectra are averaged over 20,000 particles and

smoothed over 64 pixels.
4. Conclusions

In summary, the fluorescence spectra of fresh SOA and aged SOA were measured in the
particle phase for the first time. Fresh SOA exhibit fluorescence from 400-500 nm with
the emission peaking at ~467 nm or 478 nm while aged SOA cover a broader range from
400-610 nm with the emission peaking at ~480 nm. The fluorescence of fresh SOA could
possibly be explained by carbonyl while the florescence of aged SOA could be due to
nitrogen containing heterocycles. The fractions of fluorescent fresh SOA and fluorescent
aged SOA account forl-4% and 6-10%, respectively. RH influences fluorescence of fresh
SOA in the shorter wavelength while RH influences fluorescence of aged SOA in the
longer wavelength. The fluorescence spectra of particles measured with the Nafion dryer
and without the Nafion drier are nearly the same, suggesting that RH influences the

chemical compositions of the SOA and aged SOA.
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Abstract. Fluorescence characteristics of aerosol particles
in a polluted atmosphere were studied using a wideband
integrated bioaerosol spectrometer (WIBS-4A) in Nanjing,
Yangtze River Delta area of China. We observed strong di-
urnal and day-to-day variations of fluorescent aerosol par-
ticles (FAPs). The average number concentrations of FAPs
(1-15 um) detected in the three WIBS measurement chan-
nels (FL1: 0.6cm™—3, FL2: 3.4cm™3, FL3: 2.1cm™3) were
much higher than those observed in forests and rural ar-
eas, suggesting that FAPs other than bioaerosols were de-
tected. We found that the number fractions of FAPs were
positively correlated with the black carbon mass fraction, es-
pecially for the FL1 channel, indicating a large contribution
of combustion-related aerosols. To distinguish bioaerosols
from combustion-related FAPs, we investigated two clas-
sification schemes for use with WIBS data. Our analysis
suggests a strong size dependence for the fractional con-
tributions of different types of FAPs. In the FL3 channel,
combustion-related particles seem to dominate the 1-2 um
size range while bioaerosols dominate the 2—5 um range. The
number fractions of combustion-related particles and non-
combustion-related particles to total aerosol particles were
~ 11 and ~ 5 %, respectively.

1 Introduction

From the beginning of atmospheric aerosol studies, airborne
biological particles have been found as an important class
of aerosol particles (Bary et al., 1887; Després et al., 2012;
Frohlich-Nowoisky et al., 2016). They are ubiquitous in the
atmosphere with a wide size range from approximately sev-
eral nanometers to a few hundred micrometers (Poschl, 2005;
Després et al., 2012). Primary biological aerosol particles
(PBAPs) are a subset of biological particles, usually defined
as the aerosols of biological origin or carry living organ-
isms, including viruses, bacteria, fungal, pollen, cell or plant
debris, and animal tissue (Huffman et al., 2012; Frohlich-
Nowoisky et al., 2016). PBAPs can affect the Earth’s radi-
ation balance directly by absorbing and scattering solar ra-
diation, and indirectly by serving as giant cloud condensa-
tion nuclei (CCN) and ice nuclei (IN), and thereby influence
cloud microphysical and climate-relevant properties (Christ-
ner et al., 2008; Poschl et al., 2010; Deleon-Rodriguez et al.,
2013; Morris et al., 2013). These impacts are not only re-
stricted to a local scale, but also may be effective in a re-
gional scale due to the transport of bioaerosols, e.g., by dust
storms (Griffin, 2007; Polymenakou et al., 2008; Hallar et
al., 2011; Creamean et al., 2013). In addition, PBAPs can
spread human, animal, and plant disease and influence pub-
lic health (Després et al., 2012; Cao et al., 2014). Considering
its comprehensive impacts in diverse scientific fields, a better
understanding of PBAPs such as its concentration, composi-
tion, and spatial and temporal variability becomes critically
important.
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Table 1. Definition of abbreviations used in the text.

