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Abstract

Fluorescent dyed polystyrene latex spheres (PSLs) are commonly used for characterization and calibration of
instruments detecting auto-fluorescence signals from particles suspended in the air and other fluids. Instruments
like the Ultraviolet Aerodynamic Particle Sizer (UV-APS) and the Waveband Integrated Bioaerosol Sensor
(WIBS) are widely used for bioaerosol research, but these instruments present significant technical and physical
challenges requiring careful characterization with standard particles. Many other research communities use flow
cytometry and other instruments that interrogate fluorescence from individual particles, and these also frequently
rely on fluorescent PSLs as standards. Nevertheless, information about physical properties of commercially
available PSLs provided by each manufacturer is generally proprietary and rarely available, making their use in
fluorescence validation and calibration very difficult.

This technical note presents an overview of steady-state fluorescence properties of fluorescent and non-
fluorescent PSLs, as well as for polystyrene-divenylbenzene (PS-DVB) particles, by using on- and off-line spec-
troscopic techniques. We show that the “fluorescence landscape” of PSLs is more complex than the information
typically provided by manufacturers may imply, especially revealing multimodal emission patterns. Furthermore,
non-fluorescent PSLs also exhibit defined patterns of fluorescent emission originating from a mixture of polysty-
rene- and detergents, which becomes a crucial point for fluorescence threshold calibrations and qualitative com-
parison between instruments. By comparing PSLs of different sizes, but doped with the same dye, changes in
emission spectra from bulk solutions are not immediately obvious. On a single-particle scale, however, fluores-
cence intensity values increase with increasing particle size. No significant effect in the fluorescence signatures
was detectable by comparing PSLs in dry- vs. wet states, indicating that solvent water may only play a minor role
as a fluorescence quencher.

Because information provided by manufacturers of commercially available PSLs is generally very limited,
we provide the steady-state excitation-emission matrices (EEMs) of PSLs as open access data. Detergent and
solvent effects are also discussed in order to provide information not available elsewhere to researchers in the
bioaerosol and other research communities. These data are not meant to serve as a fundamental library of PSL
properties, because of the variability of fluorescent properties between batches and as a function of particle aging
and agglomeration. The data presented, however, provide a summary of spectral features which are consistent
across these widely used fluorescent standards. Using these concepts, further checks will likely be required by
individual researchers using specific lots of standards.
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1. Introduction

Commercially available microspheres are widely used as tools in technical aspects of numerous scientific re-
search disciplines (e.g., DNA hybridization probes, as tracers for blood flow and neuronal pathways), diagnostics
(e.g., immunoassays), and size calibrations (e.g., flow cytometry and microscope calibration) (e.g., Harmé et al.,
2000; Hiesinger et al., 2001; Katz & larovici, 1990; Luchtel et al., 1998; Schwartz et al., 1998; Spiro et al., 2000).
Fluorescent polystyrene latex spheres (PSLs) play a particularly important role in the characterization and cali-
bration of instruments that rely on particle auto-fluorescence (also called intrinsic fluorescence) detection. For
example, PSLs are commonly used for testing and calibration of instruments such as flow cytometers and la-
ser/light-induced fluorescent (LIF) instruments (e.g. Hasegawa, 2013; Healy et al., 2012; Jung et al., 2012;
Kanaani et al., 2008; Robinson et al., 2017; Toprak & Schnaiter, 2013).

LIF techniques can be utilized for rapid characterization of bioaerosols, also referred to as primary biological
aerosol particles (PBAP). As a result, a number of real-time and commercial instruments including the Ultraviolet
Aerodynamic Particle Sizer (UV-APS; TSI Inc., Shoreview, MN, USA) and the Waveband Integrated Bioaerosol
Sensor (WIBS; Droplet Measurement Technologies, Longmont, CO, USA) are being commonly used in bioaero-
sol research communities (e.g., Agranovski et al., 2003; Bhangar et al., 2014; Brosseau et al., 2000; Foot et al.,
2008; Huffman et al., 2010; Perring et al., 2015; Stanley et al., 2011; Toprak & Schnaiter, 2013). The main prin-
ciple common to these techniques is the detection of intrinsic fluorescence from fluorophores such as amino ac-
ids, coenzymes, vitamins, and pigments that ubiquitously occur in aerosols of biological origin (e.g., Hill, et al.,
2009; Li et al., 1991; Pan et al., 2010; Pohlker et al., 2012, 2013). These PBAP represent a diverse and dynamic
subset of airborne particles, consisting of whole organisms like bacteria, viruses, archaea, algae, fungi, and relat-
ed reproductive units (e.g., pollen, bacterial and fungal spores), as well as decaying biomass and fragments from
plants or insects (e.g., Deepak & Vali, 1991; Després et al., 2012; Jaenicke, 2005; Madelin, 1994; P6schl, 2005).
They are ubiquitous in the Earth’s atmosphere, where they affect many environmental mechanisms and, there-
fore, represent an important link between ecosystem activities and atmospheric processes (e.g., Andreae &
Crutzen, 1997; Després et al., 2012; Frohlich-Nowoisky et al., 2016; Fuzzi et al., 2006; Huffman et al., 2013;
Mohler et al., 2007; Morris et al., 2014).

Because commercially available fluorescent PSLs are so critical to the underlying operation of many instru-
ments, their use forms indispensable and often unseen foundations onto which much of the UV-LIF instrumenta-
tion and literature are built. The information content provided by each PSL manufacturer about fluorescent prop-
erties, composition, and potential additives is limited, making their use in fluorescence validation and calibration
of LIF techniques difficult. In order to provide a solid foundation for the use and inter-comparison of instrumen-
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tation that relies on commercial fluorescent PSLs, we performed measurements on fluorescent and non-
fluorescent PSLs using both on- and off-line spectroscopic techniques. Here we present a thorough characteriza-
tion of the steady-state fluorescence properties of commercially available PSLs that cover a fluorescence emis-
sion range spanning UV (ultraviolet), Vis (visible light), and near-IR (infrared) wavelengths. Information about
the fluorescent molecules used to dope commercial PSLs is typically proprietary and not publically accessible. As
a result, steady-state excitation-emission matrices (EEMs) of PSLs are not published by the manufacturer and can
take even well-equipped researchers significant time to investigate individually. We therefore provide fluores-
cence spectra of PSLs varied by fluorescent dye, manufacturer, and particle size as open access data, revealing a
more complete picture of the “fluorescence landscape” of PSLs as tools, which bioaerosol and other research
communities may utilize.

