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Abstract Airborne bacteria are components of the atmo-
spheric aerosol particles and can be responsible of allergic
disease, regardless of their viability. In this paper, we report
a method for the determination of total (viable and nonviable)
bacterial content in airborne particles, using muramic and
dipicolinic acids as biomarkers of bacteria and bacterial
spores, respectively. The analytical procedure was optimized
with bacteria and spores of Bacillus subtilis. After extraction
and purification, the two biomarkers were analyzed by HPLC-
ESI-MS/MS and their percentage was evaluated to be used as
conversion factor. The present method for the determination
of the total bacterial content was then applied to environmen-
tal samples, after a proper collection in an urban site. Thanks
to the use of a low pressure impactor, capable of fractionating
particles into the range of 0.03–10 μm, it was also possible to
study the bacterial content in ultrafine, fine, and coarse partic-
ulate matter. The results from this study showed that muramic
and dipicolinic acids can be determined together in one chro-
matographic run in reversed phase ion pair chromatography.
Bacteria were more abundant than bacterial spores in the ur-
ban atmosphere, both showing a higher concentration in the
coarse fraction of particles, although bacteria and bacterial

spore amounts per unit mass of ultrafine particles were higher
than in fine and coarse particles.
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Introduction

Primary biological aerosol particles (PBAPs)—in addition to
pollen, plant, and animal debris, epithelial cells, viruses, and
fungi—also include a minor content of bacteria and bacterial
spores [1–3], with the Bacillus genus generally found to be the
most abundant single genus represented at urban, forest, coast-
al, and rural locations [4, 5] and generally with more abundant
Gram-positive bacteria accounting for about 80∼86% of the
total [6].

Bacterial content in atmosphere can have an influence on
climate change as a consequence of the ability of bacteria to
act as cloud condensation nuclei; furthermore, more impor-
tantly, they are human, plant, and animal pathogens [7–9].
Airborne bacteria cells can be released into the atmosphere
from water and soil surfaces, vegetation, and anthropogenic
sources (wastewater treatment plants, sewage treatment, ani-
mal rendering, fermentation processes, agricultural activities,
etc.) [10–13]; global transport of dust also affects the amount
and composition of bacterial occurrence in atmosphere [14].

Bacteria are generally attached to the atmospheric particles
[15] and can therefore be present in all size ranges of the
aerosol. The size of an airborne bacterial particle obviously
affects the degree of infectivity as a function of its penetration
coefficient and deposition rate in the human respiratory tract.

Besides cells, bioaerosol also includes bacterial spores;
sporulation by certain bacteria results in the formation of a
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metabolically dormant cell known as endospore, which is re-
sistant to severe physical and chemical conditions.

In determining airborne bacterial content, differences in
sampling and/or analysis methods cause discrepancies in the
reported literature data [16].

Bacterial aerosol sampling can be performed either by
culturable air sampling methods or by collecting particulate
on membrane filters. In the case of culturable samples, only
viable microorganisms are detected. When bioaerosol is col-
lected on filters, both viable and nonviable bacteria can be
detected, depending on the analysis method used. Since bio-
logical aerosol can cause adverse health effects regardless of
viability [17], in order to determine the total content of
bioaerosol in atmosphere, the analysis can be performed by
molecular biology techniques or through the use of bio-
markers [3, 18–22]. In the last case, after the extraction and
analysis of suitable chemical markers from samples of partic-
ulate matter, their concentrations can be converted via conver-
sion factors to specific bioaerosol [23].

Concerning bacteria, muramic acid can be considered a
specific index of their presence in atmosphere [24]. This com-
pound is a component of the peptidoglycan, the only cell wall
polymer common to both Gram-negative and Gram-positive
bacteria, with the Gram negatives containing relatively little
peptidoglycan (less than 10% of the total cell wall), and Gram
positives mainly composed of peptidoglycan (usually 30–
70% of the total cell wall) [25]. Muramic acid is also a bio-
logically active substance, influencing cellular immune re-
sponse [25].