X. Yu et al.: Ambient measurement of fluorescent aerosol particles

Short name  Description

PBAPs Primary biological aerosol particles

FAPs Fluorescent aerosol particles

FL1 Fluorescent particles detected in channel FL1_280 (excitation at 280 nm, detection 310-400 nm)
FL2 Fluorescent particles detected in channel FL2_280 (excitation at 280 nm, detection 420—-650 nm)
FL3 Fluorescent particles detected in channel FL2_370 (excitation at 370 nm, detection 420-650 nm)
Type A Fluorescent particles detected in channel FL1 only

Type B Fluorescent particles detected in channel FL2 only

Type C Fluorescent particles detected in channel FL3 only

Type AB Fluorescent particles detected in channels FL1 and FL2

Type AC Fluorescent particles detected in channels FL1 and FL3

Type BC Fluorescent particles detected in channels FL.2 and FL3

Type ABC  Fluorescent particles detected in channels FL.1, FL2 and FL3

Ny Number concentration of each type particles

Fy Number fraction of each type particles

Mgpc Mass concentration of black carbon

PMj g Mass concentration of particles in the size range of 0.006—0.8 um

Do Optical diameter

a.u. Arbitrary units

Despite its importance, information of PBAPs in the at-
mosphere is still very limited. Further investigation is hin-
dered due to the lack of automatic measurement techniques.
Most previous studies are based on the analysis of cultivable
PBAPs or DNA (deoxyribonucleic acid) from filter samples
(Henningson and Ahlberg, 1994; Duchaine et al., 2001; Yu
et al., 2013; Frohlich-Nowoisky et al., 2016). These meth-
ods are time-consuming and their results may differ depend-
ing on the cultivation condition and procedures, especially
considering the ubiquity of microorganisms that cannot be
cultivated (Oliver, 2005; Pohlker et al., 2012). The low time
resolution of cultivation methods makes it difficult to inves-
tigate the emission mechanisms of PBAPs, which happen at
a timescale of less than a few hours.

Since most biological materials contain fluorophores, in-
struments based on the fluorescence detection, such as a UV-
APS (ultraviolet aerodynamic particle sizer; Brosseau et al.,
2000), WIBS (wideband integrated bioaerosol spectrome-
ter), and other custom-made instruments based on the LIF
(laser induced fluorescence) technology (Pan et al., 2009;
Taketani et al., 2013; Miyakawa et al., 2015), have recently
been developed for online measurements of PBAPs. These
instruments have been applied in various atmospheric envi-
ronments, including rainforest (Gabey et al., 2010; Huffman
et al., 2012), forest (Huffman et al., 2013; Schumacher et
al., 2013; Crawford et al., 2014), high-altitude (Gabey et al.,
2013; Valsan et al., 2016), rural (Healy et al., 2014), sub-
urban (Huffman et al., 2010; Toprak and Schnaiter, 2013),
and urban environments (Gabey et al., 2011; Miyakawa et
al., 2015; Wei et al., 2016). Besides settled sampling sites, a
WIBS has also been used for airborne observations (Perring
et al., 2015). In clean environments, these techniques can ef-

Atmos. Chem. Phys., 16, 11337-11348, 2016

fectively distinguish PBAPs from other kinds of aerosol par-
ticles. For example, Huffman et al. (2012) found similar size
distributions of PBAPs measured by UV-APS and scanning
electron microscopy (SEM) in the Amazon rainforest.

PBAPs, however, are not the only fluorescent aerosol parti-
cles (FAPs) in the atmosphere. Other materials such as poly-
cyclic aromatic hydrocarbons (PAHs) and humic-like sub-
stances (HULIS) may also fluoresce and contribute to the
measured fluorescence signals (Pohlker et al., 2012). Hence,
the fluorescence information given by the instruments based
on the fluorescence detection may include both fluorescent
biological and non-biological particles.

In order to have a deeper insight into the ambient FAPs
in a polluted area, we have performed WIBS measurements
in Nanjing, China, in the autumn of 2013. In this study,
we first present the number concentration of FAPs in Nan-
jing in comparison to previous studies. Then we demonstrate
the potential impacts of combustion-related aerosol particles
in discrimination of bioaerosols under the polluted atmo-
sphere. Finally, we introduce alternative methods to quan-
tify the relative contributions of different fluorescent materi-
als (combustion- and bioaerosol-type particles) to FAPs.

