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Abstract: Nowadays, there is a wide range of different methods available for the monitoring of pollen
and allergens, but their relative efficiency is sometimes unclear, as conventional pollen monitoring
does not thoroughly describe pollen allergenicity. This study aims to evaluate airborne pollen,
allergen, and protein levels, associating them with meteorological and chemical parameters. The
sampling was performed in Bologna (Italy) during the grass flowering period, with three different
devices: a Cyclone sampler (CS), a Dicothomous sampler (DS), and a Berner impactor (BI). Total
proteins were extracted from aerosol samples, and grass allergens Phl p 1 and Phl p 5 were quantified
by ELISA. Airborne Poaceae pollen concentrations were also evaluated, using a Hirst-type trap.
Proteins and allergens collected by CS resulted about ten times higher than those collected by the
other two instruments, possibly due to their different cut-offs, while DS and BI results appeared
consistent only for the total proteins collected in the fine fraction (1.3 vs. 1.6 µg/m3). Airborne proteins
correlated neither with Poaceae pollen nor with its aeroallergens, while aeroallergens correlated with
pollen only in the coarse particulate, indicating the presence of pollen-independent aeroallergens in
the fine particulate, promoted by high wind speed.

Keywords: aeroallergens; aerobiology; air samplers; aerosol; Cyclone sampler; Berner impactor;
Dicothomous sampler; pollen; atmosphere; airborne proteins

1. Introduction

It is widely known that certain airborne pollen types contain small molecules called al-
lergens [1–3]. Most allergens are proteins or glycoproteins with a molecular weight between
5 and 100 kDa that are not associated with pathogens or parasites but can nonetheless
activate the immune system and promote the production of antibodies against them in
sensitised subjects [4]. When pollen allergens contact the respiratory mucosa of allergic
patients, they activate an IgE-mediated immune response, causing the symptomatology
of rhinoconjunctivitis or allergic asthma, by type I hypersensitivity mechanisms [3]. The
impossibility to cure pollen allergy implies that allergic patients need to avoid the exposi-
tion to their relevant allergens to safeguard their quality of life [5]. Hence, it is essential
for them to be informed on the daily atmospheric concentrations of allergenic pollen, and
for this reason a continuous airborne pollen monitoring network has been put in place in
many countries in the last century [6–8].

However, the correlation between airborne pollen levels and allergic symptoms is
not always clear. A possible explanation of this inconsistency is that the exposure to one
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pollen type does not linearly correlate with the exposure to its allergens, for three main
reasons: (I) the same pollen type can have variable allergen concentrations (i.e., pollen
potency); (II) airborne debris of the source plant could carry the same allergens of its pollen;
(III) pollen allergens can be released in the atmosphere and disperse independently from
pollen [8–11]. The latter phenomenon is still largely unknown, but there is proof that
allergens can be transferred from pollen grains to smaller airborne particles such as air
pollutants by leaching or contact [12–15]. In peculiar atmospheric conditions, e.g., during
thunderstorms, allergens could also be released by osmotic rupture of the cell wall or by
elution, and thus can also be carried by starch granules, vesicles, Ubish bodies, or other
organelles [8,16–18]. Contrarily to the intact pollen grains, the diameter of which ranges
between 10 and 100 µm, these smaller allergen carriers can go undetected by traditional
pollen monitoring, they can remain in the air for longer periods, and they have the potential
to reach the lower human airways [10,13,19,20]. The inhalation of released pollen allergens
could also help to explain the aetiology of pollen-induced allergic asthma, since inhaled
pollen grains are too broad to enter the lower airways, and thus cannot directly cause the
inflammation of their mucosa that leads to asthma [21]. This inflammation can be more
problematic if the allergen carrier to the lower airways is an air pollutant [12,22,23].

Regardless of their carrier and biological nature, airborne allergens are a relevant
component of the bioaerosol, making up to ~5% of urban air particulate matter [24,25],
such that they are also included in air quality indices [26,27]. In the last decade, there has
been a growing interest in the measurement of airborne pollen allergen concentrations, to
compare it to the atmospheric levels of their respective pollen grains. These studies found
out that the concentration of pollen allergens transported by smaller carriers is independent
from the airborne pollen concentration, and that there is often a mismatch between a pollen
type’s peak and its allergens’ peaks [9,28–34].

To accurately sample and analyse airborne allergens, it is necessary to employ volu-
metric air samplers with a lower diameter cut-off than those employed for pollen sampling,
using different sampling substrates and with higher air volume intakes [8,32]. In fact,
while pollen grains belong to the aerosol fraction with a diameter greater than 10 µm
(PM10), the other pollen allergens carriers have smaller, more variable sizes, and they can
even be found in the finest particles fraction (PM2.5 and PM1). So far, several studies on
airborne allergens have been carried out using air samplers originally designed to collect
small airborne particles such as fungal spores or air pollutants [8]. The most common
instruments employed for these studies are the Cyclone samplers [35–41] and sieve (or
cascade) impactors, in particular the Andersen sampler [42] and the high-volume ChemVol
impactor [20,43–45]. While in almost all these studies the aeroallergen sampler is operated
in parallel and compared with a Hirst-type pollen trap, to date only one work compared
the efficiency of two different instruments, the Cyclone sampler and the ChemVol impactor,
to collect airborne allergens [32], revealing that the first is more sensitive to lower concen-
trations of airborne allergens and records higher particle concentrations than the latter.
Assessing the capture efficiency of the existing samplers is pivotal to compare the results of
studies employing different devices and to explore other possible capture techniques.

Once the aeroallergens are captured by the sampler, they can be identified and quan-
tified by ELISA. However, this technique allows for the analysis of one allergen at time,
and the processed sample cannot be employed for further analysis. This implies that only
one or two allergens can be investigated per sampling campaign because of the small size
of daily aerosol samples; hence, it is necessary to select the allergens of interest for the
monitoring [8].