In this study, PSLs have been prepared in different ways (e.g., directly from the vendor bottle and washed
with ultrapure water) to analyze and explain polystyrene-specific fluorescence patterns and effects from additives
(e.g., detergents). Furthermore, because PSLs are usually stored in aqueous suspension, we compared measure-
ments in both dry and wet states to distinguish the effect of water as a fluorescence quencher. These results will
provide researchers fundamental information regarding fluorescent PSLs as key calibrant particles on which they

can base their instrument operation, thus enabling results based on a more coherent set of fluorescent properties.

2. Materials & Methods

A summary of the sizes, properties, and commercial sources of all PSLs used in this study can be found in Table

1. Furthermore, Table 1 specifies which of the subsequently outlined measurements have been conducted for the

individual PSL samples. PSLs from the following four manufacturers were used in this study, with relevant prod-

uct information of the manufacturer’s websites:

- Thermo Fisher (Waltham, MA, USA, https://www.thermofisher.com/de/de/home/life-science/cell-
analysis/qdots-microspheres-nanospheres/fluorescent-microspheres.html, last access 31 Oct 2017).

- Bangs Laboratories Inc. (Fishers, IN, USA, http://www.bangslabs.com/products/fluorescent-microspheres,
last access 31 Oct 2017). Refer specifically to the TechNotes provided on the website, which summarize
helpful peripheral information.

- Polysciences Inc. (Warrington, PA, USA, http://www.polysciences.com/default/catalog-
products/microspheres-particles/polymer-microspheres/fluoresbrite-sup-r-sup-fluorescent-microspheres, last
access 31 Oct 2017).
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- Duke Scientific Corp. (Palo Alto, CA, USA). Note that PSLs used from Duke Scientific Corp. are now li-
censed by Thermo Fisher Particle Technology group.

In addition to PSLs, polystyrene-divenylbenzene (PS-DVB) particles were also used in this study. The main
chemical difference between PS-DVB particles and PSLs is the divenylbenzene crosslinks to the styrene mono-
mer, which PSLs does not include. To our knowledge, all fluorescent PSLs used here were internally labeled via
the “dye diffusion and entrapment” procedure (for details see Bangs laboratories website). Accordingly, the
fluorophores are distributed homogenously within the particles and are not covalently bound to the outside sur-
face of polymer matrix. This implies that the majority of fluorophores incorporated into the polymeric particles
are not in contact with the water in aqueous PSL suspensions, reducing solvatochromism influences (e.g., polarity

of the solvent), which can results in shifts in absorption and emission spectra (Pellach et al., 2012).

2.1 Fluorescence spectroscopy on PSLs in aqueous suspension

The excitation-emission matrices of the PSL samples were recorded by using a LS-45 Luminescence Spectrome-
ter (Perkin Elmer, Inc.; Waltham, MA, USA) and the software FL WinLab (Perkin Elmer, Inc.). Spectra were
recorded at a photomultiplier tube (PMT) voltage of 650 V and an emission scan speed of 1500 nm min. Excita-
tion wavelengths Aex= 200 — 650 nm (5 nm increments) and emission wavelengths Aem= 200 — 800 nm (5 nm in-
crements) were used for the recording of EEMs. Data were analyzed using Igor Pro (Wavemetrics, Inc.; Portland,
OR, USA). Further details on the fluorescence spectroscopy measurements and analysis can be found in Péhlker
etal. (2012).

Before preparing an aliquot, each PSL solution was vortexed for 30 seconds to break up possible agglomer-
ates. The PSL solutions were diluted in 3.5 ml ultrapure water (MilliQ, 18 MQ) with a pH of 7 ina 10 x 10 x 40
mm UV quartz cuvette (Hellma Analytics, Millheim, Germany) (see Table 1). To avoid sedimentation of PSLs
in the cuvette during the measurements, a magnetic stirrer was used to constantly stir the sample. Measurements
were taken directly after sample preparation. The background signal (ultrapure water) was measured under the
same conditions and subtracted from each sample. This procedure is called “wet preparation” throughout the
manuscript.

The aqueous mass mixing ratio (mass PSL in mass water) of PSL particles in the stock suspensions is stated
by the manufacturer as ~1 % (see corresponding information from manufacturer websites). Accordingly, for
PSLs of different size, the number concentration of suspended PSL particles decreases steeply with increasing
diameter (N ~ 1/d° based on the relationship between diameter and volume of an individual spherical particle).
For the fluorescence spectroscopy (FS) measurements, diluted PSL suspensions were used to avoid self-
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quenching of fluorescence and inner-filtration effects (Sinski & Exner, 2007). However, it is important to note
that highly diluted suspensions reduce the signal strength and counting statistics. Table 1 specifies the adjusted
mixing ratios (volume of PSL stock suspension in volume of ultrapure water) for the individual PSL samples.
Larger quantities (6 and 9 pl) of the PSL stock suspension were used for particles with larger diameters (> 1.9
um) to partially compensate for decreasing PSL particle number concentrations. Note that independent of the size
vs. number concentration relationship, some uncertainty remains regarding the PSL mixing ratio since agglomer-

ation could occur upon aging of the suspensions.

