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Abstract

A real-time detection and monitoring (RTDM) of microbial contamination on solid surfaces is mandatory in a
range of security, safety and bio-medical applications where surfaces are exposed to accidental, natural or intentional
microbial contamination. This work presents a new device, the BC-Sense, which allows a rapid and user-friendly
RTDM of microbial contamination on various surfaces while assessing the decontamination kinetics and degree of
cleanliness. The BC-Sense LIDAR (Light Detection and Ranging) device uses the Laser-Induced Fluorescence (LIF)
method based on dual wavelength sensing with multispectral pattern recognition system to rapidly detect microbial
contamination on a solid surface. Microbial simulants (bacteria, bacterial spores, fungal conidia and virus) were
spread at varying concentrations on a panel of solid surfaces which were assessed by BC-Sense. The spectra of
dead and living E. coli showed differences at various sensing wavelengths. The limit of detection (LoD) of E. coli and
MS2 virus was 2.9 x 10* and 9.5 x 10* CFU and PFU/cm?, respectively. Random samples (n=200) tested against
a training dataset (n=800) were optimally discriminated for contamination versus background with a threshold
of predicted response (PR) >0.55 and <0.4, respectively. Decontamination kinetics on copper surface showed a

complete disappearance of fluorescence in 1 min with MS2 versus >10 min with spores and E. coli.

Keywords: Microbial contamination; Real-time detection and
monitoring (RTDM); Laser-Induced Fluorescence (LIF)

Introduction

The common thread of microbial contamination is the exposition
of solid surfaces to the accidental, natural or intentional deposit
of micrometers and submicrometer-sized particles consisting
of contaminating biological agents, loosely defined as microbial
contaminants. In many cases, the need for assessing readily and
rapidly the materiality and extent of a biological contamination is of
paramount importance [1]. This commonly applies to incidents where
an accidental, natural or deliberate release of microbial contaminants
is suspected. Scenarios where real-time detection and monitoring
(RTDM) is mandatory can synthetically be split in a preventive versus
reactive approach. The preventive approach applies to many situations,
e.g., to microbiological analyses of surfaces in food-processing industry
where RTDM is part of the tools used to control the hygiene of food
products, to the microbial control of industrial and hospital clean-
room facilities, to the control of cleanliness in operating theatres, and
as a biosafety measure in microbiological or medical laboratories.
The reactive approach occurs after the suspicion of a deliberate or
accidental release of biological agents. It is used to assess the extent
of surface contamination, delineate as precisely as possible the area
to be excluded for non-authorized persons, and guide the sampling
procedures while avoiding unnecessary random sampling. Assessment
of the decontamination efficiency, which is commonly quoted as “how
clean is clean enough”, takes place after the cleaning phase following
the dispersion of biological aerosol [2]. Whether in a civilian, public
health or military context, it undoubtedly remains a key issue.

Conventional methods require the samples to be taken in the
‘right spot’ to accurately assess the presence and/or distribution of
the microbial flora. It is however impossible to sample large areas/
volumes or continuously sample with current technology. Due to
biosafety issues, sample contact itself is a major concern in most

situations. Technologies capable of providing a non-contact, real-time
detection of microbiological contaminants and real-time assessment
during and after decontamination are extremely scarce. They include
fluorescence (photoluminescence) spectroscopy, Raman spectroscopy,
Laser-Induced Breakdown Spectroscopy (LIBS) and hyperspectral
imaging [3-7]. Each of these techniques has its merits and drawbacks.
Compared with fluorescence, the Raman spectroscopy would need
power more than one order of magnitude and a more stable wavelength
to generate a signal-to-noise ratio that is exploitable irrespective of the
absence of the fluorescence background known to be a hindrance. LIBS
spectroscopy would need a lot more power per pulse and a higher-
resolution and lower throughput spectrometer while the hyperspectral
imaging system might not be specific enough and needs ambient light.
The genuine fluorescence high sensitivity and selectivity are therefore
considered to be suitable and effective features to use in the RTDM
of small amounts of microbial contaminants on surfaces at medium
range distances. The intrinsic fluorescence of various biomolecules
depends not only on the concentration of fluorescing molecules (e.g.,
tryptophan) contained in the proteins of biological agents, but also
depends on the molecular composition of the immediate surroundings
(i.e., the chemical background/solvent). This can cause large changes
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in registered spectra due to the energy transfer or quenching of the
emitted fluorescence spectrum. Consequently, the shape of the induced
fluorescence spectrum reflects specifically the molecular composition
of the assessed area, hence can serve for detection and monitoring of
various microbiological agents [8,9].

