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Abstract. Primary biological aerosol particles (PBAP) are materials were also analyzed to assess their possible influ-
an important subset of air particulate matter with a substanence on FBAP detection and generally exhibit only low lev-

tial contribution to the organic aerosol fraction and poten-els of background-corrected fluorescent emission. This study
tially strong effects on public health and climate. Recentstrengthens the hypothesis that ambient supermicron parti-
progress has been made in PBAP quantification by utilizingcle fluorescence in wavelength ranges used for most FBAP
real-time bioaerosol detectors based on the principle that spanstruments is likely to be dominated by biological material

cific organic molecules of biological origin such as proteins, and that such instrumentation is able to discriminate between
coenzymes, cell wall compounds and pigments exhibit intrin-FBAP and non-biological material in many situations. More

sic fluorescence. The properties of many fluorophores haveetailed follow-up studies on single particle fluorescence are
been well documented, but it is unclear which are most rel-still required to reduce these uncertainties further, however.

evant for detection of atmospheric PBAP. The present study
provides a systematic synthesis of literature data on poten-
tially relevant biological fluorophores. We analyze and dis-
cuss their relative importance for the detection of fluores-
cent biplogical aerosol particles (FBAP) by online instru- 1.1 Primary biological aerosol particles
mentation for atmospheric measurements such as the ultravi-

olet aerodynamic particle sizer (UV-APS) or the wide issue primary piological aerosol particles (PBAP), also referred
bioaerosol sensor (WIBS). to as bioaerosols, are a diverse collection of small pieces
In addition, we provide new laboratory measurementof material emitted directly from the biosphere into the at-
data for selected compounds using bench-top fluorescenamosphere (Desps et al., 2012). They are globally ubiqui-
spectroscopy. Relevant biological materials were choserous, in some cases can dominate suspended particle concen-
for comparison with existing literature data and to fill in trations, and comprise a diverse selection of particle types,
gaps of understanding. The excitation-emission matricesncluding: whole organisms (e.g. bacteria, algae), repro-
(EEM) exhibit pronounced peaks at excitation wavelengthsductive entities (e.g. pollen, spores from fungi, bacteria,
of ~280nm and~360nm, confirming the suitability of ferns, mosses), biopolymers (e.g. DNA, chitin, cellulose and
light sources used for online detection of FBAP. They alsoother polysaccharides), plant debris, insect parts, and de-
show, however, that valuable information is missed by in-caying biomass (e.g. Gregory, 1973; Madelin, 1994; Cox
struments that do not record full emission spectra at multi-and Wathes, 1995; Andreae and Crutzen, 1997; Jones and
ple wavelengths of excitation, and co-occurrence of multi-Harrison, 2004; Jaenicke, 2005)$thl, 2005; Elbert et al.,
ple fluorophores within a detected sample will likely con- 2007; Jaenicke et al., 2007; Bauer et al., 20085dPl et al.,
found detailed molecular analysis. Selected non-biological2010; Despés et al., 2012). PBAP can span several orders

1 Introduction
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38 C. Pohlker et al.: Autofluorescence of atmospheric bioaerosols

of magnitude in particle diameter, from a few nanometersand Li, 2007), thus leading to a significant underestimation
(e.g. viruses) to hundreds of micrometers (e.g. plant debris)of the actual viable airborne bioaerosol concentration. The
making analysis challenging. A number of studies have in-vast remaining number of airborne microorganisms can be
dicated that PBAP may comprise large fractions of ambientdescribed as viable but non-culturable (VBNC), indicating
particulate matter (PM) in many environments. Microscopic very low metabolic activity or resting dormant state (Roszak
investigations have shown that PBAP can account for up tcand Colwell, 1987). Even non-viable PBAP can be impor-
~30% of fine (<1 um) and up to~70 % of coarseX1um) tant for atmospheric, biological, and human health concerns,
PM in rural and rain forest air, and estimates of PBAP emis-however.
sions range from~60 Tga® of fine PM to~1000 Tga? Cultivation methods only attempt to count full, viable (liv-
in all size ranges (Penner, 1994; Jaenicke, 2005; Elbert et aling) organisms, while other physical or chemical techniques
2007). Fungal spores in particular account for a large proporare able to selectively analyze non-viable cells or fragments
tion of PBAP with typical mass concentrations-ef pg nt3 of biological material. In recent years virtually every avail-
in continental boundary layer air and estimated global emis-able chemical, biological, and physical technique of analysis
sions in the order 0f50 Tga® (Elbert et al., 2007). has been applied to the measurement of ambient PBAP, and a
The aerial dispersal and transport of biological aerosolsfull review of these attempts is well beyond the scope of this
particularly reproductive material such as spores and pollenmanuscript (e.g. Spurny, 1994; Ho, 2002; Georgakopoulos et
is an important pathway for the spread of organisms withinal., 2009; Desy#s et al., 2012; Xu et al., 2011). Mass spec-
and across ecosystems (Gregory, 1973; Elbert et al., 2007jrometry (MS), in its various forms, has been successful at
Bioaerosols may act as giant cloud condensation nucletetecting PBAP with high time resolution and detailed chem-
(CCN) and ice nuclei (IN) (e.g. Dingle, 1966; Schnell and ical identification of analyzed particles (e.g. Parker et al.,
Vali, 1972; Lohmann and Feichter, 2005; Sun and Ariya, 2000; Fergenson et al., 2004; van Wuijckhuijse et al., 2005).
2006; Mohler et al., 2007; Christner et al., 2008), thus influ- Among modern microbiological methods, polymerase chain
encing global climate by affecting cloud formation and pre- reaction (PCR) and quantitative PCR (QPCR) are promising
cipitation. They also play a crucial role in public health by tools for identification and quantification of cells from a spe-
spreading disease to humans (e.g. tuberculosis, influenzagjfic organism via identification of sampled DNA, although
animals (e.g. anthrax, brucellosis) and crops (e.g. rust, smuthe techniques are not capable of providing an estimate of the
and by causing allergies (e.g. Lacey and Dutkiewicz, 1994;total PBAP concentration (e.g. Degpret al., 2007; Bowers
Linskens and Cresti, 2000; Brown and Hovmoller, 2002; et al., 2009; Fohlich-Nowoisky et al., 2009; Bowers et al.,
Douwes et al., 2003; Franze et al., 2005). As a result, quan2011). Epifluorescence microscopy, particularly in combina-
tification of local PBAP concentrations and identification of tion with the use of fluorescent dyes, has been a frequently
individual species or classes is essential for diverse sciendtilized technique for PBAP quantification and refers to the
tific fields such as climatology, atmospheric science, humammicroscopic imaging of the distribution of fluorescent com-
health, crop science and agriculture, biogeography, and othpounds in cells or tissue (e.g. Hobbie et al., 1977; Kepner and
ers. Within the last two decades, especially, the detectiorPratt, 1994). By staining specific cell constituents (e.g. DNA,
of bioaerosols used as biological warfare agents (BWA) hagroteins, cell walls) PBAP can be analyzed regardless of the
also become important, both on the battlefield and with re-metabolic state of the organism, thus overcoming the prob-
spect to domestic terrorism (e.g. Hill et al., 1995; Pinnick etlem of poor culturability. The commercial availability of
al., 1995; Primmerman, 2000; Ho, 2002; Lim et al., 2005; a wide selection of fluorescent dyes allows a flexible and
Manninen et al., 2008). selective quantification of many classes of microorganisms
Existing methods for PBAP measurement have histori-(McFeters et al., 1995; Li et al., 2004). The method suffers
cally been off-line techniques which suffer from poor time from the need for time-consuming and, therefore, costly sam-
resolution (hours to days), requiring costly and time con-ple analysis, however. Instruments able to discriminate bio-
suming sample analysis (Griffiths and Decosemo, 1994)logical content in real-time based on the emission of laser-
As a result, much work has been done to report qualitainduced fluorescence (LIF) have recently become commer-
tive and semi-quantitative observations of certain ambientcially available and are among the most promising tech-
bioaerosol classes, but systematic efforts to quantify PBARiques for ambient atmospheric PBAP analysis (e.g. Pinnick
as a whole have been limited (e.g. Lighthart and Shaf-et al., 1995; Hairston et al., 1997; Kaye et al., 2000). While
fer, 1995; Matthias-Maser et al., 2000). Counting meth-these do not offer the molecular specificity or detailed imag-
ods based on cultivation of viable airborne organisms causéng capabilities of microscopy, many instruments are able to
certain methodologically difficulties that make comparison provide an estimate of PBAP properties in real-time, with
with other techniques difficult. For example, the “great high time and size resolution (e.g. Huffman et al., 2010).
plate count anomaly” describes the well known problem
that only a small fraction (typically<10 %, often<1 %) of
airborne microorganisms form colonies on a typical culture
media (Amann et al., 1995; Heidelberg et al., 1997; Chi
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1.2 Physical principles of fluorescence relaxation occurs. For further details see Lakowicz (1999),
Kunnil (2005) and Ramanujam (2006).
Spectroscopy refers to a wide class of analytical techniques The fluorescence properties of a molecule can be char-
where an analyte is selectively interrogated through interacacterized by parameters of steady state fluorescence spec-
tion with a region of the electromagnetic radiation, and hastroscopy, such as.ex and Aem or the quantum yield®
been widely applied to virtually every scientific field, includ- (fluorescent emission events per photons absorbed). Time
ing the measurement of biological aerosols. For the purtesolved measurements also analyze the lifetimeof
pose of clarifying arguments later in the paper we presenthe excited state (average time the electron spends in
a brief overview of key spectroscopic principles here. An-the excited electronic state until it returns to the ground
alyte molecules exposed to incident radiation can either abstate). Large polymers, heterocyclic aromatic compounds, or
sorb or scatter incoming photons. If photons are absorbednolecules with conjugated double bonds are among classes
or inelastically scattered, energy is imparted to a moleculeof molecules known to be especially efficient at emitting flu-
that can be dissipated either radiatively, non-radiatively, ororescence, particularly when nitrogenous substitutions are
through a combination of both (e.g. fluorescence, phosphopresent. The incident light in the ultraviolet (UV) to visi-
rescence). Molecular fluorescence can be seen mechanistie range predominantly promotes electramie- 7* transi-
cally as an inelastic light scattering process (i.e. energy igions. Accordingly the size of the conjugateebond system
imparted to the molecule) with three distinct electronic steps:and the identity of adjacent electron donating or withdrawing
(I) Photon absorption causes an electron to transition fromgroups determine the spectral properties of the fluorescence
the lowest vibrational state of the electronic ground stateprocess.
of the molecule to a higher vibrational state of an excited Fluorescence spectroscopy and imaging have become
electronic state. (lI) This is followed by dissipation of en- tools of enormous analytical importance, especially within
ergy through non-radiative decay (heat) and transition of thebiological research. The techniques can be divided into the
electron to the lowest vibrational level of the excited elec- general classes of extrinsic and intrinsic fluorescence. Ex-
tronic state. (Ill) The electron can then return to the elec-trinsic fluorescence refers to the addition of exogenous flu-
tronic ground state by radiative emission (fluorescence) omrophores to a set of analyte molecules in order to high-
through a variety of non-radiative processes (quenching), delight biological components not easily distinguishable oth-
pending largely on the local molecular environment. Many erwise. This is achieved by insertion of a synthetic fluores-
different quenching mechanisms are possible, such as cokent probe into an organism or material in order to perform
lision quenching (i.e. by oxygen or water) and concentra-selective labeling of a certain target. As a result of its wide
tion quenching (i.e. self-quenching and inner-filtering ef- use, a large variety of fluorescent probes have become com-
fects) (Sinski and Exner, 2007). Phosphorescence is mechmercially available for selective labeling of macromolecules,
anistically similar to fluorescence, except that a spin changeell parts or tissue and for subsequent analysis by various
occurs due to an intersystem conversion in the excited elecimaging techniques. For example fluorescent dyes such as
tronic state. This leads to the practical distinction that the4’,6-diamidino-2-phenylindole (DAPI) are useful tools to vi-
timescale of radiative emission for fluorescence (ns) is up tasualize DNA and RNA. Fluorescence in-situ hybridization
several orders of magnitude shorter than for phosphorescenq&ISH) allows the labeling of complete DNA sequences in
(us-ms) (RichardsKortum and SevickMuraca, 1996). order to selectively detect and quantify specific organisms.
Both excitation Leyx) and emission wavelengthsgy,) are In molecular biology the gene of the green fluorescent pro-
characteristic for a given fluorophore, and the most likelytein (GFP) has been introduced in many organisms where
electron transition pathways for that molecule are determinedsFP is expressed for selective in vivo labeling of certain cell
by the overlap integral of the corresponding vibrational waveparts. These methods are powerful, in part, because they en-
functions. Usually spontaneous fluorescent emission is speable the combination of highly selective labeling of a target
cific for a certain fluorophore and its molecular environment molecule with tools for quick, quantitative and non-invasive
and occurs at relatively narrow, definggh,, Molecular ex-  detection of fluorescence signals within tissue and biologi-
citation, however, can occur over a comparatively wide spec-cal material. Intrinsic fluorescence, or autofluorescence, in
tral range due to several accessible electron transition patheontrast, is caused by fluorescent molecules (fluorophores)
ways, but is still an important piece of information for flu- which exist as a natural component of the analyte material.
orophore assignment. The spectral difference betwegn A large number of biological molecules and compounds are
andiem is referred to as the Stokes shifkXsioked. An im- known to exhibit fluorescence light emission. Certain amino
portant feature of fluorescence is the independence,@f  acids and coenzymes are among the most commonly ana-
with respect toiex Which means that the qualitative ap- lyzed biofluorophores, but numerous other metabolites and
pearance of the emission peak is similar for different ex-biogenic molecules emit fluorescence. Biological samples
citation wavelengths. This is due to the fact that all non-most often contain a multi-component mixture of bioflu-
radiative decay processes end in the lowest vibrational levebrophores, and, accordingly, the overall fluorescent emis-
of the first excited electronic state from where fluorescentsion often comprises a superposition of individual signals.
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Intrinsic fluorescence has been extensively utilized in variousneasurement and research. The ultraviolet aerodynamic par-
fields such as tissue diagnostic (e.g. Koenig and Schneckticle sizer (UV-APS), for example, provides aerodynamic
enburger, 1994; Andersson Engels et al., 1997), bioprocesparticle sizing and fluorescence information via single-
monitoring (e.g. Marose et al., 1998; Pons et al., 2004), plantvavelength LIF by a pulsed Nd:YAG lasekey =355 nm;
physiology (e.g. Roshchina, 2003, 2004), and environmentahem=420-575 nm) (Hairston et al., 1997; Brosseau et al.,
studies (e.g. Hudson et al., 2007; Wedborg et al., 2007).  2000) and is sold by TSI, Inc. (Shoreview, MN, USA).
The University of Hertfordshire wide issue bioaerosol sen-
1.3 History of online detection of fluorescent aerosols sor (WIBS) optically provides particle sizing, an estimate
of particle sphericity, and fluorescence information based
While the use of fluorescence techniques to image biologon dual-wavelength LIF by a Xe-flashlamje 1 =280 nm,
ical specimens under a microscope is well established, the, , =370 nm; 1em=310-400 and 400-600nm) (Kaye et
application of fluorescence to biological aerosol measureal., 2000; Stanley et al., 2011). The Bristol Industrial and
ment has received significant attention only within the lastResearch Associates Limited (BIRAL) aerosol fluorescence
decades and increasingly so recently. In particular, much efsensor (AFS) provides particle size and sphericity based on
fort has been placed on the use of laser/light-induced fluorestight scattering and fluorescence information after excita-
cence (LIF) for online particle detection, because it allowstion from a UV flash lampXex =280 nm;iem= 330—-650 and
the non-invasive, in-situ detection of particles with high tem- 420-600 nm). Both, UV-APS and WIBS have been utilized
poral resolution. Most of the progress in this field has beenfor ambient measurements in urban European (Huffman et
a result of scientific communities focused on the detectional., 2010; Gabey, 2011) and in pristine rainforest (Gabey et
of biological warfare agents (BWA) (e.g. Hill et al., 1995; al., 2010; Rschl et al., 2010; Huffman et al., 2011) envi-
Cheng et al., 1999; Seaver et al., 1999; Kaye et al., 2000;onments. These instruments have provided the first continu-
Ho, 2002). BWA sensors are designed to detect suspiciousus and quantitative measurements of fluorescent biological
agents reliably, even in low concentrations, with a low false-aerosol particles (FBAP) with both high temporal and size
positive rate and with short response. Especially challengingesolution, thus providing a lower limit of PBAP concen-
is the rapid and selective recognition of specific organismsrations (Huffman et al., 2010). Similar future experiments
on top of a diverse and variable ambient aerosol backgroundwill help provide crucial input estimates of PBAP flux for
Naturally occurring PBAP such as pollen and fungal sporesglobal transport models (e.g. Burrows et al., 2009; Heald and
as well as certain non-biogenic aerosols (e.g. soot, industriagpracklen, 2009; Hoose et al., 2010).
plumes) could, in some cases, mimic the BWA signal and
trigger a false-alarm. Reliable distinction of analyzed parti-1.4 Fluorescence spectral maps and online FBAP
cles is not possible by single-wavelength LIF, and so many detectors
instrument developers have added the ability to monitor ad-
ditional optical properties of the sampled particles, such asWavelength-dependent  fluorescence emission  spectra,
LIF at a second wavelength (dual-wavelength LIF), optical recorded as a function of excitation wavelength, can be
size, shape factor or light absorption. plotted as a three-dimensional landscape and thus referred
Most BWA agents are bacteria and bacterial spdbesi(- {0 @ an excitation-emission matrix (EEM). Such plots,
lus anthracis yersinia pestis viruses (ebola virus, Mar- accordingly, relay a broad collection of information about
burg virus) and toxins (rizin, botulinum toxin) (Hawley and the steady-state autofluorescence properties of a compound
Eitzen, 2001; Kamboj et al., 2006). It has been shownar‘d_ca” be regarded as a unique, sample-spgcn‘lc fingerprint.
that amino acids (i.e. tryptophan) and some coenzymesc"m”a_r spec_tral summaries _have been applied as valuable
(i.e. NAD(P)H, flavins, vitamin B and B, compounds) dom- tools in various scientific fields, such as environmental
inate the fluorescence properties of these agents, particular§funnil, 2005; Hudson et al., 2007; Wedborg et al., 2007)
bacteria (Dalterio et al., 1987; Kopczynski et al., 2005; Jo-and medical science (DaCosta et al., 2003; Chang et
hansson and Liden, 2006; Wlodarski et al., 2006), thus sim#l- 2005), because they allow a quick, quantitative and
plifying the list of molecules desired for online detection. NOn-invasive in-situ characterization with high sensitivity
Viable bacteria usually exhibit a coenzyme signal due to in-(detection limit: 10-10-%M) (Miao et al., 2003). EEMs
creased metabolic activity and an amino acid signal due tgnay also help facilitate the qualitative assignment of spectral
proteins and peptides. In contrast, viruses and peptide toxin§0des to known fluorophores, thus providing insights into
exclusively show a protein signal. Accordingly, BWA sen- the molecularqngm of fluorescence. ThIS kind of analy_5|s in
sors are individually optimized to match the spectral proper-the laboratory, in complement to ambient PBAP detection, is
ties of these agents. particularly necessary for the identification of fluorophores
Decades of research by military agencies interested in der_esppnsible for fluorescence within atmospheric piolo_gical
tecting BWA have recently led to the development and com-Particles, and consequently may also allow the estimation of
mercialization of several instruments now available for civil- the fluorophore selectivity of a given real-time instrument.
ian use and that have begun to contribute to atmospheric
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Light scattering effects can complicate peak assignment T T T T T T N
of fluorescence spectra and, in particular, quantification — WIBS (e . 380+ 370 rm) /%\o@’q’

