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Abstract Fluorescence cross-sections of single bacteria provide information on the strength of fluorescence response of bacteria
for particular excitation conditions and give hints about a possible distinguishability of bacteria by fluorescence techniques. In
this report, the fluorescence cross-sections of dry bacteria aerosols are derived from fluorescence spectra by absolute calibration
of the measuring system. The fluorescence is measured in a continuous aerosol flow. The aerosol concentration is calculated from
microscopic analyses of bacteria samples taken from the aerosol flow. Established calibration methods such as Mie scattering from
monodisperse spheres and Raman scattering from water are applied to the same set of fluorescence spectra. The cross-section data
obtained are evaluated with regard to their independency from the applied measuring system. The results are compared to data
published in the literature. Polarization effects are identified to contribute to the discrepancies between the different datasets.

1 Introduction

Fluorescence cross-sections of single bacteria are key parameters for fluorescence modeling and support the conception of
fluorescence-based detection technologies by setting the necessary sensor sensitivities and by providing general information for a
classification of agents. The challenging aspect in the derivation of the cross-sections from fluorescence measurements is the precise
absolute calibration of the measuring system to eliminate system-specific effects from the fluorescence readings.

While fluorescence cross-section data for most pathogens are not published, datasets on bio-safety level one (BSL-1) are available
in the literature [1–7]. The published results range from good agreement between the particular laboratories up to significant
deviations. Sivaprakasam et al. [2], for example, found a factor of seven lower cross-sections for single, dry Bacillus subtilis
vegetative cells compared to the cross-sections reported by Seaver et al. [1] for Bacillus subtilis cells in liquid suspension. Faris
et al. [5] noted a factor of four larger cross-sections for the wet suspensions compared to the dry aerosols. In the same paper, an error
factor of two is attributed only to uncertainties in the determination of bacteria numbers. Seaver et al. [1] found discrepancies up to
a factor of seven for measurements of Bacillus subtilis in comparison with results from Sandia National Laboratory and attributed
the differences to different bacteria strains and growth media. The authors also refer to the Brucella ERDEC (Edgewood Research,
Development, and Engineering Center) internal report, where a factor of 25 difference was found for two strains of Brucella abortus
grown to the same stage with the same media. Further reasons for deviating results are summarized and discussed by Pan et al.
[3, 4]. Different preparation methods, storage times, aerosolization conditions, and bacteria sizes are identified to influence the
derived cross-section data as well as a possible impact by the illumination intensity. Inaccuracies also occur by contamination due
to particles from previous runs that stick in the measuring volume. Calibration uncertainties raise from uncertain sphere sizes and
poorly specified complex refractive indices, possible residue surfactants, different spatial distributions of calibration spheres, and
sample bacteria as well as from different angular distributions of scattering and fluorescence.

In this work, fluorescence cross-sections of dry bacteria aerosols are derived from fluorescence spectra by absolute calibration
of the measuring system using two different optical methods (Raman and Mie scattering). The elaboration of the results will add
unintentionally occurring polarization effects in calibration and measurement as a further potential cause to the list of arguments.
Moreover, information on the distinguishability of bacteria vegetative cells and spores is derived from the correlation of fluorescence
cross-section spectra and discussed for Bacillus subtilis, Escherichia coli, and Micrococcus luteus.
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Fig. 1 Top view on optical setup;
excitation path and measuring
path at an angle of 90◦

2 Experiment

2.1 Optical setup

A xenon-arc lamp (HORIBA Scientific FL-1039, USHIO UXL 450SO) is used for excitation. The excitation wavelength is selected
by means of a double monochromator (HORIBA Scientific Gemini 180). The position of the monochromator gratings is adjusted to
the xenon emission peak at 467.3 nm. The lamp performance is monitored by reference measurement behind the monochromator.
Fluorescence and scattering are detected by a Peltier-cooled photon counter (PR Products for Research Inc., Hamamatsu Photon-
ics R4220P select). The detectable angular range is oriented at 90◦ toward the excitation path. A second double monochromator
(HORIBA Scientific Gemini 180) is used to realize the spectral resolution of the fluorescence readings. The position of the spec-
trometer gratings is adjusted to the wavelength of the Ovalene fluorescence peak (Starna Scientific Ltd. 6BF Series Polymer Block
References, Block 2) at 482 nm. Two spherical reflectors enhance the radiation in the measuring volume. The size of the measuring
volume is defined by the slit dimensions of the two spectrometers. The measuring section is housed in a measuring chamber. The
optical setup is illustrated in Fig. 1.

