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ABSTRACT: Detection methods for microbiological aerosols
based on single particle mass spectrometry (SPAMS) and a
fluorescent aerosol particle sizer (FLAPS) have been developed
progressively. However, they encounter interference and ineffi-
ciency issues. By merging FLAPS and SPAMS technologies, the
majority of inorganic ambient aerosols may be eliminated by the
FLAPS, thus resolving SPAMS’ large data volume. SPAMS, on the
other hand, may eliminate the secondary fluorescence interference
that plagues the FLAPS. With the addition of the enhanced
machine learning classifier, it is possible to extract microbial
aerosol signals more precisely. In this work, a FLAPS−SPAMS
instrument and a Random Forest classifier based on Kendall’s
correlation expansion training set approach were built. In addition
to analyzing the outdoor microbial proportions, the interference components of non-microbial fluorescent particles were also
examined. Results indicate that the fraction of outdoor microbial aerosols in fluorescent particles is 25.72% or roughly 2.57% of total
particles. Traditional ART-2A algorithm and semi-empirical feature clustering approaches were used to identify the interference
categories of abiotic fluorescent particles, which were mostly constituted of EC/OC, LPG/LNG exhaust, heavy metal organics,
nicotine, vinylpyridine, polycyclic aromatic hydrocarbons (PAHs), and polymers, accounting for 68.51% of fluorescent particles.

1. INTRODUCTION
Aerosol transmission is a crucial way of human-to-human
disease transmission, particularly for COVID-19.1−3 Con-
sequently, airborne microbial aerosol identification methods
assist in public health monitoring. In recent years, research on
microbial aerosols using single particle mass spectrometry
(SPAMS) has expanded progressively.4 For Bacillus subtilis,5

Mycobacterium tuberculosis,6 etc., standard mass spectra were
retrieved and validated in succession. Czerwieniec et al.7 found
many cations related to Bacillus atrophaeus, including
decarboxylated valine, threonine, isoleucine, histidine, phenyl-
alanine, and others. Srivastava et al.8 determined the cationic
profiles of standard strains in relation to amino acid residues
such as methyl nitrogen residues, amyl alcohol, amylamine, and
aspartic acid. There are additional distinguishing properties in
anions, most notably in cyanate and phosphate ions. Using
feature recognition methods, Fergenson et al.9 effectively
established species identification between Bacillus thuringiensis
and Bacillus atrophaeus. Tobias et al.10 showed that SPAMS
could be used to swiftly track gross morphological and certain
biochemical changes in groups of B. atrophaeus cells. They also
revealed the dipicolinic acid (DPA) mutant identification
capabilities. Recently, Zawadowicz et al.11 used the CN−/
CNO− and PO3

−/PO2
− ionic relative intensity ratios to

improve the resolution of conventional bacterial and environ-
mental single-particle mass spectrometry, and the approach

was utilized to examine the bio-aerosol content of environ-
mental samples. Currently, the majority of bio-aerosol
detections based on SPAMS are still laboratory-based, and
outdoor detections are still limited. In addition, the aerosol
aging process and microbial proliferation may produce
considerable changes in mass characteristics, but there are
few investigations on them, resulting in a dearth of useful
detection standards. Moreover, classical SPAMS is based on
the laser light scattering approach, which has suffered from
inadequate targeting, huge data volume, and poor ionization
efficiency. Hill et al.12 outlined the usual chemicals with
intrinsic florescence in active microbial cells emitting from 450
to 620 nm, such as NADH or NADPH, DPA, and Riboflavin,
etc., that might be utilized to extract the signal in a targeted
manner. A fluorescent aerosol particle sizer (FLAPS) based on
intrinsic florescence was designed for the detection of
microbial aerosols;13−16 however, more in-depth study
revealed that it was susceptible to interference by secondary
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fluorescence aerosols (SFAs), such as polyphenols,17,18