of fluorescence. Three types of light scattering are typi- 600f| — 8o e S8+ 3s o) &

cally important for laboratory fluorescence measurements. | P e 2 sasrmmy |/ 3S
Rayleigh scattering can originate from both sample and —— AFS (Xe-lamp, 280 nm)
solvent (i.e. water) molecules, which are smaller than the 5OQF| - footan
incident wavelength, and Tyndall scattering is a strongly — NADPH
wavelength-dependent reflection process from particulate
matter in a suspension (Zepp et al., 2004). Both are types
of elastic scattering, meaning that the incident wavelength is
identical to the emitted or reflected wavelength{= Aey).
Inelastic Raman scattering from solvent molecules (i.e. water
O-H stretching mode) is a much weaker process and appears 300
at slightly longer wavelengths than the elastic scattering sig- ‘
nal in solution-phase samples (Ewald et al., 1983; Zepp et . . . /@") . .
al., 2004; Bhartia et al., 2(_)08). _If prese_nt,_each scattering 300 400 500 600
effect can appear as peak in a given emission spectrum and
can be further distorted by non-idealities in the spectrome-

ter Wa\{elength dlsper8|qn or f!lterlng. For. Qxample, elastICFig. 1. Conceptual EEM displaying(a) fluorescence data area
scattering of 350 nm InCI_dent “ght_ W'_” exhibit a sharp peak (white), areas strongly influenced by Rayleigh and Tyndall light
at the same wavelength in the emission spectrum, referred tQcattering (grey diagonal bars), areas without meaningful data (grey
as a first order effectiem=Aex), but diffraction gratings can  stripes);(b) contour lines for the fluorophores tryptophan, NADPH
also introduce peaks at emission wavelengths of diffractionand riboflavin;(c) operational range of selected bioaerosol detec-
orders. Thus second order diffraction would allow the sametors represented by horizontal colored lines. Length of individ-
350 nm incident photons to appear at 700 n@p{= 2 1ex) in ual lines indicates measured emission band for a certain excita-
the emission spectra. Higher order (e.g. 2nd, 3rd) diffrac-tion wavelength shown as sharp line for purpose of clarity. Single-
tion, as well as 0-th order diffraction are also possible, butwavelength detectors are represented by one line, dual-wavelength
less intense. Imperfect wavelength filtering also allows pho_Qetectors by two lines. Instruments shown with spectral s_pecifica—
tons with shorter or longer wavelength than desired to pas&0: UV-APS (laseri.ex=355nm,iem=420-575nm) (Hairston
through the instrument optics and this is referred to as a forngL &l 1997); WIBS (Xe-lampSiex1 =280, hemago=310-400,

. . . . 400-600; A = 370, =400-600) (Foot et al., 2008;
of “light leakage”. This phenomenon broadens the incoming e, 20%)2- DPES ?'25397?9»%1:263) 2(»em263:280—700'

Wavele_ngth _peak and is noticea_ble by s_ize of the tgil pf elastig\e)Qz =351, Aemas1=280-700) (Pan et al., 2011); AIM (lasers,
scattering signal. For samples in solution the emission SP€Cj, 1 =266, iemoes=300-340, 360-400, 400-500, 500-600;
trum of pure solvent can be subtracted to reduce the influencgg, , = 355,.om 355 = 360-400, 400-500, 500-600) (Sivaprakasam

of these interferences. No similar subtraction is possible foret al., 2004, 2009); Fabiola (lasersgy 1 =293, Aem203= 350
suspended or solid-phase samples, however, and scatterid@4, 426—450, 466-500, 513-57Q; 2 = 337,Aem 337= 350404,
effects can, therefore, introduce artificial features to spectra426-450, 466-500, 513-570) (Feugnet et al., 2008); SPFA (laser,
Because fluorescence is an inelastic light scattering protex=266,%em266=300-400, 400-600) (Snyder et al., 2004); BIO
cess, emitted radiation is by definition red-shifted with re- N (Aex=365, kem365=400-600) (Bundke et al., 2010); AFS
spect to the incident radiationdm > iex). The Stokes shift ~ (*ex=280,1em280=330-650, 420-650).
is, therefore, also by definition positive. TypicAlsiokes
values of naturally occurring fluorophores are usually ap-
proximately 10—200 nm, which means that fluorescence sigtransition pathways (Lakowicz, 1999). Figure 1 also con-
nals usually appear between the 1st and 2nd order diffractioeptually shows how EEMs can be utilized in this context.
peaks of elastically scattered light (Lakowicz, 1999). As anAccording to Thygesen et al. (2004) three different areas can
example, contour plots of three frequently investigated bio-be distinguished in an EEM: (l) the fluorescence data area
logical fluorophores (tryptophan, NADPH and riboflavin) are (white), (I) areas dominated by strong light scattering in-
shown in Fig. 1. Fluorescence modes usually occur as broaterferences (gray diagonal bars), and (Ill) an area that lacks
and relatively featureless peaks. As discussed in Sect, 1.Zhysical meaning becausgm < Aex (gray stripes in upper
electron transition can occur to different vibrational energy left corner). Additionally, we have removed data from the
levels. The resulting vibrational fine structure can be seen fotower right corner of each EEM for data shown here. In this
samples in the gas phase where fewer molecular collisionsegion spurious peaks may appear which are caused by sec-
occur, but are usually not resolvable for condensed phasend order diffraction of the fluorescent light at the emission
samples. Instead, the appearance of multiple distinct excigrating. As mentioned, the Raman signal of solvents can also
tation modes (i.e. for riboflavin) is due to different electron be observed in certain situations and would appear in Fig. 1

400

Excitation [nm]