While many different allergenic species are clinically relevant in Italy, Poaceae pollen
represents the largest allergen source all over Europe, and it is responsible for pollen
allergies in more individuals than any other flowering plant family, with the most allergenic
pollen belonging to the genera Phleum, Dactylis, and Lolium [46,47]. Group I and group
V grass pollen allergens are particularly problematic, with Phl p 1 (group I) and Phl p 5
(group V) from Phleum pratense L. having the highest sensitisation rates in Poaceae allergic
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subjects [45], so that anti-Phl p 1 and anti-Phl p 5 antibodies are considered good markers
for grass allergy in adults [48]. Because of their relevance, and owing to the possibility
for grass allergens to be released in the air during mowing, there is growing interest in
monitoring the atmospheric presence of Phl p 1 and Phl p 5 allergens [45,49,50], but the
literature is still scarce, and no data are available for their airborne dynamics in Italy; hence,
they are good candidates for aeroallergen monitoring.

The general aim of this study was to assess which factors influence the quantification
of airborne allergens. This was achieved by setting three specific goals: (I) comparing
the total protein concentrations recorded by three different aerosol samplers (Cyclone,
Dichotomous, and Berner) and the size distribution of their carriers, and evaluating which
technical features of the samplers might have influenced the results; (II) comparing the
airborne concentrations of Poaceae pollen and airborne proteins with the concentrations
of selected grass aeroallergens (Phl p 1 and Phl p 5) to enhance possible correlations and
evaluate the possible sources of the allergens; (III) correlating the chemical composition
of fine and coarse particulate matter collected by the samplers, the protein concentrations,
and the concurrent meteorological data to assess whether aeroallergen concentrations were
influenced by abiotic factors.

2. Materials and Methods
2.1. Study Area

Bologna (54 m asl) is located in the Po Plain at the base of the Apennine Ridge, a vast
flat area in the northern part of Italy, which biogeographically belongs to the Continental
Region. The area is characterised by a sub-continental climate (Köppen-Geiger Cfa) with cold
winters and hot summers (typical monthly mean temperatures ranging from 1 to 26 ◦C), high
humidity levels (typical monthly mean relative humidity ranging from 60% to 84%), and low
wind intensities (typical annual mean wind intensities of about 2 m/s). The annual mean
precipitation is between 760–800 mm with a xerothermic period in July and August.

2.2. Pollen Sampling

Pollen was sampled with the Hirst-type sampler Lanzoni VPPS2000 (Lanzoni S.r.l.,
Bologna, Italy), in compliance with the European standard [51]. The pollen sampler
was placed close to the other air samplers employed in this study and operated with
an air throughput of 10 L/min. The sampling tape was collected each week and cut in
7 daily samples, that were then stained with basic fuchsin and mounted on glass slides.
Poaceae pollen was then identified and counted in light microscopy using an objective with
40× magnification lens. Pollen counts were converted into daily atmospheric concentra-
tions (grains/m3).

2.3. Particulate Matter Sampling

Sampling was performed from March to June 2015. Three different samplers were
employed for the collection of airborne particles:

1. One low-volume Cyclone Burkard sampler (CS) (Burkard Manufacturing Co, Rick-
mansworth, UK), which is a continuous, wind-oriented volumetric sampler using
single reverse-flow miniature Cyclone technology to collect airborne particles. Air
was aspired with a speed of 16.5 L/min, and particles were collected directly into a
1.5 mL vial, which was substituted every 24 h of sampling.

2. Two five-stage Berner impactors (BIs) (Hauke GmbH, Wien, Austria), which are volu-
metric cascade samplers that allow the separation of the particles collected according
to their aerodynamic diameter [52,53]. Both BIs had cut-off sizes (d50, the square root
value of Stokes number) [54] at 0.14, 0.42, 1.2, 3.5, and 10 µm in aerodynamic diameter
and were operated with a constant air flow rate of 80 L/min. One BI (BI1) was em-
ployed to collect samples for protein analysis, using Tedlar foils as sampling surfaces
on each stage. The other BI (BI2) was loaded with aluminium foils for carbonaceous
aerosol analysis, and with Tedlar foils cut in half and placed on top of the aluminium
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foils, covering 50% of their surface, for ion-chromatographic analysis [55]. Samples
were collected every 24 h.

3. One high-volume Dichotomous air sampler (DS) (Model 310 Universal Air Samples
(UAS), MSP Corporation, Shoreview, MN, USA), that is a volumetric impactor able
to separate the collected particles into two groups, “coarse” and “fine”, based on an
aerodynamic diameter threshold [56]. In this study, the aerodynamic diameter ranged
from 1 to 10 µm for the coarse fraction and from 0.1 to 1 µm for the fine fraction.
The sampler was operated with a constant air flow of 300 L/min, and particles were
collected on quartz fibre filters. Samples were collected every 24 h.

All these samplers were located close to each other on a terrace at 25 m above ground
level on top of ISAC-CNR building in the northern part of the urban area of Bologna.
Sampling days were selected as the days with the highest airborne pollen concentrations in
Bologna in the past 10 years, based on data provided by ARPAE (www.arpae.it, accessed
on 16 February 2015).

2.4. Extraction and Quantification of Airborne Proteins

The presence of different sampling substrates required the employment of specific
protocols for each sampler. Airborne proteins present in the particulate samples were
extracted as follows:

1. Samples collected by the CS in 1.5 mL vials were centrifuged for 1 min at
18,000× g. Total proteins were then extracted at room temperature for 2 h with
120 µL of phosphate buffer (50 mM pH 7.0) supplemented with 150 mM NaCl, 3 mM
EDTA, 0.005% Tween 20, and 125 mM ammonium bicarbonate [28,40,57,58]. The ex-
tract was separated by centrifugation at 2000× g for 10 min, and then the supernatant
was lyophilised and resuspended in 100 µL of 50 mM Tris-HCl, pH 7.5.