2.2 Aerosol generation and control

As an alternative to single-particle systems, the present bio-aerosol system provides a continuous aerosol flow of particle concentra-
tions in the range of 108 particles/m3 to several 1010 particles/m3. The fluorescence is measured in the steady flow that is generated
from a watery dilution. Aerosol generation and control, as illustrated in Fig. 2, is operated via a programmable logic controller
(PLC SIMATIC S7-300) to ensure the reproducibility of the test conditions and to enable BSL-2. A commercial aerosol generator
(Palas GmbH AGF10) driven by nitrogen is used to aerosolize the bacteria from the watery dilution. About 90% of the produced
aerosol particles are in a size range up to 1 μm in diameter. The wet aerosol is carefully dried in a heat exchanger and fed to a
measuring section that is sheathed only by nitrogen flow. Behind the measuring section, the aerosol can pass an aerosol spectrometer
(Grimm Aerosol Technik Portable Aerosol Spectrometer PAS 1.109) before it is sucked into filters. Alternating to the fluorescence
acquisition phases, the aerosol is fed onto sample filters for predetermined time periods.

The sample filter sheets can be removed from the system for offline microscopical analyses. A laser scanning microscope (Olympus
LEXT OLS4000) and a SEM (scanning electron microscope JEOL JSM-IT200) give information on the physical conditions of the
bacteria extracted from the aerosol flow. Microscopic images are taken from 13 to 33 different positions on the sample filter to
monitor the homogeneity of occupancy distribution and to calculate the bacteria density in the aerosol. A mapping of the analyzed
filter positions and a SEM image of Micrococcus luteus vegetative cells are shown in Fig. 3. The microscopical bacteria counting
can be assisted by the readings of the aerosol spectrometer. Life-dead analyses are performed on a random basis to assess the
aerosolization stress on the bacteria. The bacterial viability is tested by using LIVE/DEAD™ BacLight™ Bacterial Viability Kit
(Invitrogen, Carlsbad, US) according to the manufacturer. Here, the integrity of bacterial membrans is investigated by two different
fluorescence dyes and visualized by ZEISS Axio Imager 2 with Colibri Multicolor LED Light Source. The occupancies of sample
filters and the residual dilutions are examined after the fluorescence tests are completed. The results of the life/dead analyses differ
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Fig. 2 Aerosol provision

Fig. 3 Bacteria monitoring and
counting by microscopic analyses
of sample filter occupancies

slightly between the three bacteria species. Still, most vegetative cells survive the aerosolization and measurement phases, as depicted
in Fig. 4, again using the example of Micrococcus luteus.

2.3 Sample preparation

For the preparation of vegetative cells, bacteria are grown on nutrient agar (Sifin, Berlin, Germany) overnight at 37 ◦C. At test
day, the bacteria are harvested, suspended in ultrapure water (Sartorius Arium® Mini Ultrapure Water System), and centrifuged at
3500 x g. The pellets are suspended in ultrapure water to concentrations between 109 cfu/ml and 1014 cfu/ml. For the preparation of
spores, Bacillus subtilis is grown on a medium containing 8 g/l nutrient broth, 20 g/l agar, 7.2 · 10−4 M CaCl2, 3 · 10−4 M MnSO4 ·
H2O, 2 · 10−5 M ZnSO4 · 7H2O, and 2 · 10−5 M CuSO4 · 5H2O at 37 ◦C until sporulation for approximately 15 days. Spores are
purified by iterative washing with ultrapure water and centrifuged at 4000 x g for 20 min between washing steps. Purity of spores is
checked by phase microscopy. Spores are stored at 4 ◦C until measurement. The final bacteria suspension, vegetative cells or spores,
is applied immediately after preparation. The bacteria examined in this report are Escherichia coli (DSM18039), Micrococcus luteus
(DSM20030), and Bacillus subtilis (DSM1970) from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ).
Samples of ultrapure water are prepared for background measurements.
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Fig. 4 Results of life/dead
analysis using the example of
Micrococcus luteus vegetative
cells (green � alive/red � dead).
A sample filter occupancy is
pictured on the left (a), and the
residual suspension after the
fluorescence tests is pictured on
the right (b). The positions of red
spots (“dead” bacteria) are
highlighted by red circles