Dipicolinic acid (pyridine 2,6-dicarboxylic acid), identified
as being extremely important in spore resistance and stability, is
synthetized during bacteria sporulation and can be considered
an index of bacterial spore presence in atmosphere [26, 27].

As dipicolinic and muramic acids are not found elsewhere
in nature, their detection in environmental samples can there-
fore be used for an indirect estimate of both bacterial spores
and bacteria, using conversion factors. Obviously, it is diffi-
cult to assign proper factors and an incorrect assignment can
lead to significant errors.

Mielniczuk found an average percentage of muramic acid
from airborne bacteria between 0.14 and 0.95% [28]. Black
found a percentage in the range 0.06–1.04% of muramic acid
in a number of bacteria, among which is Bacillus subtilis, with
0.806% of muramic acid. The quantitative analyses of various
Gram-positive and Gram-negative bacteria resulted in average
values of 0.486 and 0.289% muramic acid on a dry weight
basis, respectively [29].

Godoacre reported that spores from bacteria of Bacillus
species accumulate a substantial deposit (5–14% of dry
weight) of dipicolinic acid [30]. Warth in 1971 showed a
dipicolinic acid content in B. subtilis spores equal to 12% of
the dry weight, whereas Hindle reported a percentage of
dipicolinic in spores of B. subtilis equal to 9.8% [31, 32].

Paidhungat found that spores of Bacillus and Clostridium spe-
cies normally contained ≥10% of their dry weight as
dipicolinic acid [33].

Finally, as early as 1996, Popham reported that peptidogly-
can is also present in bacterial spores, even if muramic acid is
generally converted to muramic lactam [34].

The aim of this work was to develop an analytical method
for the determination of airborne total bacteria (culturable and
nonculturable) and spores. The optimization included the si-
multaneous extraction of the bacterial biomarkers, dipicolinic
and muramic acids, from airborne particulate matter, and their
analysis by high performance liquid chromatography–tandem
mass spectrometry (HPLC–MS/MS). A proper methodology
to extract, purify, and recover the acids was performed, utiliz-
ing cultivated species of Gram-positive B. subtilis bacteria and
spores.

In order to convert marker values into biomass, we com-
pared the load of biomarkers in cultivated species ofB. subtilis
found in the present work with literature data, being Bacillus
the most common genus in the ambient air, and assessed the
conversion factors that were found to be a good
approximation.

Finally, we applied the optimized method for the biomarker
determination to urban atmospheric particulate matter of dif-
ferent sizes, and through the conversion factors, we estimated
the mass contribution of bacterial components and gave a
quantitative interpretation of the data. Discussion of the meth-
od and a summary of the results are reported in this paper.

Experimental

Chemicals, reagents, and materials

All the chemical and chromatographic reagents were HPLC or
analytical grade.

Ultra gradient methanol (MeOH), acetonitrile (CH3CN),
and water (H2O) were obtained by ROMIL LDT
(Cambridge, UK). Glacial acetic acid (CH3COOH), 30% am-
monia (NH4OH) solution, and triethylamine (TEA) were pur-
chased from Carlo Erba Reagents S.p.A. (Arese, Milan, Italy).
A total of 30% suprapur hydrochloric acid (HCl) was obtained
by Merck S.p.a. (Vimodrone, Milan, Italy), muramic and
dipicolinic acids were supplied by Sigma-Aldrich S.r.l.
(Milan, Italy), and LB Broth by Sigma-Aldrich (Milan, Italy).

Stock standard solutions of the two analytes were prepared
by dissolving each compound in H2O/MeOH 75:25
(1 mg mL−1) and stored at −20 °C in amber vials. Working
solutions were prepared by successive dilution of the stock
standard solutions.

Pepsin, pancreatin, and lysozyme enzymes were purchased
from Sigma-Aldrich S.r.l. (Milano, Italy). B. subtilis strain
PB1831 and relative spores were grown as described by
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Schmalisch et al. [35] with a few modifications. Strata Phenyl
(500 mg/ml), Strata SI-1 Silica (1000 mg/6 ml), Strata C18

cartridges (200 mg/3 mL) were obtained from Phenomenex
(Castel Maggiore, BO, Italy). Discovery® C18 HPLC
Column 5 μm particle size, L× I.D. 3 cm×2.1 mm was pur-
chased from Sigma Aldrich (Milano, Italy).

