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ii. The revised manuscript (including changes, as requested by Referee #1 and #2, which are high-

lighted in yellow. Grey highlights are for general edits. 
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quoted manuscript text. Changes to the manuscript text are shown as italicized and underlined. We used 

bracketed comment numbers for referee comments (e.g., [R1.1]) and author’s responses (e.g., [A1.1]). 10 

Line numbers refer to the discussion/review manuscript. 
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Response to referee comments and suggestions on amt-2017-407 by Könemann et al. 

 

Anonymous Referee #1 

Received: 10 April 2018 

 20 

General comment: 

This paper provides the most comprehensive and detailed analysis of steady-state fluorescence properties 

of PSL particles. The manuscript was well written and easy to follow. I believe this manuscript should be 

accepted for publication. 

 25 

Author response: We want to thank Referee #1 for his/her overall positive assessment. 
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Specific/technical comment: 

[R1.1] It is interesting that particle size influences fluorescence intensity value on a single-particle scale 

but not for bulk solutions. I think a short discussion would be beneficial. 

 

[A1.1] The size-dependence of fluorescence intensity on single particle scale is crucially important 5 

for LIF-based PBAP detection (e.g., Sivaprakasam et al., 2011; Hill et al., 2015; Swanson et al., 

2018). In bulk measurements presented here, the fluorescence intensity depends on PSL particle 

size and number concentration in the cuvette light path. Accordingly, the fluorescence intensities in 

EEMs, which are based on bulk measurements, are not really comparable among the different PSL 

samples since PSL particle concentrations are only roughly documented by the manufactures (i.e., 10 

~1 % mass mixing ratio). The primary aim of measuring bulk solutions of PSLs with the same 

fluorophore embedded, but with different sizes, was to verify that no spectral alterations occur as a 

function of particle size. The topic of fluorescence intensity was, in this case, disregarded and we 

even tried to avoid potential fluorescence intensity shifts by adjusting PSL concentrations based on 

their size for each measurement individually. The following existing text passages address this is-15 

sue: 

 

(P6, L10-13): “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 man-

ufacturer websites). Accordingly, for PSLs of different size, the number concentration of suspended 20 

PSL particles decreases steeply with increasing diameter (N ~ 1/d3 based on the relationship be-

tween diameter and volume of an individual spherical particle).” 

 

(P6, L16-19): “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 µl) of the 25 

PSL stock suspension were used for particles with larger diameters (≥ 1.9 µm) to partially compen-

sate for decreasing PSL particle number concentrations.” 
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In P11, L26-30: “To investigate the relationship of particle size to fluorescence, Figure 2 shows a 

comparison of PSLs of different sizes, but consistent fluorophore. For wet PSLs, fluorescence emis-

sion spectra are qualitatively consistent between the two sizes analyzed for each particle dye. 

Slightly different intensity distributions between 0.53 and 2.07 µm Plum Purple PSLs (Fig. 2A, B) 

and between 3.10 and 10.0 µm Yellow Green PSLs (Fig. 2C, D) originates from different concen-5 

trations of solids in aqueous solution as described above.” 

 

has been changed to (P11, L30 / P12, L1-8): “Figure 2 verifies that PSLs of different sizes, but with 

consistent fluorophore, show the same spectral fluorescence signatures. Generally, fluorescence 

emission spectra are qualitatively consistent between the two sizes analyzed for each particle dye. 10 

Note that for PSL bulk measurements, the fluorescence mode intensities are a function of the excited 

amounts of fluorophore in the light path inside the cuvette, which in turn depends on the size of the 

PSLs and their number concentration in suspension. Accordingly, slightly different mode intensities 

between 0.53 and 2.07 µm Plum Purple PSLs (Fig. 2A, B) and between 3.10 and 10.0 µm Yellow 

Green PSLs (Fig. 2C, D) originates from different concentrations of solids in aqueous solution as 15 

described above. Due to the uncertainty of the PSL number concentrations, the absolute intensities 

in the EEMs in Figure 2 are not particularly informative here.” 

 

In P4, L10-17, we further added the following statement for clarification: “Since the size-depend-

ence of fluorescence intensity on single particle scale is crucially important for LIF-based PBAP 20 

detection (Hill et al., 2015; Sivaprakasam et al., 2011; Swanson & Huffman, 2018), we further 

address selected aspects of the PSL size-intensity relationship. However, it is important to note that 

a comparison of fluorescence intensities from different instruments (e.g., offline spectroscopy and 

microscopy as well as online WIBS-4A measurements) is not trivial as it depends on the properties 

of the fluorescent particles, on one hand, and on the optical design and detector settings of the 25 

instruments, on the other hand. Therefore, we discuss certain intensity-related aspects here semi-

quantitatively, whereas an in-depth analysis of single particle fluorescence intensities is beyond the 

scope of this work.” 
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Response to referee comments and suggestions on amt-2017-407 by Könemann et al. 

 

Anonymous Referee #2 

Received: 16 April 2018 

 5 

General comment: 

The detailed analysis of steady-state fluorescence properties of PSL particles presented in this article will 

be useful to researchers using LIF-based measurement technologies. This article does make a useful prac-

tical contribution to the field. However, the discussion has the opportunity to go further in presenting and 

discussing results on single-particle fluorescence, which is likely to be what the majority of researchers 10 

reading the article will be interested in. 

The Excitation-emission matrices obtained by the bulk analyses and the associated discussion are 

informative with respect to PSL characteristics and excitation/emission bands and as a guide for selection 

of optimal PSL spheres for a particular instrument/experiment. It is also important to highlight the influ-

ence of the detergents and additives as has been done in this work. 15 

  

Author response: We want to thank Referee #2 for his/her overall positive assessment. Changes and ad-

ditions are described in the following paragraphs. 

 

Specific/technical comments: 20 

[R2.1] However, the reported results are difficult to translate into practically useful information about 

how the PSL spheres would appear in a LIF-based single-particle instrument like the WIBS-4A, which is 

the one used in this study. The extensive measurements of bulk solutions that are discussed in the article 

are accompanied by measurements carried out with the WIBS-4A on a select sample of PSL spheres, but 

the article in its current form has missed the opportunity to extend the discussion on how the intensities 25 

of PSL spheres measured by a single particle LIF instrument compare to those of real-world bioaerosols. 
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[A2.1] We appreciate the referee’s comment and clarified the text accordingly. Generally, we would 

like to point out that quantitative comparisons of fluorescence intensities – particularly between 

different techniques/instruments (e.g., fluorescence spectrometer vs. WIBS-4A) – are a complex 

task. To state this clearly, we added the following statement to (P4, L10-17): 

 5 

“Since the size-dependence of fluorescence intensity on single particle scale is crucially important 

for LIF-based PBAP detection (Hill et al., 2015; Sivaprakasam et al., 2011; Swanson & Huffman, 

2018), we further address selected aspects of the PSL size-intensity relationship. However, it is 

important to note that a comparison of fluorescence intensities from different instruments (e.g., 

offline spectroscopy and microscopy as well as online WIBS-4A measurements) is not trivial as it 10 

depends on the properties of the fluorescent particles, on one hand, and on the optical design and 

detector settings of the instruments, on the other hand. Therefore, we discuss certain intensity-re-

lated aspects here semi-quantitatively, whereas an in-depth analysis of single particle fluorescence 

intensities is beyond the scope of this work.” 