This paper describes the development of a stand-off BC-Sense
LIDAR system using a Laser-Induced Fluorescence (LIF) method based
on dual wavelength sensing with multispectral pattern recognition.
The purpose of this tool is to carry out non-contact (short range stand-
off) RTDM of solid surfaces. A panel of biological agents were spread
on various surfaces as a model of natural, accidental or intentional
biological contaminations. The BC-Sense device was used to assess the
efficiency of decontamination through RTDM of residual microbial
contaminants. This paper presents the first evidence of the validity of
this methodological approach and the feasibility of using it for this type
of application.

Materials and Methods

Description of the BC-sense device

The BC-sense LIDAR system consists of 2 excimer lasers which
induce the fluorescence, a telescope to collect the backscattered
fluorescence signal, a spectrometer with switchable long-pass filters,
an intensified camera for detecting low-level signals, and other
components including the electronic controller (Figure 1a).

Fluorescence from the sample is excited by a 248 nm krypton
fluoride (KrF) laser with ~5 mJ energy and a 351 nm xenon fluoride
(XeF) laser with ~2 m]J pulse energy. Maximum pulse repetition rate
of the lasers is 10 Hz (reduced from 100 Hz of the lasers). The working
range of the device is from 5 to ~20 m and it is meant to be operated in
indoor (dry) conditions. The optical scheme of the LIDAR is co-axial,
which means that the laser beam and the telescope are always aligned
along the optical axis of the device. This means that changing the
distance between the sensor and the surface to assess does not require

to adjust the basic optical setup of the LIDAR nor to have moving
parts when the focus distance ranges from 5 to 20 m. Moreover, the
reflective-only optical scheme means that chromatic aberrations or
spectral shifts with distance are unlikely. The co-axial and achromatic
alignment allows for continuous spectral measurement without
requiring constant adjustments by the operator or the software.

The laser light is directed onto the sample in trains/sequences
of consecutive pulses (10 pulses at both wavelengths by default).
The backscattered light, containing scattering and fluorescence
flux, is collected by an off-axis parabolic mirror telescope, and the
reflected (same-wavelength) laser light is removed before entering
the spectrometer by switchable longpass filters. The fluorescence at
each excitation wavelength is dispersed into a spectrum with concave
diffraction grating. The spectrum is recorded by intensified time-gated
multi-channel linear detector. It allows the system to be operated by
users in day light conditions. The spectral resolution is about 10 nm in
the wavelength range of 300 to 600 nm. The microcontroller manages
the operational cycle of the system and sends the data package for
storage and analysis.

The BC-Sense device can be carried by two persons and operated
on a special trolley (Figure 1b). The dimensions of the LIDAR device
are 680 x 410 x 337 mm and it weighs 40 kg. A special trolley was
created to allow for easily directing and aiming the laser beam from
the LIDAR onto the target. A green laser pointer was installed into the
LIDAR to help aim target areas. The power consumption of the air-
cooled and wall-plug-powered device is 200 W.

Principles of use of the BC-Sense device

Two excitation wavelengths (248 and 351 nm) were used to measure
fluorescence spectra of the samples. Excitation at 248 nm induces the
fluorescence of proteins contained in all microorganisms, namely
tryptophan, tyrosine and phenylalanine amino acids, and resulted in
an emission of fluorescence around 350 nm [9].

level, 3 — sample on horizontal copper surface, 4 — trolley.

Figure 1: BC-Sense LIDAR device. (a) External view with carrying trolley; (b) Layout: 1,3- FS prisms, 2— dichroic filter, 4- telescope mirror, 5- switchable
filter, 6- diffraction grating, 7- gated linear detector; (c) Experimental setup: 1 — BC-Sense device, 2 — laser beam at ~10 degree angle below horizontal

XeF laser 1
351 nm

KrF laser
248 nm
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Excitation at 351 nm induces the fluorescence of reduced form
of nicotinamide adenine dinucleotide (NADH), which is a coenzyme
having major metabolic functions in bacterial and fungal cells but not
in viruses, and of its phosphate form (NADPH), with an emission
around 450 nm [10].