2 Methods and instrumentation
2.1 Site description

WIBS measurements were performed at the Station for Ob-
serving Regional Processes of the Earth System (SORPES
station), Xianlin campus of Nanjing University (32.12° N,
118.95° E). Nanjing lies in the Yangtze River Delta with a
total population of 8.18 million (data of 2013), and it is a
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107



X. Yu et al.: Ambient measurement of fluorescent aerosol particles

11339

Table 2. Comparisons between the results of this study and previous studies. Unit for the number concentration of fluorescent particles is
L~!. Numbers in parentheses are the number fractions of fluorescent particles (%).

Site location Site category ~ Season NEL1 Nf12 NEL3 Npaps References
Nanjing, China sub-urban autumn 570 (4.6) 3350 (25.3) 2090 (15.6) —  This study
Manchester, UK urban winter 29 (3) 52 (6) 110 (11) — Gabey etal. (2011)
Puy de Dome high-altitude =~ summer 12 (4.4) - 95 (35.2) —  Gabey et al. (2013)
mountain, France
Killarney, Ireland rural summer 175 (0.5) 95 (0.3) 35(0.1) 15(0.05* Healy et al. (2014)
Borneo, Malaysis rainforest summer - - - 150° Gabey et al. (2010)
Karlsruhe, Germany  semi-rural 1 year - - - 31 (7A3)b Toprak and Schnaiter (2013)
Amazon, Brazil rainforest spring - - — 93(26.3)* Huffman et al. (2012)
Mainz, Germany semi-urban summer, - - - 27 (3.9)* Huffman et al. (2010)
autumn,
winter
Helsinki, Finland urban summer - - — 13 (8)*  Saari et al. (2015)
Hyytiéld, Finland boreal forest  spring - - - 15 (4.4*  Schumacher et al. (2013)
summer - - - 46 (13)?
autumn - - - 27(9.8)%
winter - - - 4(1.1)2
Colorado, USA rural spring - - - 15(2.5)* Schumacher et al. (2013)
summer - - - 30 (8.8)?
autumn - - - 17 (5.7)2
winter - - - 5.3(3)
Ghats, India high-altitude =~ summer 20 (2)2  Valsan et al. (2016)

2 Results of UV-APS. ® Combine with the FL1 and FL3 channels.

large commercial center in the East China region. The mea-
surement site is ~ 20 km to the east of the urban center. The
SORPES station is located on a hill about 40 m above the
surroundings. Details of this station were described by Ding
et al. (2013). A 0.75 inch stainless-steel tube inlet was in-
stalled ~ 3 m above the roof, and sample air was dried by a
vertical silica gel drier prior to entering the WIBS. Data were
collected from 29 October to 15 November 2013.

2.2 Instruments

Measurements of FAPs were performed with a WIBS-4A. It
uses the single-particle elastic scattering intensity at 535 nm
to calculate the optical size of particles. The scattering sig-
nal is used to trigger the flash of two xenon lamps with a
UV wavelength of 280 and 370 nm, respectively. The fluo-
rescent signals are recorded at two wavelength bands (310—
400 and 420-650nm). This design results in three wave-
length channels: FL1 with excitation at 280 nm and detec-
tion 310400 nm, FL2 with excitation wavelength at 280 nm
and detection wavelength at 420-650 nm, and FL3 with ex-
citation wavelength at 370 nm and detection wavelength at
420-650 nm. Respective abbreviations are listed in Table 1.
During the measurement period, we used 1 and 2 um fluores-
cent and non-fluorescent PSL microspheres (3K-990, BO100,
4K-02 and B0200, Duke Scientific, Inc.) for calibration. The
fluorescence noise threshold is defined as

EThreshold = E + 30, (D

www.atmos-chem-phys.net/16/11337/2016/

where E is the modal baseline and o is the standard devi-
ations in each channel. Particles with fluorescence signals
above the noise threshold are classified as FAPs. Single-
particle data were converted into a size distribution with a
5 min integration time and particles with an optical diameter
(Dy) of 1-15 um were analyzed in this study.