 15 

In this context we also refer to the following section in (P15, L13-19), which emphasizes that com-

parison of intensity levels should be made with great caution: 

 

„Summarizing the fluorescence distributions in this way can enable a comparison of similar PSL 

fluorophores to be compared across instruments as a very rough intensity check. These data may be 20 

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, com-

paring 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 25 

direct comparisons, even within similar instrumentation, challenging at best.” 
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In order to circumvent this intrinsic complexity in terms of comparability of fluorescence intensi-

ties, we conducted WIBS measurements of selected PSLs samples, which actually is an experi-

mental “translation” of the offline bulk into online single particle data. Accordingly, for the selected 

PSL samples, Table 3 shows what the referee requests, namely “how the PSL spheres would appear 

in a LIF based single-particle instrument” as suggested by the Referee. To work towards a more 5 

general “translation” of the offline bulk into online single particle properties, we added further data 

on the PSL size vs. fluorescence intensity relationship as outlined in detail in [A2.6] below. By 

combining the WIBS-derived data on the selected PSL samples in Table 3, the EEMs in Fig.1-3 

and the size-intensity relationship in Fig. 5 and S3, WIBS-derived intensities can at least be esti-

mated.     10 

 

In terms of translating PSL fluorescence intensities into fluorescence intensities of “real-world bi-

oaerosols”, we agree with the referee that this aspect was not initially clear enough in the manu-

script. In a recent study, Savage et al. (2017) measured a broad extend of both non-biological ma-

terials and organisms with the WIBS-4A (actually the same WIBS unit that was used in this work). 15 

Therefore, the WIBS-derived fluorescence intensities reported here can be compared to the large 

data set in Savage et al. (2017), which allows to put the PSL results into the context of the extended 

library of reference materials, which can be regarded as good approximation of “real-world” bio-

aerosol particle types. To clarify this aspects, we added the following statement to (P15, L19-25): 

 20 

“In this context it is worth noting that the data reported here was recorded with the same WIBS unit 

used by Savage et al. (2017). Moreover, Savage et al. (2017) measured three PSL samples (2.0 µm 

Green, 2.0 µm Red, 2.1 µm Blue – same type and manufacturer, however different batches as those 

used in present work) and the obtained results agree with the results in Table 3. This suggests that 

the WIBS derived PSL fluorescence intensities in Table 3 can be compared to the fluorescence 25 

intensities of the extent library of fluorescent materials and standard organisms in Savage et al. 

(2017).” 
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[R2.2] Saturation of the intensity signal is a non-trivial problem. The fluorescence intensities presented 

in Table 3 indicate that PSL spheres of diameter 4.52 micrometrres that are ostensibly non-fluorescent 

according to the manufacturer nevertheless causes saturation of the detector in the FL1 channel of the 

WIBS-4A. Saturation also occurs in channel FL2 with 3.1 micrometres PSL spheres and in channel FL3 

with 2.1 micrometres PSL spheres. These observations deserve a lot more comment than what they re-5 

ceive in the article. The implication of the saturation in FL1 is that even non-fluorescent particles are 

recorded as fluorescent by the WIBS-4A if they are above a certain size and contain even a negligible 

amount of fluorophore. This suggests that either the PSL spheres were contaminated or the authors have 

identified an important issue with the WIBS-4A related to the detector calibration settings. This needs 

some further comment. In the case of the other two channels, the PSL spheres did contain fluorophores, 10 

but the particles were an order of magnitude smaller than many important bioaerosols. 

 

[A2.2] Indeed, the observation that the use of 4.52 µm non-fluorescent PSLs results in a WIBS 

detector saturation is remarkable and important. By using PSLs straight out of stock solutions, a 

potential contamination is unlikely. 15 

As stated in the manuscript, the manufacturer term “non-fluorescent” is misleading in this case 

due to the distinct emission of the polystyrene matrix if excited at wavelengths < 300 nm. We use 

this terminology, even as a misnomer, because of its common use by the manufacturer and thus 

within the community. Even if the emission signal is considered to be rather low (compared to 

signals derived from fluorescence dyes), it cannot be ruled out that the polystyrene emission satu-20 

rates the detector at larger PSLs sizes. The following text was inserted for clarification (P15, L26-

31 / P16 L1-9): 

 

“As outlined in Sect. 3.3, the single particle fluorescence intensity increases steeply with particle 

size. Accordingly, comparatively large PSLs saturate the WIBS detector at some point depending 25 

on the detector gain settings. For the WIBS settings used here, saturation occurs for PSL sizes 

>2 µm. Specifically, the main mode of 2.1 µm Blue PSLs saturates channel FL3, the minor mode of 
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3.1 µm Yellow Green PSLs saturates FL2, and 4.52 µm non-fluorescent PSLs saturate FL1. Obvi-

ously, PSLs that tend to saturate the WIBS detector are inappropriate for fluorescence intensity 

checks and spectral validations. For routine performance checks using the WIBS settings outlined 

in Sect. 2.5, we recommend the use of 1.0 µm Blue, 2.0 µm Green, and 2.0 µm Red PSLs. Crucially 

important for LIF users is the observation that nominally non-fluorescent PSLs indeed show fluo-5 

rescence emission in the UV range that can be strong enough to even saturate LIF instrument de-

tectors (i.e., the WIBS FL1 channel). Although weak in comparison to the PSL fluorophore modes 

(Fig. 3), the responsible polystyrene/detergent signal becomes dominant for large PSL sizes due to 

the steep intensity increase with particle size. The issue of fluorescence intensity calibration within 

UV-LIF instruments is sufficiently important and problematic that it has been discussed by a num-10 

ber of authors. In particular, Robinson et al. (2017) developed a fluorescence calibration strategy 

for WIBS channels FL1 and FL2. The issue requires continued attention, however, from the UV-

LIF community.” 

 

[R2.3] This observed saturation suggests the question of whether the WIBS-4A is too sensitive for real 15 

bioaerosols of size 20-30 micrometres when a 2-micrometre PSL sphere saturates the detector or a 4.5 

micrometre particle saturates it even without fluorophore content. When supposedly non-fluorescent par-

ticles that are not even big compared to many bioaerosols can saturate the detector, it becomes impossible 

to distinguish between biological and non-biological aerosols on the basis of fluorescence intensities in 

real-world environments.  20 

Therefore, the discussion on fluorescence intensity per sphere could be extended, the article has the 

opportunity to start a discussion on fluorescence intensities and particle size with respect to both PSL 

spheres and real bioaerosol, which would be useful technical information for researchers employing LIF-

based measurements in the study of bioaerosols. Instruments that are calibrated using PSL spheres (that 

may not even be in the relevant size range) are probably not appropriate for real bioaerosols in all cases. 25 

 

[A2.3] As stated in [A2.1], a “translation” of PSL fluorescence properties into naturally occurring 

fluorescence emissions from bioaerosols is not directly implementable. A detector saturation caused 
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by PSLs, which are fully doped with fluorescent dyes and, therefore, high emission values, does not 

strictly imply a hypersensitivity for real-world bioaerosols. For example, as shown in Savage et al., 

2017 (using the same WIBS-4A unit as in this study), only pure biofluorophores (e.g., Tryptophan 

and Tyrosine), few pollen (sizes between ~ 15 and 20 µm) and fungal spores show detector satura-

tion effects, while the majority of measured particles (across a broad size distribution) can be dis-5 

played within all three detection channels. We have added the following text (P18, L18-23): 

 

“Nevertheless, even if PSLs serve as a simple, but easy to apply approach for routinely sizing, 

spectral and rough fluorescence intensity validations of LIF instruments, they cannot be compared 

to the complex nature of spectral information derived from bioaerosols in environmental systems. 10 

By comparing bioaerosol data from Hernandez et al., 2016 and Savage et al., 2017, fluorescence 

intensity values of PSLs, fully doped with fluorescent dyes, will very likely exceed the emission 

intensity of bioaerosols of equal sizes in most cases.” 