A direct optical path (i.e., without mirrors) was used to detect the
panel of biological contaminants in their respective media. For each
assay, the sample was placed on the top of on a horizontal copper
surface, a material devoid of any background fluorescence. Positioned
at a distance of about 6 m, the laser beam was then pointed at the area
of the copper surface contaminated with the biological sample and the
laser-induced fluorescence spectra were measured and recorded for
later analysis (Figure 1c). For each sample, an average spectrum was
recorded over 10 laser shots to increase the signal to noise ratio.

Selection and production of biological agents

For this study, bacterial, bacterial spores, fungal conidia and viral
models were used as surface contaminants. E. coli, Gram negative
bacteria, is a widely used bacterial model in laboratory studies [11]. In
the current study, the E. coli DSM 11250 strain (Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Germany) was used. B.
thuringiensis, a gram positive spore forming bacteria, is the second
most studied bacteria and is often used as a model, especially in
decontamination studies as a surrogate for its close-neighbour Bacillus
anthracis, which is a bio-warfare agent [12,13]. The B. thuringiensis
subsp. aizawai strain ABTS-1857 was grown from Xentari WG, a
commercial B. thuringiensis-based insecticide (Bayer Crop Science SA-
NV, Belgium). Both E. coli and B. thuringiensis strains were plated on
LB agar (LB broth - VWR chemicals, Belgium; BactoTM Agar - Becton,
Dickinson and company, France) petri dish and grown overnight at
37°C. A single colony was then transferred to a LB broth and grown
overnight (37°C, 140 rpm). The CFU/mL was determined as 3.7 x
10° CFU/ mL for E. coli and 7.9 x 10 CFU/mL for B. thuringiensis.
To prevent a high background noise due to the culture media (LB)
content in tryptone and yeast extract, all biological samples used for
BC-Sense measurements were re-suspended and diluted in an isotonic
phosphate-buffered saline (PBS). E. coli and B. thuringiensis agents
were washed, resuspended in PBS buffer and heat inactivated (Julabo
Sw22 water bath - 99°C, 80 rpm, for 3 hours) to produce a suspension
bacteria.

Spores from the B. thuringiensis subsp. aizawai strain ABTS-1857
was retrieved from the same insecticide as cited above (Xentari WG,
Bayer CropScience SA-NV, Belgium). For each experiment, a fresh
suspension of the Xentari powder was diluted and spiked on the
surfaces, immediately before the reading.

The genus Cladosporium, found worldwide, is the most common
outdoor and indoor environmental fungus. Different species,
particularly Cladosporium herbarum, produce very high concentrations
of airborne conidia (asexually produced spores) responsible of
respiratory allergies [14]. The strain C. herbarum CTMA/189, which
was isolated from the air in Belgium in 2008, was grown 8 days on agar
slant (modified Sabouraud medium) in order to obtain an abundant
production of aerial conidia. Tris-buffered saline (TBS) solution with
2 drops of Tween 80 was added to the slant, and conidia were liberated
into the liquid by scrapping the surface of the colony. The conidia
suspension was pipetted and placed inside a 15 mL Falcon tube (stock
solution).

The bacteriophage MS2, a small-sized icosahedral RNA virus

commonly used as a simulant for pathogenic viruses in a large number
of studies, was produced as previously described by Bentahir M, et al.
[15,16]. The MS2 viral titre of the cell lysate was determined by culture
method using the double agar overlay phage assay (DAL) [17]. The
MS2 stock solution is at 1.24 x 10'° PFU/mL.

Testing for surface contamination
decontamination kinetics

and monitoring

Each bacterial, viral or fungal sample was diluted to a predefined
concentration. The liquid sample containing the biological contaminant
(10 mL) was spread on an 8 x 11 cm area of the horizontal copper
surface to form a wet area of ~100 cm” as the target surface hit by the
laser beam. The reading was carried out as described above under
paragraph “Principles of use of the BC-Sense device”. While LIDAR
measurements were all carried out with biological agent suspensions,
replicated measurements on dried contaminated surfaces (i.e., surfaces
let to dry after deposition of the microbial contaminated solution) did
not change the recorded spectrum. Considering the time for surfaces
to dry and the number of experiments, it was therefore decided for very
practical reasons to pursue the work on wet surfaces and to carry out
the measurements shortly after spreading a sample on a surface.

