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Published: 13 September 2016 - The optical I.dent_lﬁcatlo_n of bioaerosols in the atmosphere.andllts discrimination against combustion
related particles is a major issue for real-time, field compatible instruments. In the present paper,
we show that by embedding advanced pump-probe depletion spectroscopy schemes in a portable
instrument, it is possible to discriminate amino acid containing airborne particles (bacteria, humic
particles, etc.) from poly-cyclic aromatic hydrocarbon containing combustion particles (Diesel droplets,
soot, vehicle exhausts) with high selectivity. Our real-time, multi-modal device provides, in addition to
the pump-probe depletion information, fluorescence spectra (over 32 channels), fluorescence lifetime
and Mie scattering patterns of each individually flowing particle in the probed air.

The real-time detection and identification of bioaerosols in the atmosphere, such as airborne bacteria and pollens,
is an active domain of research. In particular, several optical systems'~'?, based on fluorescence and/or elastic
scattering have been developed to distinguish bio-aerosols (bacteria, pollen, etc.) from non-bio-aerosols, like
combustion related hydrocarbons and soot. The most advanced approaches interrogate individual aerosol parti-
cles, whose fluorescence is spectrally resolved and analyzed in real time. Dual wavelength excitation (for instance
263 nm and 351 nm) of single particles has emerged as an additional tool for improving the measurement selec-
tivity and therefore reducing false alarms'*-'%. Some extensive studies have been recently performed in order to
investigate the limits of linear UV-Visible spectroscopy (using extended 2D excitation-fluorescence spectra) for
tearing apart the signatures of fluorescent aerosols in the air'”!%. Alternately, non-linear spectroscopic techniques
such as harmonic-'° and plasma-generation®*?!, and multi-photon excited fluorescence!*>?* have emerged as
promising alternatives, but they appeared difficult to translate into field-compatible devices. In particular, femto-
second pump-probe depletion spectroscopy**?> and quantum control?*-?¢ demonstrated their ability for discrim-
inating bioparticles from non-bioparticles in solution in the laboratory, as well as identifying biomolecules with
strongly overlapping spectra. In this latter case, the underlying mechanisms allowing fluorescence depletion for
amino acids (AA) and absence of fluorescence depletion for other organic compounds relies on the difference in
excited state absorption (ESA) characteristics. As outlined in the scheme on the right in Fig. 1, from the interme-
diate excited state S; (populated by the pump photon), the probe photon re-excites the molecules in some upper
lying states S,,, which are likely to autoionize or dissociate, yielding S; depopulation and fluorescence depletion.
This is the case of AA, but not the case of other aromatic hydrocarbons, in which either (1) the transition moment
S, — S, is small or (2) S, decays non-radiatively to S, leading to the same final population in §,, and thus, the
same fluorescence as for the UV excitation only.

Although promising, most of these non-linear spectroscopic methods relied on complex femtosecond laser
systems, which prevented their transferability for field measurements. In the present paper we demonstrate that
pump-probe depletion discrimination concepts can be transferred to practical applications by using nanosecond
263 nm pump and 527 nm probe lasers; fluorescence depletion by a 527 nm ns pulse is indeed found efficient
for AA containing bioaerosols (bacteria, humic acid, protein containing droplets, etc.), and almost effect less
for combustion related organics (Polycyclic aromatic hydrocarbon (PAHs), diesel droplets, soot, vehicle exhaust
emission, etc.). On this basis, we developed a portable instrument, bearing multi-modal capabilities: optical scat-
tering in the near infrared (NIR), UV laser-induced fluorescence spectrally resolved over 32 spectral channels,
fluorescence lifetime, and a disruptive pump-probe depletion methodology. All these optical data are recorded in
real-time and on each individually flowing aerosol particle. We demonstrate, in particular, the unique advantages
of pump-probe depletion spectroscopy for discriminating bio- from non-bio-aerosols.
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Figure 1. Experimental set-up and fluorescence depletion scheme.