Polytetrafluoroethylene (PTFE) Membrane Disc Filters
(diameter: 47 mm, porosity: 2.0 μm) Pall Corporation were
from VWR International s.r.l., Milan, Italy, and PTFE filters
(diameter: 25 mm, porosity: 0.45 μm, ALBET) were pur-
chased from Exacta+Optech Labcenter SpA (San Prospero,
MO, Italy). SRM1649a urban dust was supplied by NIST
(Gaithersburg, MD, USA).

Instrumentation

Filters were weighed before and after the sampling using a
microbalance (Sartorius ME5; weight uncertainty ±2 μg) after
conditioning in climatic cabinet (Activa Climatic Cabinet,
Aquaria Milan, Italy) for 24 h, at 20 °C, and 50% relative
humidity. Extractions were carried out in ultrasonic bath
(Sonica Ultrasonic Cleaner 3200 Serie ETH S3, Soltec,
Milan, Italy). The extracts were evaporated by a Glas-Col
SE 500 evaporator (Bioanalitica Strumenti srl, Italy) under a
nitrogen stream. A vacuum manifold 12-Port model SPE
(Alltech, Casalecchio di Reno, Bologna, Italy) was used to
quickly elute the analytes from the solid-phase cartridges at
a constant flow.

Sampling was realized by a HYDRA Dual Sampler (FAI
Instruments, Fontenuova, Rome, Italy) and by a low-pressure
impactor (DLPI, Dekati Italia, Albiate MB, Italy).

Dipicolinic and muramic acids were analyzed by liquid
chromatography/negative ion electrospray ionization-tandem
mass spectrometry (HPLC/ESI-MS/MS), with an Agilent
1290 series binary HPLC pump system, at a flow rate of
200 μL min−1, fitted with an autosampler (20 μL) Agilent
G4226A, coupled to an Agilent Jet Stream 6460 triple quad-
rupole mass spectrometer with an IonSpray source (Agilent
Technologies Italia S.p.A., Cernusco sul Naviglio MI, Italy).

Sampling

Sampling of atmospheric particulate matter was performed by
a low-pressure impactor (DLPI), in the Botanic Garden of the
University of Rome “Sapienza,” sited in a busy area of the city
of Rome, Italy. The DLPI classifies airborne particles with
aerodynamic diameter (Da) smaller than 10 μm (PM10) into
13 size fractions whose 50% cutoff diameters are 0.03, 0.06,
0.10, 0.17, 0.26, 0.40, 0.65, 1.0, 1.6, 2.5, 4.4, 6.8, and 10 μm.
Therefore, the fraction of particles collected on impactor
stages 1–3 (Dp<0.1 μm) is referred to as the ultrafine fraction
(UF), while the portions on impactor stages 4–8
(0.17 μm<Dp < 1.0 μm) and on impactor stages 9–13

(Dp>1.0 μm) are referred to as the fine (F) and the coarse
(C) fractions, respectively. Each fraction was collected on
PTFE filters and weighed before and after the collection to
obtain gravimetric size distribution of the particles. The oper-
ating flow rate was 10 Lmin−1, and the sampling duration was
13 consecutive days, with a final volume of sampled air equal
to 188 m3. The amount of particulate matter on each filter was
in the range 38–692 μg. The atmospheric concentrations of
ultrafine, fine, and coarse PM were 1.0, 5.9, and 14.6 μg m−3.
The sampling campaign was carried out in the spring of 2015
(March 26–April 8) at an average temperature of 17 °C.