Emission [nm]
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as a weak diagonal signal whose slope is 0.75 times that afearch of bioaerosols in the atmosphere, taking advantage
the 1st order elastic scattering line. Raman scattering was naif the fact that biological material contains characteristic in-
directly observed in any measurements reported here, howtrinsic fluorophores. Both biological and non-biological ma-
ever, and will not be discussed further. terial can exhibit intrinsic fluorescence, however, and so the
Figure 1 also summarizes the spectral ranges over whiclehallenge of discriminating between the two requires a firm
several current bioaerosol instruments detect FBAP. Thougtknowledge of the corresponding fluorophores. Amino acids
somewhat independent in terms of instrument design, onlywith aromatic residues (tryptophan, tyrosine, phenylalanine)
two relatively narrow ranges of excitation-280nm and and several coenzymes (e.g. NAD(P)H, flavins, and vitamin
~360nm) have been utilized for most FBAP detectors. Ex-Bg compounds) have been generally used by these commu-
citation at~280nm has typically been chosen to highlight nities as the most important fluorophores in biological cells
the presence of tryptophan as a marker for proteins, and haand particles (i.e. Davitt et al., 2005; Kaye et al., 2005; Wlo-
therefore been used to estimate the total biological fractiordarski et al., 2006; Pan et al., 2010). Whereas amino acids
in environmental samples. Excitation-a860nm has typi- occur in all organisms as building blocks of proteins, coen-
cally been chosen to highlight NAD(P)H as a measure for thezymes such as NADH and flavins have only been shown to
viable biological fraction, because they are directly linked to occur in actively metabolizing organisms and therefore may
the cellular energy metabolism. These assumptions could pdae specific markers for living cells. Living bacteria actively
tentially be problematically simplistic, as will be discussed metabolize and are an important subset of ambient PBAP,
further. Several dual-wavelength biodetectors have been deasut other essential constituents, such as fungal and bacte-
signed to provide fluorescence from multiple wavelengths ofrial spores as well as pollen, do not exhibit measureable
excitation in an attempt to quantify both the whole FBAP metabolic activity (Setlow and Setlow, 1977). As such, they
fraction and an estimate of its viable subset (i.e. Kaye et al. may not contain significant concentrations of NADH, though
2005; Pan et al., 2010). this is not well agreed upon within the scientific community
Selectivity, or the ability to separate fluorophore typesand we are not aware that the concentration of NADH has
within analyzed particles, is a key issue in the design ofeven been measured with individual fungal spores or pollen
bioaerosol detectors. A reliable estimate of PBAP concengrains (Sivaprakasam et al., 2004; Hill et al., 2009).
tration requires clear distinction between biological and non-  This paper investigates the identity and properties of bio-
biological particles. It has been suggested that FBAP cargenic fluorophores that are most likely responsible for aut-
be seen as a lower limit estimate for PBAP, because not alpfluorescence within FBAP. Understanding of the molecular
biofluorophores will fluoresce at a given wavelength, lead-origin of bioaerosol autofluorescence is critical to the devel-
ing to an underestimation of PBAP concentration (Huffmanopment of and measurements with real-time FBAP instru-
et al., 2010). However, the exact relationship of FBAP andmentation. Moreover a detailed understanding of commonly
PBAP is complicated and still unknown. In addition, the abil- occurring fluorophores will aid the estimation of the selectiv-
ity to discriminate between viable and non-viable organismsity that can be achieved by FBAP measurement. Some ini-
based on LIF of key metabolic coenzymes (e.g. NADH) hastial studies provide fluorescence spectroscopic data for dif-
been a key assumption in the development of many FBAP deferent classes of PBAP, pure fluorophores and interferences
tectors. This separation and distinction has been successfullfCampbell et al., 2005; Kopczynski et al., 2005; Wlodarski
shown under certain defined conditions (e.g. in bioreactorst al., 2006; Jeys et al., 2007; Hill et al., 2009; O’'Connor et
and for aerosolized laboratory bacteria) but is highly uncer-al., 2011). In this study we provide a synthesis of literature
tain under complex atmospheric conditions (Marose et al.data as well as original laboratory measurements, designed to
1998; Agranovski et al., 2003; Johansson and Liden, 2006give a broad overview of intrinsic fluorophores most likely
Li et al., 2011). Based on the amount of biological fluo- to be important within ambient aerosols. While subsets of
rophores that also fluoresce at wavelengths typically used ténformation regarding intrinsic fluorescence of classes of bi-
determine cell viability (see Table 1 and following discus- ological molecules have been previously reviewed elsewhere
sion) it is almost certain that the signala860 nm, typically  (see Sec. 2), each from a certain perspective, the current syn-
assumed to indicate the presence of NAD(P)H, reflects moréhesis comprehensively summarizes material relevant to at-
than just viable FBAP. In all cases, however, detailed EEMmospheric aerosol research for the first time. Fluorophores
plots can be a helpful tool to visualize the combination of flu- are characterized by their steady state fluorescence proper-
orophores emission signals and the instruments operationdies and discussed in relation to a collection of current fluo-

range. rescent bioaerosol detectors. Moreover, we estimate the rel-
ative importance of these fluorophores to atmospheric mea-
1.5 Motivation of fluorophore literature synthesis surement, using fluorescence characteristics and atmospheric

abundance as primary metrics. We also provide fluorescent
As discussed, much work has been performed by the BWAEEM maps measured with a bench-top spectrofluorometer
community and more recently by researchers interested ifboth for a variety of bulk solid-, suspended-, and solution-
ambient PBAP analysis to utilize autofluorescence for thephase biological fluorophores and for selected non-biological
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compounds which could be considered as important interferelectromagnetic spectrum. All three are relatively rare in pro-
ing species for FBAP detection and quantification in certainteins (Trp: 1.1 % of total amino acid groups, average; Tyr:
ambient situations. This combination of information will be 3.5%; Phe: 3.59%) though still structurally important and
crucial in the future investigation of the fluorescent proper-of sufficient concentration to cause the omnipresent intrin-
ties of standard bioaerosol particles in the laboratory undesic fluorescence of proteins (Klapper, 1977; Creed, 1984a,b).
varied environmental conditions. However, it is known that tryptophan is the dominant flu-
orophore in proteins (causing approx. 90 % of the signal),
due to a relatively high quantum yieldE0.13-0.20, de-
pending on microenvironment) and efficient (non-radiative)
resonance energy transfer (RET) from phenylalanine and ty-
rosine to tryptophan (energy transfer quenching of Phe and

Many fields of science have utilized intrinsic fluorescence for Tyr fluorescence). Tyrosine is the major source of fluores-
study of biological molecules. The following section serves cence for proteins and peptides without tryptophan, whereas
as an overview of existing knowledge about biological flu- Phenylalanine is of only minor importance in all cases due to
orophores that have potential atmospheric relevance. Sevts low quantum yield ¢ =~0.02) and efficient RET. Con-
eral existing reviews have collected similar information from sequently, in most cases emission of fluorescence from pro-
the perspective of disparate scientific fields such as biology€ins is dominated by tryptophan, though specific properties
(Billinton and Knight, 2001; Roshchina, 2003, 2005), med- are also highly sensitive to the protein’s molecular environ-
ical science (Koenig and Schneckenburger, 1994; Richardment (i.e. conformational transitions, substrate binding, de-
sKortum and SevickMuraca, 1996; Ramanujam, 2000; Danaturation which leads to variations in emission maximum
Costa et al., 2003) and defense research (Kopczynski et aland quantum yield between proteins) (Dalterio et al., 1987;
2005; Wlodarski et al., 2006; Pan et al., 2010). Most of Permyakov, 1993; Lakowicz, 1999; Ladokhin, 2000).

these overviews, however, are shorter and less exhaustive.

For this reason we provide in this section a synthesis of liter2-2 Group Il — coenzymes and vitamins

ature values and knowledge that represent an extensive col-

lection of fluorophores specifically relevant to atmospheric This group summarizes fluorophores that can be assigned to
PBAP detection. Table 1 gives a summary of key parame<£oenzymes (free or bound to an enzyme) and vitamins. They
ters for each compound and a short characterization of th&equently exhibit fluorescence due to heterocyclic aromatic
major ﬂuorophore groups is given in the Corresponding textrings W|th|n theil‘ molecular structures. The majOI’ Classes Of
section. Information aboutey and Aem are based on data fluorescent coenzymes are the pyridines, pteridines, pyridox-
from different studies which are merged here into represenines and structurally related flavins, among which NAD(P)H
tative spectral ranges. Depending on data availability anc@nd flavins are most frequently studied (Dalterio et al., 1987;
measurement conditions, this can be seen as a general, bkkowicz, 1999; Wlodarski et al., 2006).

not exhaustive, characterization of the fluorescence proper- Two pyridine nucleotides, nicotinamide adenine dinu-
ties of key fluorophores and classes. Moreover, as a firsgleotide (NADH) and nicotinamide adenine dinucleotide
approach for general orientation the relevance of individualphosphate (NADPH), are well known fluorescent coenzymes
fluorophores for FBAP detection is estimated based on itgvhich are often utilized as intrinsic fluorescent probes in var-
fluorescence properties (category 1) and atmospheric aburious scientific fields (Bigio and Mourant, 1997; Huang et al.,
dance (category 2). Fluorophores were ranked as highly rel2002). While similar in structure, the two coenzymes appear
evant if they show both intense fluorescence emission andn different biochemical mechanisms. NADH is the univer-
are considered by the authors to be very abundant in PBARsal coenzymatic redox carrier in the energy metabolism of
Fluorophores were ranked with medium relevance if one ofcells, whereas NADPH is a ubiquitous reductant in biosyn-
the two categories was rated high and the other was considhesis processes (Klingenberg and Bucher, 1960; Michal,
ered weak/low. Low relevance means molecules are weaklyl999; Voet and Voet, 2004). In contrast to the oxidized form
fluorescent and show rare occurrence. While the terms liste®AD(P)*, only the reduced form NAD(P)H is fluorescent
here are uncertain and potentially contentious, we feel thigand can be utilized for an optical assessment of cell metabolic

2 Literature synthesis

language provides a qualitative means for discussion. status (Eng et al., 1989; Li et al., 1991; Farabegoli et al.,
2003; Wos and Pollard, 2006). Excitation occurs either at
2.1 Group | —amino acids ~340 nm (direct excitation of the coenzyme) or&95 nm

(light absorption by protein and RET to bound NAD(P)H)
Amino acids are the basic structural constituent of proteins(Li and Lin, 1996). NADH and NADPH both show an emis-
and peptides in all organisms. Three amino acids with arosion signal at~460 nm and thus cannot be spectrally sepa-
matic side chains — tryptophan (Trp), tyrosine (Tyr) and rated. For this reason the two molecules are often represented
phenylalanine (Phe) — are known to UV or blue visible
fluorescent emission when excited in the UV range of the 1Based on sequences from 207 non-related proteins.

www.atmos-meas-tech.net/5/37/2012/ Atmos. Meas. Tech., 5, BZ-2012
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o
Table 1. Summary of atmospherically relevant biological fluorophores. Within the table the molecules are organized in six subgroups: (1) amino acids, (Il) coenzymes and vi€imins,
(1) structural biopolymers and cell wall compounds, (V) pigments, (V) secondary metabolites and (VI) others. Every fluorophore or family of fluorophores, respectively, is nm:mo-
terized by means of its natural occurrence (organism and metabolic function), its fluorescence properties (espemahem and quantum yiel® if available) and an estimation
of its importance (high, medium or low) to ambient FBAP detection. The selection is focused on the main constituents of PBAP (in particular, microorganisms and debris fronflarger
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Pyridoxal, 4-Pyridoxic
acid, Pyridoxal-5'-
phosphate

carbohydrate, lipid
and nucleic acid
metabolism

conditions (i.e. pH, ionization state,
solvent polarft}517

state in combination with other
fluorophores
(High)

organisms). References are listed below table. =
g
Fluorophore Organism  Cell part/ Aex [NM] Aem [NM] Remarks Role in FBAP detection w
Metabolic (Estimated relevance) )
function m
2]
1. Amino acids m
Tryptophan (Trp) All Proteins 280-285° 340-353-6 Amino acid (AA) with highest Most important AA for FBAP M.ua.
286t 363t fluorescence in native proteins — detection; used as indicator for total
responsible for-90 % of signal; biomass; protein fluorescence
& =0.13-0.2; Efficient RET from resembles Trp signal; main target
Tyr and Phe to Tr 47 for many FBAP detectors
(High)
Tyrosine (Tyr) All Proteins 2756 300-304-6 Signal in native proteins often Responsible for protein fluorescence
280t 307 quenched (RET: Tyr to Trp); when no Trp present; in
responsible for-10 % of proteins presence of Trp, signal usually not
fluorescenced =0.1-0.14—47 detectable
(Mediun)
Phenylalanine (Phe) All Proteins 0 280-282-6 Signal in native proteins often Negligible for proteins overall
270 296t quenched (RET: Phe to Trp); fluorescence
Weakly fluorescentdp = 0.02—0.04—4.7 (Low)
1. Cofactors, coenzymes, vitamins
Pyridine nucleotides: All NADH: 290-295, 440-£7-8.9 Only reduced form Major contribution to
NADH and NADPH Ubigjitous 340-36658.9 454 NAD(P)H fluorescent fluorescence of
(Nicotinamide coenzymatic 341 oxidized form NAD(PY metabolizing cells, used as
adenine dinucleotide redox carrier non-fluorescent, higher indicator for viability
(phosphate)) (fourfold) fluorescence main target for many
NADPH: intensity when bound to FBAP detectors
Reductand protein; spectral High) W__
in biosynthesis parameters sensitive to o
local environmerf10.11 nu_,
Flavins: Al Ubiquitous coenzymatic 380, 450-4g851213  520-56¢:581213  Only oxidized form fluorescent; Indicator for cell metabolism; N
Riboflavin, Flavin redox carrier (in 280, 373, 445 523 ® =~0.3; Riboflavin and FMN supposed to be a major source of 31
mononucleotide (FMN), most organisms) and show strong fluorescence, whereas FAD and  cellular autofluorescence; target ?:51
Flavin adenine photoreceptor (in plants, flavoproteins (flavin non-covalently many FBAP detectors c
dinucleotide (FAD) fungi) bound to protein) exhibit weak High) %
signa®410.14 [
Vitamin Bg compounds: All Key coenzymes in 315-5451516 350-42%81516  Flygrescence very sensitive to Very abundant; strongly fluorescent; %
Pyridoxine, Pyridoxamine, amino acid, protein, 280, 3201360 391-394 molecular environment and used as indicator for metabolic S
%)
o
g
<
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Table 1. Continued.

Fluorophore Organism Cell part/ Lex [NmM] Aem [NM] Remarks Role in FBAP detection
Metabolic (Estimated relevance)
function

Sporopollenin Pollen, fungal Cell wall 300-55037  400-653°37  Complex biopolymer containing Origin of intense fluorescence from

spores, microspores constituent mixture of fluororescent compounds pollen
in exine (i.e. phenolics, carotenoids, mN:_%_mmmm (High)

Collagen and elastin Mammals Fibrous proteins; 2903325 340, 4065 Cross links are origin of No occurrence in microorganisms;
collagen: major fluorescence (i) collagen: hydroxyllysyl low abundance in FBAP
extracellular matrix pyridoline and lysyl pyridinoline; Lgw)
component; elastin: (ii) for elastin: tricarboxylic
major component triamino
of elastic fibers pyridinium

Suberin and cutin Plants Suberin: cell wall n/a n/a Three-dimensional hydrophobic Rarely mentioned in context of
constituents of network based on functionalized autofluorescence
underground organs; fatty acids and phenolic compounds;  Low)(

Cutin: waxy polymer related to __@:mw
coating outer call
walls
Phospholipid All Major component 436 540, 568 Cell wall component in all cells Rarely mentioned in context of
of cell membranes autofluorescence
(Low)
IV. Pigments
Lipofuscin and ceroid i.e. plants (pollen), Heterogeneous 260-280, 43824%0 Strongly cross-linked lipid-protein Ubiquitous in biology; lipofus-
(age-related pigments)  bacteria, algae, granules in residual 348490 pigmented substance; generated due cinogenesis induced by ozone or

fungi, mammals

body-type lysosomes
in cytosol

to age, oxidative stress, antioxidant
deficiency, UV-induced lipidic
peroxidatioftl—43

UV-light; known as fluorophore in
pollen
(Medium)

Advanced glycation i.e. mammals
end-products (AGEs)

(age-related pigments)

Pigments caused by
aging and oxidative
stress

326470 385-45641

Products of non-enzymatic
glycosylation (Maillard reaction);
family of nitrogenous, cyclic and

conjugated compoun#é?