Experimental Set-up

The experiment was inspired by the successful design pioneered about 15 years ago by R.K. Chang at Yale
together with the ARL’. This single-particle fluorescence spectrometer was then further developed in our group,
and specifically modified here for implementing the 263 nm pump - 527 nm probe concept. More precisely, as
reported in Fig. 1, the air is sampled at 60 L/min, concentrated by a 10 x aerodynamic lens, and then focused by
an optimally-designed sheath nozzle in a narrow stream of 500 um diameter?. The concentrator was not used
in this work and therefore the total flow was limited to 6 L/min composed by 3 L/min sample flow and 31/min
sheath flow. The stream then crosses two infrared diode lasers for Mie scattering measurements (690 nm), which
allows the determination of the optical size of each particle. Scattering signals are also used to trigger a pulsed
DPSS Nd:YLF laser, which provides both 10 4] at 263 nm and 225 pJ at 527 nm, with a maximum repetition rate of
1kHz. The UV polarization is set parallel to the visible one by a half wave plate. The visible radiation is separated
by a dichroic mirror, which transmits 263 nm and reflects 527 nm. The UV is split in two arms by a partially reflec-
tive mirror (R 50% at 263 nm). Half of the beam is recombined with the visible radiation by a dichroic mirror.
The two colors are thus temporally overlapped (optimally, the visible should be slightly shifted by 1-2 ns). The
second part of the UV beam is temporally shifted by typically 20 ns by a delay line formed by a set of HR (high
reflectivity) UV mirrors. The delayed UV beam is then recombined to the other two overlapped beams by another
50% reflectivity UV mirror, which transmits also the visible. The sequence of laser pulses is then focused onto
the aerosol flow in the measuring chamber. A dedicated channel is used for the fluorescence depletion/lifetime
measurement, constituted by a collecting lens, a rejection filter at 527 nm, a pass-band filter, and a fast photo-
multiplier tube (PMT). The PMT transient signal is analyzed using a 300 MHz oscilloscope. Simultaneously, the
fluorescence is collected by a separate Schwarzschild reflective objective and spectrally analyzed in 32-channels
from 300 nm to 500 nm. This spectrometer is based on a multi-anode photomultiplier (Hamamatsu H7260-03)
with home-designed acquisition electronics, as described previously'>?. The whole instrument is compact (L x
Ix h=60cm X 60cm x 40 cm) and rugged, compatible with field measurements. The maximal detection rate is
approximately 10* events/min.

Results and Discussion

Several types of aerosols were analyzed in order to assess the discrimination ability offered by the fluorescence
spectrum/lifetime/pump-probe depletion approach. A TSI aerosol generator (Model 3076) and a nebulizer were
used to inject reference material, like Enterococcus bacteria, diesel droplets, tryptophan particles and humic parti-
cles, while the exhausts of two different Diesel cars were used for analyzing non-bioparticles emitted by combus-
tion in actual conditions. The typical size distributions estimated by the scattering signals from the NIR lasers are
provided in the Supplementary Fig. S1. Note that at this stage no special effort was paid to detect single bacteria,
and we mostly observed small aggregates due to the sample preparation process.

SCIENTIFICREPORTS | 6:33157 | DOI: 10.1038/srep33157 2



www.nature.com/scientificreports/

TRP
@
>
k%)
C
o
S
3 | | | | | |
C .
3 | Diesel
o
@]
>
L
(3
| | | | l
0 20 40 60 300 350 400 450

Time [ns] Wavelength [nm]

Figure 2. Left, fluorescence depletion response. Averaged oscilloscope traces acquired by the fast detector in
Fig. 1 in absence (purple line) and presence (green line) of the depletion pulse. Note that the depletion pulse is
temporally superposed with the UV pump pulse only for the first peak, while the second peak is acquired as a
reference for fluorescence intensity for the same aerosol particle. Right, averaged fluorescence spectra. The greyed
regions cover an area of two standard deviations around the data points as obtained for approximately 103
detection events.
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Figure 3. Intensity dependence of fluorescence depletion. For the depletion ratio, value 1 corresponds to total
depletion and 0 to absence of any effect on the fluorescence intensity by the green laser.
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Figure 4. Left, averaged fluorescence spectra and measured lifetimes for several different aerosol particles.
<IR indicates that the measured lifetime is limited by the instrumental response (~5ns). Right, distribution

of depletion events. In these histograms, 1 corresponds to total depletion and 0 to absence of effect on the
fluorescence intensity. For soot we present two set of data for depletion (red and blue) corresponding to two
different Diesel vehicles. The distributions are fitted by a Gaussian function.