Meteorological data were collected with an automatic
weather station (AG1000, CAMPBEL co.). The differential
mobility particle sizer (DMPS; built at Helsinki University)
was used to measure the number size distribution of sub-
micron particles between 6 and 800 nm mobility diameter
(Herrmann et al., 2014). Particle mass concentration below
0.8 um (PMy g) was calculated from the measured size distri-
butions assuming a density of 1.6 gcm™> (Wang et al., 2014).
A 7-wavelength “Spectrum” Aethalometer (AE-31, Magee
Scientific co.) was used to measure the black carbon (BC)
mass concentration Mpc.

3 Results and discussion
3.1 Non-biological fluorescent aerosol particles

Figure 1 shows the time series of number concentrations and
fractions of FAPs during the measurement period. The num-
ber concentration of FAPs was dominated by the FL2 channel
with a mean number concentration Ngra of 3.4cm ™3, fol-
lowed by Npr3 of 2.1 cm~3, and Np; of 0.6cm™3. These
number concentrations were 1-2 orders of magnitudes higher

Atmos. Chem. Phys., 16, 11337-11348, 2016
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Figure 1. Time series of Mgc/PMy g (gray, right axis), number concentration of fluorescent particles in each channel (primary left axis) and
relative number fractions of fluorescent particles in each channel (secondary left axis). (a) FL1 channel: Ngy | (crimson) and Fpp 1 (orchid).
(b) FL2 channel: Ngp 3, (navy) and Fgp o (cornflower blue). (¢) FL3 channel: Ngp 3 (olive) and Fgp3 (lime). r is the correlation coefficient

between Fy and Mgc/PMy g.

than those observed in clean areas where bioaerosols domi-
nate the FAPs (Table 2). For example, FAPs of 0.093, 0.15,
and 0.023 cm™3 were reported for the Amazon, Borneo, and
Hyytiéla forests, respectively (Gabey et al., 2010; Huffman
et al., 2012; Toprak and Schnaiter, 2013). Since polluted ar-
eas are characterized by fewer plants and natural biological
processes, fewer bioaerosols are expected compared to the
forests. This much higher number concentration of FAPs ob-
served in Nanjing suggests other kinds of FAPs being de-
tected by a WIBS.

Previous studies (Pohlker et al., 2012; Miyakawa et al.,
2015; Perring et al., 2015) reported that non-biological com-
pounds like PAHs, mineral dust, and HULIS can also fluo-
resce. Several non-biological fluorophores such as SOA (sec-
ondary organic aerosol), pyrene, humic acid, and naphtha-
lene have fluorescent property in the same excitation and
emission wavelength bands as the FL1 channel (Chang and
Thompson, 2010; Pohlker et al., 2012). These materials orig-
inate from sources different from bioaerosols. For example,
PAHs enrich on the surface of soot particles from biomass
burning and fuel combustion, challenging the interpretation
of ambient particle fluorescence measurements.

Our sampling site is located in the vicinity of the polluted
Nanjing city and is intensively affected by human activities.
To check the potential influences of PAHs and combustion

Atmos. Chem. Phys., 16, 11337-11348, 2016

processes, we compared the variability of FAPs with that of
BC, on which the PAHs are often coated. To minimize the
impacts of transport and boundary layer dynamics, we com-
pared the ratio of BC and FAPs to the total particles in their
respective size range, i.e., Mpc/PMy g and Fy, instead of us-
ing absolute concentrations. Miyakawa et al. (2015) used fac-
tor analysis based on carbon monoxide, elemental carbon,
and other markers (using concentration instead of ratio) to
identify “combustion-type” and “dust-type” aerosols in ur-
ban areas. In our study, we found that Mpc/PMyg showed
a good correlation with the number fraction of FAPs, espe-
cially in the FL1 channel (r = 0.75, Fig. 1). For the FL.2 and
FL3 channels, the number fractions also nicely followed the
variation of Mpc/PMy g except for 8 November, which dete-
riorated the overall correlation. Since BC and PAHs are prod-
ucts of incomplete combustion, the similar variability sug-
gests a large contribution from combustion-related aerosols
to the measured FAPs, especially in the FL1 channel. Our
findings strongly support the previous results (Toprak and
Schnaiter, 2013; Miyakawa et al., 2015) that FAPs (FL1
channel) may come from the combustion process and anthro-
pogenic interference.
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Table 3. Integrated number concentrations (cm_3) of each FAPs and fractions (%) of FAPs number concentrations to the total particle

number concentrations. Type AC is not listed.