2. Samples collected on Tedlar supports by BI1 were resuspended in sterile bi-distilled
water supplemented with a protease inhibitor cocktail (Merck KGaA, Darmstadt,
Germania). Tedlar samples were sonicated twice on ice and stirred overnight at
4 ◦C. Tedlar foils were removed and the extract was lyophilised and re-suspended in
100 µL of 50 mM Tris-HCl, pH 7.5.

3. Quartz fibre filters used in the DS were submerged in a solution that allowed the
maximum recovery of proteins (2 mM Tris-HCl pH 7.8 + 0.0001% Tween + protease
inhibitor cocktail). Samples were sonicated twice on ice and stirred overnight at
4 ◦C. Afterwards, filter material and debris were removed from the solution by
centrifugation for 10 min, 5000× g, at 4 ◦C. Samples were lyophilised and resuspended
in 100 µL of 50 mM Tris-HCl, pH 7.5.

Since to the authors’ knowledge there are no published protocols for protein extraction
from the BI and the DS sampling surfaces, a preparatory study was carried out to define the
extraction protocols that allowed the maximum recovery of proteins from Tedlar foils and
quartz fibres, so that the comparison of sampling efficiencies among different instruments
would not be biased by different extraction efficiencies.

All extracts were analysed for total protein concentration by BCA assay (Merck KGaA)
performed in 96-well microplates and calibrated with solutions of BSA dissolved in the
corresponding extraction solution. The absorbance was measured at 560 nm on a microplate
photometer (VICTOR™ X3 Multilabel Plate Reader, PerkinElmer, Milan, Italy). Blanks
were assayed with the same procedure of the samples. It is known that some substances
including most reducing agents interfere at even low concentrations in the BCA assay. The
list of interfering compounds includes ammonium sulphate, which is a major component of
atmospheric particulate matter, hence present in the filter extracts in concentrations above
the 1.5 mM threshold of interference. For this reason, the interference of the ammonium
sulphate was tested by preparing a series of ammonium sulphate solutions at increasing
concentrations from 0 to 50 mM in TrisHCl. This allowed to quantify the amount of
interference due to ammonium sulphate alone as a function of its concentration in the
extracts, as detailed in the Supplementary Materials (Figure S1). Of course, this correction

www.arpae.it
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cannot take into account the existence of synergic effects between chemical interferents,
but it is helpful to keep into account the effect of the most abundant among the potential
interfering substances.

The ELISA Double Sandwich method, previously described by Takahashi et al. [58],
was used as modified by Moreno-Grau et al. [40] and Fernández et al. [37,38]. Briefly,
Phl p 1 and Phl p 5 content in extracted samples was quantified by double antibody sand-
wich ELISA, using as standard allergens purified from timothy-grass (Phleum pratense L.)
pollen extract by a combination of ion-exchange chromatography and gel filtration, as
previously described [59]. ELISA plates (Greiner, Frickenhausen, Germany) were coated
overnight with 0.25 µg/well of monoclonal antibodies anti-Phl p 1 (7A8 and 9F6) or anti-Phl
p 5 (10B1 and 10C12) (Bial Industrial Farmacéutica, Porto, Portugal) at room temperature
in a moist chamber, and then blocked with 200 µL/well of PBS-BSA-T (1% bovine serum
albumin and 0.05% Tween 20 in PBS). Afterwards, plates were incubated with 100 µL per
well of total proteins extracted from the airborne samples, or purified pollen allergens
at growing concentrations starting from a stock Phl p 1 of 1000 ng/mL and Phl p 5 of
2.5 ng/mL, followed by serial dilutions in PBS-BSA-T.

Plates were then incubated with 100 µL/well of biotinylated mouse anti-Phl p 1 mon-
oclonal antibody 9A4 at 0.4 µg/mL concentration, or biotinylated rabbit anti-Phl p 5 poly-
clonal antibody at 0.125 µg/mL concentration (Bial Industrial Farmaceutica), and then with
100 µL/well of streptavidin-conjugated peroxidase at 0.25 µg/mL concentration. All the
above-mentioned incubations were performed at 37 ◦C for 1 h, with 3 washes of 200 µL per
well of PBS-BSA-T between successive steps. Finally, the assay was developed by adding
200 µL/well of o-phenylenediamine (Sigma-FastTM tablet sets, Merck KGaA) and incu-
bating the plate for 30 min at room temperature in the dark. This reaction was stopped by
adding 50 µL 3M H2SO4 and the absorbance was then measured at 492 nm.

The standard curve was constructed from nine data points using a four-parameter
logistic curve fit. Phl p 1 and Phl p 5 concentrations in the samples were then interpolated
from the linear portion of the standard curve and expressed in ng/mL.

In each case, the final curve was obtained as an average of the two absorbance values,
in order to minimise potential error. Samples were analysed in triplicate and daily concen-
trations were interpolated from the standard curve and expressed in picograms per cubic
metre of air.

2.5. Meteorological Data

Hourly data for atmospheric temperature (T), maximum (T max) and minimum
(T min) temperatures (◦C), rainfall (R; mm), relative humidity (RH; %), and wind speed
(WS; m/s) were supplied by the Regional Agency for Prevention, Environment and Energy
of Emilia-Romagna (ARPAE).