The linearity of the measures was tested by a serial dilution of E.
coli and MS2 bacteriophage in a water-based solution. Data were used
to construct a calibration curve in order to accurately calculate the
limits of detection (LoD) and quantification (LoQ) of both agents. The
LoQ, which is set at a higher concentration than the LoD, is the lowest
concentration at which the analyte can not only be reliably detected but
at which some predefined goals for bias and imprecision are met [18].
LoD and LoQ are two important values for assessing sensitivity and
performance characteristics in a validation trial.

Different concentrations (n=>5) and several replicates measurements
(n=4) were used for building the calibration curve. Samples were
prepared by diluting the stock solution of living E. coli and MS2
bacteriophage virus by tenfold serial dilutions to find the concentration
where the signal to noise ratio was low enough so that the spectrum of
the biological agent was barely higher than the noise.

For testing the effect of decontamination, 0.5% sodium
hypochlorite (bleach) solution was freshly prepared by diluting an
anhydrous sodium dichloroisocyanurate (NaDCC) powder (Melspring
International b.v., the Netherlands) in water before the measurement.
The suspension containing the biological contaminant was spread on
the copper surface and mixed with 10 ml of 0.5% chlorine solution. The
dynamic of the decontamination process was then monitored by real-
time measurement of the decrease in output fluorescence from agent
proteins.

Selection of a set of representative solid surfaces

A panel of surface materials frequently exposed to biological
contamination in real-life incidents or situations were selected for
use during the contamination and decontamination assessment, i.e.,
laboratory coat, wood, Plexiglas/PMMA [poly (methyl methacrylate)],
glass, galvanized steel, aluminium, rigid PVC and a UV-resistant
PVC fabric. The latter is a piece of the canvas tent from the B-LiFE
deployable laboratory of CTMA-UCL [19]. Each material was cut
to have a rectangular shape of 8 cm wide and 11 cm long. BC-Sense
testing was carried out on the surface of the material placed on the
top of the copper surface. The intrinsic fluorescence from each type
of surface was assessed before spreading the biological agents (i.e.,
bacteria, spores, fungal conidia and virus) (Figure 2).
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Figure 2: Background fluorescence of solid surfaces. (a) Set of
representative solid surfaces used for microbial contamination: 1 — cloth
of lab coat, 2 — wood, 3 —Plexiglas/PMMA (poly(methyl methacrylate)), 4 —
galvanized steel, 5 — PVC plastic, 6 — aluminium, 7 — canvas tent , 8 — copper
plate. (b) Corresponding gain-normalized LIF spectra of solid surfaces at the
excitation 248 nm: spectrum of white lab coat (1) is divided by 100; spectrum of
PVC (5) is divided by 10; copper plate (8) provided no fluorescence.

Microbial contaminants fluorescence using a non-fluorescent
solid support

The LIF spectra of microbial contaminants were measured with the
samples placed on the copper plate. As no fluorescence is generated
by copper (cf supra, Intrinsic fluorescence of surface materials), each
spectrum was considered to exclusively result from the microbial
contaminant solution. The LIF data recorded with various microbial
samples revealed similarities and differences.

With an excitation wavelength of 248 nm, bacterial models
produced maximal fluorescence intensity at 330 nm, attributed to
tryptophan [7]. The spectra characterizing Bacillus spores, C. herbarum
conidia and MS2 bacteriophage differed markedly from bacterial
spectra. The fluorescence maxima were observed at 410, 360 and
430 nm, respectively, and are therefore easily distinguishable. At the
excitation wavelength of 248 nm, dead and living E. coli bacteria had
a similar LIF spectral shape. The fluorescence spectrum of dead E. coli
exhibited a shoulder near 450 nm and higher fluorescence intensity
compared to living E. coli and B. thuringiensis (Figure 3).

At the excitation wavelength of 351 nm, the LIF spectrum of dead E.
coli contained noticeable fluorescence in the spectral range of 400-500 nm,
not seen with living counterparts an attributed to NADH (Figure 4) (23, 24).