imidazoles,19−21 dihydropyridine,22 limonene, oxides, and α-
pinene,23−25 etc. Previous studies have demonstrated that the
majority of bio-aerosols have intrinsic fluorescence and a 405
nm laser could excite the most active microorganism
components,26 a despite typically only a small fraction of the
airborne total particles. Therefore, combination of FLAPS and
SPAMS technologies can address the issue of excessive data in
airborne bio-aerosol sampling by SPAMS and increases the
performance by minimizing the interference of dust, metal, and
inorganic salt particles, since the majority of them lack intrinsic
fluorescence. The laser repetition rate restricts the particle
ionization flux of SPAMS, which in turn limits the detection
efficiency and flux of aerosol particle mass spectrometry;
therefore, a matched aerosol flux is essential for maximizing the
efficiency. Using FLAPS technology to pre-screen fluorescent
particles can significantly reduce the number of candidate
microbial particles for mass spectrometry detection in a unit
time, save the storage consumption and match the flux of mass
spectrometry data, and further improve the laser ionization
strike efficiency of SPAMS without large-scale modification of
instrument structure, allowing for the effective detection of
airborne bio-aerosols with a higher total aerosol concentration.
On the other hand, SPAMS is anticipated to differentiate
biological aerosols in fluorescent particles counted by the
FLAPS from components interfered by SFAs, and it is
anticipated to further improve the detection accuracy with
the aid of a mass spectrometry classification algorithm. In this
work, the FLAPS−SPAMS instrument was produced, and a
suitable Random Forest classifier was developed using
Kendall’s correlation expansion training set approach. The
Random Forest classifier was utilized to investigate the
proportions of outdoor microorganisms, and the interference
components of non-microbial fluorescent particles in typical
scenarios were also examined.

2. EXPERIMENTAL SECTION
2.1. Construction of FLAPS−SPAMS. The FLAPS−

SPAMS was modified by SPAMS-0525 (Hexin Instrument Co.,
Ltd.). As shown in Figure 1, the vacuum mechanism and other
ancillary supports are omitted.

From top to bottom, the instrument is composed of an
aerosol interface, an exhaust gas collection device, an
aerodynamic focusing lens group (ADL), a FLAPS analyzer,
a time-of-flight (TOF) mass spectrometer, and an ionization
laser (ionizer). The ADL utilizes the ADL02 designed by our
previous work,27 which can transport particles between 150
and 3,100 nm. The FLAPS analyzer contains a fluorescence
signal collector and a scattering signal collector. The detailed
assemblies are seen in Figure 2: (a) A 405 nm continuous laser
(Coherent BioRay) was used for excitation, followed by a 3
mm aperture, an OD6@420 nm long-pass optical filter in front
of the PMT1 (Hamamatsu, Beijing CH253) for 450−650 nm
fluorescence signal receiving. (b) Another 405 nm laser was
used and followed with a 3 mm aperture and PMT2
(Hamamatsu H10721-110) for scattering signal receiving.
Each 405 nm laser was set to 100 mW power to get enough
fluorescence or scattering strength for nondestructive particle
size recognition. The TOF mass spectrometer inherited the
structure of SPAMS-0525. The particle ionizer was a Q-
switched Pulsed Nd:YAG DPSS laser (Quantel Laser,
Centurion+) worked at 266 nm and 0.6 mJ ± 5% per pulse.

2.2. FLAPS−SPAMS Signal Process Protocols. The
fluorescence signal collector starts time ticking until the
scattering signal collector receives another pulse; particles'
time-of-flights are recorded and relayed to flight velocity and
aerodynamic particle size, which are utilized to determine the
striking delay of the ionization laser. After the ionization laser
pulse is fired, the mass spectrum of a single particle is recorded.
Since all signals are time-referenced to the fluorescence signal
collector, which is only sensitive to particles with intrinsic
fluorescence between 450 and 650 nm, the fluorescence signal
collector gives the flux value for the population of fluorescent
particles, and the scattering signal collector gives the total
population of particles; the mass spectrum is derived from the
total population of intrinsically fluorescent particles.
2.3. Microbial Models. All microbial models were

purchased from ATCC. They are Klebsiella pneumoniae,
Salmonella pneumoniae, Shiga virulent Escherichia coli,
Bordetella bronchitis, Candida albicans, Staphylococcus aureus,
Listeria monocytogenes, Candida tropicalis, Enterococcus urea,
Enterobacter cloacae, Candida glabrata, Aspergillus brasiliensis,
Staphylococcus epidermidis, Saccharomyces cerevisiae, and Bacillus
subtilis. Except for Shiga virulent Escherichia coli, which has
2,000 mass spectral samples, Bacillus subtilis, which has 2,077
mass spectral samples, and Staphylococcus aureus, which has
3000 samples, the other 12 microbial models each have 1000
samples (12,000 in total), so the standard microbial set
contains a total number of 19,077 samples.
2.4. Reagents. Rabbit blood culture medium plates were