2.6. Chemical analysis of PM

The chemical composition of particulate matter collected by the BI2 has been deter-
mined as described in [60]. Briefly, Tedlar substrates were extracted in 10 mL of MilliQ water
for 30 min in an ultrasonic bath and analysed by ion chromatography for the quantification
of water-soluble inorganic species and organic acids (acetate, formate, methanesulfonate
(MSA), oxalate). A total organic carbon (TOC) analyser (Shimadzu Italia S.r.l., Milano, Italy)
was used for the determination of water-soluble organic carbon (WSOC). Total carbon (TC)
was quantified on fractions of the aluminium foils by evolved gas analysis with a Multi
N/C2100 analyser (Analytik, Jena, Germany). In this method, all carbonaceous matter
(organic, carbonate and elemental carbon, EC) is converted to CO2 [61] and TC is measured
as total evolved CO2 by a Non-Dispersive Infrared (NDIR) analyser.

Carbon content (WSOC and TC) and concentration of water-soluble inorganic and or-
ganic ions were analysed also on quartz fibre filters collected by the DC, with the same analyti-
cal techniques used for BI2, following the procedure described in detail by
Decesari et al. [62]. Briefly, fractions of PM1 and PM1–10 were water-extracted from the
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quartz fibre filters, filtered, and analysed by ionic chromatography and the TOC analyser,
while fractions of the same filters were directly analysed for their content in TC by evolved
gas analysis.

2.7. Statistical Analysis

Sampling days when the studied parameter was impossible to quantify (i.e., under
the detection limit (DL) of the employed instrument/technique) were excluded from
comparative analyses.

The Shapiro–Wilk normality test was applied to the collected data to assess their
normal distribution (p-value < 0.05). Hence, the relationship between the concentration
of total proteins, total pollen, and Phl p 5 with the aerosol chemical composition and
the main meteorological variables was investigated through a linear regression analysis,
which provided the Pearson correlation coefficients (R) for each couple of parameters,
separately for fine fraction, coarse fraction, and PM10. A multivariate analysis of variance
(MANOVA) was carried out in RStudio [63] to compare the protein concentrations recorded
by the different samplers, excluding days with <DL values, using the manova () function
with default settings from the dplyr library. To assess the significance (p-value < 0.05) of
differences between BI and DS samplers at the beginning and at the end of the sampling
campaign, a two-way ANOVA was performed in RStudio using anova () function with
default settings, followed by a pairwise t-test using the function pairwise.t.test () with
Bonferroni correction. PCA was performed in RStudio using the function dudi.pca ().

3. Results
3.1. Airborne Proteins and Allergens Concentrations

Average protein content of samples collected by the DS over the entire sampling
period was 1.21 µg/m3 for the fine particles fraction and 0.35 µg/m3 for the coarse particle
fraction. Both stages recorded relative minimums of protein concentrations towards the
end of March, April, and June, with the absolute minimum on 1 April for the coarse fraction
(0.03 µg/m3) and on 26 June for the fine fraction (0.03 µg/m3). The maximum protein
concentration instead was recorded on 19 March (6.72 µg/m3) and 10 June (0.72 µg/m3)
for the fine and the coarse samples, respectively (Table 1, Figure 1A).

Table 1. Average, minimum, and maximum values (µg/m3) for the proteinscollected by Dichotomous,
Berner, and Cyclone samplers.

Dichotomous Sampler Berner Impactor Cyclone
Sampler

Particle cut-off, µm (Ø) 0.1–1
(Fine)

1–10
(Coarse) 0.14 0.42 1.2 3.5 10

Average protein
concentration (µg/m3) 1.28 0.22 0.31 0.68 0.74 0.16 0.11 61.97

Minimum protein
concentration (µg/m3) 0.03 0.03 0.02 0.06 0.05 0.02 0.01 10.89

Maximum protein
concentration (µg/m3) 6.72 0.72 1.27 1.88 1.88 0.60 0.47 232.95

Median protein
concentration (µg/m3) 0.95 0.19 0.23 0.59 0.67 0.08 0.06 46.41
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Figure 1. Daily concentrations of total airborne proteins, expressed as µg/m3, collected by the
Dichotomous sampler (A), the Berner impactor (B), and Cyclone sampler (C) during the sampling
campaign in Bologna in 2015. Missing values in (B,C) are days with a protein concentration under
the ELISA detection limit.

The five stages of the BI1 were characterised by strong differences in airborne protein
concentrations, and for several days the protein content in all five stages was under the
detection limits. In detail, the mean protein concentration was 0.31, 0.68, 0.74, 0.16, and
0.11 µg/m3 for stages 0.14, 0.42, 1.2, 3.5, and 10 µm aerodynamic diameter, respectively.
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All stages were characterised by minimum values (<0.05 µg/m3) recorded at the end
of the sampling season (Table 1, Figure 1B), but stages 3.5 and 10 tended to collect less
proteins than the others, while the highest protein values were recorded by the 0.42 stage on
15 March (1.878 µg/m3).

The highest protein concentration per sample was observed in the CS samples, char-
acterised by a mean protein content of 61.97 µg/m3. Minimum and maximum protein
concentrations were 10.89 and 232.95 µg/m3 on 29 April and 27 June, respectively (Table 1,
Figure 1C). Average concentrations obtained for total airborne proteins are summarised in
Table 1 for the three samplers, together with their concentration range.

According to the Shapiro–Wilk test, protein concentration data are normally dis-
tributed, with a good concordance between mean and median values (Table 1). No signifi-
cant difference was detected by ANOVA between the total protein concentrations recorded
by the three samplers. The majority of protein concentrations recorded by the DS and the
BI1 ranged between 0 and 2 µg/m3, with higher values and variability recorded by the DS
fine fraction and the BI1 0.42 and 1.2 µm stages compared to the other fractions.