 

More importantly, however, the Referee is correct in pointing out the problem in trying to detect 15 

fluorescence from a 2 µm and a 20 µm particle with the same instrument. Even this range represents 

factor of 10 in diameter, translating to a factor of 103 in volume and probably fluorescence intensity. 

This range of fluorescence intensities begins to stretch the dynamic range of detector at a given gain 

setting. As a result, the current generations of the WIBS are indeed not able to sensitively detect 

fluorescence for small particles and big particles at the same time, and so a given size range (and 20 

matching range of fluorescence intensities) must be pre-determined by manually setting the detector 

gain using a set screw inside the case of the WIBS. There has been work to utilize detector gain-

switching modes (i.e. Healy et al., 2012 who investigated properties of fluorescent PSLs using high 

and low gain modes of the WIBS), and this is a feature in some other commercially available UV-

LIF instruments. A thorough comparison of the specific detector settings of the various versions of 25 

the WIBS and other UV-LIF instruments is beyond the scope of the present manuscript, however.  

We have added text to the manuscript, as mentioned here (P16, L9-12): 
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“It is also important to mention that previous work using the WIBS-4 utilized detector gain-switch-

ing, which allowed detection of highly fluorescent or large (low gain) particles along with weakly 

fluorescent or small (high gain) particles (Healy et al., 2012). This feature is not present in the 

WIBS-4A commercialized by DMT, Inc., but is being explored by more recent generations of various 

UV-LIF instruments.” 5 

 

[R2.4] Dependence on particle size in bulk solution is not particularly instructive in this context, because 

the measurements in that situation relates to the total amount of fluorophore in the cuvette. 

 

[A2.4] In terms of fluorescence intensity, this is true. Note that it is not the primary aim of the data 10 

in Figure 2 to retrieve size-intensity relationships. Instead, the primary aim for performing those 

measurements was to ensure that derived fluorescence spectra (i.e., position and shape of fluores-

cence modes) do not alter as a function of size, disregarding fluorescence intensity properties. More 

details on this can be found in [A1.1]. We have revised the manuscript as outlined in [A1.1] to 

clarify this aspect.  15 

  

[R2.5] The work also involved fluorescence microscopy measurements that do report fluorescence inten-

sity per sphere. However, the intensities in the fluorescence microscopy experiments cannot be compared 

to the detector responses in a single particle instrument like the WIBS-4A for the same spheres, as units 

are arbitrary and recorded intensities are dependent on detector settings in the individual instruments. 20 

 

[A2.5] What the referee states is certainly true. The comparison of measured fluorescence intensities 

is a complex task, as the details of the optical setup and settings of the detectors etc. must be taken 

into account. We did not suggest any quantitative relationship between the WIBS and microscopy 

single particle data. Instead the microscopy data in Fig. 5 fulfills the purpose to verify that size and 25 

fluorescence intensity distributions are comparatively narrow. Moreover, the data allow to draw 

conclusions on size-intensity relationships for the PSL species (see our responses to comments 

[R2.1]). We have added the following text for clarification (P4, L12-17): 
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“However, it is important to note that a comparison of fluorescence intensities from different in-

struments (e.g., offline spectroscopy and microscopy as well as online WIBS-4A measurements) is 

not trivial as it depends on the properties of the fluorescent particles, on one hand, and on the 

optical design and detector settings of the instruments, on the other hand. Therefore, we discuss 

certain intensity-related aspects here semi-quantitatively, whereas an in-depth analysis of single 5 

particle fluorescence intensities is beyond the scope of this work.”   

 

[R2.6] As shown in figure 5B, the fluorescence intensity of a fluorescent particle increases with size of 

the particle, and the dependency appears to be linear. If fluorescence intensity in single particles shows a 

linear dependence on size within a given type of PSL sphere or bioaerosol, then there is valuable infor-10 

mation in the size-normalised fluorescence intensity that can aid bioaerosol identification. If, however, 

the detector is saturated, then the information value in the size-normalised fluorescence intensity is lost. 

Based on the figures reported in Table 3, it is likely that the majority of bioaerosols would saturate the 

WIBS-4A detector and the information would be lost.  

This may not be the case, but the article has an opportunity to address this question based on the 15 

experiments carried out; it would increase the relevance of the article if it included a table or estimate of 

fluorescence intensities or fluorophore concentrations and comparing to bioaerosols or at least discussing 

whether the fluorophore content in the PSL spheres is appropriate for real bioaerosols, also with respect 

to size.  

This would enable other researchers in the field to use the data to estimate optimal detector settings 20 

in their instruments in order to measure real bioaerosols without saturating. Of course, the fluorophores 

in the PSL spheres would have different concentrations and fluorescence quantum yields from biological 

fluorophores like tryptophan/NADH in real bioaerosols, but having the information would nevertheless 

enable researchers to make a more informed decision than is currently possible, and the article would 

have greater potential interest than it does in its current form. 25 

 

[A2.6] Due to the narrow scales in Fig. 5B, the size-intensity erroneously appears to be linear. We 

extended the microscopy analysis and fitted the resulting scatter plots with a power law relationship. 
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The results suggest a quadratic to cubic relationship. The corresponding text section in (P14, L23-

27) has been revised and extended from: 

 

“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., 5 

2015; Sivaprakasam et al., 2011, Swanson & Huffman, 2018). However, even if fluorescence in-

tensity 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.” 

 10 

To (P14, L28-30 / P15, L1-4): 

 

“The fluorescence intensity increases with increasing PSL size (Fig. 5B) due to the increasing 

amount of fluorophore being excited. The relationship of the measured intensity, I, and particle 

diameter, D, can be described by a power law fit I = A + BDy, typically with 2 ≤ y ≤ 3 (e.g., Hill et 15 

al., 2015; Sivaprakasam et al., 2011, Swanson & Huffman, 2018). Hill et al. (2015) reported that 

small and/or slightly absorbing particles typically show y approaching 3 (i.e., volume-dependence), 

whereas rather large and/or absorbing particles show y approaching 2 (i.e., surface-dependence). 