2.2 Fluorescence spectroscopy on PSLs in dry state

In addition to the FS analysis of suspended PSL samples, dry PSLs were analyzed using a front surface accessory
(Perkin Elmer, Inc.). The PS-DVB particles, which were purchased in a dry state, were measured by placing the
sample directly onto a synthetic fused silica window inside the surface holder in a quantity such that the plane
was fully covered. As described by Pohlker et al., 2012, fluorescent emissions from weakly fluorescent solids are
qualitatively superimposed by light leakage and/or absorption effects contributing to high background signals.
We, therefore, normalized each fluorescence matrix by the intensity of light leakage (normalization factor, NF) to
make fluorescence intensities comparable along all solid samples without altering or losing actual fluorescence
features. Each solid sample matrix was divided by this NF. For further details regarding this normalization meth-
od, we refer to Péhlker et al., 2012.

PSL samples in dried state were analyzed by comparison with aqueous PSL suspensions to investigate the in-
fluence of water as a potential fluorescence quencher (Lakowicz, 1999). Here, several drops of PSL stock sus-
pensions were dried by placing them directly onto the synthetic fused silica window of the front surface accesso-
ry. In this state, the silica window was placed inside a clean laboratory fume hood underneath an empty Petri dish
to prevent the sample from being contaminated with airborne particles that could exhibit fluorescence. After the
water evaporated from the droplets, the procedure was repeated by adding additional droplets until the surface
was completely covered with a solid PSL layer, which was then used for FS analysis. This procedure is called

“dry preparation” throughout the manuscript.

2.3 Additional measurements and PSL preparation
PSLs purchased in aqueous suspension are mixed by the manufacturer with additives such as detergents for the
prevention of agglomeration. To determine the contribution these additives make to resulting fluorescence emis-
sion, PSLs were prepared in multiple ways as described in the following paragraphs.

6
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To remove PSL additives from the aqueous phase, small volumes of PSL stock suspensions (see Table 1)
were diluted into 1.5 ml ultrapure water and centrifuged for 5 min at 5.0 relative centrifugal force (rcf). The
aqueous supernatant was discarded and the solid PSL pellet was resuspended in 1.5 ml ultrapure water. The pro-
cedure was repeated three times for thorough cleaning, though the last resuspension was performed in 3.5 ml
ultrapure water. The resulting suspensions of washed PSLs were analyzed by fluorescence spectroscopy as out-
lined in Sect. 2.1. This procedure is called “washed preparation” throughout the manuscript.

Fluorescence spectroscopy was also performed on filtered PSL suspensions, i.e. in the absence of solid PSL
material. PSL stock suspensions were diluted into 3.5 ml ultrapure water and forced through a syringe filter with
a pore size of 200 nm (Macherey-Nagel, Chromafil PET-20/15 MS) to filter out PSLs and other solid fragments.
The particle-free aqueous phase was measured with the absence of PSLs for soluble additives/detergents. This
procedure is called “filtered preparation” throughout the manuscript.

According to publicly available manufacturer information, one additive in aqueous PSL suspensions is the
Tween 20 buffer (polyethylene glycol sorbitan monolaurate) in combination with sodium azide (registered
trademark of Croda International PLC). Here it serves as a detergent to prevent the coagulation of particles. The
exact concentration of this detergent depends on the manufacturer. For comparison, we used 6 pl of a Tween 20 /

sodium azide solution (Emd Millipore Corp., 5037) in 3.5 ml ultrapure water for fluorescence spectroscopy.

2.4 Fluorescence microscopy on selected PSL samples

Microscopy images of selected PSL samples were taken with a BZ-9000 fluorescence microscope (Keyence, Inc.,
Osaka, Japan). The instrument includes a super-high-compression mercury lamp (120 W) and a 0.67-inch, 1.5
megapixel monochrome CCD. In this case, an OP-66834 DAPI-BP (hex= 360 / 20 nm, Apichroic = 400 nm, Aapsorb =
460 / 25 nm) fluorescence filter was used.

A fraction of one drop of 2.1 pum Blue PSL stock suspension was mixed into one drop of glycerol gelatin
(Sigma Aldrich) and placed between a specimen holder and a cover slip. The sample was used immediately after
the glycerol gelatin had dried completely (< 5 min.). The sample was exposed to the excitation source for 75 ms,
and the CCD gain was set so that acquired spectra exhibited fluorescence emission at an intensity just below the
detector saturation. Raw images were acquired using the software BW Analyzer (Keyence, Inc.). The size and
fluorescence intensity determination of individual PSLs within the image were performed by using Imagel
(Schneider et al., 2012). Fluorescence images were converted to gray scale, a binary image was obtained after

conducting a thresholding, and then the mean gray scale intensity values were used as a relative measure for the
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mean fluorescence intensity values. For a detailed description of the BZ-9000 fluorescence microscope perfor-

mance and related image analyses, we refer to Péhlker et al. (2013).