purchased from Sangon Biotech (Shanghai) Co., Ltd. Blue
fluorescent polystyrene latex beads (PSL)(1.1 μm Ex = 400
nm, Em = 450 nm) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. RO water was produced by
a Merck Milli-Q Reference System.
2.5. Acquisition of the Standard Environmental Set.

Flat leaf combustion, automobile exhaust, wheat combustion,
corn combustion, and dust were collected with independent air
bags. The ionization power was 0.6 mJ ± 5%@266 nm per
pulse. Every bag collects 1000 mass spectra to form the
standard environmental set.

Figure 1. Structure diagram of FLAPS−SPAMS.
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2.6. Acquisition of the Standard Microbial Set.
Samples of microorganisms were transferred from cryogenic
vials to rabbit blood medium plates divided into four quadrants
and incubated at 37 °C. Five cycles of repeated centrifuga-
tion−resuspension in RO water were used to extract a single
pure colony. One inoculation loop of precipitation was taken
and suspended in 50 mL of RO water in a TSI-9302 atomizer.
Then, 1.0 L/min of filtered air was used to produce the
microbial aerosol, which was then dried with silica gel. For the
following experiments, FLAPS−SPAMS was utilized to acquire
mass spectrum. The ionization power was 0.6 mJ ± 5%@266
nm per pulse. In addition, average mass spectroscopy was
performed in order to get the microbial standard mass
spectrum.
2.7. Evaluation of Fluorescent Particle Counting

Efficiency. Using sonication, 30 μL of blue fluorescent PSL
was dispersed in 50 mL of RO water for 2 minutes. The
suspension was delivered to the TSI-9302 atomizer. The
aerosol was created by filtered dry air modulated regularly at
1.0−1.5 L/min for about 200 s, and FLAPS−SPAMS was
introduced for particle size statistics and PMT flow testing.
2.8. Environmental Microbial Aerosol Sampling. The

outdoor ambient aerosol was continuously sampled using
FLAPS−SPAMS with 0.6 mJ ± 5%@266 nm single-pulse laser
ionization to gather the aerodynamic particle size distribution,
particle PMT count signals, and mass spectrum. The samples
were taken at the Guangzhou Hexin Mass Spectrometry
Industrialization Base (16, Xinrui RD, Huangpu district,
Guangzhou, Guangdong, China) between 7:18 p.m. on April
7 and 7:18 p.m. on April 10.

3. RESULTS AND DISCUSSION
3.1. Evaluation of Fluorescence Particle Counting

Efficiency. The results reveal that the particle size distribution
is between 1,000 and 1,250 nm, with the most probable
particle size being about 1,160 nm (Figure 1Sa), indicating that
the particle size detection capabilities of the instrument meet
lower than ±100 nm size accuracy. The light scattering +
fluorescence count of PMT 2 signals and the fluorescence
count of PMT 1 were combined to obtain the almost 100
percent detection efficiency of the FLAPS (Figure 1Sb).
3.2. Microbial Aerosol Signal Extraction. 3.2.1. Evalua-

tion of the Microbial Standard Mass Spectrum. Figure 3
depicts the microbial standard mass spectrum derived from the
standard microbial set’s average mass spectrum, where m/z =
−26 CN−, m/z = −42 CNO−, m/z = −63 PO2

−, m/z = −79
PO3

−, m/z = −97 H2PO4
−, m/z = +23 Na+, m/z = +30

glycine-COOH, m/z = +39 K+, m/z = +59 H2NCHCH2NH2
+,

m/z = +70 proline-COOH, m/z = +74 threonine-COOH, and

m/z = +86 leucine-COOH. These ions match the character-
istics described by Czerwieniec et al. and Srivastava et al.

3.2.2. Obtaining Environmental Samples. FLAPS−
SPAMS performed continuous sampling of the outdoor
environment for 72 h in the following. The sample period is
between 7:18 p.m. on April 7 and 7:18 p.m. on April 10.