The microscopy-based results obtained here agree well with this y range: For 2.1 µm Blue PSLs 

we observed y = 2.6 ± 0.5 and for 2.0 µm Green PSLs we observed y = 2.9 ± 0.2 (Fig. S3).” 20 

 

We agree that further analyses of the size-intensity relationship of standard particles as well as 

authentic bioaerosols will likely help to improve bioaerosol detection. Clearly, detector saturation 

hampers this approach. Since PLS spheres are highly doped with fluorophore, their fluorescence 

intensities typically exceed intensities of bioaerosol particles of comparable size. Accordingly, we 25 

are confident that most bioaerosol classes range below the detection limit of the WIBS. Evidence is 

provided by Savage et al., 2017, providing an extended library of standard materials and particles 

and showing that most of these materials/particles do not saturate the WIBS detector. However, a 
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certain levels of saturation – particularly for very large particles such as pollen – is unavoidable. 

Additionally, we believe that the text added in [A2.3] contributes to this topic. 

 

 [R2.7] Table 3 also reports standard deviations of the intensities in each channel for different spheres. 

Presumably, this is related to the Gaussian distribution that is referred to on page 9, line 8, but this should 5 

be clarified. Furthermore, standard deviations for the intensities are reported also at saturation levels, but 

once the detector saturates, one cannot know by how much the signal exceeds saturation and consequently 

it makes no sense to give a range above the saturation point. 

 

[A2.7] In Table 3, we changed detector saturation events from arbitrary units to the term “Satura-10 

tion”. 
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Abstract 

Fluorescent dyed polystyrene latex spheres (PSLs) are commonly used for characterization and calibration of in-

struments 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 5 

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 val-

idation and calibration very difficult.  10 

This technical note presents an overview of steady-state fluorescence properties of fluorescent and non-fluo-

rescent PSLs, as well as for polystyrene-divenylbenzene (PS-DVB) particles, by using on- and off-line spectro-

scopic techniques. We show that the “fluorescence landscape” of PSLs is more complex than the information typ-

ically 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 polystyrene 15 

and detergents, which becomes a crucial point for fluorescence threshold calibrations and qualitative comparison 

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, fluorescence 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 20 

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 within the supplement. 

Detergent and solvent effects are also discussed in order to provide information not available elsewhere to research-

ers in the bioaerosol and other research communities. These data are not meant to serve as a fundamental library of 25 

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.



3 
 

1.   Introduction 

Commercially available microspheres are widely used as tools in technical aspects ofnumerous scientific research 

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., Härmä et al., 2000; 

Hiesinger et al., 2001; Katz & Iarovici, 1990; Luchtel et al., 1998; Schwartz et al., 1998; Spiro et al., 2000). Fluo-5 

rescent polystyrene latex spheres (PSLs) play a particularly important role in the characterization and calibration 

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 laser/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).  10 

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 bioaerosol 

research communities (e.g., Agranovski et al., 2003; Bhangar et al., 2014; Brosseau et al., 2000; Foot et al., 2008; 15 

Huffman et al., 2010; Perring et al., 2015; Stanley et al., 2011; Toprak & Schnaiter, 2013). The main principle 

common to these techniques is the detection of intrinsic fluorescence from fluorophores such as amino acids, co-

enzymes, 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; Pöhlker 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 related reproduc-20 

tive 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; Pöschl, 2005). They are 

ubiquitous in the Earth’s atmosphere, where they affect many environmental mechanisms and, therefore, represent 

an important link between ecosystem activities and atmospheric processes (e.g., Andreae & Crutzen, 1997; Després 

et al., 2012; Fröhlich-Nowoisky et al., 2016; Fuzzi et al., 2006; Huffman et al., 2013; Möhler et al., 2007; Morris 25 

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 instrumentation 

and literature are built. The information content provided by each PSL manufacturer about fluorescent properties, 

composition, and potential additives is limited, making their use in fluorescence validation and calibration of LIF 30 

techniques difficult. In order to provide a solid foundation for the use and inter-comparison of instrumentation that 
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relies on commercial fluorescent PSLs, we performed measurements on fluorescent and non-fluorescent PSLs us-

ing both on- and off-line spectroscopic techniques. Here we present a thorough characterization of the steady-state 

fluorescence properties of commercially available PSLs that cover a fluorescence emission 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 exci-5 

tation-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 fluorescence 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. 

Since the size-dependence of fluorescence intensity on single particle scale is crucially important for LIF-based 10 

PBAP detection (Hill et al., 2015; Sivaprakasam et al., 2011; Swanson & Huffman, 2018), we further address 

selected aspects of the PSL size-intensity relationship. However, it is important to note that a comparison of fluo-

rescence intensities from different instruments (e.g., offline spectroscopy and microscopy as well as online WIBS-

4A measurements) is not trivial as it depends on the properties of the fluorescent particles, on one hand, and on 

the optical design and detector settings of the instruments, on the other hand. Therefore, we discuss certain inten-15 

sity-related aspects here semi-quantitatively, whereas an in-depth analysis of single particle fluorescence intensi-

ties is beyond the scope of this work.  

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 measurements in 20 

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 & and Mmethods 25 

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 product 

information of the manufacturer’s websites:  

- Thermo Fisher (Waltham, MA, USA, https://www.thermofisher.com/de/de/home/life-science/cell-analy-30 

sis/qdots-microspheres-nanospheres/fluorescent-microspheres.html, last access 31 Oct 2017).  
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- 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/micro-

spheres-particles/polymer-microspheres/fluoresbrite-sup-r-sup-fluorescent-microspheres, last access 31 Oct 5 

2017). 

- 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 chem-

ical difference between PS-DVB particles and PSLs is the divenylbenzene crosslinks to the styrene monomer, 10 

which PSLs polystyrene 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 surface 

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 15 

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 Spectrometer 

(Perkin Elmer, Inc.; Waltham, MA, USA) and the software FL WinLab (Perkin Elmer, Inc.). Spectra were recorded 20 

at a photomultiplier tube (PMT) voltage of 650 V and an emission scan speed of 1500 nm min-1. Excitation wave-

lengths λex= 200 – 650 nm (5 nm increments) and emission wavelengths λem= 200 – 800 nm (50.5 nm increments) 

were used for the recording of EEMs. Data were analyzed using Igor Pro (Wavemetrics, Inc.; Portland, OR, USA). 

Due to a subsequently detected, wavelength-dependent, spectral shift within the near-IR emission range of the LS-

45 Luminescence Spectrometer, 2.0 µm Red PSLs were measured with a Dual-FL Fluorescence Spectrometer 25 

(HORIBA Instruments Incorporated, Kyoto, Japan) and the software Aqualog V3.6 (HORIBA Instruments Incor-

porated). Emissions derived from other fluorescent PSLs are not affected by this artifact. The Dual-FL Fluores-

cence Spectrometer uses a CCD (charge-coupled device) as the emission detector. The EEM of Red PSLs was 

measured at excitation wavelengths between λex= 240 – 650 nm (1 nm increments), an emission range between 

λem= 250 and 700 nm (0.58 nm increments) at a low detector gain setting (2.25 e- per count) and a exposure time 30 

of 2 seconds. Data were also analyzed using Igor Pro (Wavemetrics, Lake Oswego, Oregon USA). It is important 
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to note that fluorescence intensity values of Red PSLs measured with the Dual-FL cannot be directly associated to 

fluorescence intensities of PSLs measured with the LS-45 due to different instrument properties and settings. Fur-

ther details on the fluorescence spectroscopy measurements and analysis can be found in Pöhlker et al. (2012).  