2.5 Online PSL analysis using the WIBS-4A
As already discussed, fluorescent PSLs are used by a wide variety of scientific fields to calibrate and test instru-
ments. While it is beyond the scope here to present a wide variety of technical examples, we found it instructive
to choose one instrument and to include how factors relating to fluorescent PSLs can impact its application. Many
LIF instruments deployed for the rapid detection of bioaerosol particles have become commonly used within the
bioaerosol community, and a growing number of instruments are commercially available (e.g. Huffman &
Santarpia, 2017). The WIBS-4A, in particular, has been used for the purposes of both laboratory validations and
longer-term ambient measurements (e.g. Healy et al., 2012; Hernandez et al., 2016; Huffman et al., 2013;
O’Connor et al., 2013; Perring et al., 2015; Robinson et al., 2013; Savage et al., 2017; Toprak & Schnaiter,
2013). The WIBS-4A provides information about particle size, a light scattering asymmetry factor (AF, broadly
related to particle shape), and fluorescence properties for individual particles in real-time. Single particles first
cross a continuous wave diode laser (635 nm, 15 mW), which is used for particle detection, sizing (side scattering
light), and scattering asymmetry (forward scattering light). After passing the diode laser, two xenon flash lamps
are triggered to illuminate the particle at Aex=280 and 370 nm, respectively. The fluorescence emission derived
from each excited particle is collected by two chamber mirrors and reflected onto two separate PMTs. Each parti-
cle is excited separately by the two lamps, fired in sequence, and thus a total of three channels of fluorescence
emission intensity are acquired for each particle, referred to as FL1, FL2, and FL3. The FL1 channel measures
emitted light between Aem= 310 to 400 nm (at Aex= 280 nm), the FL2 channel measures between Aem= 420 to 650
nm (at Aex= 280 nm), and the FL3 channel measures between Aem= 420 to 650 nm (at Aex= 370 nm). Emission
detected in the 310 to 400 nm band from the 370 nm excitation is not detected, because of PMT saturation. A
detailed technical description of the WIBS series can be found elsewhere (e.g., Foot et al., 2008; Kaye et al.,
2000, 2005; Savage et al., 2017; Stanley et al., 2011). The voltage settings used for all data presented here are:
PMTL1 (AF) 400 V, PMT?2 (particle sizing and FL1 emission) 450 mV, and PMT3 (FL2, FL3 emission) 732 mV.
PSLs in aqueous solution were aerosolized by using the portable aerosol generator AG-100 (Droplet Meas-
urement Technologies, Longmont, CO, USA). For measurements of both fluorescent and non-fluorescent PSLs
by the WIBS-4A, one drop of the suspension was diluted into 10 ml ultrapure water. For the aerosolization set-
up, an additional diffusion dryer was not utilized. This is because the major portion of water vapor from the aero-
solization process evaporates inside the mixing chamber of the aerosol generator and distributions of particles
8
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were observed to match reported PSL diameters. Thus, the outlet of the aerosol generator was directly connected
to the inlet of the WIBS-4A. Data were analyzed by using Igor Pro.

For the determination of the median fluorescence intensity values recorded by the WIBS-4A, a histogram of
the emission signal in each of the detection channels was fitted with a Gaussian function. The fluorescence inten-
sity observed from individual particles is a function of both particle size and the fluorescent quantum yield of the
mixture of fluorophores within the particle. Because the particles interrogated here are relatively monodisperse
PSLs, the particle size distribution is assumed to be Gaussian. Thus, within a distribution of particles of a single
composition, the fluorescence intensity is expected also to be Gaussian in nature. This assumption breaks down
when observed fluorescence intensity saturates the detector, but can still be instructive for comparison of parti-

cles, as was discussed by Savage et al. (2017).

3. Results & Discussion

3.1 Fluorescence signatures of PSLs in suspension

Figure 1 shows EEMs from six different PSL suspensions, each containing a different fluorophore. This figure
highlights the characteristic differences in the steady-state fluorescence signatures of fluorescent dyes in particles
nominally between 2-3 um in diameter (see also Table 2). Additional EEMs can be found in the supplemental
Fig. S1. The six presented fluorophore types in Fig. 1 represent dyes covering a spectral range of Aem = ~ 400 to
600 nm.

Generally, the fluorescence modes of all PSLs are comparatively broad, spanning emission bands of ~100 nm
or more. In several cases, the fluorescence modes reveal a fine structure, with two emission peaks at the same
excitation wavelength, e.g. as a main mode! with a shoulder (e.g., Fig. 1C and D; 2.0 um Green and 3.10 um
Yellow Green, respectively) or as two clearly separated main modes (e.g., Fig. 1B; 2.1 um Blue). As a further
general feature, all fluorescent PSL samples measured within this study reveal a multimodal fluorescence signal,
in which main and minor modes occur in the same emission band, but being spectrally separated due to different
excitation wavelengths. As an example, Yellow Green PSLs in Figure 1D show a main mode at
Aex =450 nNm/2Aem=483nm and minor mode at Aex=255nNm/Aem=483nm as well as
Aex = 225 nm / Xem = 482 nm. Note here that the specified excitation and emission maxima in Table 2 for those
modes that overlap with the 1%t and 2™ order scattering bands (diagonal lines within EEMs) are approximate val-
ues with some uncertainty. The main mode for Figure 1D (A)stokes = Aem - Aex = 33 NmM) represents the signal from

! Subsequently, the term “main mode” will be used describing the emission signals with a small Stokes shift and the term
“minor mode” the emission signals with a large Stokes shift.
9
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fluorophore dye. The minor mode (Akswkes = 228 and 257 nm) can probably be explained by light absorption of
the polystyrene matrix, which is known to show pronounced UV absorption (Li et al., 1991), followed by energy
transfer to the fluorophore which induces fluorescence emission. Note that energy transfer or migration is a
commonly observed phenomenon in fluorescence applications (e.g. Charreyre et al., 1995; 1997; Hennig et al.,
2013).

As can be seen in Table 1, PSL manufacturers only report fluorescence modes derived from a single excita-
tion wavelength, which exclusively refers to the main mode. The one exception to this observation is that the
manufacturer of the Blue PSLs (Thermo Fisher, Waltham, MA, USA) reports three fluorescence modes. Addi-
tional spectral information is not available (personal communication with related manufacturers, 2017). The un-
specified minor modes, unrelated to the dye fluorescence, can be a crucial factor for the calibration of LIF in-
struments. This is because many LIF instruments detect fluorescence in broad emission bands that conflate emis-
sion from the dye and polystyrene into a single detection channel, which could be erroneously interpreted to cor-
relate with dye fluorescence. The excitation range Aex= < 300 nm is particularly susceptible to this issue, because
it can promote fluorescence from the pronounced minor modes.