In addition, a HYDRA Sampler, an automatic and sequen-
tial sampling system, equipped with 47 mm diameter PTFE
membranes, was placed close to the first sampling device.
Daily PM10 was collected on two different filters during two
subsequent days within the sampling period of the DLPI (6
and 7 April). Each sampling duration was 24 h, and the oper-
ating flow rate was 2.3 m3 h−1, with a final volume of sampled
air equal to 53.8 e 52.5 m3. The amount of particulate matter
on the two filters was 631.7 and 914.7 μg, respectively.

Strain growth conditions

B. subtilis strain PB1831 was grown in LB broth at 37 °C for
16 h.

Spores were prepared as described by Schmalisch et al.
[35]. B. subtilis was inoculated in 35 mL of Difco
Sporulation Medium (DSM) and incubated at 37 °C on a
rotary shaker (150 rpm) for 72 h. Spores were collected by
centrifugation and washed twice with ice-cold distilled water.
The obtained pellet was dried in an oven at 65 °C until con-
stant weight.

Analytical procedure protocol

Details on method operation are provided in this paragraph.
Blank filters, samples of B. subtilis and relative spores, blank
filters spiked by standard solutions at different concentration
levels, and sampled filters were processed as follows.

After the addition of 200 μL of water, the samples
underwent a freezing (−20 °C) and thawing cycle for 7 times.
Then 3 mL of 6 N HCl was added to the samples, successively
placed in an ultrasonic bath at ambient temperature for half an
hour, and hydrolyzed at 105 °C (2 h) under a gentle nitrogen
gas flow.

The hydrolyzed solution (about 3 mL), neutralized byNH3,
was evaporated to dryness, and dissolved in 100 μL of water/
MeOH=50:50, before loading onto a SPE Strata C18 car-
tridge. The cartridge was previously conditioned with 4 mL
of MeOH and washed with 4 mL of H2O. Compounds loaded
on the cartridge were eluted with 8 mL ofMeOH/H2O 5:95 V/
V. After evaporation to dryness, the extracted solution was
redissolved in 500 μL of mobile phase and analyzed in
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HPLC/MS-MS in multiple reaction monitoring mode
(MRM).

Standard calibration curves and matrix-matched
calibration curves

Standard calibration curves were built by triplicate injections
of 5 μL of multistandard solutions over a working range of
10–500 ng mL−1. These curves were used for the quantifica-
tion of the analytes in bacteria and spores grown, as in “Strain
growth conditions.”

Since matrix components in urban airborne particulate mat-
ter may result in response enhancement or depression, the
most effective approach is the use of the standard addition
method or matrix-matched calibration curves in order to quan-
tify the environmental samples.

In the present work, the standard addition method was ap-
plied to PM10 collected by the HYDRA. The two sampled
filters were submitted to the analytical procedure of
“Analytical procedure protocol.” After the SPE cleanup, the
solutions were divided in six aliquots and five of them were
added with standard solution of dipicolinic and muramic acids
at growing concentrations in the range 10–400 ng mL−1.
Curves were built, reporting a linear plot of the analyte peak
area (ordinate) against standard concentrations (abscissa), and
the endogenous acids were determined by the x-intercept (on
the negative x-axis). Regarding size segregated particles col-
lected on 13 different filters with DLPI, in low amount mostly
for the smaller sizes, we used the matrix-matched calibration
curves built with the standard addition method on environ-
mental samples collected by the HYDRA and shifted to the
axis origin for subtracting the endogenous acid concentrations
in PM10 [36].

Results and discussion

LC/MS/MS analysis

The choice of appropriate chromatographic conditions was
particularly challenging because of the nature of the two mol-
ecules. Reversed phase columns with increasing polarity, hy-
drophilic reversed phase columns, and an anion exchange col-
umn were tested with different mobile phases.

Because of the wide pKa range of the two acids and pH
ranges ensuring the stability of the columns, none of the col-
umns tested proved completely suitable for the two com-
pounds. A good compromise was achieved with the C18 col-
umn, working in ion pair chromatography (IPC).

Thus, reversed-phase HPLC separation of muramic and
dipicolinic acids was performed on a C18 Discovery column
in isocratic mode. One microliter was injected, the flow rate
was 200 μL min−1, and the column oven was held at 40 °C.