Before preparing an aliquot, each PSL solution was vortexed for 30 seconds to break up possible agglomerates. 

The PSL solutions were diluted in 3.5 ml ultrapure water (MilliQ, 18 MΩ) with a pH of 7 in a 10 x 10 x 40 mm 5 

UV quartz cuvette (Hellma Analytics, Müllheim, 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 10 

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/d3 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-quenching of flu-

orescence and inner-filtration effects (Sinski & Exner, 2007). However, it is important to note that highly diluted 15 

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 

µl) of the PSL stock suspension were used for particles with larger diameters (≥ 1.9 µm) to partially compensate 

for decreasing PSL particle number concentrations. Because of the higher sensitivity of the Dual-FL in comparison 

to the LS-45, only 1.5 µl of Red PSL stock solution was diluted into 3.5 ml ultrapure water. Otherwise, Red PSLs 20 

were prepared identically to other PSLs measurements in aqueous solutions as stated in this paragraph. Note that 

independent of the size vs. number concentration relationship, some uncertainty remains regarding the PSL mixing 

ratio since agglomeration could occur upon aging of the suspensions.  

 

2.2   Fluorescence spectroscopy on PSLs in dry state 25 

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 Pöhlker et al., 2012, fluorescent emissions from weakly fluorescent solids are qual-

itatively superimposed by light leakage and/or absorption effects contributing to high background signals. We, 30 

therefore, normalized each fluorescence matrix by the intensity of light leakage (normalization factor, NF) to make 
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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 method, we refer 

to Pöhlker et al., 2012. 

PSL samples in dried state were analyzed by comparison with aqueous PSL suspensions to investigate the 

influence of water as a potential fluorescence quencher (Lakowicz, 1999). Here, several drops of PSL stock sus-5 

pensions were dried by placing them directly onto the synthetic fused silica window of the front surface accessory. 

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 com-

pletely covered with a solid PSL layer, which was then used for FS analysis. This procedure is called “dry prepa-10 

ration” 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-15 

sion, PSLs were prepared in multiple ways as described in the following paragraphs. 

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 re-suspended in 1.5 ml ultrapure water. The procedure was 

repeated three times for thorough cleaning, though the last resuspension was performed in 3.5 ml ultrapure water. 20 

The resulting suspensions of washed PSLs were analyzed by fluorescence spectroscopy as outlined 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 25 

particle-free aqueous phase was measured with the absence of PSLs for soluble additives/detergents. This proce-

dure 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 trade-

mark of Croda International PLC). Here it serves as a detergent to prevent the coagulation of particles. The exact 30 
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concentration of this detergent depends on the manufacturer. For comparison, we used 6 µl 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., 5 

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 (λex= 360 / 20 nm, λDichroic = 400 nm, λAbsorb = 

460 / 25 nm) fluorescence filter was used. 

A fraction of one drop of 2.1 µm 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 10 

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 ImageJ 

(Schneider et al., 2012). Fluorescence images were converted to gray scale, a binary image was obtained after 15 

conducting a thresholding, and then the mean gray scale intensity values were used as a relative measure for the 

mean fluorescence intensity values. For a detailed description of the BZ-9000 fluorescence microscope perfor-

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

Microscopy analysis of selected PSL samples (i.e., 2.1 µm Blue and 2.0 µm Green) was conducted with fluorescence 

microscopes (i.e., a BZ-9000 from Keyence, Inc., Osaka, Japan and an Eclipse Ti2 from Nikon, Tokyo, Japan). For 20 

the analysis of the blue PSLs, an OP-66834 DAPI-BP (λex= 360 / 20 nm, λDichroic = 400 nm, λem = 460 / 25 nm) 

fluorescence filter was used. For the analysis of the green PSLs, an GFP-4050B-000 (λex= 466 / 40 nm, λDichroic = 

495 nm, λem = 525 / 50 nm) fluorescence filter was used. 

A fraction of one drop of 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 25 

had dried completely (< 5 min.). Microscope settings were adjusted to record images with fluorescence intensities 

just below the detector saturation. The size and fluorescence intensity determination of individual PSLs within the 

image were performed by using ImageJ (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 mean fluorescence intensity values. For a detailed description of the BZ-30 

9000 fluorescence microscope performance and related image analyses, we refer to Pöhlker et al. (2013).   
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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 5 

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 10 

particle shape), and fluorescence properties for individual particles in real-time. Single particles first cross a con-

tinuous 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 λex= 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 particle is excited sepa-15 

rately 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 λem= 

310 to 400 nm (at λex= 280 nm), the FL2 channel measures between λem= 420 to 650 nm (at λex= 280 nm), and the 

FL3 channel measures between λem= 420 to 650 nm (at λex= 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 20 

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: PMT1 (AF) 400 V, PMT2 (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 Measure-

ment Technologies, Longmont, CO, USA). For measurements of both fluorescent and non-fluorescent PSLs by the 25 

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 aerosolization 

process evaporates inside the mixing chamber of the aerosol generator and distributions of particles 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. 30 



10 
 

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 intensity 

observed from individual particles is a function of both particle size and the fluorescent quantum yield of the mix-

ture 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 compo-5 

sition, 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 particles, as 

was discussed by Savage et al. (2017). 

 

3.   Results &and Ddiscussion 10 

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 µm in diameter (see also Table 2). Additional EEMs can be found in the supplemental 

Figure. S1. The six presented fluorophore types in Figure. 1 represent dyes covering a spectral range of λem = ~ 15 

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 mode1 with a shoulder (e.g., Fig. 1C and D; 2.0 µm Green and 3.10 µm 

Yellow Green, respectively) or as two clearly separated main modes (e.g., Fig. 1B; 2.1 µm Blue). As a further 20 

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 

λex = 450 nm / λem = 483 nm and minor modes at λex = 255 nm / λem = 483 nm as well as 

λex = 225 nm / λem = 482 nm. Note here that the specified excitation and emission maxima in Table 2 for those 25 

modes that overlap with the 1st and 2nd order scattering bands (diagonal lines within EEMs) are approximate values 

with some uncertainty. The main mode for Figure 1D (ΔλStokes = λem - λex = 33 nm) represents the signal from fluor-

ophore dye. The minor modes (ΔλStokes =  228  and 257 nm) can probably be explained by light absorption of the 

                                                           
1 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. 
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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 com-

monly 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 excitation 

wavelength, which exclusively refers to the main mode. The one exception to this observation is that the manufac-5 

turer of theBlue PSLs (Thermo Fisher, Waltham, MA, USA) reports three fluorescence modes. Additional spectral 

information is not available (personal communication with relatedmanufacturers, 2017). The unspecified minor 

modes, unrelated to the dye fluorescence, can be a crucial factor for the calibration of LIF instruments. This is 

because many LIF instruments detect fluorescence in broad emission bands that conflate emission from the dye 

and polystyrene into a single detection channel, which could be erroneously interpreted to correlate with dye fluo-10 

rescence. The excitation range λex= < 300 nm is particularly susceptible to this issue, because it can promote fluo-

rescence from the pronounced minor modes (see also Section 3.4). 