Léw-medium

Melanin Mammals, fungi,

bacteria

Accumulated in

cell wall; protective
response against
adverse environmental
conditions

46941 543-5484

Polymerized phenolic and/or indolic
compounds; when non-oxidized:
non-fluorescent, when oxidized (i.e.
by ozone): shows bright
fluorescené&45

Ubiquitous in biology; in some cells
highly concentrated; relatively low
fluorescence intensity

Low)

Chlorophyll and
pheopigments purple and green
bacteria, algae,

cryptomonads

Plants, cyanobacteria,

Photopigment for
microbial and plant
photosynthesis

39078 630-73¢6-48

Chlorophylls strongly fluorescent;
pheopigments = chlorophyll
degradation products;
fluorescence of pheopigments
weaker than of parent
chlorophylf-3246

Very abundant in various
organisms;

Medi(rm)
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Table 1.Continued.

Fluorophore Organism Cell part/ Aex [nm] Aem [NM] Remarks Role in FBAP detection
Metabolic (Estimated relevance)
function

VI. Others

Dipicolinic acid (DPA)
and salts CaDPA, NaDPA
endospores

Unique constituents
of bacterial

Accumulated in 278,3002866 400-448354
spore core; supposed
role in dormancy,
heat- and UV-

resistance

DPA = 2-6-pyridine-dicarboxylic Highly fluorescent; high concentration in
aghth(00,); 5-17 % of dry spores as important bacterial
weight; highly fluorescent after UV-  propagation vector in atmosphere

exposure and/or when ty# (Medium)

DNA/RNA All

Storage for genetic ~ 26%-° 334255

information

Quantum yield 100 times lower than
for Tr?256-58

Ubiquitous in organisms but weak
fluorescence emission
(Low)

1 This report;2 Lakowicz (1999);3 Richards Kortum and Sevick Muraca (1998)Kopczynski et al. (2005)° Ramanujam (2000 Teale and Weber (19577; Voet and Voet (2004)8 Billinton and Knight (2001);° Avi-Dor et
al. (1962);10 Michal (1999);11 Li and Lin (1996);12 Wlodarski et al. (2006)12 Benson et al. (1979}:* Albani et al. (1999)1° Bridges et al. (1966):6 Bueno and Encinas (2003’ Li et al. (1991);18 Dalterio et al. (1987)1° Tyagi
and Penzkofer (2010%° Rembold and Gyure (1972%1 Zipfel et al. (2003);22 Mcintosh et al. (2008)23 Rosenheim (192724 Olmstead and Gray (1993%° Olmstead and Gray (19973° Castellan et al. (2007} Jabajihare

et al. (1984);28 Bonfantefasolo et al. (1990%° Vierheilig et al. (1999):30 Dreyer et al. (2006)3! He et al. (1999)32 Taiz and Zeiger (201033 Donaldson et al. (19995 Albinsson et al. (1999)3° Roshchina et al. (1997);

36 Roshchina (2003)37 Roshchina et al. (200458 Brooks and Shaw (1978§° Eldred et al. (1982)*C Andersson et al. (199811 Yin (1996);42 Tsuchida et al. (19873 Roshchina and Karnaukhov (1999%, Kayatz et al. (2001);
45 Gomez and Nosanchuk (2003 French et al. (1956)}7 Welschmeyer (1994¥'8 Moberg et al. (2001)*° Glazer (1994)59 Roshchina and Mel’nikova (200151 Wiermann and Vieth (1983%2 Roshchina (2008)3 Alimova et
al. (2003);54 Sarasanandarajah et al. (200%)1eblanc and Dufour (20025 Pan et al. (200937 Ammor et al. (2004)°8 Ammor (2007)
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by a short-hand NAD(P)H form, referring to both molecules fluorophores (i.e. Trp, NAD(P)H) (Siano and Mutharasan,
at once. It has been shown that the fluorescence contrii989; Li et al., 1991; Heikal, 2010).
bution of NADH dominates that of NADPH, due to differ- Pteridine compounds are ubiquitous within most organ-
ences in cellular concentration and fluorescence characterissms and as a group are comprised by: folic acid (vitamin
tics. Furthermore the NADH signal is highly influenced by Bg), pterins, and lumazines, among others. They are in-
the metabolic status whereas the weaker NADPH signal is/olved in various biochemical processes, such as oxygenase
rather constant (Vishwasrao et al., 2005). The excited elecreactions, single carbon transfer reactions and cellular elec-
tronic state is quenched by two mechanisms: collisional detron transport. The bicyclic ring system is structurally related
activation and stacking of the fluorescent nicotinamide ringto purine and exhibits strong fluorescent emission (Rembold
to the adenine moiety. The extent of quenching is decreasednd Gyure, 1972). Pteridines have been considered as re-
when NAD(P)H is bound to a protein, thus explaining the sponsible for significant autofluorescence within bacterial
fourfold increase in fluorescence intensity as compared taells (Dalterio et al., 1987; Kopczynski et al., 2005; Wlo-
free NAD(P)H in solution (Li and Lin, 1996). Because darski et al., 2006), fungi (Hohl et al., 1992; Galland and
of its links to active cell metabolism, NAD(P)H has often Tolle, 2003) and other microorganisms (Galland et al., 1990;
been used in the search for viable airborne microorganisms&Jchiyama et al., 1997). Pteridines emit fluorescence peak-
(i.e. Hairston et al., 1997; Bundke et al., 2010). Cell deathing at~450 nm when excited at350 nm, though this is par-
is accompanied by NADH and NADPH depletion within the tially dependent on environmental conditions such as pH and
temporal range of hours (2-10h) depending on various indonization state (Dalterio et al., 1987; Tyagi and Penzkofer,
tracellular processes and extracellular conditions (Petit et al.2010).
2001; Liang et al., 2007). Other vitamins, such as vitamin A, C, D and K, are
Riboflavin (vitamin B) is the precursor for both cofac- sometimes mentioned in the context of cellular fluorescence
tors flavin mononucleotide (FMN) and flavin adenine dinu- (Billinton and Knight, 2001; Ramanujam, 2006). However,
cleotide (FAD), which are prosthetic groups of flavoenzymesmost of these are considered to comprise only minor con-
(Benson etal., 1979). Flavins are ubiquitous redox carriers irtributions, due to low concentration, weak fluorescent emis-
the energy metabolism of all organisms and act also as phosion, or both. In particular ergosterol (sterol compound, pre-
toreceptors in plants and fungi (Galland and Senger, 1988¢ursor for vitamin D) can be found in the cells wall of fungi
Billinton and Knight, 2001). In contrast to NAD(P)H, only and yeasts and has often been used as a tracer for fungal
the oxidized form of flavins is fluorescent and shows light spores (Lau et al., 2006; Burshtein et al., 2011). Ergos-
emission at~525nm when excited at450 nm, although terol and other sterols are known to fluoresce, though usually
excitation has also been observed-@80 nm anc~380nm  weakly, and this has been utilized in some cases for their de-
(Hill et al., 2009). It is known that riboflavin and FMN show tection (e.g. This work, Fig. 2I; Rosenheim, 1927; Mcintosh
intense fluorescence, whereas FAD and especially flavoproet al., 2008).
teins exhibit only a weak fluorescence signal (Albani et al.,
1999). Flavins are also connected to the metabolic statu2.3 Group Il — structural biopolymers and cell wall
of cells, but at different rates than other conenzymes. Ac- compounds
cordingly it has been suggested that the ratio of fluorescence
emission of NAD(P)H to flavins can be used as indicator for In addition to fluorophores which actively participates in cel-
the cellular metabolic rate (Chance et al., 1979; Siano andular metabolism, various structural compounds also emit
Mutharasan, 1989; Heikal, 2010). fluorescent radiation. The biopolymers cellulose, chitin,
Vitamin Bg acts as precursor for the coenzyme pyri- lignin and sporopollenin are structural compounds crucial
doxine and related compounds (i.e. pyridoxal 5’-phosphatefo many microorganisms and are abundant within the atmo-
pyridoxamine 5’-phosphate). Pyridoxine and related coen-sphere (Kunit and Puxbaum, 1996; Winiwarter et al., 2009).
zymes are required by many enzymes that are involved inThe protein polymers elastin and collagen also exhibit flu-
amino acid, protein, carbohydrate, lipid and nucleic acidorescent emission, however, they are regarded as of minor
metabolism in all organisms (Martell, 1989; Voet and Voet, importance due to their absence in microorganisms.
2004). Pyridoxine compounds comprise a substituted pyri- Cellulose §(1,4)-linked homopolymer of D-glucose) is
dine ring as structural fluorophore and its spectral characone of the most abundant organic compounds in nature and,
teristics are highly sensitive to its molecular environmentin particular, is an essential constituent in the cell wall of
(i.e. pH, ionization state, solvent polarity). Accordingly fluo- various organisms (such as bacteria, fungi, algae, plants)
rescence occurs in a relatively broad spectral ranges depen@€annon and Anderson, 1991; Niklas, 2004; Voet and Voet,
ing on the conditionsiex = 315-345 nm.em=350-425nm)  2004). Cellulosic materials exhibit fluorescence over a broad
(Bridges et al., 1966; Bueno and Encinas, 2003). Pyridoxinespectral range with an emission maximunm~a20 nm and
compounds are key metabolites and along with NAD(P)H efficient excitation in the UV range (250-350 nm) (Olmstead
and flavins have been commonly utilized as indicators forand Gray, 1993, 1997; Castellan et al., 2007). The spec-
metabolic activity, often in combination with other intrinsic tral properties of cellulose from different sources are well
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characterized, however the molecular origin of the fluores-harvesting processes (i.e. (bacterio)chlorophylls, phyco-
cence is still debated (Olmstead and Gray, 1993). The flubiliproteins, flavonoids and carotenoids).
orescence of cellulose is known to be highly increased by The following intracellular and extracellular compounds
phenolic residues (e.g. ferulic acid) (Roshchina, 2008).  are ysually summarized as age related pigments: lipofus-
Chitin (8 (1,4)-linked homopolymer of N-acetylglucosa- cin, ceroid, advanced glycation end-products (AGEs) and
mine) is a highly abundant cell wall compounds which oc- age pigment-like fluorophores (APFs). The formation of
curs in all fungi, various microorganisms and insects (Lenar-these yellow-brown pigments is based on oxidation and per-
don et al., 2010). It shows maximum fluorescent emissionoxidation of lipids, proteins, nucleic acids, carbohydrates
~410nm and an excitation maximum335 nm (Jabajihare and other biomolecules, followed by cross-linking of the
et al., 1984). Several studies refer to chitin as a major flu-secondary oxidation products (particularly unsaturated car-
orophore in fungal cell walls (Bonfantefasolo et al., 1990; bonyls) with amino compounds (i.e. primary amines, amino
Vierheilig et al., 1999; Dreyer et al., 2006). acids). The generated fluorophores are mainly nitrogeous
Lignin is the chief compound in woody tissue and the mostconjugated and cyclic compounds and polymers (Tsuchida
abundant polymer in nature, along with cellulose. It is aetal., 1987; Yin, 1996). Fluorescent emission has been ob-
polyphenolic, branched, and disordered macromolecule deserved in a broad spectral range, when excited by UV or blue
rived by polymerization of monolignols in the cell wall of light. Usually fluorescent emission of cellular age related
plants and algae (Donaldson, 2001; Boerjan et al., 2003)pigments is located between 450 and 640 nm, depending on
Lignin exhibits intense fluorescent emission of blue andthe identity of the fluorophores, cellular environment and
green light when excited by radiation in the UV or blue spec-concentration (Eldred et al., 1982; Andersson et al., 1998).

tral range, respectively (Harris and Hartley, 1976; He et al., Melanins are dark-colored hydrophobic pigments of high
1999; Donaldson, 2001) It is assumed that |Ight is abSOfbe(ﬂn0|ecu|ar Weight which are assumed to consist of po|yme|’-
by a number of chromophores (light-absorbing molecules)ized phenolic and indolic compounds. They are ubiquitous
followed by intramolecular energy transfer to certain emis-in nature and occur in various organisms, particularly fungi
sion sinks (i.e. phenylcoumarone, stilbene) (Olmstead anghnd bacteria have been found to show a high melanin con-
Gray, 1997; Albinsson et al., 1999). In general, the fluo- tent which is associated with microbial pathogenesis (Gomez
rescence properties of these structural compounds are rathghd Nosanchuk, 2003; Nosanchuk and Casadevall, 2003).
undefined and distributed over a broad spectral range, decompared to the other age-related pigments, melanin is re-
pending on organism and conditions (Billinton and Knight, garded to show only a relatively weak fluorescence, but it
2001). has been shown that oxidation significantly increases fluores-
Sporopollenin is a rigid and complex biopolymer compris- cence with a emission maximum 640 nm when excited
ing a main constituent of the outer cell wall (exine) of pollen at~470 nm (Kayatz et al., 2001).