Chemical samples are provided for calibration purposes. The well-described laser dye DCM [8] is used for emission measurement.
DCM (Merck KGaA Sigma-Aldrich 10−5 g/ml) is diluted in ethanol (Merck UVASOL® 99.9 %) to concentrations of about 5·10−7 to
1·10−6 mol/l and filled into 3.5 ml Suprasil® cuvettes (Hellma® Article No. 111-10-40, cell path length 10 mm). The concentration is
verified by absorption measurement with an extinction factor of 4.25·104 L mol−1 cm−1 at a wavelength of 472 nm. Ethanol samples
are prepared for background measurement. Monodisperse spheres (microParticles GmbH NIST-traceable polystyrene particle size
standards) delivered as 2 wt% solution with the stabilizer lauryl sulfate at 0.07 wt% and the preservative NaN3 at 0.007 wt% are
diluted in ultrapure water for particle densities up to 7.5 · 1012 m−3. Dilutions are prepared for Mie scattering measurement with
spheres of 497 nm, 320 nm, and 197 nm in diameter. The dilutions contain residual fractions of lauryl sulfate and NaN3. Sample
dilutions of the according concentrations are prepared for background measurement. A purity water sensitivity reference (Starna
Scientific Ltd. RM-H2O) is applied for Raman measurement and an empty cuvette for the corresponding background control.

3 Calibration

The derivation of bacterial fluorescence cross-sections necessitates the absolute calibration of the measuring system, excitation path
and emission measuring path, to achieve the power of the aerosol excitation and to obtain the power of the fluorescence emission,
both as absolute values in physical units. The fluorescence emission is assumed to be isotropic in this approach.

3.1 Calibration methods

The intensity of the fluorescence excitation is derived from calibration measurements that yield the spectral power of the incident light
at the position of the aerosol. For this purpose, DCM is applied as calibration substance by placing a cuvette with the characterized
test solution in the measuring section. The spectral excitation power is achieved by relating the readings of the DCM emission
excited by the xenon-arc lamp to that excited by a laser reference.

In the emission measuring path of the system, the fluorescence photon counts depend on the quantum efficiency of the detector,
the efficiencies of the spectrometer gratings, and on the properties of the optical components between aerosol and detector. All these
influences have to be eliminated by absolute calibration to extract the power of bacteria fluorescence from the plain, background-
adjusted fluorescence readings. Two established methods for absolute calibration are Mie scattering from monodisperse spheres [2,
3] and Raman scattering from water or nitrogen [1, 5]. Each spectral calibration function is achieved by relating the measured data
to the corresponding theoretical values of the respective scattering process, considering identical sample conditions and geometries
in theory and experiment. For Mie scattering measurement, a cuvette with the watery dilution of monodisperse spheres is placed
in the measuring section. The numerical calculations of the scattering functions follow the code published by Wiscombe [9, 10].
The cross-sections for Mie scattering from ideal single spheres [11] are derived according to the referenced approaches [12, 13].
The applied refractive indices of polystyrene [14], air [15], water [16], and Suprasil® [17] cover the sprectral range of interest. The
Mie scattering power is calculated from the derived scattering cross-sections, the excitation power, and the particle density in the
measuring volume. For Raman scattering measurement, the high-purity water reference is placed in the measuring section. The
measured Raman peaks are integrated to gain the experimental data of Raman scattering. The theoretical power values are derived
from published Raman scattering cross-sections [18], the excitation intensity, and the molecule density in the measuring volume.