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 wave-

lengths stated by manufacturer’s specifications (Table 1) rather intersect the shoulders of the emission signal and 15 

do not match signal maxima as we measured (Table 2). For example, rRed PSLs are stated to have a signal maxi-

mum at λex / λem= 542 / 612 nm (Table 1), while the signal measured reveals a signal maximum at λex / λem= 525 / 

5709 nm (Table 2). PSL spectral information provided by each manufacturer should thus be seen as approximate 

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 manufacturers to de-20 

termine 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 λex / λem= 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. 25 

To investigate the relationship of particle size to fluorescence, Figure 2 shows a comparison of PSLs of differ-

ent sizes, but consistent fluorophore. For wet PSLs, fluorescence emission spectra are qualitatively consistent be-

tween the two sizes analyzed for each particle dye. Slightly different intensity distributions between 0.53 and 2.07 

µm Plum Purple PSLs (Fig. 2A, B) and between 3.10 and 10.0 µm Yellow Green PSLs (Fig. 2C, D) originates 

from different concentrations of solids in aqueous solution as described above. Figure 2 verifies that PSLs of dif-30 
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ferent sizes, but with consistent fluorophore, show the same spectral fluorescence signatures. Generally, fluores-

cence emission spectra are qualitatively consistent between the two sizes analyzed for each particle dye. Note that 

for PSL bulk measurements, the fluorescence mode intensities are a function of the excited amounts of fluorophore 

in the light path inside the cuvette, which in turn depends on the size of the PSLs and their number concentration 

in suspension. Accordingly, slightly different mode intensities between 0.53 and 2.07 µm Plum Purple PSLs (Fig. 5 

2A, B) and between 3.10 and 10.0 µm Yellow Green PSLs (Fig. 2C, D) originates from different concentrations of 

solids in aqueous solution as described above. Due to the uncertainty of the PSL number concentrations, the ab-

solute intensities in the EEMs in Figure 2 are not particularly informative here. For non-fluorescent PS-DVB 

particles in dry state, the signal pattern for 50.0 µm (Fig. 2E) reveals a sharper signal peak at λex / λem= 287 / 337 

nm compared to 5.0 µm PS-DVB particles (Fig. 2F). This effect is likely based on size-dependent surface structure 10 

of the dry PS-DVB samples measured with the front surface accessory. The surface configuration of a layer of 

large 50.0 µm PS-DVB particles on the silica window may provide more surface structures to scatter for light 

scattering and reabsorption than a layer of smaller 5.0 µm PS-DVB particles. Therefore, the subtle shift in signal 

patterns may be interpreted as light refraction and scattering artifacts. 

It is important to note that physical properties of PSLs underlie production processes, for which their quality 15 

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 destruc-

tion of aromaticity), which can result in, e.g., decreasing fluorescence intensities or size inaccuracies due to particle 

agglomeration over time (Pellach et al., 2012). 

 20 

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 Elmer, 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 25 

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 result-

ant increase in photon flux. Additionally, the water content for wet PSLs could act as a quencher decreasing fluo-

rescence 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 due to water-fluorophore interactions. Overall, dried 30 

PSLs generally exhibit fluorescence emission modes that are broader and more intense than wet PSLs. In contrast, 
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signals near the 2nd 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 µm 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 λex / λem= 445 / 485 nm (Fig. 3I, Table 2), the main mode 5 

for dry PSLs shifts to λex / λem= 454 / 510 nm (Fig. 3J). The red-shift of the spectra may be a result of water-

fluorophore interactions or light refraction and scattering and reabsorption effectsartifact, as described for 5.0 and 

50.0 µm PS-DVB particles. On one hand, because of the high concentration 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 recognizable shift for which this effect seems to 10 

be rather size-dependent than based on inner filtering.  

To explain the potential polystyrene / detergent signal between λex / λem= 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 15 

(rightmost column; Fig. 3D, H, L, P) reveal a broad, but weak signal, which occurs between approximately λex / 

λem= ≤ 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 agglomeratingaccumulation. 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., washing water including detergents; Fig. 3D, H, L, and 20 

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/or 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 25 

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 dis-

persants, however, the emission signal for 5.0 and 50.0 µm particles (Fig. 2E, F) most likely originates from poly-

styrene, while the filtered aqueous solutions (Fig. 3D, H, L, P) reveal emission signals from detergents. Additional 

detergents beyond Tween 20 and sodium azide are stated as proprietary by each manufacturer, for which the exact 30 
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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 fluorophore 

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. In this context it is important to 5 

note that PSLs labeled as “non-fluorescent” by the manufacturer show fluorescence emission if excited at 

λex <300 nm. Thus, Iif non-fluorescent PSLs are used for the determination of fluorescent detection thresholds, the 

instrument operator must be especially aware of emission properties of PSLs in this particular spectral range. Figure 

S2 highlights the EEM of 2.0 µm non-fluorescent PSLs displayed with a lower fluorescence intensity scale (com-

pare Fig. 3M), showing that the emission signal is not present above λex= ~ 300 nm. Thus, instruments using 10 

excitation wavelengths in a UV-A (320-400 nm) or vis range (400-700 nm) are not affected by the mixed polystyrene 

/ detergent signal derived from PSLs.  

 

3.3   Fluorescence microscopy of PSLs 

Results discussed above are based on bulk spectra averaged from several hundreds of particles per spectrum and 15 

may not represent fluorescence properties of single particles. Therefore, we performed fluorescence microscopy of 

2.1 µm Blue and 2.0 µm Green PSLs. Figure 5B shows the size distribution of PSLs observed ranges between 1.7 

and 3.0 µm, while the majority of particles occur in a size range between 2.012 and 2.322 µm. 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 µm, as 

marked by red arrows in Fig. 5A). According to manufacturer information, the standard deviation of the size of 20 

fluorescent PSLs is in general broader than those of non-fluorescent PSLs for which they are not intended for size 

calibrations. 

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 25 

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. 

The fluorescence intensity increases with increasing PSL size (Fig. 5B) due to the increasing amount of fluor-

ophore being excited. The relationship of the measured intensity, I, and particle diameter, D, can be described by 

a power law fit I = A + BDy, typically with 2 ≤ y ≤ 3 (e.g., Hill et al., 2015; Sivaprakasam et al., 2011, Swanson & 30 
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Huffman, 2018). Hill et al. (2015) reported that small and/or slightly absorbing particles typically show y ap-

proaching 3 (i.e., volume-dependence), whereas rather large and/or absorbing particles show y approaching 2 

(i.e., surface-dependence). The microscopy-based results obtained here agree well with this y range: For 2.1 µm 

Blue PSLs we observed y = 2.6 ± 0.5 and for 2.0 µm Green PSLs we observed y = 2.9 ± 0.2 (Fig. S3). 

 5 

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 atmospheric 

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 summary of 

data parameters for each collection of PSLs analyzed is summarized in Table 3. The purpose of the analysis is to 10 

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.  