Mobile phase was 10% of MeOH/90% H2O containing
triethylamine 5 mM, as ion pair agent, and glacial acetic acid
5 mM adjusted to pH 7.0.

The compounds co-eluted with a retention time (1.4 min)
of about twice K’ value; the total run time was 3 min. The LC/
MS/MS in MRM mode allowed us to obtain high specificity
and sensitivity, even if the two compounds did not chromato-
graphically separate.

To achieve the highest sensitivity and find the specificMS–
MS transitions, the instrument parameters were previously
optimized by continuous pump infusion of standard solutions
of the analytes, at 10 ng μL−1, in MeOH/H2O 10:90, at a flow
rate of 10 μL min−1, directly into the mass spectrometer, both
in full and product ion scan. Experiments were carried out
under positive and negative polarity with different additives
to improve ionization efficiency. The best results were obtain-
ed, operating in negative ion mode. The compounds showed
an abundant [M–H]− ion on Q1, which was chosen as precur-
sor ion for MS–MS analysis. The MS spectra, the MS/MS
fragmentations, and the extracted ion chromatograms (XIC)
in MRM mode for both the compounds are provided in
Figs. 1a–c and 2a–c.

Table 1 shows the electrical parameters and Table 2 reports
precursor ions (Q1) and MS–MS fragments for each com-
pound with the transitions chosen for the quantification. The
mass spectrum of muramic acid (Fig. 1a) shows the expected
pseudomolecular ion at m/z 250. The side chain of lactic acid
(lactate: C3O3H5

−) gives rise to the major fragment at m/z 89
[29]. As for dipicolinic acid (Fig. 1b), the m/z 122 and the m/z
78 fragments are due to the loss of one or two formic acid
molecules from the pseudomolecular ion (m/z 166).

Extraction, cleanup, and recovery

Different attempts and preliminary experiments were carried
out to extract and purifymuramic acid fromB. subtilis bacteria
and dipicolinic acid from their spores, before extending the
analytical procedure to PM environmental samples. The opti-
mized method requires that the samples are added with
200 μL of water and subjected to a freezing (−20 °C) and
thawing cycle to break the cellular membrane. Acidic hydro-
lysis is necessary to obtain free muramic acid from the
peptidolglycan polymer. Enzymatic hydrolysis with pepsin,
and in alternative with lysozyme, followed by pancreatin,
was tried, but was unsuccessful. Acidic hydrolysis, previously
tested directly on dipicolinic and muramic acid standard,
proved to have no influence on the analyte stability.

After acidic hydrolysis and neutralization, a cleanup step is
fundamental to reduce ion suppression and eliminate interfer-
ences before HPLC-MS-MS analysis. Three different SPE
cartridges (Strata Si, Strata C18, Strata Phenyl), loaded with
standard solutions, were compared to choose the most effi-
cient one. After conditioning with 4 mL of MeOH and
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washing with 4 mL of H2O, the analytes were loaded on the
cartridge and eluted with different mixtures of MeOH and/or

CH3CN–H2O. Strata Si cartridge showed recoveries equal to
50 and 33% for dipicolinic and muramic acids, respectively.

Fig. 1 (a) Negative ESI-Q1 and (b) MS-MS spectra of muramic acid;
infusion 10 μLmin−1 at concentration 10 ng μL−1; precursor ionm/z 250,
parameters as in Tables 1 and 2. (c) Extracted ion currents (XICs) HPLC-

MS/MS in MRMmode of a solution of muramic acid at concentration of
500 ng mL−1. The XIC refers to the most intense chosen transition (see
Table 2)
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Strata Phenyl cartridge showed a recovery of 92% of muramic
acid but of 45% of dipicolinic acid if eluted with 75% of
MeOH in H2O. By eluting with 25% of MeOH in H2O, the
percentages were reversed. A Strata C18 provided the best
recoveries (95.4% for dipicolinic and 94.6 for muramic acids)
with H2O/MeOH 95:5 as eluting solvent. The loss due to the
evaporation step ranged between 1 and 5%.