In order to separately compare what was observed in the fine and coarse fractions
of aerosol, the first three stages of the Berner impactor (from 0.05 up to 1.2 µm of aero-
dynamic diameter) were summed to get the protein concentration in the PM1.2 fraction,
while the sum of the fourth and fifth stages corresponded to the coarse sample of the
DS (1 < d < 10 µm). Taking into account the slight difference in the cut-off diameter (1 µm
vs. 1.2 µm), total protein concentration for the fine fraction appears to be consistent between
the two samplers (1.3 vs. 1.6 µg/m3) (Table 2). On the other hand, the average protein mass
concentration in the coarse fraction was 0.22 µg/m3 for the DS and 0.38 µg/m3 for the BI1.

Table 2. Average concentrations of total proteins (µg/m3) and Phl p 5 allergen (pg/m3), measured in
samples collected by Dichotomous, Berner, and Cyclone samplers, respectively. <DL = under the
instrument detection limit.

Dichotomous Sampler Berner Impactor Cyclone
Sampler

Fraction PM1 PM1–10 PM10 PM1.2 PM1.2–10 PM10

Average Phl p 5
concentrations (pg/m3) 0.13 1.05 1.08 <DL <DL <DL 179

Average total protein
concentrations (µg/m3) 1.28 0.22 1.50 1.64 0.38 2.02 61.97

Finally, protein concentrations from all the different stages were summed up for both
the BI1 and the DS to evaluate the protein content of the PM10 fraction, which resulted
slightly higher in the particulate collected by the BI1 compared to the DS (Table 2).

The analysis of protein concentrations in the stages of the DS and the BI1s showed a
particle-size-dependent distribution (Figure 2A). In the fine fraction of aerosol, 85% of the
total PM10 proteins collected by the DS sampler were detected, with the remaining 15%
found in the coarse fraction. The same trend was observed for the BI1, where the protein
concentration in the PM1.2 fraction accounted for 86% of total proteins, with the second
(0.14–0.42 µm) and third stages (0.42–1.2 µm) containing the highest amount of proteins,
34 and 37%, respectively (Figure 2A).

According to BI1 and DS, there is a turning point in the sampling campaign, with a
significant (p-value < 0.01) difference in protein content between the initial period (12 March–
12 May), characterised by slightly higher airborne protein concentrations and a certain
inter- and intra-sampler variability, and a second period (13 May–27 June) characterised by
lower and more constant protein levels. This was in relation to more stable meteorological
conditions in Bologna during that period, in particular for what concerns wind speed and
relative humidity, with respect to the first half of the campaign.
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Figure 2. Comparison of the protein concentrations in the different aerosol fractions sampled by the
Dichotomous, Berner, and Cyclone samplers in Bologna in 2015. Relative concentrations of airborne
proteins in different particle sizes are represented for the Dichotomous sampler (A) and for the Berner
Impactor (B). The time trend of daily protein concentrations (µg/m3) recorded by the three samplers
during the campaign is reported in (C), with the scale for the Dichotomous and Berner samples on
the left y-axis and the scale for the Cyclone samples on the right y-axis.

The time trend of daily protein concentrations obtained by the CS (Figure 1C) did not
match with those of the other two samplers, which on the contrary were in better agreement
not only for general trend over the months (Figure 1A,B), but also for the daily protein
concentrations, although with a low correlation (R = 0.4 for the PM10 fraction). Differences
in daily protein concentrations between BI1 and DS were more evident when considering
fine and coarse fractions separately: the correlation coefficient was still 0.4 for PM1, while
no correlation existed for PM1–10 (Figure 2C).

No allergen among the investigated was detected in any of the stages of the BI1. Of
the two allergens considered, Phl p 1 was detected only in proteins collected by the CS,
while it was below the detection limit in the other samplers. Phl p 5, on the contrary, was
found in CS samples and in both fine and coarse fractions of the DS (Table 2), but less than
1% of total Phl p 5 sampled was in the PM10 fraction of the DS, and only 0.1% was in the
PM1 of the DS, while the vast majority of the allergen was collected by the CS.

The temporal trend of Phl p 5 in the PM1 and PM10 fractions (Figure 3) highlighted the
first part of the campaign during which Phl p 5 was not detected, followed by an increase
in its concentrations from mid-April. Maximum concentrations corresponded to the main
pollination period, from the middle of April to the middle of May, with a peak on 29 April.
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After this period, allergens continued to show relatively high concentrations, while total
pollen counts remained low.
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Figure 3. Comparison between daily fluctuations in airborne Poaceae pollen concentration (pollen
grains/m3) recorded by the Hirst-type pollen trap and airborne Phl p 5 concentrations (pg/m3)
recorded by the Dichotomous and the Cyclone samplers during the sampling campaign in Bologna
in 2015. Phl p 5 concentrations are plotted separately for the fine (PM1) and the coarse (PM1–10)
particulate collected by the Dichotomous sampler, and their scale is reported on the left y-axis, while
the scale for Phl 5 concentrations recorded by the Cyclone and for the pollen grains concentrations is
reported on the right y-axis.

As for total proteins, the Phl p 5 allergen concentrations were also the highest in the
CS samples (179 pg/m3), ascribable to the collection of entire pollen grains [8]. Interest-
ingly, a small fraction of the total Phl p 5 allergens was detectable in the atmospheric fine
PM (<1 µm) as well, presumably in the form of free allergens.