Category 25th percentile Mean Median  75th percentile  Standard deviation ~ Fraction
Type A 0.03 0.05 0.04 0.06 0.03 0.45
Type B 079 177 1.42 2.55 1.27 12.95
Type C 0.23 0.66 0.43 0.95 0.55 4.40
Type AB 0.07 0.15 0.11 0.18 0.12 1.20
Type BC 052  1.06 0.87 1.51 0.73 8.26
Type ABC 0.17 0.37 0.28 0.43 0.31 291
CR-type 0.63 1.45 1.10 2.11 1.06 10.50
NCR-type 0.32 0.64 0.54 0.83 0.46 4.69
3.2 Spectral patterns of fluorescent aerosol particles > (a)
2 WIBS FLI WIBS FL2
The complex nature of FAPs in polluted areas challenges 2 601 __ _
the interpretation of ambient measurements. Different fluo- S I'.ﬁ&‘;':’tﬂi?i;iﬁiflm,a]
rophores have their characteristic excitation—emission matri- 3 401
ces (EEMs) maps, which can be useful for discrimination of s
biological from non-biological FAPs (Pohlker et al., 2012). f 20
Since a WIBS only has two excitation and emission wave- S
bands, a high-resolution EEMs map cannot be retrieved. But E 0 ; ; .
we can still consider the two wavebands as low-resolution s 30 400 o S00 600
EEMs, of which the distribution (i.e., the ratio of the two 10 ®) Emission (nm)
wavebands) may also contain information about the nature §
of FAPs. For example, we can assume two kinds of fluores- 3 0.8
cent compounds I and II have different fluorescent spectra, as g 0.6
shown in Fig. 2a. For each compound, the integrated fluores- £
cence intensity is determined in two wavebands by a WIBS e 0.4
(Fig. 2b). For qualitative analysis, a normalized EEM is often T 02
used providing the relative wavelength dependence of fluo- S
rescent materials. For a WIBS, we simply used the ratio of . 00— F2 R L2
fluorescence intensity from different WIBS channels to rep- £ 1.0 ©
resent the wavelength dependence (Fig. 2c). B
Figure 3 shows the intensity distributions of aerosol par- g 08
ticles in different fluorescence bands/channels. Due to the %, S 06
instrument setting, fluorescence signal intensities beyond E §
2200 arbitrary units (a.u.) are forced to the range of 2000- g % 041
2200 a.u., regarding as saturated signal. Hence we only dis- SZ 02
cussed fluorescence signal intensities below 2000a.u. We *g
first investigated the intensity ratio between channel FL1 and é’ 0.0 I T
FL2, as shown in Fig. 3a. With increasing fluorescence inten- -
[T

sity, the number concentrations sharply dropped, i.e., most of
the abundant aerosol particles exhibited no or only weak fluo-
rescence. Using the intensity ratio of FL.1 to FL.2 (IpL1/IFL2)
as a fluorescence fingerprint, we obtained two prominent
groups of aerosols with Igp1/Irr2 approaching O or infinity.
IrL1/IrL2 ~ 0 means that the aerosols have a low FL1 inten-
sity below the detection limit and a high FL2 intensity, while
IrL1/ IFLo approaching infinity means the opposite. Accord-
ing to the detection thresholds of both FL.1 and FL2 channels,
we then classified the aerosol particles into four groups with
FL1/FL2 above or below the detection threshold (labeled as
gl to g4 in Fig. 3). We further investigated the FL3 proper-