In comparison to the fluorescence information stated by each manufacturer in Table 1, fluorescence spectros-
copy measurements reveal slightly different spectral locations of the mode maxima. In general, the excitation
wavelengths stated by manufacturer’s specifications (Table 1) rather intersect the shoulders of the emission signal
and do not match signal maxima as we measured (Table 2). For example, red PSLs are stated to have a signal
maximum at Aex / Aem= 542 / 612 nm (Table 1), while the signal measured reveals a signal maximum at dex / Aem=
525 /570 nm (Table 2). PSL spectral information provided by each manufacturer should thus be seen as approx-
imate values, while spectral properties may vary slightly depending on measurement conditions (e.g., pH of
aqueous medium) and particle concentration. Nevertheless, the methods and conditions used by PSL manufactur-
ers to determine fluorescence data is unknown.

One similarity that fluorescent, non-fluorescent, and also PS-DVB particles show is a consistent signal in the
approximate region of Aex / Aem= 220 - 260 / 290 - 350 nm, which is unrelated to the emission signal derived from
the embedded fluorophores. The origin of this particular emission signal is described in detail in the following
section.

To investigate the relationship of particle size to fluorescence, Figure 2 shows a comparison of PSLs of dif-
ferent sizes, but consistent fluorophore. For wet PSLs, fluorescence emission spectra are qualitatively consistent
between the two sizes analyzed for each particle dye. Slightly different intensity distributions between 0.53 and
2.07 um Plum Purple PSLs (Fig. 2A, B) and between 3.10 and 10.0 pum Yellow Green PSLs (Fig. 2C, D) origi-

10
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nates from different concentrations of solids in aqueous solution as described above. For non-fluorescent PS-
DVB particles, the signal pattern for 50.0 um (Fig. 2E) reveals a sharper signal peak at Aex / Aem= 287 / 337 nm
compared to 5.0 um PS-DVB particles (Fig. 2F). This effect is likely based on size-dependent surface structure of
the dry PS-DVB samples measured with the front surface accessory. The surface configuration of a layer of large
50.0 um PS-DVB particles on the silica window may provide more surface structures to scatter light than a layer
of smaller 5.0 um PS-DVB particles. Therefore, the subtle shift in signal patterns may be interpreted as light re-
fraction and scattering artifacts.

It is important to note that physical properties of PSLs underlie production processes for which their quality
cannot be considered to be consistent and, therefore, might shift even within the same production batch
(Robinson et al., 2017). Additionally, PSLs also undergo aging processes (e.g., via reactions with radical species
and destruction of aromaticity), which can result in, e.g., decreasing fluorescence intensities or size inaccuracies

due to particle agglomeration over time (Pellach et al., 2012).

3.2 Fluorescence emission variations after PSL preparation

The EEMs of wet PSLs and after being dried, washed, and filtered are shown in Figure 3. In comparison to wet
PSLs (first column, Fig. 3A, E, I, M), the EEMs of dried PSLs (second column, Fig. 3B, F, J, N) showed a higher
fluorescence intensity and so a blocking filter (Perkin EImer, Inc.) was used to decrease incoming light by 99% to
prevent the PMT from being saturated. Note that the blocking filter was used for all dry samples (fluorescent and
non-fluorescent PSLs, and PS-DVB particles), while all wet PSLs were measured without a blocking filter. The
increased intensity for dry samples is due to the high concentration of particles on the silica window and the re-
sultant increase in photon flux. Additionally, the water content for wet PSLs could act as a quencher decreasing
fluorescence intensity values (Lakowicz, 1999). Even if the water background is subtracted from the sample, a
water layer on the PSL surface might affect fluorescence properties. Overall, dried PSLs generally exhibit fluo-
rescence emission modes that are broader and more intense than wet PSLs. In contrast, signals near the 2" order
elastic scattering lines, which are usually merged into a saturation mode for wet PSLs, are more distinct for dry
samples. The peaks in the EEM are generally not affected by wetness state, only showing minor variations (< 5
nm) which are related to instrument performance, concentrations, and physical environment of the sample. The
4.8 um Green PSLs are an exception to this statement, because the particles show a red-shift of the signal. While
wet Green PSLs show a main mode at at Aex / Aem= 445 / 485 nm (Fig. 3, Table 2), the main mode for dry PSLs
shifts to Aex / Aem= 454 / 510 nm (Fig. 3J). The red-shift of the spectra may be a result of light refraction and scat-
tering artifact, as described for 5.0 and 50.0 um PS-DVB particles. On one hand, because of the high concentra-
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tion of dried particles on the silica window, inner filter effects, as described above, might promote a spectral shift.
On the other hand, dry PSLs with smaller sizes (e.g., Plum Purple and Blue PSLs, Fig. 3B, F) do not show a rec-
ognizable shift for which this effect seems to be rather size-dependent than based on inner filtering.

To explain the potential polystyrene / detergent signal between tex / Aem= 220 - 260 / 290 - 350 nm occurring
across all measured PSLs, particles were washed with ultrapure water to remove any soluble additives (Fig. 3C,
G, K, O). Neither emission pattern, nor fluorescence intensity values are affected by removing additives from the
aqueous phase, and the spectra remain qualitatively unchanged. Nevertheless, spectra of the filtered aqueous
phase (rightmost column; Fig. 3D, H, L, P) reveal a broad, but weak signal which occurs between approximately
Aex / Aem= < 220 - 260 / 300 - 450 nm. This signal is likely to be caused by a Tween 20 and sodium azide additive
which is a known detergent used by all four manufacturers to prevent PSLs from accumulation. To explore this
hypothesis, Figure 4 shows the emission signal of Tween 20 / sodium azide, which exhibits a similar pattern to
the spectral patterns of the filtered PSL solutions (i.e. wash water including detergents; Fig. 3D, H, L, and P). The
results presented in Figures 2, 3, and 4 indicate that the signal consistent among all measured PSLs and PS-DVB
particles is likely to arise from a mixture of polystyrene- and detergent emissions. Differences in signal patterns
caused by the crosslinked divinylbenzene in PS-DVB particles are not obvious by direct comparison to PSLs.
According to manufacturer information, dry PS-DVB particles may contain trace amounts of dispersants, which
are not further specified. The contribution of those specific dispersants to the emission signal can therefore not be
explored independently. PS-DVB particles did not undergo washing tests in this study, and so dispersants are still
present in current fluorescence measurements of these particles. Due to potentially small amounts of dispersants,
however, the emission signal for 5.0 and 50.0 um particles (Fig. 2E, F) most likely originates from polystyrene,
while the filtered aqueous solutions (Fig. 3D, H, L, P) reveal emission signals from detergents. Additional deter-
gents beyond Tween 20 and sodium azide are stated as proprietary by each manufacturer, for which the exact
components for PSLs in aqueous solution are unknown. The detergent signals measured within this study can,
therefore, include additional components affecting emission patterns.