Summarizing the fluorescence distributions in this way can enable a comparison of similar PSL fluorophores 

to be compared 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, 15 

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, includ-

ing gain settings of detectors used for fluorescence detection, can significantly influence observed fluorescence 

intensities, making direct comparisons, even within similar instrumentation, challenging at best. In this context it 

is worth noting that the data reported here was recorded with the same WIBS unit used by Savage et al. (2017). 20 

Moreover, Savage et al. (2017) measured three PSL samples (2.0 µm Green, 2.0 µm Red, 2.1 µm Blue – same type 

and manufacturer, however different batches as those used in present work) and the obtained results agree with 

the results in Table 3. This suggests that the WIBS derived PSL fluorescence intensities in Table 3 can be compared 

to the fluorescence intensities of the extent library of fluorescent materials and standard organisms in Savage et 

al. (2017). 25 

As outlined in Sect. 3.3, the single particle fluorescence intensity increases steeply with particle size. Accord-

ingly, comparatively large PSLs saturate the WIBS detector at some point depending on the detector gain settings. 

For the WIBS settings used here, saturation occurs for PSL sizes >2 µm. Specifically, the main mode of 2.1 µm 

Blue PSLs saturates channel FL3, the minor mode of 3.1 µm Yellow Green PSLs saturates FL2, and 4.52 µm non-

fluorescent PSLs saturate FL1. Obviously, PSLs that tend to saturate the WIBS detector are inappropriate for 30 

fluorescence intensity checks and spectral validations. For routine performance checks using the WIBS settings 
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outlined in Sect. 2.5, we recommend the use of 1.0 µm Blue, 2.0 µm Green, and 2.0 µm Red PSLs. Crucially 

important for LIF users is the observation that nominally non-fluorescent PSLs indeed show fluorescence emission 

in the UV range that can be strong enough to even saturate LIF instrument detectors (i.e., the WIBS FL1 channel). 

Although weak in comparison to the PSL fluorophore modes (Fig. 3), the responsible polystyrene/detergent signal 

becomes dominant for large PSL sizes due to the steep intensity increase with particle size. The issue of fluores-5 

cence intensity calibration within UV-LIF instruments is sufficiently important and problematic that it has been 

discussed by a number of authors. In particular, Robinson et al. (2017) developed a fluorescence calibration strat-

egy for WIBS channels FL1 and FL2. The issue requires continued attention, however, from the UV-LIF commu-

nity. It is also important to mention that previous work using the WIBS-4 utilized detector gain-switching, which 

allowed detection of highly fluorescent or large (low gain) particles along with weakly fluorescent or small (high 10 

gain) particles (Healy et al., 2012). This feature is not present in the WIBS-4A commercialized by DMT, Inc., but 

is being explored by more recent generations of various UV-LIF instruments.  

Summarizing the fluorescence distributions in this way can enable a comparison of similar PSL fluorophores to be 

compared 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 15 

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 20 

work will be required to develop more stable and generally accepted particle fluorescence calibration standards 

that can be applied reliably across instruments, time, and geography. One such example is the recent work presented 

by Robinson et al. (2017) who used a mixture of tryptophan- and ammonium sulfate to calibrate one fluorescence 

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). 25 

 

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 character-30 

ization and validation of LIF instruments. 
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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 contrib-

ute to spectral differences. Moreover, in addition to the dominant fluorescence modes, we observed an additional 

set of fluorescence modes at shorter excitation wavelengths (λex= < 300 nm), revealing the multimodal fluorescence 5 

signature of fluorescent PSLs. We also detected a further emission signal at approximately λex / λem= 220 - 260 / 

290 - 350 nm, which does not originate from embedded fluorophores. This specific fluorescence signal 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 the polymer matrix 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 10 

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 15 

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 agglomeratingagglutination. Since further additives are proprietary, it is 

unknown in how far these additives might contribute to the overall emission signal. Because of the partially spectral 

overlap of the polystyrene and Tween 20 /sodium azide signal, we were not able to distinguish both emissions from 

each other with the techniques used in this study. Additionally, the signal strength of Tween 20 /sodium azide is 20 

rather low compared to the emission of polystyrene making a differentiation challenging.  

On a single-particle scale, PSLs from one production batch were shown to be uniform, only deviating slightly 

in size (± 0.3 µm). Furthermore, the fluorescence intensity of single particles was shown to increase with increasing 

particle size. which can be described by power law relationship with exponents between 2 and 3. 

Many instruments utilize fluorescent PSLs for spectral calibration. This can be challenging for a number of 25 

reasons that are important to discuss here. First, fluorescent bandsmodes are by naturerather broad and their spec-

tral location are chemically is influenced by the chemical environment and molecular interactions chemical state 

of the particle surroundingsof the fluorophore (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 30 

within a given detection channel.  
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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 5 

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 aggrega-

tion of: (i) PSLs with each other or (ii) PSLs with the surfactant itself. Both possibilities would likely lead to sizing 10 

inaccuracies (caused by PSL clusters or shifting refractive indices due to the accumulation of surfactant material 

on the PSL surface) and changing fluorescent intensity values (increased fluorescence 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 dependent on storage conditions and the 15 

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. Nevertheless, even if PSLs serve as a simple, but easy to apply approach for 

routinely sizing, spectral and rough fluorescence intensity validations of LIF instruments, they cannot be compared 

to the complex nature of spectral information derived from bioaerosols in environmental systems. By comparing 20 

bioaerosol data from Hernandez et al., 2016 and Savage et al., 2017, fluorescence intensity values of PSLs, fully 

doped with fluorescent dyes, will very likely exceed the emission intensity of bioaerosols of equal sizes in most 

cases.  

We introduce these topics as important for many research communities to consider. By understanding general 

features, such as the inclusion of fluorescent modes from polystyrene polymers and included surfactants or deter-25 

gents, individual researchers may probe specific spectral features important to the operation of their own instru-

ments. We provide spectrally resolved steady-state EEMs of the measured lots of PSLs as open access data as a 

community resource for better interpretation of fluorescence responses of LIF and related instrumentation. 

 

 30 
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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 A1. List of used acronyms and abbreviations. 

Acronym Description 

AF Asymmetry factor 

CCD Charge-coupled device 

EEM Excitation-emission matrix 

FM Fluorescence microscopy 

FS Fluorescence spectroscopy 

IR Infrared 

LIF Laser Light-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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Table 1. Polystyrene latex spheres (PSLs) and polystyrene-divenylbenzene particles (PS-DVB) used in this study. 3 

Excitation wavelength (λex) and emission wavelength (λem) are peak values reported by the manufacturer. FS: Flu-4 

orescence spectroscopy, FM: Fluorescence microscopy.  5 

                                                           
2 Color terminology taken from manufacturer information. 
3 The Mixing ratio describes the amount of PSL stock solution (µl) diluted in ultrapure water (ml). 