Spectral analysis of microbial contaminated suspensions
deposited on solid surfaces

The LIF spectra of each component of the microbial solution (i.e.,
microbial agents, PBS and TBS solutions, and growth media) and
clean versus contaminated surfaces have been measured to compile
a global data set for building the BC-Sense classifier. The goal was to
use the classifier to enable operator to distinguish a contaminated
from a clean or completely decontaminated surface, irrespective of the
arbitrary combination of surfaces and microbial contaminants. Due
to a limited training dataset, an ensemble learning strategy, namely
Bootstrap aggregation, was applied in order to discriminate among
different types of biological contamination and surfaces. Wavelet
feature extraction and selection was also used prior to application of
the analysis algorithm, as previously reported [20-22].

Results
Intrinsic fluorescence of surface materials

Before carrying out RTDM on contaminated surfaces, the intrinsic
fluorescence of each uncontaminated counterpart was measured
and the corresponding LIF spectra were taken as a reference. All
fluorescence spectra using an excitation wavelength of 248 nm covered
a spectral range between 380 and 520 nm with main fluorescence
bands appearing beyond 400 nm, with the notable exception of the
band corresponding to PVC plastic which produced a fluorescence
peak at 310 nm. The LIF spectra showed major variations between
two extremes: as desired, the copper plate produced no fluorescence
signal whereas lab coat and PVC plastic produced the highest peaks,
being 100 and 10 times higher than other materials, respectively.
These recoded LIF spectra constituted the reference data set of spectral
backgrounds which could be used as a comparison with fluorescence
signals produced by microbial contaminated surfaces.

1000

Intensity (au)

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 3: LIF spectra of biological contaminants at the excitation
wavelength of 248 nm

1 — E. coli (dead bacteria) 61010 CFU/ml, 2 — E. coli (living bacteria) 1 x 107
CFU/ml, 3 — Bacillus spores 5 g/ml, 4 — B. thuringiensis 2 x 108 CFU/ml (signal
multiplied by 10 for visibility), 5 — MS2 Virus 1 x 10° PFU/ml, 6 — Cladosporium
herbarum (unknown concentration).
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Figure 4: LIF spectra of living and dead bacteria E. coli
1 —living E. coli excited at 248 nm, 2 — living E. coli excited at 351 nm, 3 — dead
E. coli excited at 248 nm, 4 — dead E. coli excited at 351 nm.
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LoD calculated using LIF calibration curves for E. coli bacteria and
the MS2 virus were 2.9 x10* and 9.5 x 10* CFU/cm?, respectively. The
LoQ values were 3.4 x 10° and 10° PFU/cm? for living E. coli and MS2
bacteriophage virus, respectively (Table 1).

Spectral analysis of microbial contaminants on solid surfaces

The total set of LIF spectra collected during the experiment
consisted of more than 800 samples measured in replicates. The
training dataset for the classifier consisted of 101 spectra of E. coli and
MS2 contaminants and of a panel set of microbial-uncontaminated
solid surfaces (n=85) with their respective fluorescence. The training
dataset “out-of-bag” error was 0.08. The LIF spectra of bacterial spores
and fungal conidia were not included in the training dataset but used in
the test data set. The test dataset consisted of 628 samples, with 37 false
and 47 unknown results.

The classifier was created as detailed above (cf the “spectral analysis
of microbial contaminated solution on solid surfaces”) and embedded
into RTDM procedure of the BC-Sense device. When a LIF spectrum
was recorded by the BC-Sense, the classifier instantly produced the value
of predicted response (PR) ranging from 0 (lack of contamination) to 1
(100% probability of contamination).

Random samples (n=200) were assessed. For the clarity of resulting
visualization, the PR of the classifier distributed in four different
groups based on LIF spectra. Group I presented the data recorded
with a panel of uncontaminated surface materials: PR was consistently
<0.25, according to the classifier. Group II included E. coli on various
surfaces versus solvents: PR was >0.6 and <0.3, respectively. Group III
presented the LIF data recorded with MS2 virus on various surfaces
versus culture media used for bacterial and viral growth: PR was >0.6
and <0.2, respectively. Group IV included the LIF spectra generated by
bleach alone versus bacterial spores and fungal conidia contaminated
solid surfaces. In this group, the classifier discriminated contaminated
surfaces (PR >0.6) from bleach (PR <0.2).

Data analysis with respect to PR showed that two thresholds
discriminate between contamination and background signals: <0.4
considered as negative whereas >0.55 being considered contaminated.