All calibration results are background-adjusted by repeating the above measurements with the respective background samples
and extracting the readings from the actual measurements before evaluation.
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Fig. 5 Spectral calibration
functions for identical system
conditions derived by Raman
scattering from pure water and
Mie scattering from monodisperse
spheres of different sizes

Fig. 6 Mie scattering functions by their polarization fractions in the half-planes of ideal spheres of different diameters d at different wavelengths λ

3.2 Impact of calibration methods

Both calibration methods for the emission measuring path should yield the same spectral calibration functions. As shown in Fig. 5,
merely satisfying accordance is achieved for wavelengths below 360 nm. The sectionally averaged root-mean-square amounts to
14 % between 250 nm and 300 nm and 6 % between 300 nm and 360 nm. Above 360 nm, the calibration curves show increasing
deviations in value and shape with increasing wavelengths. The root-mean-square reaches a maximum of 90 % at 475 nm. Strong
correlation with a correlation factor of 0.91 is achieved between the calibration curves of Raman scattering from water and Mie
scattering from spheres of 197 nm in diameter. The strongest differences between the calibration functions occur within the Mie
scattering method, solely by using different sphere sizes for calibration. This behavior can be attributed to the strong polarization
effects of Mie scattering, depending on sphere sizes, wavelengths, and scattering angles. The polarization effects are illustrated in
Fig. 6 using the example of three sphere sizes and unpolarized excitation. The parallel and perpendicularly polarized fractions of the
calculated scattering functions are plotted in the scattering half-planes for three excitation wavelengths, each. The angle-dependent
variations in polarization increase with increasing sphere diameter for fixed wavelengths, i.e., with increasing Mie size parameter
χ � πd/λ that relates the sphere diameter d to the wavelength λ.

Figure 7a shows the corresponding degrees of polarization, defined as ρ � (I|| − I⊥)/(I|| + I⊥) with the parallel and perpendic-
ularly polarized fractions I|| and I⊥, respectively. The polarization degrees significantly vary by amount and shape even within the
small angular range accessible to the detector around the measuring direction of 90◦. The reference data for the grating efficiencies
of the spectrometer are depicted in Fig. 7b. The polarization-sensitive gratings process the scattered radiation so that the same
amount of intensity may yield to different results at the subsequent detector, depending on the respective polarization of the emitted
radiation. The theoretical values are unaffected by such distortions. As a consequence, the spectral calibration functions of Mie
scattering result in different curves for different sphere sizes.

Polarization analyses of the Raman scattering readings are performed by measuring the parallel and perpendicularly polarized
fractions at the photon counter. The analyzer is positioned in the emission measuring path directly behind the measuring section.
The readings are integral over the accessible angular range. The results yield the known frequency-dependent polarization of Raman
scattering spectra [19]. When the same analyis is applied to the fluorescence measurement of bacteria vegetative cells diluted in
pure water, a varying polarization is measured along the fluorescence spectra. Figure 8 shows the spectral polarization degrees of
the fluorescence readings for spherical- and rod-shaped bacteria at an excitation wavelength of 280 nm. The two spectra show no
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Fig. 7 The polarization degrees of the presented Mie scattering functions within the angular range accessible by the detector (a). Reference data for the
polarization-dependent efficiencies of the spectrometer gratings (b). The polarization directions are related to the scattering plane

Fig. 8 Spectral polarization
degrees of bacteria fluorescence
readings together with their
particular total values ρ integrated
over the spectral range