       Techniques & Preparation 

Diameter 

(µm) 
Material Color2 / Dye λex / λem (nm) Provider 

Catalog 

code 

Mixing ra-

tio3 (µl) / 

(ml) 

FS FM WIBS 

wet dry wash 
fil-

ter 
  

0.53 PSL 
Plum Purple / Pro-

prietary 
360 / 420 Bangs Laboratories Inc. FS03F 1 / 3.5 X X X X   

0.96 PSL 
Plum Purple / Pro-

prietary 
360 / 420 Bangs Laboratories Inc. FS03F 3 / 3.5 X     X 

0.96 PSL 
Dragon Green / Pro-

prietary 
480 / 520 Bangs Laboratories Inc. FS03F 3 / 3.5 X     X 

1.0 PSL 
Blue / Firefli™ Flu-

orescent Blue 

368, 388, 412 / 

445, 445, 473 
Thermo-Fisher B0100 3 / 3.5 X      

1.9 PSL 
Dragon Green / Pro-

prietary 
480 / 520 Bangs Laboratories Inc. FS04F 6 / 3.5 X      

1.93 PSL Non-fluorescent Non-fluorescent Polysciences, Inc. 19814       X 

2.0 PSL Non-fluorescent Non-fluorescent Duke Scientific Corp. 5200A 6 / 3.5 X X X X   

2.0 PSL 
Red / Firefli™ Fluo-

rescent Red 
542 / 612 Thermo-Fisher R0200 61.5 / 3.5 X     X 

2.0 PSL 
Green / Firefli™ 

Fluorescent Green 
468 / 508 Thermo-Fisher G0200 6 / 3.5 X    X X 

2.1 PSL 
Blue / Firefli™ Flu-

orescent Blue 

368, 388, 412 / 

445, 445, 473 
Thermo-Fisher B0200 6 / 3.5 X X X X X X 

2.07 PSL 
Plum Purple / Pro-

prietary 
360 / 420 Bangs Laboratories Inc. FS05F 6 / 3.5 X      

3.1 PSL 
Yellow Green / Pro-

prietary 
441 / 486 Polysciences, Inc. 17155 6 / 3.5 X     X 

4.52 PSL Non-fluorescent Non-fluorescent Polysciences, Inc. 17135       X 

4.8 PSL 
Green / Firefli™ 

Fluorescent Green 
468 / 508 Thermo-Fisher G0500 6/ 3.5 X X X X   

5.0 PS-DVB Non-fluorescent Non-fluorescent Thermo-Fisher DC-05  X      

10.0 PSL 
Yellow Green / Pro-

prietary 
441 / 486 Polysciences, Inc. 18140 9 / 3.5 X      

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      
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Table 2. Steady-state fluorescence signatures of PSL solutions. Excitation wavelength (λex) and emission wave-6 

length (λem) are peak values measured with the LS-45 Luminescence Spectrometer and the Dual-FL Fluorescence 7 

Spectrometer. Note that the lower emission detection range of the Dual-FL is set to 250 nm for which the second 8 

minor mode for 2.0 µm Red PSLs cannot be detected.   9 

Diameter (µm) Material Color / Dye λex/λem (nm) Main mode λex/λem (nm) Minor mode 

0.53 PSL Plum Purple / Proprietary 376 / 425 250 / 425, 220 / 425 

0.96 PSL Plum Purple / Proprietary 376 / 425 250 / 425, 220 / 425 

0.96 PSL Dragon Green / Proprietary 500 / 520 303 / 513, 356 / 513 

1.0 PSL Blue / Firefli™ Fluorescent Blue 377 / 447, 377 / 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 / 5709 25863 / 50776, 220 / 578 

2.0 PSL Green / Firefli™ Fluorescent Green 445 / 481  255 / 481, 220 / 481 

2.1 PSL Blue / Firefli™ Fluorescent Blue 377 / 447, 377 / 474, 442 / 475 250 / 447, 224 / 447 

2.07 PSL Plum Purple / Proprietary 376 / 425 250 / 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 



27 
 

Table 3. PSLs measured with the WIBS-4A. Median fluorescence intensity observed (± one standard deviation) 10 

shown for each fluorescence channel, in arbitrary units (a.u.),. At 2046 arbitrary units, emissions are marked as 11 

“Saturation”. where 2046 represents detector saturation. Excitation wavelength (λex) and emission wavelength 12 

(λem) are peak values reported by the manufacturer. 13 

Diameter (µm) Material Color / Dye λex/λem (nm) FL1 (a.u.) FL2 (a.u.) 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 

2.0 PSL Green / Firefli™ Fluorescent Green 468 / 508 71 ± 19 1052 ± 72 188 ± 25 

2.1 PSL Blue / Firefli™ Fluorescent Blue 
368, 388, 412 / 

445, 445, 473 
379 ± 79 1765 ± 105 

2045 ± 6 

Saturation 

3.1 PSL Yellow Green / Proprietary 
441 / 486 

727 ± 109 
2046 ± 3 

Saturation 
577 ± 64 

4.52 PSL Non-fluorescent Non-fluorescent 
2046 ± 3 

Saturation 
19 ± 10 36 ± 8 

14 



28 
 

 15 

Figure 1. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence signatures. 16 

Fluorescence intensity values shown as arbitrary units (a.u.). Diagonal lines show 1st and 2nd order elastic scattering 17 

(Zepp et al., 2004). The 1st. order elastic scattering occurs when the incident wavelength is equal to the emitted 18 

wavelength (λex=λem) and the 2nd order elastic scattering is a diffraction grating effect where incident photons can 19 

also appear in an emission range doubled to the incident wavelength (2λex=λem). Note that 2.0 µm Red PSLs (F) 20 

were measured with the Dual-FL Fluorescence Spectrometer between λex= 240 – 650 nm and λem= 250 and 700 21 

nm. The 1st and 2nd order elastic scattering were subtracted automatically by the Aqualog V3.6 software. 22 
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 23 

Figure 2. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence signatures 24 

in relation to PSL size. Compared are PSLs containing the same fluorophore but having different sizes (except E 25 

and F, where no fluorophore is present). PS-DVB particles in E and F are measured in dry state.26 
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 27 

Figure 3. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence signatures 28 

for different ways of PSL preparation. Shown are EEMs of wet PSL, similar to Fig. 1 and 2 (A, E, I, M), EEMs 29 

after PSLs were dried (B, F, J, N), washed (C, G, K, O), and filtered (D, H, L, P).30 
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 31 

Figure 4. Fluorescence emission from a Tween 20 /sodium azide solution.32 
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 33 

Figure 5. Fluorescence microscopy of 2.1 µm blue PSLs. (A) shows the microscopy image of 80 particles in total, 34 

while (B) contrasts PSL size vs. fluorescence intensity (left axis) and PSL size vs. particle counts (right axis). Red 35 

arrows in (A) mark PSLs with sizes between 2.9 and 3 µm.36 
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Figure S1. Excitation-emission matrix of selected PSLs showing multimodal steady-state fluorescence 

signatures.
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Figure S2. Excitation-emission matrix of 2.0 µm non-fluorescent PSLs.
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Figure S3. PSL size vs. fluorescence intensity. (A) shows the microscopy-based, size-dependent fluores-

cence intensity of 2.1 µm Blue, (B) of 2.0 µm Green PSLs using a power law fit I = A + BDy.   

 25 

 


