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ABSTRACT: Bioaerosols consisting of biologically originated airborne
particles such as microbes, metabolites, toxins, and fragments of micro-
organisms are present ubiquitously in our living environment. The
international interests in bioaerosols have rapidly increased because of their
many potential health effects. Thus, accurate and fast detection of total
bioaerosols in different environments has become an important task for
safeguarding against biological threats and broadening the pool of bioaerosol
knowledge. To quickly evaluate the total bioaerosol concentration, we
developed a localized surface plasmon resonance biosensor based on
succinimidyl-ester-functionalized gold nanoislands (SEF−AuNIs) for quanti-
tative bioaerosol detection. The detection limit of our proposed SEF−AuNI
sensors for model bacteria Escherichia coli and Bacillus subtilis can go to 0.5119 and 1.69 cells/mL, respectively. To demonstrate the
capability of this bioaerosol sensing technique, we tested aerosol samples collected from Bern (urban station), Basel (suburban
station), and Rigi mountain (rural and high altitude station) in Switzerland and further investigated the correlation with endotoxin
and PM10. The results substantiated that our SEF−AuNI sensors could be a reliable candidate for total bioaerosol detection and air
quality assessment.

■ INTRODUCTION

Bioaerosols refer to the airborne particles of biological
origin.1,2 Plants, soil, water, and animals as sources of
bioaerosols can make them present pervasively in our daily
lives.1 The interest in bioaerosols has dramatically increased
over the past few decades, to understand their emission,
distribution, and significant human health impacts.3−6 It has
been recognized that exposures to biological agents are
associated with a wide range of adverse health effects and
have direct influences on our daily lives.7,8 The health hazards
associated with bioaerosols range from mild reactions to much
more severe reactions, such as cancer and death caused by
airborne pathogens.9,10 Three major categories of diseases
associated with bioaerosol exposure can be identified:
infectious disease, respiratory disease, and cancer.11 Generally,
bioaerosols consist of both viable and nonviable components
including fungi, bacteria, viruses, and pollens. Because of the
difficulties of preserving the biological activity of bioaerosols
during sampling, the bioaerosol concentration and their health
effects are easily underestimated when using the culture- and
molecular-based methods. Thus, accurate and fast detection of
total bioaerosols which contain both viable and nonviable
airborne microorganisms is crucial for a better understanding
of their population, distribution, and health impacts.
Over the past decade, there has been an increasing interest

in developing specific technologies and methods that can

detect and characterize the population of bioaerosols.12−15

Bioaerosols can be quantified by culturing and nonculturing-
based methods. The conventional culture-based methods can
provide information on speciation of the viable bioaerosols
such as airborne fungi and bacteria.16 Unfortunately, it is
difficult to discriminate against different bacteria because the
colonies might look similar. Furthermore, only a small
proportion of the total bioaerosols presented in our living
environments are culturable, which leads to an under-
estimation of the total airborne microorganism concentration.
It has been proven that the nonculturable bioaerosols, for
example, viruses and archaea can also cause allergies or health
effects similar to viable microorganisms.17 Detection techni-
ques based on molecular biology provide another approach for
bioaerosol monitoring.18,19 One of the most commonly used
molecular methods in microbial studies is based on the
detection of genetic materials of organisms present in a given
sample, such as the polymerase chain reaction (PCR).20,21

However, concentrating and retrieving the biological materials
from aerosol samples prior to analyses are necessary.
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Moreover, it is indispensable to select the precise genomic
regions to amplify for obtaining the most accurate information
about the microbial content.18 For example, the conserved 16S
rRNA prokaryotic gene can be used for bacteria detection.
However, viral detection has been challenging due to the lack
of universal and conserved markers.22 The sensors based on
laser-induced fluorescence can be employed for online
quantification of the total bioaerosol concentration.23,24 The
relevant microorganisms containing molecules such as
aromatic amino acids and reduced nicotinamide adenine
dinucleotide can be quantified based on the characteristic
fluorescence when excited by UV radiation. The fluorescence-
based detection system is the most common online technique
for bioaerosol detection and has been commercially used in
some total bioaerosols monitors, such as wideband-integrated
bioaerosol sensor (WIBS, Droplet Measurement Technologies,
Longmont, USA), Ultraviolet Aerodynamic Particle Sizer (TSI
Inc., St. Paul, MN, USA), biological-agent warning sensors
(Battelle, Columbus, Ohio, USA), and BioScout (ENVI
BioScout, Environics Ltd., Mikkeli, Finland).15,25 Other
devices based on the analysis of holographic images, light
scattering, and fluorescence signals are optimized for the
identification of pollen at the taxa level, such as Swisens Poleno
(Swisens AG, Switzerland) and Raped-E (Plair S.A., Switzer-
land).26−28 Generally, the species-level identification with the
laser-induced fluorescence method is relatively difficult, as the
related classes of bioaerosols may have similar spectra.15 Thus,
this technique is still primarily used for the quantitative
monitoring of total bioaerosols. However, many natural
harmless particles including nonbiological particles also
fluoresce, which may cause an unacceptable false-positive
signal. Similarly, the atomic emission spectroscopy (AES) refer
to the elementary analysis of aerosol samples by excitation
(e.g., thermal or plasma) and detection of the emitted
radiation.29,30 The organic elements (e.g., C, H, O, and N)
and mineral elements (e.g., Mg, Na, Fe, K, and Ca) can be
used as nonspecific markers of bioaerosol by AES. However,
the AES method is also significantly influenced by the optical
dispersion and particle background. Furthermore, the bio-
aerosol species were difficult to be discerned by the AES
method.31