(Brooks and Shaw, 1978). lIts intense fluorescent emission F|yorescent light emission from tetrapyrrolic compounds
over a broad spectral range is caused by a mixture of diﬁeren(i_e_ protoporphyrin IX, chlorophylls, phycobilins) is well
quorophqres, such as phenolic compouridg,& ~460nm),  known and utilized in various applications (i.e. Lichten-
carotenoidsem=~530 nm), azuleneiem=~450nm), an-  thaler et al., 1986). Photosynthetic chlorophyll pigments
thocyanin {em=~460 and 620 nm) and other compounds g,ch as chlorophyll, b, ¢ and d in plants, many al-
(Roshchina et al., 1997, 2003, 2004). However, the exachae and cyanobacteria show fluorescent emissi®B0 nm.
chemical composition of sporopollenin, including its fluores- ppegpigments are chlorophyll degradation products obtained
cence properties, is not well known. by acidification which show fluorescent emission (630—

The structural proteins collagen and elastin are importantz30 nm) with weaker intensity than the parent chlorophylls
fluorophores within mammalian tissue which are frequently (French et al., 1956; Welschmeyer, 1994; Moberg et al.,
used for fluorescence-based tissue investigation. Both sho®@001). Another important class of fluorescent tetrapyrrolic
similar fluorescent properties, respectivelyex=~325nm  pigments are phycobiliproteins and bilins as their prosthetic
and Aem=~400nm (Billinton and Knight, 2001; Ramanu- groups. They are known to show intense fluorescent emis-
jam, 2006). Due to their exclusive occurrence in mammaliansion of red light (580-660 nm) with high quantum yields (up
tissues, however, these molecules are not expected to bate 0.98) (Glazer, 1994).

much significance on atmospheric FBAP. Carotenoids and flavonoids comprise the most important

colored pigments in plants (Mantoura and Llewellyn, 1983).
2.4 Group IV - pigments Flavonoids are polyphenolic and carotenoids are terpene

compounds. Because of their pronounced fluorescence char-
Two compound classes are summarized as fluorescerdcteristics and importance in FBAP detection, they are each
pigments in the following section: age-related pigmentslisted here as independent fluorophore classes. Both pig-
(i.e. lipofuscin, ceroid and melanin) and pigments thatments are known to be enriched in certain plant parts, par-
are involved in photoreceptor, photosynthesis and lightticularly in pollen (ugkg?), constituting a main origin of
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pollen autofluorescence (Roshchina and Karnaukhov, 1999, Terpenes (or tepenoids) comprise a diverse class of

2003; Taiz and Zeiger, 2010). lipophilic secondary metabolites synthesized by plants.
_ Structurally based on isopreneg)@inits, this group includes
2.5 Group V — secondary metabolites monoterpenes ( compounds), sesquiterpenes £ diter-

" ) ) , i penes (Gp) and other even larger compounds. They play im-
In addition to the given metabolites and intermediates ot roles in various metabolic processes for examples as
(i.e. amino acids, sugars, nucleotides) in tr_\e p”mar_Vaccessory pigments in photosynthesis (carotenoigtg, Ge-
metabolism (growth and development) of organisms, myri-errent toxins (pyrethroids, {g) or insect repellents (mono-
ads of highly structgrally diverse organic cqmpounds, ca_lledand sesquiterpenes) (Theis and Lerdau, 2003: Taiz and
secondary metabolites, are known, but which have no direceiqer 2010). For several monoterpenes Roshchina (2003)
role in basic anabolic or catabolic processes. They are d'sfeports fluorescent emission in the blue range of the elec-
tinctive products with relatively narrow distribution among tromagnetic spectrum (405-430 nm) when excited with UV
small groups of species and are active players in highly spefgpt (310-380 nm). For larger terpenes fluorescent emission

cialized metabolic processes of survival and competition:.. ,rs red-shifted, depending on the size of the conjugated
i.e. mycotoxins in fungi, terpenoids as attractants for polli- -1 system.

nators, or _metal—chelating siderophores in bacteria (\ﬁning, In addition to the previously mentioned large classes
1990; Theis and Lerdau, 2003; Keller et al.,, 2005; Taiz andyt secondary metabolites several other families of com-
Zeiger, 2010). Secondary metabolites usually comprise CoMp o nds such as mycotoxines, siderophores, quinones and
plex c_ht_amlcal structures, often W|f[h conjugated heterocyde%ycosporin-like amino acids (MAAs) are known to autoflu-
containing oxygen atoms (O) or nitrogen atoms (N), or both. g regce, although details are in most cases not yet understood.
Many tend to be autofluorescent and are known to ShoWp certain cases these compounds can be relevant for the aut-
a significantly higher intensity compared to structural fluo- 4f,grescence of an organism even in low concentrations. In

rophores in cell walls and primary metabolites (Roshchina,genera| secondary metabolites can be considered as a highly

2003, 2008). In the following paragraph main classes of SeCycqyrally diverse class of compounds comprising autoflu-

ondary metabolites and their autofluorescence properties (i agcent emission over a wide spectral range. Depending on

known) are discussed. , their occurrence and concentration in certain species they can
Alkaloids are one of the most diverse groups of Sec-4¢( a5 important or even dominant fluorophores.
ondary metabolites and occur in plants, fungi, bacteria, in-

sects and other organisms, though every species shows 86 Group VI — other fluorophores
specific genetically determined alkaloid pattern. Most of
these compounds serve as defense agents against predatéigorophores that do not fit in the previous groups are sum-
and pathogens. Alkaloids are defined as cyclic compoundsnarized here. The most important compounds here are DNA
containing N in low oxidation states and can be subdividedand RNA as well as dipicolinic acid (DPA). The genetic in-
based on their molecular origin into four groups: alkaloids formation of all organisms is stored in the sequence of purin
based on amino acids, purine alkaloids, aminated terpeneand pyrimidine bases in deoxyribonucleic acid (DNA). In the
and polyketide alkaloids (Roberts, 1998). The high structuralexpression of genes and in the biosynthesis of peptides and
diversity is reflected into highly diverse spectral properties.proteins ribonucleic acid (RNA) is responsible for the infor-
According to Roshchina (2003, 2005) a wide spectral rangamation transfer from the genome to the proteome. The nu-
(410-600 nm) of fluorescent emission is covered by plant alcleic acids DNA and RNA are known to be fluorescent due to
kaloids. For UV excitation (360-380 nm) emission in the their constitutive nitrogenous and heterocyclic bases adenine,
shorter wavelength range (410-520 nm) has been found focytosine, guanine and thymine. Different studies report about
structurally smaller alkaloids (e.g. atropine) whereas largetDNA and RNA autofluorescence in microorganisms. When
compounds (e.g. sanguinarine) exhibit further red-shiftedexcited at 260 nm DNA fluorescence can be observed at 330-
emission (585—-600 nm). 335 nm, although the signal is merged with the protein emis-
Phenolic compounds comprise a large variety of chemi-sion peak (e.g. Leblanc and Dufour, 2002; Roshchina, 2008).
cally heterogeneous substances including simple moleculeBiological aromatic molecules tend to be fluorescent due to
(e.g. benzoic acid derivatives, coumarins), oligophenolicsenergetically accessible — 7 * transitions, however, some
(e.g. flavonoids) and complex polyphenolics (e.g. lignin, tan-heterocyclic aromatic compounds (i.e. the bases of DNA and
nins). The unifying chemical feature is a multiple hydroxyl RNA) are known to be very weakly fluorescent (Pan et al.,
functionalization of conjugated and non-conjugated aromatic2009). The quantum yield of DNA/RNA is 100-times lower
structures. They serve as UV shielding, defense againsthan tryptophan (Leblanc and Dufour, 2002; Estes et al.,
pathogens and mechanically supportive tissue. Many phena2003; Ammor et al., 2004, 2007), however, and thus the over-
lics are well known fluorophores which usually emit blue flu- all relevance of DNA autofluorescence is considered to be
orescence light (400500 nm) when excited in the UV rangenegligible.
(Roshchina, 1997).
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Dipicolinic acid (DPA or 2-6-pyridine-dicarboxylic acid) (humic-like, UV excitation), (i) 300—-370/400-500 (humic-
and its salts are synthesized during bacterial spore formalike, visible excitation), (iii) 312/380-420 (marine humic-
tion and enriched in the spore coreX0 % of dry weight), like). Protein- or amino acid-like fluorescence, however, oc-
where these compounds are assumed to be involved in aturs at 275/310 (tyrosine-like) and at 275/340 (tryptophan-
fecting spore dormancy, heat resistance, and UV radiatiodike) (Coble, 1996; Hudson et al., 2007; Muller et al.,
protection (Paidhungat et al., 2000; Slieman and Nicholson2008). Occurrence, spectral properties, and relative inten-
2001). Medium fluorescence is observed for pure DPA insity of these five modes are highly dependent on molecular
the dry state which is increased by UV-light exposure. Theidentity and chemical properties of the sample, however, and
emission occurs around 440 nm, with an excitation maxi-vary from sample to sample. It is reported that the fluores-
mum at 360 nm. The calcium salt CaDPA is also known to cence spectra, particularly EEMs, of humic and fulvic acids
be fluorescent with peak emission at approximately 410 nmprovide chemical and structural information such as confor-
when excited between 280 and 340 nm (Alimova et al., 2003mation and functional groups (Chen et al., 2003), molecular
Sarasanandarajah et al., 2005). Since DPA occurs excluweight (Stewart and Wetzel, 1980), aromatic character (Mi-
sively in bacterial endospores, it has been used as a spectraho et al., 1988) and oxidation state (Klapper et al., 2002).

signature for spore detection (Bronk et al., 2000). HULIS isolated from aerosols or cloud water tends to show
farther blue-shifted fluorescence when compared to terres-
2.7 Possible interfering, non-biological compounds trial samples and thus is more similar to marine humic-like

material (e.g. Krivacsy et al., 2001; Duarte et al., 2004).

Fluorescence is a widespread phenomenon common to @his may indicate aerosol HULIS contains a lower molecu-
wide variety of chemical compounds and materials. Aslar weight and a smaller content of aromatic and conjugated
such it is not unique for biological materials, and aerosol of z-bond structures compared with terrestrial HULIS (Graber
both anthropogenic and natural origin may also show emis-and Rudich, 2006).
sion of fluorescent radiation. This must be considered when Secondary organic aerosol (SOA) is also an important con-
performing fluorescence measurements on atmospheric sargtituent of atmospheric particulate matter, dominating sub-
ples, because certain non-biological compounds have the panicron aerosol in many environments and also capable of
tential to cause positive fluorescence measurement artifactsondensing as a liquid layer onto larger particlegsghl,
and an overestimation of actual FBAP concentrations. We2005; Jimenez et al., 2009;68chl et al., 2010). SOA
discuss here a selection of possible interferences in this corforms as a result of the atmospheric oxidation of ubiqui-
text: (1) humic-like substances (HULIS), (Il) secondary or- tous volatile organic compounds (VOCs) generating myri-
ganic aerosols (SOA), (lll) minerals/mineral dust, (IV) poly- ads of differently functionalized organic molecules. Bones
cyclic aromatic hydrocarbons (PAH) and (V) soot. The fol- et al. (2010) investigated the autofluorescence properties of
lowing section briefly characterizes the fluorescence propertab-generated limonene apeterpinene SOA which exhibits
ties of each class, but is not represented in Table 1. strongly increased fluorescent emission when aged in the