www.atmos-chem-phys.net/16/11337/2016/

Figure 2. (a) Normalized fluorescence emission spectra of two
fluorescent compounds: 1 (black line, biological material) and II
(red line, non-biological material) for excitation wavelengths at
Lex = 280 nm. Shadow areas indicate the excitation wavebands of
FL1 and FL2 channels of WIBS. (b) Integrated fluorescence inten-
sity of two compounds in two bands (FL1 and FL2). (¢) The ratio of
fluorescence intensity from different WIBS channels (/gy 1/Ipr2) of
I and II compounds. The fluorescence emission spectra are obtained
from Pohlker et al. (2012).
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Figure 3. Spectral pattern of the classified fluorescence intensity. FL1 intensity is grouped at 100 intervals, FL2 intensity is grouped at
80 intervals, and FL3 intensity is grouped at 18 intervals. Color scale is the measured particle number. Non-fluorescent and saturating
(FL > 2000 a.u.) aerosol particles were excluded. (a) FL1 intensity vs. FL2 intensity of total measured particles; (b) FL2 intensity vs. FL3
intensity of g3-type particles; (¢) FL2 intensity vs. FL3 intensity of g4-type particles; (d) numbers of gl- and g2-type particles of FL3
fluorescence intensity. Because FL2 intensity of gl and g2 are below the threshold, the spectral patterns are hence not used. Dotted lines
denote the threshold of each channel (200 a.u. for FL1, 80 a.u. for FL2, and 18 a.u. for FL3).

ties of the various groups. As shown in Fig. 3b—d, the aerosol
number concentration decreased as FL3 intensity increased
resembling the distribution for FL1 and FL2. Similarly we
used the fluorescence threshold of FL3 to classify aerosols
from g1 to g4 into subgroups.

Our efforts towards a spectral fingerprint resulted in the
same classification method as in Perring et al. (2015). Here
we adopted the labels of Perring et al. (2015) in which chan-
nel A refers to FL1, channel B refers to FL2 and chan-
nel C refers to FL3. Any aerosol particle can have signals
above/below the fluorescence threshold in any of these chan-
nels, leading to seven combinations of fluorescence signals,
i.e., particles with fluorescence signals above the threshold
in single channel as types A, B and C; particles with fluo-
rescence signals in two channels as types AB, AC and BC
and particles with fluorescence signals in all three channels
as type ABC (Table 1).

As shown in Fig. 4a, types B, BC and C were the most
abundant FAPs, followed by types ABC, AB and A. Type AC
had the lowest loading and was not even visible. The mean
number concentrations of dominant types B, BC and C were
1.77, 1.06, and 0.66 cm™3, respectively (Table 3). The num-
ber concentration of seven-type FAPs exhibited strong diur-
nal and day-to-day variability (Fig. 5). Number concentra-
tion of FAPs peaked in the morning (~ 08:00 local time) and
reached a minimum in the afternoon (~ 14:00). Their sim-
ilar diurnal patterns indicate the dominant effect of bound-
ary layer development in controlling the variability of aerosol

Atmos. Chem. Phys., 16, 11337-11348, 2016
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particles, which was also shown in FL1, FL.2, and FL3 chan-
nels (Fig. S1 in the Supplement). To better understand the
source of FAPs, we also investigated the number fraction of
FAPs in total particles. The boundary layer development ex-
erts similar effect on all kinds of aerosol particles. Thus for
particles of the same origin, their ratios will remain constant
and a difference in their ratios reflects their different sources.
As shown in Fig. 5, the fractions of FAPs presented quite
different diurnal patterns. The fractions of type BC revealed
a substantial diurnal opposite with a clear morning peak and
early afternoon minimum. Type A and type B showed a much
weaker variability, implying a similar source of FAPs as the
total aerosol particles.

The number size distributions of FAPs were shown in
Fig. 6. The highest FAPs number concentration came out at
~ 1 um except type ABC. Type ABC peaked at 1-2 um with
a second peak at 4-6 um. For type A, type C, and type BC the
number concentration monotonously decreased with increas-
ing particle diameter. No fluorescence signals were found
in FL1 and FL3 channels (corresponding to type A, type C
and type AC FAPs) for the particles of size larger than 4 pm.
On the contrary, the number fractions of FAPs generally in-
creased as the particle size increased, reaching ~ 100 % at
3—4 um for FL2 channel (not shown in Fig. 6). These results
reveal that most coarse mode particles contain certain kinds
of fluorophores.