Localized surface plasmon resonance (LSPR) is a strong
electromagnetic near-field coupling effect associated with
noble-metal nanostructures.32 The excited plasmonic fields
can directly provide signals for the local changes of molecular
biophysical properties such as refractive index (RI) and
molecular weight in a label-free manner. Owing to the
enhanced plasmonic field in the vicinity of the nanostructures,
LSPR sensing systems demonstrated high sensitivity to local
variation.33 Thus, LSPR is an ideal candidate for real-time and
label-free detection of micro- and nanoscale analytes. Previous
studies have shown that conventional surface plasmon
resonance (SPR) sensors allow rapid and precise detection
of airborne pathogens based on immunoreaction with the
antibody.34,35 Similar to other immunoassay-based biosensing
systems, these SPR sensors mainly targeted the analyte of a
single type, such as proteins, small organics, bacteria, viruses
via interactions between specific ligands (e.g., antibody−
antigen).36,37 For example, plasmonic-based immunosensors
coupled with a specific antigen−antibody reaction has been
proposed by Usachev et al. in 2014 for fast detection of
bioaerosols of a single type, that is, the surrogate MS2
bacteriophage.34 Similar to the enzyme-linked immunosorbent

assay method, the plasmonic antibody-based immunosensors
have the benefit of providing information on bioaerosol
species. Natural bioaerosols represent a highly diverse group,
and different species possess various toxicities. Obtaining
information on the species of the detected bioaerosol is clearly
beneficial; however, just detecting bioaerosols of a single type
is not enough to meet the needs of air quality assessment. In
fact, it has been realized that exposure to a complex mixture of
toxins, allergens, and a wide range of different bioaerosols has
to be considered in a rapid-response risk assessment.8 Other
than the pathogenic bioaerosols, the total bioaerosols including
the nonpathogenic part should also be evaluated as it can
induce respiratory symptoms as well.11,38 Thus, fast, label-free,
and reliable detection of total bioaerosols will be an important
basis for a better understanding of bioaerosol behaviors and
impacts. In this work, we developed a precise LSPR sensing
system which can rapidly quantify the total bioaerosols by
capturing microorganisms with succinimidyl ester-function-
alized gold nanoislands (SEF−AuNIs) (Figure S1). The
synthetic nanoislands were employed as a powerful and cost-
effective sensing matrix due to the formation of strong
plasmonic hot spots within the nanogaps.39 The AuNI sensors
can be readily nanofabricated on large areas and subsequently
surface-functionalized with thiolate and succinimide esters.
The exposed amino groups from bioaerosols can be covalently
captured and detected by the SEF−AuNI sensors. For
example, the protein shell of the virus, also known as the
capsid, consists of oligomeric structural subunits.40 This
oligomeric protein contains amino groups which can be
captured by the SEF−AuNIs sensors. Similarly, the functional
or structural proteins from the fungal cell wall, bacterial outer
membrane, pollen exine, and their fragments all contain amino
groups.41−43 By capturing the amino groups from these
bioaerosols, the SEF−AuNIs sensors can achieve quantitative
detection of total bioaerosols in a label-free scheme. Therefore,
it can be used for label-free detection of all species of airborne
microorganisms even without a premeasured library in contrast
to previous studies. To the best of our knowledge, this is the
first study to characterize the total bioaerosols with
interferometric LSPR biosensors and to apply it on studying
real-world environmental samples.

■ MATERIALS AND METHODS
LSPR Sensor Preparation. The LSPR sensor chip with

annealed AuNIs was synthesized by the thermal dewetting
method.44 Specifically, an ultrathin gold film with 5.2 nm
nominal thickness was initially deposited on the cleaned BK7
glass slides by magnetron sputtering. Then, the Au-coated
substrate was thermally annealed at 550 °C for 3 h in the air to
form the nanoislands in a self-assembly manner. Then the
AuNIs chips were subsequently mounted into the common-
path white light interferometric sensing system for differential
phase detection of binding events.