The dispersion of particles is represented in Figure 4a. It
ranges from 200 to 2,500 nm, and the number of particles
decreases exponentially from 520 to 2,500 nm, which is
consistent with the particle distribution law in the outdoor
environment.28 However, the range from 200 to about 500 nm

Figure 2. Set of the FLAPS optical parts. (a) Fluorescence signal collector; (b) scattering signal collector.

Figure 3. Microbial standard mass spectrum.

Figure 4. (a) Particle size distribution of the 72-h outdoor sample and
(b) PMT counts for the 72-h outdoor sample.
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exhibits an exponentially increasing trend, which is a result of
the ADL’s lower transmission efficiency of small particles.
Figure 4b illustrates the development of fluorescent particle
counts (blue line) and fluorescent + scattering particle counts
(pink line) over time. Clearly, fluorescent counts are about ten
times bigger than fluorescent + scattering counts, indicating
that fluorescent particles make up around 10% of the total.
Based on the sampling data, the light scattering data flux is
approximately 1,500 particles per second, whereas the
fluorescence flux is only approximately 150 particles per
second. Therefore, if the traditional SPAMS based on the light
scattering mechanism is used, the mass spectrum detection rate
must be faster than 1,500 Hz. Notably, the highest repetition
rate of the SPAMS 266 nm ionization laser is 105 Hz, and such
a large particle flow definitely exceeds the maximum ionization
rate, which may substantially raise the probability of detection
leakage. However, it is highly unlikely that non-fluorescent
particles have biological origins; hence, up to 90% of the
instrument resources will be wasted by the typical SPAMS
method. Consequently, FLAPS−SPAMS saves almost 90% of
the mass spectrum data volume while identifying microbial
aerosols. In contrast, this sample has an average mass spectral
hit rate of 15%, while regular SPAMS sampling has an average
mass spectral hit rate of 3−5%. This indicates that the
FLAPS−SPAMS has a much greater detect efficiency in
airborne microbial aerosols.

3.2.3. Establishment of the Microbial Aerosol Classifier.
To construct the microbial aerosol classifier, 80 percent of the
typical microbiological and environmental sets was used to
train a Logistic regression29 classifier, while the remaining 20
percent was utilized for testing. The total accuracy, according
to the data, is 97%. It was then utilized to categorize the above-
mentioned 72-h outdoor sample, generating microbial positive
and negative sets.

Figure 5 depicts the average mass spectra for the two groups.
Unfortunately, the Logistic regression classifier’s determination
precision is subpar. Different mass spectrum are similar. The

only relative abundances that have been altered are m/z = +23
Na+ and m/z = +39 K+. Moreover, both mass spectra exhibit
microbial aerosol features, such as m/z = +30, m/z +74, and
m/z +84. It is hypothesized that, following aging processes, the
microbial aerosol in the environment differs significantly from
the conventional laboratory aerosol. On the other hand, strong
ion peaks such as m/z = +23 Na+ and m/z = +39 K+ as well as
aging characteristics such as m/z = −62 NO3

− and m/z = −46
NO2

− may potentially produce excessive confusion, hence
affecting the classifier identification limit and leading to
judgment deflection. The results imply that we should choose
the suitable machine learning classifier with care and integrate
the characteristics of microbial aging into the training set.
However, it is still challenging to replicate the conventional
aging path of microbial aerosols in the laboratory. Therefore,
we were tasked with developing a feasible approach for the
capture of genuine aging features and an effective classifier. As
seen in Figure 6, we propose the following technological
approach.

As basic methodologies, the Random Forest algorithm30,31

and Kendall’s correlation32 were selected. The Kendall’s
correlation test is based on the consistency of rank and
sequences of feature strengths, which facilitates the develop-
ment of a “feature concentration”-based signal extraction
method. It should avoid strong ions such as m/z = +23 Na+,
m/z = +39 K+, m/z = −62 NO3

−, and m/z = −46 NO2
−, which

create signal misunderstanding. The Random Forest classifier
provides a high degree of generalization, reduces error rates for
imbalanced datasets, and exhibits greater precision when a
significant number of features are lost. This is important for the
extraction and categorization of SPAMS signals.