Total recovery was calculated on blank filters added with
equal amount of SRM 1649a and spikedwith different amount
of acids (0.05, 0.10, 0.25, and 0.50 μg ml−1) before the whole
procedure, comparing the results with blank filters added with
equal amount of SRM 1649a and spiked with the same
amount of acids at the end of the analytical procedure. The
recovery was estimated in the range 67.5–80.5% for muramic
acid and 66.5–83.7% for dipicolinic acid.

Quantitative analysis, linearity, limits of detection,
and reproducibility

Standard calibration curves (equation: y=14.40x+6.71 and
R2 = 0.997 for dipicolinic acid; equation: y=1.45x + 26.79
and R2=0.998 for muramic acid), used for the quantification
of muramic and dipicolinic acids on spiked filters and in
B. subtilis bacteria and spores, were compared with the results
of the matrix-matched calibration curve (equation: y=2.28x
and R2 =0.996 for dipicolinic acid; equation: y=0.05x and
R2=0.995 for muramic acid), used for PM analysis.

A good linearity was obtained for both the acids over a
range of 10–500 and 10–400 ng mL−1 for the standard and
the matrix-matched calibration curves, respectively. The latter
exhibits much lower slopes, that is, a lower sensitivity, and

indicates a strong matrix effect. Thus, the use of the matrix-
matched calibration curves, obtained from fortified samples
submitted to the full procedure, showed to be necessary and
ensured the reliability of the method.

Instrumental detection limit (LOD), defined as the smallest
concentration of analyte that has a signal significantly larger
than the signal from a suitable blank [30], was calculated
based on the relationship Cx(LOD)≥ (μb+3σb)/a, where μb
is the average of the blank responses, σb is the standard devi-
ation of responses of blank, and a is the slope of the calibration
curve [37]. LOD values were 0.04 ng mL−1 for muramic and.
0.2 ng mL−1 for dipicolinic acids.

Intra-day instrumental reproducibility values were obtained
by comparing 10 replicate injections of standard solutions at
three different concentrations. Inter-day values were obtained
by the average of 10 replicate injections over three consecu-
tive days. The results were expressed as relative standard de-
viation (RSD). The intra-day precision ranged from 0.3 to 7%.
The inter-day precision varied from 2 to 11%.

Amount of muramic and dipicolinic acids in B. subtilis
bacteria and spores

Three aliquots of B. subtilis bacteria, about 3 mg each, were
subjected to the extraction and cleanup procedure as in
“Analytical procedure protocol” and analyzed in HPLC/MS-
MS. Each solution, suitably diluted, was injected three times,
and the quantitative results were obtained from the standard
calibration curve.

The results showed a weight to weight percentage (w/w%)
of muramic acid in B. subtilis bacteria samples equal to 0.4
±0.05%.

Because few data are available on genera of bacteria main-
ly found in air samples and on muramic acid content, we
started from the earlier mentioned assumptions that Bacillus
generally was found to be the most abundant single genus
represented at urban locations, where generally Gram-
positive bacteria occur in larger amounts, accounting for about
80∼86% of the total, and that muramic acid in a number of
Gram-positive bacteria was on average 0.486% on a dry
weight basis. Hence, we came to the conclusion that our co-
efficient (muramic acid in B. subtilis bacteria equal to 0.4%)

Table 1 Optimized values of electric parameters in negative ESI for
MS and MS/MS analysis for the two investigated analytes

Parameters Muramic acid Dipicolinic acid

Gas temperature (°C) 120 120

Gas flow (L/min) 13 12

Nebulizer (Psi) 60 32

Sheath gas temperature (°C) 300 300

Sheath gas flow (L/min) 11 11

Capillary voltage (V) 4000 4000

Nozzle voltage (V) 2000 2000

Fragmentor (V) 20 40

Collision induced decomposition (eV) 2 4

Cell accelerator voltage (eV) 1 1

�Fig. 2 (a) Negative ESI-Q1 and (b) MS-MS spectra of dipicolinic acid;
infusion 10 μLmin−1 at concentration 10 ng μL−1; precursor ionm/z 166,
parameters as in Tables 1 and 2. (c) Extracted ion currents (XICs) HPLC-
MS/MS in MRM mode of a solution of dipicolinic acid at concentration
of 500 ng mL−1. The XICs refer to the most intense chosen transitions
(see Table 2)