3.2. Relationships between Biological, Chemical, and Meteorological Parameters

Airborne protein concentrations were compared with meteorological parameters and
with the results of chemical analysis for the DS and the BIs samples. Among the aerosol
chemical components analysed for the DS samples, both in the fine and in the PM10 fraction,
total proteins displayed the highest correlation (R = 0.85 and 0.82, respectively) with the
water-soluble organic fraction of aerosol and with some of its components, mainly formate
and oxalate (only in the fine fraction, since these species characterise the PM1 fraction). This
correlation is present but weaker for BI fine and PM10 fractions (R = 0.58 and 0.65), but for
this sampler there is also a positive correlation between proteins and WSOC in the coarse
fraction (R = 0.57). A lower correlation (R = 0.42 in the fine fraction and R = 0.59 in PM10)
was observed for proteins collected by the DS with the total fraction of organic carbon
(OC), which comprises both the water-soluble and water-insoluble fractions, suggesting
a higher correlation with the secondary fraction of organic carbon. For the BI samples,
total protein concentrations display the highest correlation with nitrate and sulphate in the
coarse fraction (R = 0.87 and 0.81, respectively) and with ammonium in all the fractions
(R = 0.65 in the fine PM, R = 0.77 in the coarse PM, and R = 0.76 in the PM10). A high
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degree of correlation was also observed between total proteins and the secondary inorganic
components of aerosol collected by the DS, mainly nitrate, sulphate, and ammonium, both
in the fine (R = 0.78, 0.64, and 0.80, respectively) and in the PM10 fractions (R = 0.69, 0.46,
and 0.40, respectively). On the contrary, airborne proteins correlated with Poaceae pollen
grains neither in the coarse nor in the fine fraction of both samplers.

Atmospheric levels of total proteins in the PM10 fraction correlated neither with
Poaceae pollen concentrations nor with the allergen Phl p 5. A significant negative correla-
tion was also observed between total proteins and Phl p 5 in the fine fraction (R = −0.62) of
the DS, while a positive correlation was observed between total Poaceae pollen airborne
concentrations and Phl p 5 both in the coarse (PM1–10, R = 0.70) and in the PM10 fraction
(R = 0.72) of the DS, but not in its fine fractions.

The allergen Phl p 5 was negatively correlated with all the aerosol components consid-
ered in the fine fraction of the DS, while it showed a positive correlation with TC, OC, and
EC (R = 0.63, 0.63, and 0.44, respectively). The only positive correlation for Phl p 5 in the fine
fraction, although slight, was observed with wind speed (R = 0.46), which on the contrary
was negatively correlated with all the other aerosol components for its overall dispersing
effect. Temperature did not correlate with allergen concentration, differently from what
reported in literature [20]. Moreover, a negative correlation was observed between Phl p
5 concentrations in the fine PM and relative humidity (R = −0.53). No significant correla-
tions (both positive and negative) were observed for Phl p 5 and the other chemical and
meteorological parameters considered in the PM10 fraction of DS, where Phl p 5 positively
correlated only with total Poaceae pollen.

Figure 4 shows that the trend of protein concentrations in the fine particulate follows
the dynamics of carbon-based and nitrogen-based compounds, with a slight delay, for both
BIs and DS. However, the presence of Phl p 5 does not coincide with peaks in the protein
content of the fine particulate (Figure 4B).

A PCA was performed to analyse the composition of the particulate matter collected by
the different stages of the DS and the BI (Figures 5 and 6). In both cases, the diversification
between the coarse particulate samples is driven by Cl, Mg, and Na levels, that are usually
sea or road salts [64], and Ca, that usually comes from crustal/mineral dust or human
activities [64,65]; the fine particulate appears to be more homogeneous according to all
the evaluated parameters, and especially to Cl, Mg, Ca, and Na, except for some outliers
(e.g., 19 March and 30 March). Variations in the protein content characterise the intermediate
(stage 3 (0.42–1.2 µm) of the BI) and fine (stage 2 (0.14–0.42 µm) of the BI, fine fraction of the
DS) particulate. Moreover, total proteins and Phl p 5 have negative and positive loading
scores on the PC1 (Figure 6), respectively, suggesting again a poor correlation between the
two variables, with Phl p 5 being more variable among coarse samples.
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Figure 4. Temporal dynamics of the carbon-based and nitrogen-based components of the fine
(diameter ≤ 1.2 µm) aerosol sampled by the Berner impactor (A) and the fine (diameter ≤ 1 µm)
aerosol sampled by the Dichotomous sampler (B) in Bologna in 2015. The scale for the airborne
daily concentration of water-soluble organic carbon (WSOC), total carbon (TC), and nitrates (NO3) is
reported on the left y-axes in both graphs, while the scale for the daily airborne protein concentration
is reported on the right y-axis.
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Figure 5. Principal Component Analysis (PCA) biplot of the concentrations of the aerosol components
(inorganic and organic components, total proteins) recorded by the Berner impactor during the
sampling campaign in Bologna in 2015, assuming the sampling days as samples. Axes represent the
principal components Dim1, explaining 48.3% of the variance, and Dim2, explaining 15.7% of the
variance. Colours indicate the different stages of the impactor, collecting airborne particles in the
following range of diameters: 1 = 0.05–0.14 µm; 2= 0.14–0.42 µm; 3 = 0.42–1.2 µm; 4 = 1.2–3.5 µm;
5 = 3.5–10 µm.
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Figure 6. Principal Component Analysis (PCA) biplot of the concentrations of the aerosol components
(inorganic and organic components, total proteins, and Phl p 5) recorded by the Dichotomous sampler
during the sampling campaign in Bologna in 2015, assuming the sampling days as samples. Axes
represent the principal components Dim1, explaining 39.1% of the variance, and Dim2, explaining
17.6% of the variance. Colours indicate the particulate diameter, with C = Coarse (1–10 µm) and
F = Fine (≤1 µm).
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4. Discussion
4.1. Different Samplers Have Different Protein Collection Efficiencies

This study compared three different types of aerosol samplers that use the two most
common aeroallergen sampling methods [8]: a cyclonic sampler (CS) and two high-volume
cascade impactors (BIs and DS). The most relevant difference between the two groups is
that the single-vial CS did not allow to distinguish between different particle sizes, having
a high collection efficiency for particles down to 1 µm and an upper limit mainly defined
by its inlet and its sampling velocity, which allows to collect cell debris or even whole
microorganisms such as Poaceae pollen grains (diameter over 30 µm) [66]. The larger
maximum dimensions of the particles sampled by the CS could be the explanation for the
significantly higher protein concentrations recorded by this sampler compared to the total
proteins collected by BI1 and DS.