Meanwhile, we compared the number fraction of seven-
type FAPs with Mpc/PMyg; the results indicate that the

www.atmos-chem-phys.net/16/11337/2016/
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Figure 4. Time series of (a) the fractional contribution of each fluorescent type to total FAPs and (b) number concentration (left axis) of each
fluorescent type. Type A: red; type B: blue; type C: dark yellow; type AB: green; type AC: pink; type BC: purple; type ABC: light blue.

number fractions of types A, AB, and ABC showed good cor-
relations with Mgc/PMy g (Fig. 7), suggesting a large contri-
bution of combustion-related aerosol particles to these types.
Note that all these types contain FL1 signals, implying the
potential application of FL1 in the identification of biomass
burning (or other combustions) events. Likewise, fluorescent
types B and BC mostly followed the variation of Mpc/PMy g
except for 8 November when elevated fractional contribu-
tions were observed 1 day before a rain event on 9 Novem-
ber. A dramatic release of certain fungal spores was often
observed before rain (Hjelmroos, 1993). However, the in-
crease on 8 November was mainly contributed by 1-2um
FAPs rather than fungal spores (> 3 pum) shown by Hjelm-
roos (1993). So the origin of this elevated FAPs remained in-
conclusive. Moreover, good correlation (r = 0.58) between
type B particles in 3—4 um and Mpc/PMpg, suggesting a
closer link of this peak with type B particles to the com-
bustion process. Fluorescent type C showed a weak nega-
tive correlation with Mpc/PMyg, suggesting a minor role
of combustion-related aerosols or major contribution of non-
combustion-related aerosols (e.g., bioaerosols or dusts).

3.3 Fluorescence intensity

Besides the relative wavelength dependence, the absolute
quantum yield is also one of the most important characteris-
tics of a fluorophore. Discrepancies in the quantum yield can
directly influence the fluorescence, resulting in different in-

www.atmos-chem-phys.net/16/11337/2016/

tensity levels. Thus, it is possible to use the intensity informa-
tion to identify different kinds of FAPs. Huffman et al. (2012)
showed that the UV-APS can be used to successfully dis-
criminate bioaerosols from dust particles, both of which have
been suggested to fluoresce (Pohlker et al., 2012).

We first made a hypothesis that there exists a characteristic
intensity value I, above which most FAPs are bioaerosols.
Since I cannot be directly inferred from the intensity dis-
tribution (Fig. 3), we adopted the parameter Mpc/PMoy g
to assist our analysis. Because bioaerosols and combustion-
related FAPs are of different origins, we scanned differ-
ent values for I until the corresponding FAP (of inten-
sity > I;i) fraction showed a non-positive correlation with
Mpc/PMp g. In this study, we mainly focus on the FL3 chan-
nel since it is running in a similar excitation—emission wave-
length as the UV-APS and it has been validated against other
independent method. We thereby suggest that the FL3 chan-
nel can be used to discriminate bioaerosols from combustion-
generated FAPs in a similar approach. The analysis of the
FL1 and FL2 channels are shown in the Supplement (Figs. S2
and S3). Figure 8 shows the averaged fractional contribution
of FAPs with Ip;3 > Iy at different Mpc/PMg g levels. To
account for the size dependence of fluorescence signals, we
first classified FAPs according to the particle size. For the
1-2 um size range, the fraction was always positively cor-
related with Mpc/PMy g and was independent of the selec-
tion of Ig. For the size range of 2—-5 um, the FAPs showed
mostly negative correlation with Mpc/PMyg and were also

Atmos. Chem. Phys., 16, 11337-11348, 2016
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independent of the I selection. For FAPs larger than 5 pm,
the selection of I.;; became critical. With increasing I, the
dependence of FL3 fraction on Mpc/PMpg gradually be-
came weaker and finally turned to negative at I.; >40a.u.
The results at 5-15um were consistent with our hypothe-
sis that bioaerosols have stronger fluorescence intensity than
combustion-related aerosol particles and can be discrimi-
nated from their fluorescence intensity. The different corre-
lation statistics of 1-2 and 2-5 um may be explained by the
different abundance of bioaerosols and combustion-related
aerosols at a different size range. The 2-5um mode was
dominated by bioaerosols, whereas the 1-2pm mode was
dominated by combustion-related aerosol particles. There-
fore, there was no clear dependence on the selection of 1.

www.atmos-chem-phys.net/16/11337/2016/

Saari et al. (2015) reported that FAPs at 0.5-1.5 um might
be due to anthropogenic emissions such as biomass burning,
while most fungal spores and pollen dominated the larger
size range (Després et al., 2012). It is also possible that I
had a size dependence because different types of bioaerosols
may dominate different size ranges.