Table 2 Molecular weight (MW), monitored precursor (Q1), and
product (Q3) ions for the two analytes

Compound MW Precursor
ion
(m/z)

Fragmentions
(m/z)

Quantification
ion (m/z)

Dipicolinic
acid

167 166 [M-H]− 122, 78 122

Muramic
acid

251 250 [M-H]− 89 89

Muramic and dipicolinic acids in atmospheric particulate matter 1663



was a good approximation to convert muramic acid concen-
tration found in environmental samples into concentrations of
total airborne bacteria, although the use of this approximation
is a weakness of this study.

Three samples of about 3 mg of B. subtilis spores were also
treated and analyzed after suitable dilution so as to fall within
the standard calibration curve range. The w/w% of dipicolinic
acid in bacterial spore samples was 9.6±1.0% in agreement
with literature data [31, 32].

Similarly to bacteria, also spores vary considerably in their
content of dipicolinic acid, depending on the species [31],
nevertheless, our result falls within the range 5–15%, as re-
ported by Hindle [32], to convert the amount of acid found in
environmental samples into airborne spores. Therefore, we
assessed that the conversion factor 9.6 was a good approxi-
mation to measure bacterial spores in atmosphere from
dipicolinic acid.

As expected, B. subtilis spores showed the presence of a
very small amount of muramic acid (about 0.15% of the
weight of the spores), as to be neglected.

Bacteria and bacterial spores in atmospheric particulate
matter

Starting from the extrapolation on x-axis of the curves built
with the standard addition method (see “Standard calibration
curves and matrix-matched calibration curves”), muramic and
dipicolinic acid concentrations (6 and 7 April) were calculated
in PM10. Dipicolinic acid found on the filters was 74.4 and
49.8 ng and muramic acid was 58.5 and 52.8 ng (Table 3).

Filters from the DLPI were first assembled into three frac-
tions: UF, F, and C (see “Sampling”), then subjected to the
procedure of “Analytical procedure protocol.” Quantitative
analysis was performed by using the matrix matched calibra-
tion curves (“Standard calibration curves and matrix-matched
calibration curves”), and the amounts of acids found on each
set of filters were 48.1, 64.1, and 208.3 ng for dipicolinic acid
and 22.1, 42.5, and 108.7 for muramic acid in ultrafine, fine,
and coarse fractions of PM (Table 3).

Taking into account that dipicolinic acid is 9.6% of spores
and muramic acid is 0.4% of bacteria, Table 4 reports spore
and bacteria atmospheric concentrations.

The results from the two different samplers agree reason-
ably despite referring to different time periods, and one sam-
pler collects PM for 13 consecutive days, suggesting no chem-
ical degradation or artifacts occurred due to the protracted
sampling time. In contrast to the fungi and fungal spore results
[3], bacteria are more abundant than bacterial spores in the
urban atmosphere.

Relative to the size distribution, as expected [15, 38], bac-
teria concentrations found in the coarse fraction of particulate
matter are 2.5 and 5 times higher than concentrations in fine
and ultrafine particles, respectively. Similarly for bacterial
spores, their concentration found in coarse particles is 3 and
4 times higher than spores in fine and ultrafine particles
(Table 3).

However, since coarse particles are 6 and 15 times higher
than fine and ultrafine particulate matter, bacteria and bacterial
spore amounts per unit mass of PM (mg g−1) in the three size
fractions (UF, F, and C) show that contribution of both bacte-
ria and spores to the ultrafine particles was higher than to the
fine and coarse fractions (see Fig. 3). Fine and coarse fractions
showed a similar percentage contribution. This leads to the
hypothesis that the bacteria are an important and hitherto
underestimated fraction of atmospheric aerosols of
nanometric dimensions.