significant differences. With an approximate weight of 10−12 g, bacteria exceed the upper limit of about 15 kDa for depolarization by
rigid bodies (particle rotation time higher than fluorescence decay time) [20]. These conditons indicate that the polarization results
can be attributed to the behavior of the bacterial fluorophores [21]. The three optical processes, Mie scattering, Raman scattering,
and fluorescence show different polarization behaviors with the most complex for Mie scattering. As a consequence, the calibration
methods lead to deviations of the cross-section spectra even if applied to the same set of fluorescence readings. The results are
illustrated in Fig. 9 using the example of Micrococcus luteus for an excitation wavelength of 280 nm. The derived cross-section
data vary up to one order of magnitude for emission wavelengths above 460 nm. The polarization impact of the present measuring
system is evident due to the strong polarization dependence of the grating efficiencies. But polarization effects occur in any optical
measuring system, by polarizing properties and/or polarization sensitivities of optical components and detectors [22, 23]. Therefore,
the polarization characteristics of calibration and measuring processes should show at least similar behaviors to reduce inherent
inaccuracies. In the cross check of Fig. 10, the deviations of the polarization degrees of the applied calibration methods from
the polarization degrees of bacteria fluorescence readings are illustrated at three emission wavelenghts for Mie scattering and six
emission wavelengths for Raman scattering. Spherical- and rod-shaped bacteria are taken into account. Raman scattering proves to
be the better match in the comparison and is the preferred calibration method for the present system. A further advantage of Raman
scattering is the continuous availability of pure water standards in contrast with the uncertain availability of spheres of a specific
size. A further improvement toward accuracy could be achieved by using the same optical process for calibration and measurement,
for example, by applying fluorescing spheres with quantitatively specified excitation-emission maps [24] when available on the
market for UV excitation. Those spheres will act as rigid bodies. However, in combination with a calibration by Raman scattering,
an additional calibration by fluorescing spheres can limit the area of calibration uncertainty.

4 Fluorescence cross-sections of single bacteria

The following diagrams illustrate the spectral fluorescence cross-sections of single bacteria derived by Raman calibration. Figure 11a
shows a comparison of vegetative cells of Bacillus subtilis, Micrococcus luteus, and Escherichia coli for an excitation wavelength
of 266 nm. The strength of the overall fluorescence response is achieved by integrating the particular cross-section spectra resulting
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Fig. 9 Fluorescence cross-section
data resulting from identical
fluorescence readings within the
identical measuring system but by
application of different calibration
methods

Fig. 10 Deviation of polarization
degrees of the calibration methods
from the polarization degrees of
bacteria fluorescence for randomly
selected emission wavelengths

Table 1 Total fluorescence
cross-sections for different
excitation wavelengths

Wavelengths 266 nm 280 nm 355 nm

B. subtilis vegetative 1.7 · 10−16 m2/cell 2.6 · 10−16 m2/cell 9.8 · 10−18 m2/cell

B. subtilis spores 2.7 · 10−16 m2/spore 5.2 · 10−17 m2/spore 6.7 · 10−18 m2/spore

E. coli 7.6 · 10−17 m2/cell 9.4 · 10−17 m2/cell

M. luteus 3.2 · 10−17 m2/cell 5.7 · 10−17 m2/cell 2.5 · 10−18 m2/cell

in the total fluorescence cross-sections. The total values for the spectra in Fig. 11a are distributed over approximately one order of
magnitude, as to be seen in Table 1.

An illustration of a possible distinguishability of bacteria by fluorescence techniques is achieved by normalizing the spectra at
the same emission wavelength, as shown in Fig. 11b. Each spectrum is related to its specific cross-section value at an emission
wavelength of 335 nm. The wavelength is chosen close to the particular maximum. The bacteria species show almost identical
spectra up to a wavelength of 400 nm with only slight differences above. A comparison of the fluorescence cross-sections of
Bacillus subtilis vegetative cells and spores follows in Fig. 12a for the excitation wavelengths of 266 nm, 280 nm, and 355 nm. The
normalized diagrams on the right of Fig. 12 give a descriptive internal comparison for selected cross-section spectra. The spectra of
vegetative cells and spores show satisfying distinguishability at an excitation wavelength of 280 nm, as presented in Fig. 12b. The
two cross-section spectra of vegetative cells in Fig. 12c show no pronounced differences. The close excitation wavelengths of 266
nm and 280 nm do not selectively address the different fluorophores of the bacterium. Total values of fluorescence cross-sections are
summarized in table 1. The correlation matrix in Fig. 13 gives an overview of a possible bacteria distinguishability by the correlation
coefficients of the fluorescence cross-section spectra of vegetative cells and spores for excitation wavelengths of 266 nm and 280
nm. All vegetative cells show correlation coefficients above 0.9 with only weak but recognizable graduation. Significant differences
are only found between the spectra of vegetative cells and the spores’ spectra excited at 280 nm. Since the correlation between
the fluorescence cross-section spectra of the investigated species has emerged as being very strong, efforts toward an appropriately
reliable, fluorescence-based differentiation of bacteria should consider all available information. This includes optimized multi-
wavelength excitation, fluorescence decay time [25], and, eventually, fluorescence polarization. However, the task will challenge
the tools of artificial intelligence. A review of methods and optical techniques for bio-agent detection is given in [26].
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Fig. 11 Comparison of spectral fluorescence cross-sections of different bacteria species at the identical excitation wavelength, absolute values in diagram
(a) normalized values in diagram (b)