Even if the strength of the mixed polystyrene / detergent signal is considered to be low compared to fluoro-
phore emissions, it can still affect the calibration of LIF instruments using excitation wavelengths in a UV-B
(280-315 nm) or UV-C (200-280 nm) range with simultaneously high detection sensitivity. If non-fluorescent
PSLs are used for the determination of fluorescent detection thresholds, the instrument operator must be especial-
ly aware of emission properties of PSLs in this particular spectral range.
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3.3 Fluorescence microscopy of PSLs

Results discussed above are based on bulk spectra averaged from several hundreds of particles per spectrum and
may not represent fluorescence properties of single particles. Therefore, we performed fluorescence microscopy
of 2.1 pum Blue PSLs. Figure 5B shows the size distribution of PSLs observed ranges between 1.7 and 3 pm,
while the majority of particles occur in a size range between 2.12 and 2.22 um. Only very few PSLs (3 out of 80
particles, Fig. 5A, B) reveal sizes which are far off from their nominal diameter (e.g. 2.9 — 3.0 um, as marked by
red arrows in Fig. 5A). According to manufacturer information, the standard deviation of the size of fluorescent
PSLs is in general broader than those of non-fluorescent PSLs for which they are not intended for size calibra-
tions.

The fluorescence intensity increases with increasing PSL size (Fig. 5B), as expected due to the increasing
amount of fluorophore being excited, resulting in a higher photon flux (e.g. Hill et al., 2015; Sivaprakasam et al.,
2011, Swanson & Huffman, 2018). However, even if fluorescence intensity values are not consistent within one
PSL batch, the influence on fluorescence calibration of LIF instrumentation will be minor, since the calibration is
usually based on the integration over hundreds or thousands of homogenous PSLs.

3.4 PSL measurements with the WIBS-4A
The use of commercially available fluorescent PSLs is critical for the accurate operation of a number of atmos-
pheric instruments, including the WIBS and other UV-LIF instruments for bioaerosol detection. As a perspective
of the importance of understanding PSL properties, eight PSL types were analyzed using the WIBS-4A. A sum-
mary of data parameters for each collection of PSLs analyzed is summarized in Table 3. The purpose of the anal-
ysis is to show how the variability of fluorescence properties may be interrogated on a single-particle basis and
how the WIBS-4A may be utilized to differentiate between the particles as a resource for UV-LIF users. Summa-
rizing the fluorescence distributions in this way can enable a comparison of similar PSL fluorophores to be com-
pared across instruments as a very rough intensity check. These data may be used not only by WIBS users, but
also by users of other UV-LIF instrumentation who may use such data for fluorescence calibration, instrument
alignment, and excitation pulsing. Nevertheless, comparing the specifics of the intensity values (e.g., Table 3)
across different studies should be treated with extreme caution. A number of instrumental factors, including gain
settings of detectors used for fluorescence detection, can significantly influence observed fluorescence intensities,
making direct comparisons, even within similar instrumentation, challenging at best.

Most UV-LIF instrument users rely on fluorescent PSLs for some aspect of their studies. Ultimately, more
work will be required to develop more stable and generally accepted particle fluorescence calibration standards
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that can be applied reliably across instruments, time, and geography. One such example is the recent work pre-
sented by Robinson et al. (2017) who used a mixture of tryptophan- and ammonium sulfate to calibrate one fluo-
rescence channel and pure quinine to calibrate a second channel. The authors of this manuscript did not, however,

present a strategy to calibrate the third WIBS channel (FL3).

4. Conclusions

This study presents an overview of relevant physical properties of fluorescent and non-fluorescent PSLs utilizing
on- and off-line techniques (fluorescence spectroscopy, fluorescence microscopy, and WIBS-4A detection). We
analyzed 18 different particle standards (PSL and PS-DVB particles), which are commonly used for the charac-
terization and validation of LIF instruments.

The steady-state fluorescence emission spectra of PSLs shown here are slightly different than values reported
by each manufacturer, likely due to the method used for fluorescence determination, instrument performance, and
particle concentrations. Other conditions such as particle age, agglomeration, and storage conditions could con-
tribute to spectral differences. Moreover, in addition to the dominant fluorescence modes, we observed an addi-
tional set of fluorescence modes at shorter excitation wavelengths (Aex= < 300 nm), revealing the multimodal
fluorescence signature of fluorescent PSLs. We also detected a further emission signal at approximately Aex / Aem=
220 - 260 / 290 - 350 nm, which does not originate from embedded fluorophores. This specific fluorescence sig-
nal occurs for both fluorescent and non-fluorescent PSLs, as well as for PS-DVB particles. For PS-DVB particles
the fluorescence response most likely originates from polystyrene molecules. For PSLs in solution, the emission
pattern is likely to result from a mixture of polystyrene and detergents (e.g. Tween 20 / sodium azide). Changes
in emission spectra were not detected as a function of increasing particle size.