HULIS is a complex mixture of poorly defined hetero- presence of ammonium compounds or amino acids. They
geneous compounds formed by biological material brokenfound four major fluorescence modes (280/420, 300/360,
down through natural decay mechanisms and after subse340/440, 425/490 nm, respectively) similar to the autofluo-
quent atmospheric oxidation (Andreae and Gelencser, 2006escence characteristics of HULIS. In particular this study
Graber and Rudich, 2006). It is terrestrially ubiquitous, butindicates that nitrogen-containing SOA could be an impor-
also constitutes an important subset of the organic aerosdant source of autofluorescence within certain SOA. In a re-
fraction. While not chemically identical, humic and ful- lated study Chang et al. (2010) found fluorescent emission
vic acids are generally considered to be appropriate HULISwithin 325-425 nm when excited at 280 nm for photooxida-
surrogates. Various studies have investigated the fluoregion products of various phenolic compounds.
cence properties of humic and fulvic acids by means of Mineral dustis also a major constituent of the global atmo-
EEMs. In particular the soluble fraction, referred to as spheric aerosol, occurring in both fine and coarse mode and
dissolved organic matter (DOM), has been investigated indominating total particle mass concentrations at locations
natural waters from rivers and oceans (Coble, 1996; Hud-worldwide (Gillette and Walker, 1977; Andreae and Rosen-
son et al., 2007) as well as rain and fog droplets (Duartefeld, 2008; Monks et al., 2009). The photoluminescence
et al., 2004; Kieber et al., 2006; Birdwell and Valsaraj, of minerals is a well known phenomenon, and this allows
2010). Because humic-like material extracted from com-the analysis of the presence and identity of so-called lumi-
plex natural matter is not chemically pure it contains a mix- nescence centers within given minerals (i.e. transition metal
ture of many fluorophores. It has been shown that EEMscations, rare-earth cations, biological impurities, trapped
of DOM show two types of fluorescence modes: for humic- electron-hole pairs). A variety of different naturally occur-
like and protein-like fluorescence, respectively. Humic- ring minerals (e.qg. silicate, carbonate, phosphate and sulfate
like fluorescence has been observed in three characterigninerals) have been found to show clearly resolved, nar-
tic spectral positionsieyx/Aem) at: (i) 237—-260/380-460 row emission modes at500 and~700 nm when excited at
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different wavelengths, for example 266 or 355 nm, in which (ISO 12103-1) was obtained from Powder Technology Inc
particularly transition metal cations such as #n Ev?* (Burnsville, MN, USA). Kaolin was purchased from Sigma
and/or TP+ originate these characteristic emission bandsAldrich (K7375). Ash was obtained from wood burning
(Bozlee et al., 2005). The lifetime of these processes havéspruce, specially designed wood burning facility). Diesel
been found to span a wide range from nanoseconds>d0  soot (SRM 2975) was purchased from National Institute of
to milliseconds (102 s), indicating the occurrences of both Standards and Technology (NIST; Gaithersburg, MD, USA).
fluorescence and phosphorescence processes (Reisfeld et @ipmass burning soot was obtained by burning a sample of
1996; Gaft et al., 2001; Bozlee et al., 2005). The lumi- spruce and directly sampling the black smoke on a clean
nescence processes in minerals are not yet well understoaglass cover slide held at approximately 10 cm away from the
due to complex atomic interactions within the crystal struc-flame in direct flow of the smoke&accharomyces cerevisiae
tures. However, because many isolated minerals have beemas purchased as baker’s yeast from a local supermarket and
shown to be capable of fluorescent emission they may conused immediately (within one day). Solvents were obtained
tribute to fluorescence of certain types of dust within atmo-from Merck (Darmstadt, Germany). All other chemicals
spheric aerosols and, therefore, should be considered as posere purchased from Sigma Aldrich. All purchased chem-
sibly introducing interference for FBAP detection in some icals were used as delivered.
situations. In many cases the timescale of emission (i.e. for
phosphorescence) may be longer than detectable by onling.2 Fluorescence spectroscopy
instrumentation, however, and so would not contribute sig-
nificantly to detected FBAP numbers in these cases (e.g. ReAll fluorescence spectra were recorded on a LS 45 Lumi-
isfeld et al., 1996). nescence Spectrometer (Perkin Elmer, Inc.; Waltham, MA,
PAHs are omnipresent in the environment and are knowrlJSA). The instrument is equipped with a pulsed xenon lamp,
to have severe impacts on human health (e.g. Dix and Martwo Monk-Gillieson-type grating monochromatérsand a
nett, 1983; Nielsen et al., 1984). In the atmosphere they cagated photomultiplier tube (PMT) detector. Wavelength-
occur primarily in the gas-phase as products of incompletedependent variation in light source intensit§) (vas cor-
combustion (highly volatile 2-ring compounds, i.e. naph- rected by an internal reference light path with dedicated
thalene), absorbed on organic aerosol particles such aBMT. Measurements were initiated after a minimum of ap-
soot, (low-volatile 5-ring compounds, i.e. benzlgyrene) proximately 30 min of instrument warm-up time to ensure
or as semi-volatile species present in both gas and partiamp stability. The instrument was operated using FL Win-
cle phases (3- and 4-ring compounds, i.e. phenanthrend)ab software (Perkin Elmer, Inc.) and its performance was
(e.g. Finlayson-Pitts and Pitts, 2000; Slowik et al., 2007).controlled (every~10th spectrum analyzed) by means of
LIF and a number of other methods have been utilizeda software validation utilizing Raman and Rayleigh signal
to indentify and quantify PAHs in atmospheric aerosols positions as well as the signal-to-noise ratio. All spectra
(e.g. Niessner and Krupp, 1991; Panne et al., 2000). Puravere recorded at a PMT voltage of 650V, a scan speed of
PAHSs are known to be highly fluorescent (quantum yields up600 nm mirr%, and using excitation and emission slit widths
to 1.0) over a wide spectral range (300-460/310-540). In theof 10nm at room temperature. EEMs were recorded for
natural environment they usually occur as mixture of differ- excitation wavelengths from 230-650 nm (5 nm increments)
ent compounds and produce complex EEMs (Kumke et al.and emission wavelengths from 270-700 nm (0.5 nm incre-
1995). PAHs are also known to be particularly enriched onments). To avoid detector saturation for highly fluorescent
the surface of soot particles from biomass burning and fuelsamples a blocking filter (Perkin Elmer, Inc.) was utilized
combustion. When excited by strong laser light the mixtureto reduce the emission intensity. This filter is a metal plate
of PAHs in combustion aerosols can be analyzed and quarwith holes bored through to allow 1 % of light to be transmit-
tified (Aizawa and Kosaka, 2008, 2010). However, it hasted, but without introducing wavelength-dependent effects.
also been observed that fluorescent emission by PAH coatSpectral analysis was performed using Igor Pro (Wavemet-
ings on organic aerosols is weak due to efficient quenchingics, Inc.; Portland, OR, USA).
by the bulk material (Lewitzka and Niessner, 1995; Panne et Samples were investigated in the solid (powder), solu-
al., 2000). tion, or suspension states. Solvated and suspended sam-
ples were placed in a 29010 x 40 mm UV quartz cuvette
(Hellma Analytics, Millheim, Germany) and measured im-

3 Materials and methods mediately (within 15 min). The concentration of fluorophore
within solution or suspension was deliberated low in order
3.1 Chemicals and materials to avoid inner filtering and concentration-related quenching

effects. For highly dilute samples the concentration is lin-
Samples of humic acid (2S101H) and fulvic acid (1S101F)early correlated with fluorescence intensity according to the
were purchased from International Humic Substance Stan-
dards (IHSS; St. Paul, MN, USA). Arizona test dust Z2e.g.http:/gratings.newport.com/information/handbook/chapter6.as
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Beer-Lambert law. Suspensions of insoluble materials weravet and dry samples is not possible by this technique, while

prepared by adding fluorophore analyte (0.2—0.4 mghjrtb qualitative features are consistent and comparable. Further

phosphate-buffered saline (PBS) at pH7.2. PBS was predetails concerning the normalization procedure can be found

pared from ultrapure water (MilliQ, 18.2 k2) and purified  in the supplement (Fig. S1 in the Supplement) along with

by sterile filtration before use. A magnetic stirrer was uti- examples of non-normalized spectra (Figs. S4 and S5 in the

lized to stir the sample in the cuvette during the measure-Supplement).

ment to avoid sedimentation. Solutions of most soluble fluo-

rophores were prepared in PBS, however, pyrene, naphth&.3 Fluorescence microscopy

lene, phenanthrene and chlorophyliwere solvated im-

hexane due to their hydrophobicity. The concentration of an-The fluorescence microscopy images were taken on a

alyte used was 3 umott, but was increased by a factor of 10 BZ-9000 Fluorescence Microscope (Keyence, Inc., Osaka,

or 100 for weakly fluorescent samples until fluorescent emis-Japan). The instrument was equipped with a super-high-

sion was detectable. Background correction of solvated ocompression mercury lamp (120 W) and a 2/3-inch, 1.5 mega

suspended samples was performed by taking the differencpixel monochrome CCD. The following fluorescence fil-

of fluorescence spectra of solvent with and without sample. ters were used to take images in different spectral ranges:
Powdered materials were analyzed with a Front SurfacéDP-66834 DAPI-BP Xex=360/20 nm, Apichroic =400 nm,

Accessory for the spectrometer (Perkin Elmer, Inc.). With Aapsorp=460/25), OP-66836 GFP-BPAdy=470/20 nm,

this technique several milligrams of powder were placed ontopichroic =495 M, Aabsorp= 535/25), OP-66838 TexasRed

the black surface holder and placed as a vertical plane into thé.ex = 560/20 nm A pichroic = 595 NM, Aabsorp= 630/30). Fil-

spectrometer such that the illumination angle shining hori-ter specifications are represented as wavelength and peak

zontally onto the sample surface shows maximum fluoreswidth (./FWHM).

cence intensity. The illumination spot size on the samples

was~60 mn?. For weakly fluorescent powders, which ex- 3.4 Ambient sampling

hibited no clear emission peaks, fluorescence properties were

gualitatively dominated by light leakage (e.g. NaCl, Fig. S6 Ambient samples of airborne particulate matter were taken

in the Supplement) and appear as steep-walled valleys dfising a single stage impactor (PIXE International Corp. Tal-

emission between the 1st and 2nd order elastic scatterinfphassee, FL, USA; nozzle diameter 0.65 mm, distance be-

lines. The magnitude of “emission” on the left and right tween nozzle and impaction plate 3 mm, flow rate 1 Indin

of the 1st order scattering peak are similar, however, con<cut-point ~0.6 pm) (Russell et al., 2002). Samples were

firming that most of the signal in the fluorescence region istaken on the roof of the Max Planck Institute for Chem-

spurious. The magnitude of this effect correlated with theistry building on the university campus in Mainz, Germany.

color of the sample powder, with white samples exhibiting aSampling was performed on a clean round glass cover slide

higher background than colored samples. This suggests thdtiameter 15 mm, thickness 0.13-0.15 mm) and immediately

light absorption within the samples reduces internal reflec-used for microscopy investigation.

tion and mitigates the background effect. We, therefore, as-

sume that all radiation arriving to the detector at wavelengths

shorter than the incident wavelength is due either to strayd Results and discussion

background light, or light leakage past the monochromators.

EEMs of dry powder samples were normalized by the inten-4.1 EEMs of pure biological standards

sity of light leakage in order to provide a comparable scale

of fluorescence intensity across all solid samples. Often fluFollowing on the summary presented in Table 1 we applied

orescence spectra of this type are normalized to the heighftuorescence spectroscopy to a selection of pure biological

of the 1st order scattering peak, but this was not possibldluorophores, particularly those molecules that are consid-

here, because the PMT was saturated at this wavelength fared to be most relevant within ambient PBAPs. Figure 2

some samples. For each EEM, a constant normalization facshows EEMs for a selection of biological fluorophores, and

tor (NF) was determined by taking the mean of the measuredpectra for further compounds can be found in Fig. S2 in

light leakage intensity values along a line 40 nm above thethe Supplement. The selection covers protein autofluores-

center of the excitation line (as shown in Fig. S1 in the Sup-cence by means of all three fluorescent amino acids and

plement) and dividing the entire matrix by this NF. Doing so two common proteins: bovine serum albumin (BSA) and

preserves all qualitative features within measured EEMs, bubvalbumin (OVA). Coenzymes constitute a diverse class of

normalizes the absolute intensity of fluorescence for comparhighly fluorescent compounds and are represented by sev-

ison. Each 1-D spectrum shown with single excitation wave-eral examples (i.e. pyridoxine, NADPH, folic acid and ri-

length (Fig. 6) was extracted from the normalized EEMs.  boflavin). The major biopolymers are represented by cel-
As a result of differing normalization procedure quanti- lulose and chitin as well as ferulic acid as a proxy for lignin.

tative comparison of emitted fluorescence intensity betweerAs an example for vitamins the sterol compound ergosterol
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is shown. Chlorophylb is an example of the group of por- phenylalanine and ferulic acid exhibited weak emission in
phyrin fluorophores. all cases. The intensity of fluorophores frequently discussed
It is well known that the fluorescence properties of a flu- within the bioaerosol detection community, such as trypto-
orophore (i.e. spectral parameters and intensity) are highlyphan, NADPH and riboflavin, can be characterized among
depended on its molecular environment, particularly: pH,the compounds shown as having a medium level of fluores-
fluorophore concentration and interaction with other com-cent emission. However, fluorescence intensity is a complex
pounds. All measurements in the present study were, therefunction of various parameters such as concentration, extinc-
fore, performed under consistent, defined conditions. Purdion coefficient at.ex and quantum yield atemn as well as
compounds were utilized for solid state investigations. Forinfluences by the molecular environment. Accordingly, only
samples in solution or suspension, defined pH and fluosemi-quantitative comparison of intensity levels is possible
rophore concentrations were chosen to ensure comparabilitpased on the presented results.
of the spectral parameters (see Sect. 3.2 for more details).
The molecular environment within biological samples, such4.2 Spectral mapping of biological fluorophores

as cells and tissue, is much more dynamic and complex than

in a defined test environment. As a result the position andS @ Way of summarizing the properties of key biofluo-
intensity of fluorescence modes shown may differ from in rophores, Fig. 3 highlights fluorescent emission peaks (and

situ measurements within actual biological samples. Bearingfo”e_’Spond'ng mode widths), but ignores differences in in-
this complexity in mind, however, we suggest that the pre-l€NSity among the compounds. Most compounds chosen ex-
sented results can be seen as a general characterization afitfit Peaks at relatively shor(500 nm) wavelengths of ex-
overview, providing a collection of fluorescence landmarks €itation and emission and appear in the lower left of Fig. 3
for different compounds relevant to atmospheric PBAP. (i-8. Aex=250-400 NMJem=300-500 nm). Riboflavin and
Under atmospheric conditions aerosols can contain widéhlorophyllb, however, uniquely exhibit significantly larger
ranges of moisture content, from extremely dry particles to2*stokes(i-€. the right side of the plot). Furthermore, it is
nuclei suspended in cloud water droplets. Hydration state ha§PVious that the modes of many fluorophores cluster in two
also been found to significantly influence the fluorescence €MiSSION hotspots”. HOtSPOt kx=~280 NM;Aem =300~
properties of a fluorophore (Lakowicz, 199%t#ker et al., 530nm) is dominated by amino gplds and proteins, biopoly-
2012). Accordingly, spectra for most materials in this study Mers such as cellulose and chitin, and several coenzymes
were each recorded in solid, solution, and suspension phased;€: Pyridoxamine, riboflavin).  Hotspot 1l 46x= 330~
respectively. All EEMs of solvated or suspended samples390 "M; Aem=390-460nm) shows emission from the ma-
show clearly defined fluorescence modes with only weak inJOrity of coenzymes (i.e. NADPH, pyridoxine, folic acid),
terference by light scattering effects. In EEMs of solid statetn® Proxies for lignin (ferulic acid, phenylcoumarin) and
compounds fluorescence modes, by contrast, are usually leSPA- Note that experimental data for DPA are not avail-
clearly resolved and exhibit stronger light scattering, broade@Pl€ through the present study, but were added to Fig. 3
fluorescence modes, and an elevated fluorescent backgrouriiom Sarasanandarajah et al. (2005) because of its impor-
This background effect is more pronounced in white samplestance in bacterial spores. Both emission hotspots directly