Fig. 12 Intra-comparison of spectral fluorescence cross-sections of Bacillus subtilis vegetative cells and spores at different excitation wavelengths with
absolute values in diagram (a). Exemplary comparison between cells and spores at identical excitation wavelength in diagram (b) and exemplary comparison
between cells at different excitation wavelengths in diagram (c), both comparisons represented by normalized values

While fluorescence cross-section data of most pathogens are not open, the literature provides a broad dataset of cross-sections
for bacteria on BSL-1. Due to the specific tasks and conditions of the individual laboratories, direct one-to-one comparisons of the
datasets are not possible. Reasonably comparable conditions are gained by adapting the referred data [2, 3] (reviewing also [5–7, 27,
28]) [4] concerning spectral resolution and by compromises toward aerosol conditions and excitation wavelengths. Figure 13 shows
a comparison between the presented cross-sections and literature data. Significant deviations, mainly found at emission wavelengths
around 450 nm, can largely be attributed to the calibration by Raman scattering instead of by the Mie scattering method that is
widespread in the community (Fig. 14). Unspecifiable polarization influences in the particular measuring systems also contribute to
the deviations, besides the reasons mentioned in [3, 4].

5 Conclusion

Polarization effects have to be considered for improved reliability of the derived fluorescence cross-sections. Both conventional
methods of absolute calibration, Mie scattering and Raman scattering, are affected by polarization impact. Deviations up to one
order of magnitude can follow from calibrations by Mie scattering only by a variation of the applied sphere sizes. In the present
system, Raman scattering is found to be the preferable calibration method to diminish polarization-dependent inaccuracies. Less
polarizing or less polarization-sensitive components will improve the effort as well as a calibration method that is based on the
same optical process as the measurement, i.e., for example, by using certified fluorescing microspheres with quantitatively specified
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Fig. 13 Correlation matrix for the
investigated spectra of bacteria
fluorescence cross-sections

Fig. 14 Comparison of derived
cross-section data with referenced
values from the literature. Values
integrated over the spectral range
are referred to as “total.”
Maximum spectral values
positioned at any wavelength are
referred to as “max”

excitation-emission maps. As long as optical artifacts cannot be completely eliminated from the readings, the gathered cross-section
datasets are affected by measuring errors difficult to recognize. Since such artifacts depend on the particular measuring system and
are often hard to detect and to extract from measuring results, detailed analyses and comparisons of cross-section data have to be
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performed within the same system setup to assess the results thoroughly. The spectral and total values of single bacteria fluorescence
cross-sections are both essential for determining the strength of bacteria fluorescence response. To a vast extent, the fluorescence
cross-sections presented in this paper are in satisfying agreement with data from the literature. Matching factors below 3.8 are
achieved at an average of 1.6. Reasons for wider deviations at specific wavelengths of the spectra with matching factors between
5.5 and 13 can be attributed to the application of different calibration methods and to spectral polarization effects in the particular
measuring system. The cross-section spectra of the vegetative cells show very strong correlations with correlation factors above
0.9. A slightly lower correlation is found between specific cross-section spectra of vegetative cells and spores. But nonetheless,
correlation coefficients around 0.9 and above challenge any effort toward a discrimination of bacteria by fluorescence techniques.
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