Moreover, among the CS, the DS, and the BIs, there are significant differences in air
intake velocity. In fact, CS is a low-volume sampler with an air throughput of 16.5 L/min,
that is 1/5 of the BIs one and 1/18 of the DS one. The present results suggest that lower
aspiration volumes allow a higher efficiency in airborne proteins collection, with the lower
average protein concentration recorded by the DS and the highest by the CS (Table 2). This
efficiency was, however, variable on a daily basis, with CS constantly recording higher
protein concentrations than the other two samplers, while the DS appeared more efficient
in collecting proteins in the fine particulate than the BS (Figure 2). Although coarse and fine
PM samples were influenced by the same variables for both DS and BI (Figures 5 and 6),
the results they provided on protein concentrations and aerosol chemical composition were
not in agreement even though they rely on the same sampling strategy. However, both the
samplers indicated a strong positive correlation of airborne proteins levels with WSOC,
especially in the fine and PM10 fractions, and with the secondary inorganic components
of aerosol (nitrate, sulphate, and ammonium) in all fractions, which is expected because
of their biological nature. Moreover, the DS and the BI were in better agreement on the
protein concentrations found in the fine fraction, which is the vast majority of the proteins
collected during the campaign, a result in line with previous studies demonstrating that
fine PM accounts for the majority of both free and bound airborne amino acids [67].

When evaluating the aeroallergen concentrations, the CS again proved to be the most
efficient, collecting both the Poaceae allergens investigated, while the DS only sampled
the most abundant, Phl p 5, and the BI was not able to capture any of the examined
aeroallergens. A possible explanation to the low efficiency in aeroallergens collection of
both the aerosol samplers with the lowest particle diameter cut-off is that such allergens
might have been associated to particles larger than 10 µm, e.g., Poaceae pollen grains, that
are instead more easily captured by the CS. The absence of all the aeroallergens in the
BI1 samples instead is probably due to the combination of the lower aspiration velocity
of the BI1 compared to the DS, and to the fractioning of the sampled particulate, which
could have lowered the allergen quantity per stage under the detection limit of the ELISA
test. In fact, BI1 sampled a daily air volume of about 115 m3, which is roughly 1/4 of the
air volume collected daily by the DS (430 m3), and the particulate in this air volume was
subdivided into five fractions, contrarily to the DS that only had two fractions. To verify
this hypothesis, the BI should be operated for longer sampling intervals, so that it can
process an air volume comparable to the DS, and the samples from the different stages
should be analysed both separated and pooled.

In the DS samples, Phl p 5 resulted as more concentrated in the coarse fraction, possibly
associated with plant or pollen fragments and other coarse airborne particles. While the
timing of the allergen peaks was mainly in concordance between the CS and the DS, the
peaks’ intensity and the time trend largely variated between the two samplers (Table 2,
Figure 3). This again can be explained by the possibility for the CS to sample whole pollen
grains, while the DS can only collect smaller particles, with lower allergen content.
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The discrepancies among the results obtained by the different samplers operated in
parallel highlight the impossibility to directly compare the outcomes of studies carried out
with different instruments, air intake velocity, and number of sampling stages.

4.2. Airborne Pollen and Airborne Protein Levels Are not Representative of Aeroallergen Concentrations

Atmospheric levels of total proteins in the PM10 fraction of the DS correlated neither
with Poaceae pollen concentrations nor with the allergen Phl p 5. The fact that Poaceae
pollen was not a relevant source of airborne proteins during the studied period was
expected since total airborne proteins derive from many sources, e.g., other pollen types,
plant debris, insects, spores, and anthropogenic sources such as biomass combustion
residues [67,68]. Furthermore, Phl p 5 and total proteins in the fine fraction of the DS
showed a negative correlation (R = −0.62), indicating that the aeroallergen was not a
common component of the airborne proteins, and leading to the consideration that its
atmospheric increment might be favoured by factors that reduce the emissions of other
proteins in the fine aerosol. PCA (Figure 6) confirms poor correlation between the two
variables, and reveals a higher variability of Phl p 5 among coarse samples. This could be
explained assuming that coarse samples can also contain collapsed pollen grains or their
fragments [69], which could cause a swift increase in their allergen content. While according
to this study total airborne proteins do not seem to describe the atmospheric dynamics
of specific airborne allergens of the season, and cannot be assumed as a proxy for Phl p 1
and Phl p 5, it is not clear whether they could mirror the total aeroallergen concentrations.
It is apparent that proteins present in the aerosol need a thorough characterisation, also
aimed to explain the slight delay between total carbon and the nitrogen compounds (NO3,
proteins) in the atmosphere [67,68].

Poaceae pollen and Phl p 5 airborne concentration trends were not consistent, with
high Phl p 5 peaks corresponding to low Poaceae pollen loads towards the end of the sam-
pling campaign for both the DS and the CS (Figure 3). The increase of pollen allergen levels
at the end of the pollen season is a phenomenon already described in literature [37,61],
but in this case the hypothesis of a release of allergenic proteins outside the pollen grain
favoured by high atmospheric humidity [17] seems not to be corroborated, since there
was a negative correlation between Phl p 5 and atmospheric humidity. This is in contrast
with what hypothesised by several studies that instead highlighted a massive protein and
allergen release from pollen grains under humid conditions [16,45,70], but it is in line with
other case studies on airborne pollen allergen levels [69]. It is important to notice that
studies positively correlating atmospheric humidity and pollen allergen concentrations
mainly investigate thunderstorm events, where there are many other concurrent factors
contributing to allergen release [21,71]. Moreover, high relative humidity is a constant fea-
ture of the Po valley climate and was not influenced by storms or precipitations during the
sampling period; hence, it is possible that in this case low humidity favoured aeroallergen
dispersal avoiding its wet deposition.