with very weak fluorescence modes, and we propose that theorrespond with th.e operationall range of most bioaerosol de-
light detected as fluorescence is simply a function of light ©€€tors, as shown in Fig. 1. Excitation-a280 anc~360 nm

leakage (i.e. the tails of the st and 2nd order elastic scat2® Particularly important wavelengths to excite many atmo-

tering peaks cause a significant enhancement in signal in thgPherically important biofluorophores. Beyond these estab-

absence of true molecular fluorescence). For this reason, tHsned excitation bands, however, the development of rela-

absolute intensity of all powdered samples have been nortively cheap diodes lasers for consumer electronic technol-

malized, as discussed in Sect. 3.2. Moreover a shift in loca®9Y (€.9. Blu-Ray Dist", J.ex=405 nm) within the last sev-

tion of emission peaks from solid- and solution-phase sam @l years has opened up new possibilities for the design of

ples (e.g. cellulose in Figs. 2m and S2k in the SupplementFBAP detection instrumentation. Extensive laboratory stud-

riboflavin in Figs. 2f and S2f in the Supplement) was also '€S have not yet been performed to validate the use of these
observed. new sources for FBAP detection and will be necessary before
Molecular fluorescence generally provides less characinterpretation of complex aerosol samples will be meaning-
teristic spectra than other methods of spectroscopy. makful- Figure 3 shows that the 405 nm excitation band is located
ing detailed chemical analysis impossible in most cases!n & SPectral region where only relatively few biofluorophores
Mixing of emission peaks from different fluorophores has (e.g. riboflavin, chlorophylb and chitin) are efficiently ex-

been particularly well described for bacteria (Marose et al.,Cited (see also Fig. S6 in the Supplement). Riboflavin, how-
1998). Different compounds also exhibit large variations ever, is ubiquitous within PBAP and the relative selectivity

in the intensity of fluorescent emission. Compounds suchPf #ex=405nm may eventually prove particularly successful

as pyridoxine and neopterin emit intensly even in low con- &t PBAP detection.
centrations, for example, whereas fluorescent emission of
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Fig. 2. EEM contour profiles for selected pure biological fluorophores in solid or solvated state. Intensity color scale has been adjusted to
intensity of individual components. All EEMs are normalized as discussed in text (Sect. 3.2). Normalization factor (NF) is reported for each
solid-state sample. Lower NF indicates higher fluorescence intensity. Note change in x-axis scale for chlbrophyll-
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T UL LS S W T signal. Because the fluorescent emission of tyrosine and
e Tyoane ™ || S Prenyiooumarin /% phenylalanine have a smalleisiokesthan tryptophan this
600F| o ropopran |} 0 oPA s ] may suggest that these amino acids do not contribute signif-
Fl B NADPH 0 Coiose (dm) 4 ] icantly to the overall fluorescence signal in native proteins
. - Eﬂgﬁﬁrﬁme 0 _Chitin {dry) where they occur (BSA: 30 Phe residues, 21 Tyr, 3 Trp; Hi-
E 500} = foeass /A ] rayama et al., 1990; OVA: 15Phe, 10 Tyr, 3Trp; Nisbet et
o B Lumazie / al., 1981). In addition, it can be seen that the modes of BSA
Ke) F| m Chlorophyll b —— ] and OVA are slightly red-shifted with respect to tryptophan,
T N % which is due to the specific influence of the microenviron-
g 400 yary 1 ment of the folded protein (Lakowicz, 1999). The position of
w a ;" s each individual fluorescence mode in Fig. 3 is determined by
/ﬂ%%f = ”% the structural nature of the corresponding fluorophore, such
300 7/ i - //1 . as the extent ofr-bond conjugation or influence of electron
i ) / donating or withdrawing groups. Aizawa et al. (2008) pro-
P £7 /S vides an overview EEM map showing the spectral position
300 400 500 600 of PAHs depends on the size of theirbond system. Fig-

ure 3 displays a similar map for biofluorophores presented
here. Sampled compounds that contain small monocyclic flu-

Fig. 3. Overview EEM mapping the spectral position of biological orophore groups such as phenyl (phe.nylalanlne)., Pher_‘O' (ty-
fluorophores. Protein fluorophores are represented by solid circuIaFos'ne) and mdpl_(tryptophan) are excited by radiation in the
markers, coenzyme fluorophores by solid square markers and strudJV @nd blue visible rangeiex =260-290 nm;iem=290—
tural fluorophores by open markers. Full width half max (FwHM) 370nm).  Compounds with larger fluorophores such as
of emission peaks is represented by horizontal and vertical barspyridine (i.e. pyridoxine and dipicolinic acid), nicotinamide
Differences in relative fluorescence intensity are neglected. Fo(NAD(P)H) and pteridine (i.e. folic acid, lumazine) are
multimodal fluorophores all modes are shown. Data refer to measpectrally more red-shiftedi{x =280-370 nm;Aem=390—
surements of solved fluorophores in PBS. For cellulose and chitirg7( nm). Compounds containing large aromatic structures
results of solid state and suspension str_:\te spectra are sh@ata such as flavins and porphyrins (chlorophg)lare even fur-
for DPA are taken from Sarasanandarajah et al. (2005). ther red-shifted Xex = 280—640 NM;k.em=510-660 nm). In
addition, increasing the size of the-bond system opens
more potential excitation pathways for electron transition,
Accordingly, a variety of fluorophores within atmospheric thus extending the fluorescence band over a much broader
particles are potential targets for these instruments. Itis clearange of excitation wavelengths (i.e. for riboflavin and
that PBAPs comprise potentially many different fluorescentchlorophyllb).
constituents at the same time (see Table 1). For example, In addition to the investigation of fluorescence properties
bacteria have been shown to contain a mixture of fluorescendf pure fluorophores, the analysis of biological standard com-
coenzymes such as pyridine, flavin, pyridoxine and pteridinepounds (i.e. bacteria and pollen) promises to help to explain
compounds (Dalterio et al., 1987; Wlodarski et al., 2006). the selectivity of online FBAP detection. A full investigation
It can thus be assumed that ambient FBAP detection basedf microorganism fluorescence is beyond the scope of this
on autofluorescence usually detects a mixed signal from potext, butSaccharomyces cerevisifeaker’s yeast) is shown
tentially many different fluorophores. In contrast to tech- in Fig. 4 as an example of an actively metabolizing organism
nical applications where autofluorescence of NADH is di- and surrogate for atmospheric PBAP. The fluorescence prop-
rectly used to monitor the metabolic status of yeast or bac-erties of this organism are well described, due to its various
teria in bioreactors (Marose et al., 1998; Johansson and Liindustrial applications. According to Marose et al. (1998)
den, 2006), the high diversity of organisms, debris and othettryptophan, NAD(P)H, pyridoxine, pyridoxal 5’-phosphate
compounds in the atmosphere makes a selective assignmeanhd flavins are the dominating fluorophoresSincerevisiae
of the measured fluorescence to a certain fluorophores diffiThe ratio of their relative emission intensities has been used
cult. This suggestion is not new, however, and several groupso monitor the metabolic status of the cells and to estimate the
have investigated the use of varied post-detection techniquesverall biomass. The EEM in Fig. 4 shows a fluorescence
(e.g. principle component analysis) to elucidate further infor-pattern corresponding with several of the previously men-
mation from ambient PBAP (e.g. Pinnick et al., 2004; Pan ettioned fluorophores. A strong peak at 285/350 ngy(Aem)
al., 2010, 2011). The only coenzyme which is largely freeis likely caused by proteins, particularly tryptophan residues,
from interference by other biofluorophore is riboflavin and whereas the signal at 230/350 nm appears to be also pro-
related flavoproteins (Koenig and Schneckenburger, 1994). tein fluorescence due to deep UV excitation (Bhartia et al.,
Figure 3 also shows that the fluorescence signal of the pro2008). An emission signal occurs at 350/450 nm that is most
teins sampled (BSA, OVA) is very similar to the tryptophan probably NAD(P)H, although pteridin coenzymes may also

Emission [nm]
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system. In general, PAH samples in the solid state can be ex-
cited efficiently over a wide wavelength range (230—-390 nm),
whereas samples in solution show relatively narrow, defined
excitations.

In contrast to compounds that show well defined modes of
fluorescent emission, EEMs of dry powders such as mineral
dust (kaolin and Arizona test dust) and HULIS (humic and
fulvic acid) exhibit broad, featureless emission over an ex-
tended spectral area (230-500/350-600) with steep increase
near the 1st and 2nd order scattering signals. We observed
that the relative intensity level of this plateau correlates with
the visible color of the samples. For example, the broad
emission intensity of kaolin (white, Fig. S5h in the Supple-
ment) is higher than that of fulvic acid (yellow, Fig. S5b in
the Supplement), which is higher still than that of humic acid
(brown, Fig. S5a in the Supplement). We further tested ad-
ditional white powder compounds (i.e. NaCl and glass mi-
crospheres) not expected to show any classical fluorescent
emission in this range. These also exhibit EEMs that are
ﬂualitatively almost identical with the other dry powder sam-

Wples;, with intensity levels similar to that of the white kaolin
powder. This suggests that the featureless emission observed
from these powder samples is spurious and does not orig-

contribute to this signal (Michal, 1999; Kopczynski et al., inate as molecular fluorescence. We thus suggest that the

2005). A shoulder at 340/410 nm is likely caused by pyri- “Plateau” effect is a result of light leakage due to imperfect

doxine coenzymes. However, no flavin signal was observedMonochromators within the spectrofluorometer and that light

For purpose of illustration the spectral positions of the corre-aTiving at the detector at wavelengths in between the domi-

sponding fluorophores (based on the measurements in Fig. }2nt scattering lines largely represents the transmission tails
are projected into the EEM. In further studies EEMs will be Of the elastic scattering signals. The presence of this elevated

used to characterize the fluorescence properties of variouuorescence background is minimal for compounds that ex-
bioaerosol standard particles. hibit defined fluorescence modes, is magnified in powdered

samples with high surface area for reflection, and is high-
4.3 EEMs of potential interferents est in samples whose color reduces light absorption. In or-
der to qualitatively eliminate these effects from EEMs of dry
In order to estimate the relative interfering potential of the materials the spectra have been normalized as described in
compound types discussed in Sect. 2.7 fluorescence spectgect. 3.2. Normalized spectra are shown in Figs. 5 and S3
of HULIS (humic and fulvic acid), PAHs (pyrene, naphtha- in the Supplement, while a selection of raw EEMs can be
lene, phenanthrene, fluoranthene), mineral dust (kaolin anfound in Figs. S4 and S5 in the Supplement. According to
Arizona test dust) and soot (biomass burning and diesel sootpe Souza Sierra et al. (1994) it is critical to correct fluores-
were investigated. Figure 5 shows EEMs of selected comcence spectra of solid particulate matter for stray light trans-
pounds, with additional samples shown in Fig. S3 in themitted by the excitation monochromator and scattered by the
Supplement, and can be grouped into two qualitatively dis-sample to ensure comparability. These normalized spectra
tinct categories: (1) EEMs with clearly resolved fluorescenceoffer the ability to semi-quantitatively compare fluorescent
modes (e.g. all solutions and suspensions, dry PAHs) anéhtensities from different materials. While quantitative com-
(I) EEMs without clear modes, but with significant light parisons within the list of dry materials or within the list of
emission over a wide spectral “plateau” (all dry samples withwet materials (solution, suspension) is possible, differences
the exception of PAHS). in normalization procedure between the two is quantitatively
EEMs of HULIS surrogates which show defined fluores- challenging by this technique.
cence modes are consistent with results from DOM anal-
ysis.  Humic and fulvic acids in solution exhibit broad 4.4 Comparison of autofluorescence from
modes (390/490, 450/520), but with relatively low inten- biofluorophores and interfering species
sity and resemble fluorescence behavior of DOM (e.g. Chen
et al.,, 2003; Wedborg et al., 2007). In contrast, PAH Figure 6 shows a summary of selected biological and non-
compounds show strongly fluorescent emission, the pealbiological compounds, excited at one of two wavelengths: ei-
location of which corresponds to the size of thebond ther 280 nm (Fig. 6a and c) or 355 nm (Fig. 6b and d). These
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Fig. 4. EEM contour profile foilSaccharomyces cerevisiégaker's
yeast). Spectral positions of selected pure fluorophores are sho
for comparison. BSA is chosen as a general proxy for protein.
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Fig. 5. Normalized EEM contour profiles for selected interferences in solid state and/or solution. Intensity color scale has been adjusted to
intensity of individual components. All EEMs are normalized as discussed in text (Sect. 3.2). Normalization factor (NF) is reported for each
solid-state sample. Lower NF indicates higher fluorescence intensity.
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Fig. 6. Normalized fluorescence emission spectra of biofluorophores and potential interferences for selected excitation waugtengths

(a) emission spectra of biological fluorophores.at =280 nm;(b) emission spectra of biological fluorophores.at= 355 nm;(c) emission

spectra of potential interferencesjaty =280 nm;(d) emission spectra of potential interferences.gt=355nm. Dashed lines indicate
samples in dry state, solid lines indicate samples in solution. Spectra were scaled in some cases to fit on same y-axis. For example
pyridoxamine in(a) peaks at-350 a.u., and not35 a.u. as shown.