Figure 2 shows typical signals, simultaneously recorded on the pump-probe/lifetime channel (left column)
and on the spectrally resolved fluorescence spectrometer channel (right column). These traces consist of the
cumulative signals from 10° individual particles for two species: tryptophan particles and Diesel drops. Large
intensity fluctuations are recorded between the different events (greyed regions in the spectral plots), but the
overall spectral signature is preserved for both species. However, the plots also evidence the fact that linear fluo-
rescence spectroscopy is unable to discriminate between the AA fluorescence and the different PAH fluorescence
in the Diesel drop, as the bands’ widths and peak positions are very similar. The discrimination is provided by
the time resolved, pump-probe signals, on the left column. As can be seen from the upper left quadrant, the tryp-
tophan particle’s fluorescence is depleted by typically 20% by the 527 nm pulse, the second pulse in time serving
as a reference. In contrast, no depletion is observed for the Diesel droplets. Additionally, the time resolved flu-
orescence (estimated by fitting the PMT oscilloscope trace by a Gaussian curve) displays a short, <5 ns lifetime
(limited by the instrumental response), for tryptophan and bacteria, as previously reported**-*2. Much longer,
16 ns average, for the Diesel mixture. This longer fluorescence lifetime for different PAHs, ranging from 4 ns to
36 ns, was already studied in the literature®, in line with our present observations. A legitimate question is then
whether lifetime and depletion ratios are connected, as both observables are related to excited state dynamics. For
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instance, a short lifetime PAH, like fluorene (5.9 ns), will hardly be discriminated from tryptophan (3.7 ns)* by its
lifetime. In order to assess whether, in these conditions, pump-probe spectroscopy would be efficiently discrimi-
native, we measured the fluorescence depletion ratio of fluorene, as a function of the 527 nm probe laser intensity.
The results, shown in Fig. 3, demonstrates the unique capability of pump-probe depletion as compared to spec-
trally resolved or fluorescence lifetime approaches. The fluorescence depletion D, is defined as D=1 —1,/I,, where
I, is the undepleted fluorescence intensity (without probe) and I, the depleted fluorescence intensity (with probe),
respectively. Fluorescence depletion D is clearly above noise level already at low probe intensities and it rises until
0.5 for tryptophan, while D always remains almost negligible for fluorene. This demonstrates that even a PAH
with similar spectrum and similar lifetime as an AA can be discriminated by the present pump-probe depletion
method. This suggests that the depletion efficiency mainly relies on the ESA cross-section to S, at 527 nm, or that
the relaxation pathways from S, are intrinsically different between AAs and PAHs (for instance the branching
towards vibrational non-radiative cascading down to S).

In order to evaluate the performance of the present approach, we analysed different aerosol particles present
in the air, including mineral dust, bacteria (Enterococcus), humic particles, liquid organic droplets, and carbona-
ceous particles (soot) emitted by 2 different Diesel vehicles. As can be seen from Fig. 4, some difference exist in
the recorded fluorescence spectra of the species, which can be exploited for helping identifying them. The spectral
overlap is, however, significant, so that spectrally resolved data are not sufficient for discriminating the bio- from
the non-bio- particles. In contrast, pump-probe depletion clearly categorizes the two types of aerosols, based on
their content in AAs or not. So, Diesel droplets and soot from two 15 years old vehicles, one with a badly working
engine (blue bars) producing large soot clusters, another one with engine in order (red bars) producing smaller
particles exhibit negligible depletion ratios, while bacteria and humic particles exhibit average depletion ratios
between 0.3 and 0.5. Therefore, setting an arbitrary threshold for D at 0.15 (at this particular probe intensity)
substantially discriminates bio-aerosols from non-bio-aerosols, yielding 85% correct detections in the case of
bacteria, 100% for Diesel and 80 and 100% for the two data-sets of soot, respectively. Note that this discrimina-
tion levels are computed applying exclusively this threshold-based classification, while they can be improved by
a multi-parametetric analysis which includes, for example, information on size, signal intensity, etc. As a side
note, we remark that depending on the application, the threshold D can be finely adjusted. For instance, when
monitoring pathogens in public indoor areas like airports, it might be wiser to limit false positive rate from soot
to avoid false alarms.

Conclusions

Fluorescence depletion is generic for AAs?>?, peptides®, and flavin?’ containing particles. For instance, femtosec-
ond pump-probe depeletion was investigated for different types of bacteria® (Bacillus Subtilis, Escherichia Coli,
Enterococcus, etc.) and very similar depletion ratios were found for all of them. This ensures that most of, if not all,
bioaerosols will be identified as such by the pump-probe depletion methodology. However, this also demonstrates
that the same methodology is unable to discriminate among different bioaerosols. A first attractive field exper-
iment would be to assess in real-time the fraction of bioaerosols from traffic related carbonaceous emissions at
the periphery of a large urban area or at rural sites close to a highway or a road tunnel. AAs are indeed identified
as excellent bioaerosols proxy in urban environments®. A more technical, but attractive, outcome in the case of
urban areas, would be to assess the fraction of bioaerosols in each of the different “spectra clusters” that have been
often identified by self-referencing classification in the studies using spectrally resolved fluorescence measure-
ments of individual particles®®-*°. This would allow to revisit these data with a new point of view, and ultimately
extract more information about the sources that generated these generic clusters.

25,28
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