The training sets include a standard set and an extension set,
as seen in Figure 6. The standard set was derived from the
aforementioned experimental part. The expansion sets are
acquired by Kendall’s correlation from outside environmental
monitoring. There are three processes involved in obtaining
the classifier: For step 1: On the standard microbial set and the
microbial standard mass spectrum, Kendall’s correlation was

Figure 5. (a and b) Average mass spectrum of the two categories
classified by the Logistic classifier.

Figure 6. Technical route of the microbial aerosol classifier.
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conducted. The correlation threshold R1, with a greater
detection accuracy for the standard microbial set, and the
correlation threshold R0 for the standard environmental set are
respectively calculated. Results indicate that R0 = 0.25 and R1 =
0.40 are optimal values. The procedure will be thoroughly
described in Section 2 in the supporting documentation. For
step 2, Kendall’s correlation was performed using the microbial
standard mass spectrum against the genuine outdoor airborne
samples; those with R ≥ R1 were considered the expansion
microbial set, while those with R ≤ R0 were considered the
expansion environmental set. The expansion microbial set,
which had 33,844 (7.27%) particles, and the expansion
environment set, which contained 32,568 (7.00%) particles,
were isolated from the outdoor environmental samples, which
contained 465,310 particles. This method may optimally
separate the environmental sample components that are
closest to or furthest from the microbial standard, extracting
the aging characteristics of air equally. Nevertheless, it is
predicted that this will result in significant detection leakage.
The standard set was then composed of the standard microbial
set (19,077 in total) and the standard environmental set
(11,492 in total). In step 3, the Random Forest algorithm is
trained using a combination of the standard set and the
expansion set to produce the classifier. After random scattering,
80% of the merged standard microbial and standard environ-
mental sets and 60% of the merged expansion microbial and
environmental sets were utilized as training sets. The setup
parameters are shown in Table 1.

After training, the remaining datasets were compiled as an
assessment test set, yielding the confusion matrix (Table 2)

and the retrospective accuracy rate (Table 3). It can be
calculated that the classifier’s average accuracy is 96.11%,
which is very accurate and satisfies the criteria for future usage.

3.2.3.1. Classification of Long-Time Samples. The
Random Forest classifier was used to classify 465,310 particles
collected in an outdoor environment for 72 h, providing

119,690 microbial-positive particles (25.72%) and 345,620
microbial-negative particles (74.28%). Compared to the 7.27%
screened by Kendall’s method, the percentage of microbially
positive samples rose by 18.45%, demonstrating a successful
anti-leakage gain. Due to the absence of a standard aging
microbial population and an environmental baseline, measur-
ing the absolute accuracy of the classifier is currently difficult;
this issue will be extensively studied in future studies.
Considering that the entire number of particles is around 10-
fold that of fluorescent particles (mentioned above), microbial
aerosol particles account for roughly 2.57 percent of the total
number of particles.

Figure 7 depicts the average spectrum of two Random
Forest-classified groups. The microbial positive category is

depicted in Figure 7a. It is established that microbial
characteristics such as m/z = −97 HSO4

−/H2PO4
−, m/z =

−79 PO3
−, m/z = +30 glycine-COOH, m/z = +39 K+, m/z =

+59 H2NCHCH2NH2
+, m/z = +74 threonine-COOH, m/z =

+86 leucine-COOH, etc. Figure 7b, on the other hand, depicts
the microbial negative category. Secondary negative ions in the
mass spectrum include m/z = −26 CN−, m/z = −42 CNO−,
and m/z = −46 NO2

−were observed; positive ions are
represented by m/z = +23 Na+, m/z = +39 K+, m/z = +48
C4

+, m/z = +56 Fe+, and m/z = +60 C5
+. It should be identified

as “elemental carbon” or “mixed carbon” particles (EC/
ECOC).

The average mass spectrum indicates that Kendall’s
correlation expansion set generation strategy and the Random
Forest algorithm could be employed to extract the character-
istics of environmental microbial particles more efficiently. The
average mass spectrum of microbial negative particles
displayed different EC/OC characteristics, indicating that
EC/OC might be a source of interference in FLAPS detection.