Dried PSLs did not reveal significant EEM changes compared to PSLs in the wet state. Even if a potential
water layer on PSLs may act as a fluorescence quencher, the interference on measurements appears insignificant.
By washing PSL solutions with ultrapure water to remove additives, fluorescence emission patterns were shown
not to be affected. The filtered aqueous phase (soluble surface coatings of PSLs in the absence of particles)
showed an emission signal similar to the fluorescence response of Tween 20 /sodium azide solutions, which is
commonly used as a detergent to prevent PSLs from agglutination. Since further additives are proprietary, it is
unknown in how far these additives might contribute to the overall emission signal. Because of the partially spec-
tral overlap of the polystyrene and Tween 20 /sodium azide signal, we were not able to distinguish both emis-
sions from each other with the techniques used in this study. Additionally, the signal strength of Tween 20
/sodium azide is rather low compared to the emission of polystyrene making a differentiation challenging.
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On a single-particle scale, PSLs from one production batch were shown to be uniform, only deviating slightly
in size (£ 0.3 um). Furthermore, the fluorescence intensity of single particles was shown to increase with increas-
ing particle size.

Many instruments utilize fluorescent PSLs for spectral calibration. This can be challenging for a number of
reasons that are important to discuss here. First, fluorescent bands are by nature broad and are chemically influ-
enced by the chemical state of the particle surroundings (i.e. hydration state, pH, temperature, matrix or solvent
molecules present). This can lead to slight red- and blue-shifted emission compared to observations shown here.
This means that using an instrument with a given optical filter cut-off, PSLs under one set of conditions may
appear or not within a given detection channel.

It is also important to note that the particle size and/or fluorescence intensity of PSLs used as calibrants can
vary as a function of production quality, which cannot be assumed to be consistent between manufacturers or
even between production lots from the same provider. Additionally, PSLs undergo aging processes, even when
stored properly (i.e. at 4°C). According to Robinson et al. (2017), the shelf-stability of PSLs is widely considered
to be poor. However, to our knowledge there have been no published studies that address qualitative variances
due to shelf-degradation and so these issues cannot be predicted in detail. Nevertheless, the degradation of the
fluorophore embedded in the sphere due to reactions with, e.g., radicals and a resulting loss of aromaticity, will
most likely lead to decreasing fluorescence intensities over time. Another likely age-dependent effect can occur
when the detergent, used to prevent PSLs in aqueous solution from agglomeration, degrades with age and thus
facilitates the aggregation of: (i) PSLs with each other or (ii) PSLs with the surfactant itself. Both possibilities
would likely lead to sizing inaccuracies (caused by PSL clusters or shifting refractive indices due to the accumu-
lation of surfactant material on the PSL surface) and changing fluorescent intensity values (increased fluores-
cence intensities derived from PSL clusters). Faster accumulation of surfactant material on the PSL surface could,
in some circumstances, also alter derived fluorescence emission patterns by either diffract excitation / emission
wavelengths or contributing to the fluorophore signal itself. The time period and the degree of PSLs aging is de-
pendent on storage conditions and the quality of the production lot individually and, therefore, not predictable.

While the specifics of emission spectra shown here are not likely to repeat in specific detail, the trends are
expected to be broadly consistent. We introduce these topics as important for many research communities to con-
sider. By understanding general features, such as the inclusion of fluorescent modes from polystyrene polymers
and included surfactants or detergents, individual researchers may probe specific spectral features important to

the operation of their own instruments. We provide spectrally resolved steady-state EEMs of the measured lots of
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PSLs as open access data as a community resource for better interpretation of fluorescence responses of LIF and

related instrumentation.

5. Data availability
The data of the key results presented here has been deposited as supplementary data files (ASCII format) for use
in follow-up studies. For specific data requests or detailed information on the deposited data, please refer to the

corresponding author.
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Table Al. List of used acronyms and abbreviations.

Atmospheric
Measurement
Techniques

Discussions

Acronym Description

AF Asymmetry factor

EEM Excitation-emission matrix

FM Fluorescence microscopy

FS Fluorescence spectroscopy

IR Infrared

LIF Laser-induced fluorescence

NF Normalization factor

PBAP Primary biological aerosol particles
PMT Photomultiplier tube

PSL Polystyrene latex spheres

PS-DVB Polystyrene-divenylbenzene

RCF Relative centrifugal force

uv Ultraviolet

UV-APS Ultraviolet aerodynamic particle sizer
Vis Visible light

WIBS Waveband integrated bioaerosol sensor
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Atmospheric
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2 Table 1. Polystyrene latex spheres (PSLs) and polystyrene-divenylbenzene particles (PS-DVB) used in this

3 study. Excitation wavelength (Aex) and emission wavelength (Aem) are peak values reported by the manufacturer.