BC-sense analysis of solvents, growth media, and solid surfaces with
and without microbial contaminants: data mining and result analysis.
The predicted response (PR) of the BC-sense classifier for 200 random
samples of solvents, growth media, and solid surfaces with and without
microbial contaminants: group I - PR <0.25 for clean surfaces; group II
- PR <0.3 for solvents and PR <0.6 for the surfaces contaminated by E.
coli; group III - PR <0.2 for media samples and PR >0.6 for the surfaces
contaminated by MS2 virus; group IV - PR <0.2 for the bleach and PR
>0.6 for bacterial spores and fungal conidia. Blank markers and thin
noughts below 0.45 PR represent pure background materials, nutrient
solutions and blank, felled markers and bold noughts above 0.55 PR
represent cultures of microorganisms and materials contaminated by
them. The legend shows more details on the type of the surface and
contamination.

As expected, the classifier was not able to detect contamination
when surface contamination was carried out with a microbial

Microorganism LoD LoQ RSD %
E. coli (living bacteria) 2.85E4 9.49E4 6.21
MS2 virus 3.36E5 1.12E6 10.97

concentration near the LoD of the BC-Sense tool (Table 1). The spectral
shape and intensity of fluorescence of background surfaces influenced
the detection capability. In particular, E. coli was correctly detected by
the classifier on PVC, canvas tent and aluminium, while its detection
on Plexiglas/PMMA and galvanized steel was challenging. In the
latter case, the detection reliability depended indeed on the bacterial
concentration. The MS2 virus was successfully detected on Plexiglas/
PMMA, canvas tent, PVC, aluminium and steel. As described above
uncontaminated background materials, solvents and growth media
were always correctly discriminated by classifier (Figure 5).

Light Induced Fluorescence (LIF) and Spectral Fluorescence
Signatures (SFS) or “spectral fingerprinting® were successfully tested
in near-real life condition in the B-LiFE laboratory tent in Bologna
during the large-scale “food defence” demonstration in April 2016 in
the framework of the Seven framework European project EDEN (End-
user driven Demo for cbrN) [23-25]. The demonstration focused on
deliberate food contamination with a norovirus in a meat production
facility. Both techniques correctly identified contaminated slices of the
mortadella-type sausage (Figure 6).

Online RTDM during the decontamination process

BC-Sense LIDAR device was finally used to monitor in real-time
the kinetics of decontamination when treating contaminated surfaces
by bleach. The decontamination efficiency, expressed as a decrease in
fluorescence intensity, was assessed on surfaces contaminated with
living E. coli cells, MS2 bacteriophage and spores of B. thuringiensis.

The dynamic decrease in fluorescence intensity was monitored in
real-time on the corresponding LIF spectra. Pouring 0.5% chlorine
solution directly onto a microbial-contaminated surface generated
indeed an immediate and abrupt drop of fluorescence. With MS2, a
complete disappearance of the fluorescence was achieved in 1 minute
whereas this lasted longer (up to 10 min) with E. coli and spores of B.
thuringiensis (Figure 7).

Discussion and Conclusions

Various methods are currently used in the detection of
microbiological contamination on surfaces, e.g., ATP-bioluminescence
assay, PCR-based methods and a large variety of optical methods
[23,24,26]. Most of them, especially nucleic acid- and antibody-based
assays, are cumbersome, expensive and require a long turnaround
time. Before the analytical step, samples need first to be collected
from targeted surfaces before undergoing adequate processing. ATP-
bioluminescence assay requires preliminary surface preparation with
specific antibodies, hence providing at best questionable results,
whereas other assays require rather complex analysis of collected
samples.

Global issues related to surface contamination, and detection
thereof, were clearly evidenced during the last Ebola outbreak in West
Africa. They perfectly illustrate the current technological challenges.
During this outbreak, the risk of nosocomial transmission through
indirect Ebola virus (EBOV) transmission via surfaces or fomites
contaminated with the patient’s blood or body fluids was a daily
concern. Whilst the incidence of nosocomial infection within Ebola

R? Linearity Range Recovery % Units
0.9963 8E4 - 8E5 9E4 - 8E5 103.00 CFU/cm?
0.9736 4E5 - 4E6 1E6 -4E6 99.00 PFU/cm?