3.2.3.2. Identification of Fluorescent Interfering Sub-
stances. The mass spectrum demonstrates that microbially
negative particles are composed of sodium and potassium

Table 1. Main Parameters of the Random Forest Classifier

parameters values

N estimators 100
max depth 14
min sample leafs 2
criterion Gini type
max features Log2 N
max leaf nodes 12
random state 1

Table 2. Confusion Matrix of the Classifier

standard
microbial
set

standard
environmental
set

expansion
microbial set

expansion
environmental
set

positive 3641 202 13,521 230
negative 189 2082 2 12,812

Table 3. Retrospective Accuracy of the Classifier

standard
microbial set

standard
environmental set

expansion
microbial set

expansion
environmental set

95.06% 91.16% 99.98% 98.24%

Figure 7. Microbial aerosols classified by Random Forest of (a)
microbial positive average mass spectrum and (b) microbial negative
average mass spectrum.
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nitrates as well as iron with EC/OC characteristics. It is
commonly believed that the major source of EC-type aerosols
in the cities was automobile exhaust.33 Coordination
interactions involving heavy metals like Fe and elemental
carbon, as well as redox reactions with nitrate, create secondary
aerosols with intrinsic fluorescence during burning. In addition,
bio-aerosol experiments using a wideband integrated bioaer-
osol sensor (WIBS) found that polycyclic aromatic hydro-
carbons (PAHs) and secondary organic aerosols were the
potential fluorescence interference.34,35 The interference was
classified using the ART-2A36,37 and semi-empirical feature
clustering algorithms. Figure 8 illustrates the results: Those

particles with poor ionization efficiency, which were less than
1% of the total, comprised the “weak” group. The “SPECOC”
group included unusual particles such as Fe/Pb-containing
OC/EC, K2Cl+-enhanced OC/EC, vinylpyridine, nicotine,
PAHs and accounted for 3.93%. The “propylene(ane)”
category, which accounts for 13.49%, exhibits m/z = +41
C3H5

+ or m/z = +43 C3H7
+ fragment ions, while the negative

spectrum is formed mostly of secondary ions m/z = −62
NO3

−, m/z = −46 NO2
−, and m/z = −26 CN−, which

correspond to the three-carbon components in aged LPG/
LNG exhaust. The 4.95% “undefined” category consists of the
unexplored discontinuous tail of the ART-2A classification.
Microbial aerosols accounted for 25.72% of all fluorescent
particles, whereas EC/OC, LPG/LNG exhaust, heavy metal
organics, nicotine, vinylpyridine, PAHs, and polymers
accounted for 68.5%, and 5.78% (0.83% “weak” and 4.95%
“undefined”) accounted for the remaining uncertain source.
Detailed mass spectra of the categories will be found in Figures
S3−S17.

4. CONCLUSIONS
In this work, FLAPS−SPAMS was developed in order to
identify ambient microbial aerosols using a Random Forest
classifier generated utilizing Kendall’s correlation expansion
training set approach. The microbial positive average mass
spectrum produced by the Random Forest technique displays
distinct microbial ion characteristics, while the microbial
negative average mass spectrum seems to be dominated by
EC/OC and heavy metal organics. The fraction of outdoor
microbial aerosols in fluorescent particles is typically 25.72% or
around 2.57% of total particles. Also, 68.51% of fluorescent
particles consisted of EC/OC, LPG/LNG exhaust, heavy metal
organics, and polymer particles, which accounted for the
majority of abiotic interference, and the remaining 5.78%
accounted for an uncertain source.

There are still hardware and software constraints in this
work. In terms of hardware, first, the distance between two 405
nm measuring lasers of FLAPS is far, which can lead to
fluorescence counting errors caused by rapid aerosol particle
flow, and it will be improved in our newly designed mass
spectrometer; second, the upper limit of the repetition rate of
the ionization laser restricts the detection flux of bio-aerosol
mass spectrometry. Third, the architecture of the device
utilizing ADL02 is limited to testing aerosol particles smaller
than 3 μm; however, a transmission efficiency of 3−5 μm for
fungal spores is poor. We have investigated several new ADLs
with a larger particle transmission range and will reveal the
most recent work developments at an appropriate time. In
terms of software, the classifier is limited by the Random
Forest training approach. Currently, only 15 varieties of model
microbes have been trained by example. In the future, we will
increase the size of the training set to increase the accuracy of
software identification.
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