On the other hand, the positive correlation between Phl p 5 and wind velocity suggests
that the latter could have played a role in the mechanical rupture of pollen grains [69], and
it might have contributed to keeping the free aeroallergens suspended in the air in the fine
aerosol fraction, and to the long-range transport of such allergens.

Since Phl p 5 showed a relatively high correlation with Poaceae pollen in the coarse
fraction of the DS, while no significant correlation was found between Phl p 5 concentrations
in the fine aerosol fractions and total Poaceae pollen grains, it is possible that aeroallergens
in the coarse aerosol are associated with pollen debris and orbicules [72] or dehydrated,
shrunk pollen [69]; hence, they correlate with the airborne pollen concentrations, while
aeroallergens in the fine aerosol are likely free allergens or allergens associated with smaller
particulate that may originate from both pollen or plant debris such as mowed grass and
have a longer atmospheric lifetime and different dynamics than pollen grains.

Additionally, group V allergens such as Phl p 5 are common within the Poaceae family;
hence, it is also plausible that, in time, the variation in species composition of flowering
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Poaceae led to the dispersal of pollen grains from species with a higher content of Phl p
5 or its homologs [73]. Since Phl p 5 had a positive correlation with wind speed, it could
be also speculated that the wind could have favoured long-distance dispersal events of
Poaceae pollen with higher pollen potency [45].

Furthermore, significant and positive correlations of Phl p 5 with some of the aerosol
chemical components (OC, EC, TC) observed in the coarse fraction suggest a preferential
association of aeroallergens with combustion particles as also found by Namork et al. [74]
through Scanning Electronic Microscopy observations of ambient air filters, or more in
general to organic particulate pollutants such as soot, black/elemental carbon (BC/EC),
and diesel exhaust particles [75,76].

The variety of possible explanations for the mismatch between pollen concentrations
and pollen allergens underlines the importance of the implementation of molecular ap-
proaches to airborne pollen monitoring in order to identify pollen grains to the species
level and evaluate their pollen potency. Moreover, this study corroborates the idea that an
aeroallergen monitoring of major pollen allergens should be put in place to support the
traditional aerobiological monitoring, and that pollen allergy diagnosis based on IgE levels
against a specific allergen should be implemented to allow pollen allergic subjects a better
management of their symptoms.

5. Conclusions

In conclusion, airborne pollen allergen quantification is influenced by factors interven-
ing in different times, from the allergen production, to its release in the atmosphere, to its
transport, and eventually to its collection by an air sampler.

Earlier events, such as the quantity of allergen biosynthesised by the pollen grains,
are more difficult to investigate because they are influenced by several concurrent factors
occurring during the plant’s life. The causes of the allergens’ release by pollen grains in
the atmosphere, instead, are starting to be comprehended, and appear to be biological
and mechanical processes mainly caused by high environmental humidity and wind
speed [16,45,69,70]. In this study, in particular, the airborne concentrations of a major grass
allergen, Phl p 5, showed a positive correlation with wind velocity in the fine fraction, while
this correlation was not found for the coarse particulate. This might imply that the wind is
involved in either the release or the transport of airborne allergens, as free molecules or
associated to nanometric carriers. On the other hand, Phl p 5 levels did not significantly
correlate with humidity, temperature, nor with the inorganic components of the aerosol in
either fraction of the PM.

Contrarily, in both fine and coarse particulate, daily concentrations of Phl p 5 had
a strong positive correlation with those of airborne Poaceae pollen, which is likely their
primary source. However, pollen grains cannot be assumed as indicators of the airborne
presence of the allergen, since the time trends of their concentrations in the atmosphere
were visibly different. In the coarse fraction, the allergen levels also correlated with those
of airborne OC and TC, indicating an association with other organic compounds, while this
was not true for the allergens in the fine fraction. On the other hand, in neither fraction was
Phl p 5 correlated with airborne protein concentrations, showing even a strong negative
correlation with them in the coarse fraction, and indicating that total airborne proteins
cannot be assumed as proxy for monitoring a specific allergen. Due to the difficulties
in characterising the organic components of the aerosol, identifying a precise source of
aeroallergens is still unfeasible, and more basic research on pollen grains’ rupture and
allergen release is strongly needed.

Additionally, an aspect more controllable and heavily influencing the quantification
of airborne allergens is the capture efficiency of the air samplers. In fact, in this study it is
apparent that instruments collecting larger particles such as the CS record on average higher
aeroallergen levels than those with a lower particle cut-off, possibly due to the capture of
whole pollen grains. This allowed the CS to record allergens that went undetected by the
DS and the BI (Phl p 1). On the other hand, instruments with many sampling stages might
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fraction the collected aeroallergens in small quantities that are below the ELISA detection
limit, up to the point that the presence of the aeroallergen is missed entirely, as in the case
of the BI. It is possible to conclude that the selection of the air sampler must be adapted to
the scope of the study: if the intention is to quantify all the possible aeroallergens present
in the atmosphere, even when carried by large pollen debris or entire pollen grains, then
the CS represents the best choice. However, when the focus of the study is to evaluate
the presence of aeroallergens in the particulate matter with a diameter under 10 µm, high-
volume cascade impactors with only two stages such as the Dichotomous can provide more
accurate results.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su141911825/su141911825/s1, Figure S1: Evaluation of the inter-
ference by ammonium sulphate in the BCA protein quantification.
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