Table 1: Limits of Detection (LOD) and Quantification (LOQ) of the experimental setup.
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Figure 5: Analysis result for different classes of spectra
BC-sense analysis of solvents, growth media, and solid surfaces with and without microbial contaminants: data mining and result analysis. The predicted response
(PR) of the BC-sense classifier for 200 random samples of solvents, growth media, and solid surfaces with and without microbial contaminants: group | — PR <
0.25 for clean surfaces; group Il - PR < 0.3 for solvents and PR < 0.6 for the surfaces contaminated by E. coli; group Il - PR <0.2 for media samples and PR >
0.6 for the surfaces contaminated by MS2 virus; group IV - PR < 0.2 for the bleach and PR > 0.6 for bacterial spores and fungal conidia. Blank markers and thin
noughts below 0.45 PR represent pure background materials, nutrient solutions and blank, felled markers and bold noughts above 0.55 PR represent cultures of
microorganisms and materials contaminated by them. The legend shows more details on the type of the surface and contamination.

Figure 6: RTDM of slices of the mortadella-type sausage using BC-Sense in a laboratory tent (Bologna, April 2016, FP7-EDEN, large-scale Food Defence
demonstration). EDEN demonstration scenario: Food contamination (norovirus) in a meat production facility. (A)Slice non contaminated used as negative control;
(B) B1 meat sample: the surface of the slice was contaminated with a norovirus; (C) Simplified portable version of BC-Sense; (D) Positive signal from a contaminated
slice; (E) B-LIiFE Laboratory tent hosting the BC-Sense during the EDEN demonstration.

healthcare facilities remains contentious, several contaminations
indeed occurred in health care workers (HCWs) regardless of strict
infection prevention and control measures. This outlined the need to
improve the understanding of the EBOV environmental transmission,

i.e., how long and where does the virus survive in real life conditions
and whether it withstands current decontamination protocols.
Accordingly, surface swabbing followed by EBOV-specific RNA-based
assay was proposed to assess viral persistence in the immediate vicinity
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Figure 7: Bleach decontamination kinetics. Decrease of integral fluorescence signal, in the spectral range 250 nm to 600 nm, during microbial
decontamination of Bacillus spores, MS2 bacteriophages and E.coli due to surface decontamination with 0.5 % sodium hypochlorite solution.

of Ebola patients, namely on material in contact with patients like
beds, mattresses and linens, as well as on HCWSs personal protective
equipment and gloves [27-31]. Results demonstrated the relatively
high stability of viral RNA, especially in high temperatures and moisty
conditions, as is the case in tropical settings. In addition to this, there
was mounting evidence that EBOV can remain viable on surfaces for
several days under simulated environmental conditions for the climate
of West Africa [32]. Altogether, these results advocated the detection
of EBOV RNA as a surrogate marker of viral contamination of the
environment and its use as the most sensitive measure of safety. Nucleic
acid-based assay appeared to be the best and only method for residual
hazard assessment, i.e., complete versus incomplete decontamination
according to whether RNA disappears or not. Nevertheless, due to
biosafety and regulatory issues, none of the above studies could carry
out viral culture in the field, in real operational conditions, nor could
samples be exported abroad for confirmatory testing [28,30,31].
Consequently, genuine study limitations such as lack of confirmation
of the viability and infectivity of EBOV from RNA positive specimens
tempered the interpretation of RNA-based results. Moreover, it should
not be overlooked that EBOV culture can produce false-negative results
with the swabbing method, especially when the microbial load is low,
hence making questionable the reliability of a negative viral culture
from RNA EBOV positive samples [27,33].

Interestingly enough, constraints and issues associated with
potential microbial surface contamination extend far beyond the Ebola
case. Indeed, swabs and wipes followed by sample processing have long
been applied in different fields among which medical applications, food
safety and biothreat assessment [34-40]. However, a series of limitations
strongly affect this type of safety control protocol among which a size-
biased sampling, the type of sampling field, the nature of environmental
swab samples which makes the use of multiple swabs on the same site
impossible, and the use of different collection and analytical methods
limiting their applicability to the real world setting. Consequently,
sampling inconsistency cannot be ruled out and technique variability
in sample collection may be responsible for discordant results. Besides,
swabbing does not always lend itself to use with life-threatening agents
owing to biosafety concerns during processing.