4 FS: Fluorescence spectroscopy, FM: Fluorescence microscopy.

Techniques & Preparation

Diameter ) ) A Catalog  Mixing ratio® FS FM | WIBS
um) Material ~ Color?/ Dye dex | hem (NM) Provider code )/ (mi) wet | dry | wash | filter
0.53 PSL Plum Purple / 360/420 Bangs Laboratories Inc. ~ FSO3F 1/35 x x| x X
Proprietary
0.96 PSL AU RIEEY 360/420 Bangs Laboratories Inc. ~ FSO3F 3/35 X X
Proprietary
0.96 PSL Dragon Green / 480 /520 Bangs Laboratories Inc. ~ FSO3F 3/35 X X
Proprietary
Blue / Firefli™ 368, 388, 412/ .
1.0 PSL Fluorescent Blue 445, 445, 473 Thermo-Fisher B0100 3/35 X
19 PSL Dragon Green/ 4801520 Bangs Laboratories Inc. ~ FSO4F 6/35 X
Proprietary
1.93 PSL Non-fluorescent Non-fluorescent  Polysciences, Inc. 19814 X
20 PSL Non-fluorescent Non-fluorescent  Duke Scientific Corp. 5200A 6/35 X X X X
1 ™
20 PSL Red e 542/ 612 Thermo-Fisher R0200 6/35 X X
Fluorescent Red
1 1™
2.0 PSL Green/ Firefli 4681508 Thermo-Fisher G0200 6/35 X X
Fluorescent Green
Blue / Firefli™ 368, 388, 412/ .
2.1 PSL R ElE 445, 445, 473 Thermo-Fisher B0200 6/35 X X X X X X
2.07 PSL Plum Purple / 360 /420 Bangs Laboratories Inc. ~ FSOSF 6/35 X
Proprietary
31 PSL Vel Elian/ 441 486 Polysciences, Inc. 17155 6/35 X X
Proprietary
452 PSL Non-fluorescent Non-fluorescent  Polysciences, Inc. 17135 X
T 1™
48 PSL eI 468 /508 Thermo-Fisher G0500 6/35 X x| ox X
Fluorescent Green
5.0 PS-DVB  Non-fluorescent Non-fluorescent ~ Thermo-Fisher DC-05 X
10.0 PSL Vel ElEEn) 441 486 Polysciences, Inc. 18140 9/35 X
Proprietary
25.0 PS-DVB  Non-fluorescent Non-fluorescent ~ Thermo-Fisher DC-25 X
50.0 PS-DVB  Non-fluorescent Non-fluorescent ~ Thermo-Fisher DC-50 X

2 Color terminology taken from manufacturer information.
% The Mixing ratio describes the amount of PSL stock solution (ul) diluted in ultrapure water (ml).
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5  Table 2. Steady-state fluorescence signatures of PSL solutions. Excitation wavelength (Aex) and emission wave-

6  length (Aem) are peak values measured with the LS-45 Luminescence Spectrometer.

Diameter (um)  Material ~ Color / Dye hex/Aem (NM) Main mode hex/Aem (NM) Minor mode
0.53 PSL Plum Purple / Proprietary 376 /425 250/ 425, 220/ 425
0.96 PSL Plum Purple / Proprietary 37617425 250/ 425, 220/ 425
0.96 PSL Dragon Green / Proprietary 500/520 303/513,356/513
1.0 PSL Blue / Firefli™ Fluorescent Blue 3771447,377 1 474, 442 | 475 250/ 447, 224 | 447
1.9 PSL Dragon Green / Proprietary 500/520 303/513, 356 /513
2.0 PSL Red / Firefli™ Fluorescent Red 525/570 258 /507,220 /578
2.0 PSL Green / Firefli™ Fluorescent Green 445/ 481 255/481, 220/ 481
21 PSL Blue / Firefli™ Fluorescent Blue 3771447,377 474, 442 | 475 250/ 447,224 | 447
2.07 PSL Plum Purple / Proprietary 3761425 250/ 425,220/ 425
3.1 PSL Yellow Green / Proprietary 445 [ 483 255/ 483, 225 / 482
4.8 PSL Green / Firefli™ Fluorescent Green 445/ 485 255/ 486, 240 / 486
10.0 PSL Yellow Green / Proprietary 445/ 483 240/ 484
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7  Table 3. PSLs measured with the WIBS-4A. Median fluorescence intensity observed (+ one standard deviation)
8  shown for each fluorescence channel, in arbitrary units (a.u.), where 2046 represents detector saturation. Excita-

9  tion wavelength (Aex) and emission wavelength (Aem) are peak values reported by the manufacturer.

Diameter (um)  Material Color / Dye hex/Aem (NM) FL1 (au) FL2(au.) FL3 (a.u.)
0.96 PSL Plum Purple / Proprietary 360/420 19+13 28 +13 69 + 14
0.96 PSL Dragon Green / Proprietary 480/520 16+ 10 32+10 43+11
1.93 PSL Non-fluorescent Non-fluorescent 94 *+ 26 7+3 34+6

2.0 PSL Red / Firefli™ Fluorescent Red 542 /612 36 +£17 128 £17 45+ 12
20 PSL Green / Firefli™ Fluorescent Green 468 / 508 71+19 1052 + 72 188 + 25
2.1 PSL Blue / Firefli™ Fluorescent Blue iig: 22?: gg/ 379+ 79 1765+105 2045+6
3.1 PSL Yellow Green / Proprietary 441/ 486 727+109 2046 +3 577 + 64
4.52 PSL Non-fluorescent Non-fluorescent 2046 + 3 19+10 36+8
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Figure 1. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence signatures.
Fluorescence intensity values shown as arbitrary units (a.u.). Diagonal lines show 1%t and 2" order elastic scatter-
ing (Zepp et al., 2004). The 1%, order elastic scattering occurs when the incident wavelength is equal to the emit-
ted wavelength (Aex=hem) and the 2" order elastic scattering is a diffraction grating effect where incident photons
can also appear in an emission range doubled to the incident wavelength (2\ex=Aem).
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17  Figure 2. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence signatures
18 inrelation to PSL size. Compared are PSLs containing the same fluorophore but having different sizes (except E

19  and F, where no fluorophore is present). PS-DVB particles in E and F are measured in dry state.
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21 Figure 3. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence signatures
22 for different ways of PSL preparation. Shown are EEMs of wet PSL, similar to Fig. 1 and 2 (A, E, I, M), EEMs
23 after PSLs were dried (B, F, J, N), washed (C, G, K, 0O), and filtered (D, H, L, P).
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25  Figure 4. Fluorescence emission from a Tween 20 /sodium azide solution.
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27  Figure 5. Fluorescence microscopy of 2.1 pum blue PSLs. (A) shows the microscopy image of 80 particles in
28  total, while (B) contrasts PSL size vs. fluorescence intensity (left axis) and PSL size vs. particle counts (right

29  axis). Red arrows in (A) mark PSLs with sizes between 2.9 and 3 pm.
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