Ultrafine particles are known to contain a higher content of
organic carbon (OC) than the other fractions [20, 39], and the
present results demonstrate that ultrafine OC is partially due to
bacteria. In addition, inhaled ultrafine particles can penetrate
deeply into the cells and blood vessels of the lung. Therefore,
although the percentage of ultrafine particles was only 5%,
ultrafine particles demonstrate to have a significant influence
on human infections.

Assuming an average weight of 1×10−12 g for each bacte-
rial cell [40], the number of bacteria found in atmosphere for

Table 3 Amount of dipicolinic and muramic acids in PM10 sampled in
an urban atmosphere by Hydra on April 6 and 7 (sampled volume 53.8
and 52.5 m3) and in ultrafine, fine, and coarse particulate matter sampled
by DLPI from March 26 to April 8 (sampled volume 188 m3)

PM10
a PM10

a UFb Fb Cb

6 April 7 April March 26 ÷ April 8

Dipicolinic acid (ng/filter) 74.4 49.8 48.1 64.1 208.3

Muramic acid (ng/filter) 58.5 52.81 22.1 42.5 108.7

a Hydra sampling
bDLPI sampling

Table 4 Concentrations (ng m−3) of spores and bacteria in PM10 and
ultrafine, fine, and coarse particulate matter sampled by DLPI and in
PM10 sampled by Hydra. The number of bacterial cells per cubic meter
(nr m−3) in PM10 collected with DLPI and Hydra in an urban atmosphere
in spring 2015

UFa Fa Cc PM10 (UF +F+C)
a

(average Mar
26–Apr 8)

Averageb

6–7 April

Bacterial spores
(ng m−3)

2.7 3.6 11.5 17.8 12.2

Bacteria (ng m−3) 29.4 56.5 144.5 230.4 261.7

Bacteria (nr m−3) 230,452 261,712

aDLPI sampling
bHydra sampling
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cubic meter is also shown in Table 3. In the urban PM10, at
spring, at an average temperature of 17 °C, we found about
250,000 cells m−3. Although very few data are present in
literature reporting the number of bacterial cells found in at-
mosphere, as almost all the scientific community measures the
CFU, we could compare our results with few other sampling
sites. Bauer in Austrian Alps found 1.2×104 bacteria m−3

[15]. Harryson found an average concentration of 17,504 cells
m−3 in the urban atmosphere of Birmingham (GB) [5], while
Tong found 2000 to ten million cells per cubic meter [41] in
the mid-Willamette River Valley (Oregon, USA). It demon-
strates a wide range of bacteria variability due to the sampling
site.

Conclusion

Since the total bacterial concentration is responsible of allergic
disease and the only culturable determination might be insuf-
ficient for a right investigation, we determined the total bac-
terial component of bioaerosol in outdoor environment
through muramic and dipicolinic acids as biomarkers of bac-
teria and relative spores, respectively.

A reliable method for their determination was optimized on
bacteria and spores of B. subtilis and then applied to environ-
mental samples. Such study also allowed us to determine the
w/w percentages of the two acids in bacteria and bacterial
spores of B. subtilis, respectively; those percentages were then
used as conversion factors, although such an approximation is
a weakness of the present approach.

Bacteria and bacterial spores were studied in PM10 sampled
in two spring days in an urban atmosphere. These results were

also compared with those obtained from a DLPI sampling in a
parallel period, showing a good agreement.

DLPI sampling also allowed to study the size distribution
of bacteria and spores in UF, F, and C fractions of PM10.
Although the higher concentration of bacteria is in the coarse
particulate fraction, ultrafine particles have the highest bacte-
ria percentage contribution, equal to 3%.

Future works in this area should include an accurate study
on factors to convert muramic and dipicolinic acids into bac-
teria and spores. The percentages should be calculated for
each bacterium genera, and on a case-to-case basis, any avail-
able database on the main bacteria content in atmosphere
should be considered.
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