Therefore, evidence-based decontamination procedures should
protect those at risk of contamination from environmental sources
(hospitalized patients, hospital staff, population....) or from intentional

release of biological agents using field-based tools that can serve as
surrogate measures of viable or dead microbial agents on surfaces,
without neither sampling nor acid nucleic-based analysis. So far,
only scarce data report on methods that allow RTDM of microbial
contaminants, mainly for medical or food applications [41-43]. The
LIF method with a dual wavelength sensing and multispectral pattern
recognition enables BC-sense LIDAR a non-contact detection based
on the primary component analysis of intrinsic fluorescence spectra
of biological models [4]. According to current results, spectral shapes
allowed distinguishing between groups of biological agents and
background (e.g., culture medium, solvents and surface material)
while minimizing false-positive results [22]. A panel of microbial
agents on a range of solid surfaces were correctly classified without
sample collection or analytical procedure and with a turnaround time
<3 seconds for each identification test. A consistent discrimination
of contaminated versus non-contaminated surfaces was possible
using optimal thresholds as defined here, i.e., PR >0.55 as indicator of
surface contamination and PR <0.4 for surface cleanliness. Provisional
identification of the group of biological agent was obtained by using a
robust decision tree-learning algorithm that compared the fluorescence
spectra of unknown microbial contaminants with a database of > 800
samples collected during this study.

The fluorescence maximum peak of bacteria excited at 248 nm is
attributable to tryptophan fluorescence. The fluorescence spectra of
dead and living E. coli looked comparable except at 351 nm excitation
where the difference was supposedly related to NADH fluorescence.
In some studies, NADH fluorescence is indeed used as biomarker of
cell viability and/or cell death [10,44,45]. NADH expression increases
after induction of cell injury or death and decreases until cell death,
making it an interesting marker to discriminate between alive and
dead bacterial cells. In line with previous reports, bacillus spores,
MS2 bacteriophage and C. herbarum conidia showed different spectra
compared with bacteria, which make them easily recognizable [46,47].
The fluorescence of bacteriophage MS2 is attributed to the tyrosine
in the coat protein [48,49]. While the most efficient spectral range
to excite the fluorescence of tyrosine is 275-300 nm, the sensing
wavelength 248 nm of BC-Sense induced its noticeable fluorescence as
well. Viral LIF spectra showed two peaks, the highest being around 430
nm, suggesting that this part of the spectra may be influenced by E. coli
lysate (dead cells) following viral replication [47]. Anyhow, the viral
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spectrum differs from both alive and dead bacteria spectra, outlining
the ability of BC-Sense to identify the type of biological contamination.
It is also noteworthy that current detection and quantification limits,
evaluated with live E. coli and MS2, are relatively high and should be
improved. Nevertheless, results are promising. Further technological
developments combined with database enrichment with fluorescence
spectra from additional biological models and background material
will undoubtedly improve the limit of detection and quantification.

Regarding surface decontamination, the most common cleaning
fluid used is a chlorine solution (bleach). The primary decontamination
effect occurs because hypochlorite anions oxidize and denature the large
three-dimensional structure of proteins, opening them up and altering
the amino acids which lie inside [50]. The chlorine solution destroys the
biomolecules in time scale from seconds to minutes depending on the
type of microorganisms. The BC-Sense tool enabled operators to follow
in real-time the decontamination kinetics of the chlorine treatment
using biological models with varying bleach sensitivity (e.g., virus more
sensitive than spores). The monitoring of cleaning efficiency, using
different decontamination solutions on an extensive panel of biological
agents (e.g., spore, viruses, bacteria and toxins) and surfaces (porous
versus non-porous material), will help optimize decontamination
protocols and methods. This is also very much needed, knowing that
bleach may cause serious damage to equipment used in a contaminated
environment [19].

In conclusion, the BC-Sense LIDAR device was developed, using
the LIF method based on dual wavelength sensing with multispectral
pattern recognition system, enabling operators a user-friendly RTDM
of microbial contamination/decontamination on solid surfaces.
This device has a high positive impact in terms of biosafety as it
provides first responders with a better situational awareness without
the manipulation and transport of potentially dangerous samples,
hence limiting personal exposure to biological agents and the risk of
spreading the contamination. A quick determination of the extent
and nature of a suspected microbial contamination without sampling
is paramount for risk assessment and decision making on sample
collection in appropriate biosafety conditions (i.e., level of protective
equipment and standard operating procedures for sampling and safe
packaging). This tool fills therefore a major gap in real-time assessment
of biological hazard in work environment, residual hazard assessment
after decontamination (i.e., decontamination efficiency), and guidance
for the type and thoroughness of cleaning procedures.
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