By integrating the FAPs of different correlations with
Mpc/PMyg, we retrieved the number concentrations of
“non-combustion-related” (NCR)-type particles (FAPs with
Irpz >18au. at 2-5um and FAPs with Ipp 3 >40a.u.
at 5-15um) and “combustion-related” (CR)-type parti-
cles (FAPs with Ipr3 > 18au. at 1-2um and FAPs with
40 > Ip 3 > 18 a.u. at 5-15 um). The mean number concen-
trations of NCR-type and CR-type particles were 0.64 + 0.46
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and 1.45 £ 1.06 cm 3, respectively. The NCR-type FAPs are
likely bioaerosols.

In this study, we applied two methods to classify FAPs
measured by a WIBS, resulting in two non-combustion-types
of particles: type C particles derived from fluorescence spec-
tral pattern analysis and NCR-type particles derived from flu-
orescence intensity pattern analysis. As shown in Table 3, the
mean number concentrations of type C and NCR-type parti-
cle were 0.66 and 0.64 cm™3, which were still higher than
those found in PBAP-dominated regions like the Amazon
(Huffman et al., 2012), Hyytidla (Schumacher et al., 2013),
and PdD (Gabey et al., 2013). This indicates that still a resid-
ual of these non-combustion-type particles may comprise
other fluorescent constituents like mineral dusts (Miyakawa
et al., 2015; Perring et al., 2015).
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4 Conclusions

Online measurements of FAPs have been performed in Nan-
jing by using WIBS in the autumn of 2013. Our results
showed that the number concentrations of FAPs were 1-2
orders of magnitudes higher than those reported in the previ-
ous studies. The observed high values suggested that directly
using the FL1, FL2, and FL3 channels to index PBAPs is
not suitable for polluted areas. The number fraction of FL1
showed strong correlation with Mpc/PMpg (r = 0.75), in-
dicative of a strong bias by anthropogenic emissions.

In this study, we used two methods to classify the FAPs.
According to the threshold of each channel, FAPs were di-
vided into seven types. Number fraction of type C showed
a negative correlation (r = —0.13) with Mpc/PMy g, which
might be more representative for bioaerosols. Meanwhile,
on the basis of the FL3 fluorescent intensity and its cor-
relations with Mpc/PMg g, FL3 fluorescent particles were
divided into two types. Combustion-related-type particles
seemed to dominate 1-2 um, whereas the non-combustion-
related-type particles, which concentrated in the size range
of 2-5 um and showed negative correlation (r = —0.12) with
Mpc/PMp g, might have originated from biological emis-
sions. The number concentrations of the identified two types
of bioaerosols (0.66 cm =3 for type C particles and 0.64 cm ™3
for non-combustion-related type), however, were still higher
than those observed in clean background areas and previous
studies in Nanjing (Wei et al., 2015), indicating they may
also include some other fluorophores, such as dusts.

Our results suggested that fluorescence measurements in
polluted areas are prone to interferences and uncertainty
introduced by the anthropogenic emissions. Discrimination
of biological particles from FAPs still needs further devel-
opment. Each fluorophore species presents unique fluores-
cence spectrum; hence, we can effectively distinguish biolog-
ical particles from other FAPs based on their specific EEMs
maps. Due to the limitation of excitation and emission wave-
bands of WIBS, the development of a multi-wavebands in-
strument is hence needed. Other methods such as the cluster
analysis (Robinson et al., 2013; Crawford et al., 2014, 2015)
also exhibited the ability to differentiate various FAPs. Mea-
suring additional particle properties such as size and mor-
phology will help ameliorate the interferences by providing
additional dimensions to distinguish fluorescent particles of
different emission mechanisms.

5 Data availability

All the data presented in this study are available
from the authors upon request (zhibin.wang@mpic.de or
h.su@mpic.de).

The Supplement related to this article is available online
at doi:10.5194/acp-16-11337-2016-supplement.
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