wavelengths of excitation were chosen to highlight observed In the raw (non-normalized) spectra (Figs. S4, 5 in the
fluorescent emission within the two primary bands of fluo- Supplement) the “plateau-like” emission of materials such
rophores discussed in Sects. 4.1-4.2 and because they repis fulvic acid, kaolin, NaCl, and cellulose can be easily seen,
sent or approximate the excitation sources of two commerwhile the normalized spectra of such materials (Fig. 6) show
cially available FBAP-detection instruments (UV-APS and only weak fluorescence. The normalized spectra of NaCl
WIBS). Detected emission ranges for both instruments arecan be used as a surrogate post-normalization background,
shown by shaded regions on the plot, although it is impor-because it is not expected to fluorescence at wavelengths
tant to note that the second WIBS excitation source pro-used here and because it exhibits the most fluorescence in-
duces radiation at 370 nm and not at 355 nm (correspondingensity of the “non-fluorescent” powders. As such, the emis-
to UV-APS) as shown in Fig. 6b and d. Colored traces showsion spectrum for NaCl retains a measureable background
individual fluorophores selected to represent key moleculesvhen excited at 280 nm, increasing from a minimim 1.0

for FBAP detection from Table 1. This set of summary atiemsso to ~2.0 atiemsso, While it exhibits a steep valley
plots enables a semi-quantitative comparison of fluorophorgrofile when excited by 355 nm radiation, but with< 0.5
importance, in particular regarding the influence of poten-for all emission between 400 and 650 nm. Small peaks in
tial interferences. Fluorescence properties of certain biofluoemission spectra of weakly fluorescing compounds can con-
rophores have been investigated in various studies, howevesjstently be seen at340, 422, 459, and 485 nm faky 280
much less information is available regarding the intercom-and at 420 and 485 nm forex 355. The most prominent of
parison between very different compound types (in particularthese appear as subtle diagonal lines between the 1st and
biofluorophores and non-biological fluorophores). Figure 62nd order elastic scattering lines on EEMs of weakly fluo-
provides a simple approach to fill this gap. rescing dry powders (e.g. Figs. 2m and 5a,c,m—0). These
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do not appear for fluorescent compounds, however, and arkevels at or below the level of NaCl for each excitation wave-
assumed to be a product of weakly interfering elastic scattertength chosen in Fig. 6. This indicates that, while mineral
ing processes. In contrast to weakly fluorescing moleculesdust has been shown to fluoresce in some circumstances,
emission by biofluorophores and PAH compounds showkaolin fluorescence is insignificantly weak compared with
clearly resolved peaks before and after normalization, andhe intensity of the biofluorophores measured here. Fulvic
we roughly categorize these to be fluorescent in all cases. land humic acids analyzed in this study also exhibited very
general it can be stated that position and linewidth of fluores-weak fluorescence. This could indicate that HULIS may not
cence emission peaks in EEMs are independeniepfilue  cause significant interference within FBAP measurements
to radiative electron relaxation from the lowest vibrational because of a comparatively low level of fluorescent intensity
level of the first excited electronic state (Sect. 1.2). Thus,compared to biological material. However, these effects are
fluorescence signals are indicated by vertical lines or indi-complicated and contain a high degree of uncertainty (see
vidual peaks in EEMs as presented here. Further, the onlyBect. 2.7). In particular, fluorescence from single particles
parameter that varies along the excitation axis (vertical) ismay exhibit different trends from that of the bulk. While pure
the fluorescence intensity, which does so as a function of th€AH compounds were observed to fluoresce intensely, diesel
absorption spectrum of the fluorophore. In contrast, signalsand biomass burning soot that likely contain PAH molecules
of other light scattering effects (i.e. Rayleigh, Tyndall and both show emission levels below the surrogate NaCl back-
Raman) are a function afyx and accordingly can be seen as ground. While still a preliminary determination, the spectra
diagonal lines within the EEMs (Coble et al., 1990). of these soot samples corroborate suggestions by Lewitzka
Figure 6a and b highlight the fact that a wide variety of and Niessner (1995) and Panne et al. (2000) that soot exhibits
molecules associated with biological organisms fluoresceonly weak fluorescence due to inner quenching effects.
Moreover the compounds shown in Fig. 6, which were cho- For excitation at 355 nm fluorophores such as NAD(P)H,
sen to represent larger groups of molecules from Table 1lpyridoxamine, neopterin, riboflavin, chitin and cellu-
underline the previously mentioned suggestion that a largdose likely contribute to wavelength-integrated fluores-
variety of fluorophores contribute to the overall fluorescencecence detection by UV-APS.{m=420-575 nm) and WIBS
signal detected by online FBAP instrumentation. Among (Aem=400—600 nm) instruments, but this depends largely on
the nine biomolecules chosen, fluorescence is generally highexact instrumental optics and operational emission thresh-
The only exceptions to this are cellulose and chitin. Celluloseolds. Moreover a large number of other molecules (i.e. sec-
shows essentially no fluorescence (similar emission profileondary metabolites) emit in the same spectral region, as
of NaCl) atiex 280, but weak fluorescence atx3ss (1 ~ 1 discussed in Sect. 2. Accordingly we suggest that within
at Aema26). Chitin shows only marginally increased fluores- this spectral range an integrated fluorescence signal provides
cence forkex 280 compared to cellulose, but significant emis- no clear selectivity for certain coenzymes (e.g. NAD(P)H)
sion for Aex 355 (I ~ 5.9 atiema26 and~4.2 atiemsis). All as indicators for viability, and users of such instrumenta-
other samples of biological fluorophores and material chosenion should avoid the assumption that these molecules dom-
exhibit relatively high intensity peaks in each emission spec-inate the fluorescence signal in all cases. Neither UV-APS
trum shown in Fig. 6. Amino acid peaks, especially trypto- nor WIBS instrument is likely to detect chlorophyll, be-
phan, showed fluorescent emission among the most intensgause of its largeAAsiokes The WIBS channels measur-
of compounds sampled. Samples of isolated protein and oing emission aftetiex 280 may be more sensitive to influ-
the S. cerevisaeach showed similar peak placement with ence from PAHs when the molecular environment in the sam-
tryptophan indicating that tryptophan is the major and cru-pled atmospheric particle approximates that of the solution-
cial fluorophore in proteins. phase PAHs presented here. However, for excitation at
In contrast, most of the seven non-biological samples280nm, the region exemplified by the first WIBS emission
shown in Fig. 6¢ and d show very weak fluorescence. Pyrendand ¢.em=310-400nm) suggests that fluorophores such
and naphthalene, shown here as examples of PAH fluoresas proteins and particularly tryptophan-containing proteins
cence, are the only exceptions to this trend and show sharwill dominate the emission signal in most cases, with some
peaks in the range of 333-456 nm in the emission speceoenzymes (i.e. pyridoxamine, riboflavin) also important.
tra for both excitation wavelengths, whefe 54-172 for  The region exemplified by the second WIBS emission band
Aex 280 and 2—140 foney 355. Strong fluorescent emission of (Aem=400-600 Nm) akex 280 Will also likely detect protein
pyrene is observed forex 280 and Aey 355 Whereas naphtha- and coenzyme fluorescence, however, to a lower extent.
lene shows only fluorescence when excited at 280 nm. More- The emission spectrum observed $rcerevisiasuggests
over, large differences ihem can be observed between solid by extrapolation that viable PBAP can, not surprisingly, be
state and solution samples, for example pyrene-ilexane  expected to exhibit clear signals in both FBAP instruments.
exhibits Aem280=387 nm, while in the solid state exhibits Given the fluorescence spectra shown, however, the WIBS
Aem280=457nm. As mentioned, NaCl is expected to ex- may be more likely to see higher intensity for this organism
hibit no emission of classically-termed fluorescence, but fourin the first of two channels atey 250.
of the other compounds chosen show fluorescent emission
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5 Conclusions and outlook PSIE As e O S ]
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fluorophores which are relevant for atmospheric science is’ 2 « q G, o4

presented. The individual compounds are organized into ma- el £ . > )

jor fluorophore classes and characterized by their biological «g = ., ¢ 3. 9

role and abundance as well as by certain fluorescence prop & - °

erties. As a first approach the relative atmospheric impor- -
tance of individual fluorophores or classes of fluorophores
have been estimated. In addition, emission spectra have
been measured as a function of excitation wavelength for
various representative compounds. An overview of individ-
ual fluorophores shows that unique autofluorescence prop
erties can indeed be useful for discrimination of biological
material by online FBAP methods. Moreover key biolog-
ical fluorophores can be collected into two relatively nar-
row excitation bands~280 and~360nm). Each of these Fig 7. Microscopy pictures of ambient aerosol sample. lliumi-
bands has been utilized by designers of FBAP instrumentsation source:(a) brightfield, (b) Aex=340-380 nm,kem=435—
for bioaerosol detection. 485, (C) Lex=465—-495 nmiem=510-560,d) rex=540-580nm,

Amino acids and proteins are among the most important.em=600-660.
fluorophores ateyx 280, While some coenzymes (e.g. pyridox-
amine, riboflavin) are also potentially important. Coenzymes
such as NAD(P)H, pyridoxine compounds and pteridines aresmall, although this should be investigated further. PAHs,
among the most highly fluorescent compoundsegtss, but which often are intensely fluorescent, are largely present in
structural biopolymers (e.g. chitin, lignin) are also important. atmospheric aerosols on the surface of soot particles, but the
The complexity of overlapping spectra for fluorophores ex-complex chemical environments of soot have been shown
pected to be present in many classes of PBAP highlights théo largely quench fluorescence. As a result of this and the
difficulty in making molecular determination of fluorescence fact that soot also often peaks at submicron sizes PAHs are
origin from spectrally integrated signals detected in broadconsidered to contribute only minimally to FBAP number,
emission bands. Care should be taken, therefore, not to ashough they could cause potential interference in some cases.
sume molecular identity from signals from instruments suchDespite uncertainties based on this bottom-up approach of
as the UV-APS and WIBS. Further, the ability to determine addressing fluorescent properties of selected compounds the
cell viability for an unknown biological particle arriving at a results of this laboratory study suggest that fluorescent prop-
detector may be difficult by single wavelength fluorescenceerties of ambient FBAP are likely to be dominated by bi-
alone, as has been suggested in depth previously (e.g. Pinniakogical material in most cases. However, the authors are
et al., 2004). More work investigating standard particles inaware of the fact that the results presented in this study can
the laboratory are needed before uncertainties in these su@nly serve as a first general approach to aspects of selectivity
gestions can be reduced, however. in FBAP detection. In particular, further investigation must

A collection of atmospherically relevant non-biological address differences between bulk and single particle fluores-
compounds have also been analyzed and presented hemence (Hill et al., 2009), the characteristic fluorescence fin-
These data suggest that some non-biological materials coulderprints of authentic bioparticles and the impact of different
potentially contribute to fluorescence at wavelengths used byatmospheric conditions and aging.
FBAP detectors (e.g. PAHs and SOA), whereas the majority As a proof of concept study we collected ambient aerosol
of compounds suggested to cause interference (e.g. HULISn Mainz, Germany and other locations for investigation
mineral dust, soot) are less likely to contribute signal dueof autofluorescence via fluorescence microscopy. Initial
to extremely weak intensity. SOA were not investigated observations show that particles that fluoresce most strongly
here, because experimental procedures for producing oxalso exhibit characteristic biological morphologies, based on
idized aerosol in environmental chambers are beyond thevisual evidence presented here (Fig. 7). These ambient stud-
scope of this text. Lab-generated SOA have been showies need to be furthered in much greater detail, but again pro-
to fluoresce under certain conditions (Bones et al., 2010)yvide a similar conclusion as given by the laboratory fluores-
though this has not been documented systematically withircence study presented here that ambient FBAP appear to be
scientific literature. While SOA can dominate submicron comprised at least heavily of particles from biological origin,
particle concentrations, its contribution to supermicron par-consistent with previous observations reported bgdpl et
ticle mass is probably small. As such, its influence on theal. (2010) and Huffman et al. (2012). Further work is nec-
fluorescence signal of supermicron FBAP is likely also very essary and forthcoming in order to fill in important gaps in
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understanding. For example, the fluorescence properties of
standard microorganism types have been investigated in the

laboratory under varying environmental conditions and will
be presented in a follow-up study.

List of frequently used acronyms.

Acronym Description

AA amino acid

AFS aerosol fluorescence sensor

AGE advanced glycation end-product

APF age pigment-like fluorophore

BP band-pass

BSA bovine serum albumin

BWA biological warfare agent

CCN cloud condensation nuclei

DAPI 4',6-diamidino-2-phenylindole

DNA deoxyribonucleic acid

DOM dissolved organic matter

DPA/CaDPA dipicolinic acid/calcium dipicolinic
acid

EEM excitation-emission matrix

FAD flavin adenine dinucleotide

FBAP fluorescent biological aerosol particles

FISH fluorescence in-situ hybridization

FMN flavin mononucleotide

FWHM full width half max

GFP green fluorescent protein

HULIS humic-like substances

IN ice nuclei

LIF light/laser-induced fluorescence

MAA mycosporin-like amino acid

MS mass spectrometry

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide
phosphate

NAD(P)H NADH and NADPH

Nd:YAG neodymium-doped yttrium aluminium
garnet

NF normalization factor

OVA ovalbumin

PAH polycyclic aromatic hydrocarbons

PBAP primary biological aerosol particles

PBS phosphate-buffered saline

PCR/gPCR polymerase chain reaction/quantitative
polymerase chain reaction

Phe phenylalanine

PM particulate matter

PMT photomultiplier tube

RET resonance energy transfer

RNA ribonucleic acid

SOA secondary organic aerosols

Trp tryptophan

Tyr tyrosine
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uv ultraviolet
UV-APS ultraviolet aerodynamic particle sizer
VBNC viable but non-culturable
VOC volatile organic compound
WIBS wide issue bioaerosol sensor

Supplementary material related to this
article is available online at:
http://www.atmos-meas-tech.net/5/37/2012/
amt-5-37-2012-supplement.pdf
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