Environmental Sample Collection and Preparation.
The aerosol samples were collected at three Swiss National Air
Pollution Monitoring Network (NABEL) stations in Bern
(Bollwerk, urban), Basel (Binningen, suburban), and Rigi
(Seebodenalp, rural) in 2017. The sampling station in Bern
was located on a traffic-intensive roadside with approximately
20,000 vehicles passing by every day. The sampling point was 4
m away from the road, and there were many high-rise buildings
on both sides of the road. The sampling station in the
suburban of Basel was located in a quiet park-like place, with a
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high green-cover rate. The monitoring station of Rigi-
Seebodenalp was located on the Rigi mountain above 1000
m.a.s.l. and represented a rural and high-altitude environment.
The aerosols were collected on quartz fiber filters (150 mm in
diameter) by using high-volume samplers (DHA-80, Digitel).
The sampling flow rate was 500 L/min, and the total air
sampling volume was approximately 642.9 m3/filter. The daily
samples were stored at −20 °C after sampling. With a puncher,
the 490 mm2 section was taken from each filter and daily
particulate matter (PM) samples from each month were
pooled together to represent the respective month. All the
filters from each month were deposited into 60 mL phosphate-
buffered saline (PBS, pH 7.4) and shaken with a speed of 1000
rpm for 30 min. Then, the sample was transferred to a tube and
centrifuged at 3500 rpm to remove the filter and fiber
fragments. The supernatants were stored at −20 °C until the
endotoxin and LSPR analysis.
Endotoxin Testing. For the endotoxin studies, all

environmental samples were analyzed using limulus amebocyte
lysate (LAL) (Associates of Cape Cod Inc.) gel-clot method,
and the concentrations were reported as units (EU) referring
to standard endotoxin and lipopolysaccharides (LPS) from
Escherichia coli. In the test, equal volume of samples and LAL
reagent were incubated at 37 °C and reacted with the gel-clot
product. The absorption of 405 nm light was recorded every
30 s for 90 min during the measurement. The detection limit
for endotoxin was 0.005 EU/mL. Spike control, positive
control, negative control, and blank samples were also included
to ensure the test quality.
Surface Functionalization and LSPR Bioaerosol

Detection. The surface functionalization of the AuNI chip
included two processes: the chemical immobilization of
thiolate ligands and the activation of the carboxyl group. The
thiolate ligands, that is, 11-mercaptoundecanoic acid (11-

MUA) were initially immobilized on the AuNI surface by
forming the Au−S bond as shown in Figure S1b. Subsequently,
the 2-(n-morpholino)ethane sulfonic acid (Sigma-Aldrich)
activation solution prepared by mixing equal volume (500
μL) of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, Sigma-Aldrich) and 0.15 M N-hydroxy-succinimide
(NHS, Sigma-Aldrich) was added on the chip to activate the
carboxyl group. The synthetic succinimidyl ester was
susceptible to the nucleophilic attack by an amine group,
leading to the formation of an amide bond linking the
bioaerosols to the functionalized AuNIs. The prepared PM
samples were diluted 1000 times just before the LSPR
detection. The detailed surface functionalization and detection
procedures are provided in Figure S1.

Atomic Force Microscopic Investigation and Surface-
Enhanced Raman Scattering Studies. The AuNI sensing
chips were studied with tapping mode atomic force microscopy
(AFM) for visualizing the size and distribution of nanoislands.
Moreover, the 11-MUA-functionalized AuNIs (MUA@
AuNIs), SEF−AuNIs, and bioaerosols were characterized
with surface-enhanced Raman scattering (SERS) by using a
Horiba confocal Raman microscope with a 100× objective, 785
nm laser of 1 mW incident power, and 20 s acquisition time.
SERS streamline mapping of a selected area of 400 μm2 on a
bioaerosol-bound SEF−AuNIs sample was performed with a
50× objective.

■ RESULTS AND DISCUSSION

Surface Functionalization of AuNIs. For AuNI fab-
rication, the as-deposited gold nanofilm was thermally
annealed at 550 °C, which modified the nanofilm to randomly
distributed nanoislands as shown in Figure 1a.45 The optimal
AuNI chip with an average nanoisland size of 40.2 nm (Figure
S2) was subsequently mounted into the common-path

Figure 1. (a) Characterization of AuNIs with tapping-mode AFM and (inset) an image of the sensing probe cell and surface morphology profile.
(b) Common-path LSPR phase sensing system. (c) Interferometric fringes before and after the sensing test showed a phase change at evanescent
sensing wavelength, that is, about 647.5 nm. (d) In situ phase sensing response of surface functionalization, including the anchor 11-MUA and
activator EDC/NHS.
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interferometric sensing system (Figure 1b) for differential
phase detection. The interferometric LSPR system and
differential phase interference fringes are given in Figures 1c
and S3. It is worth noting that the interferometric sensing
system can efficiently measure the plasmonic phase changes
based on retrieving interferometric fringe with windowed
Fourier transform methods and provide high sensitivity for
bioaerosol detection.46

The sulfhydryl group of 11-MUA reacted with AuNIs by
forming a strong covalent Au−S bond and produced significant
response at 3.04 rad (Figure 1d), which could be used for in
situ monitoring of surface functionalization. The MUA@
AuNIs were subsequently activated by a freshly prepared
mixture of EDC/NHS and induced a further phase increase by
about 2.056 rad. Overall, the net LSPR response due to the
ligand immobilization and activation was found to be 5.096
rad. Hereafter, the active succinimidyl ester was able to react
with an amino group, leading to the formation of an amide
bond when detecting bioaerosols.
SEF−AuNI Sensing Calibration. The sensing character-

istics of the SEF−AuNI sensors were initially determined by
detecting E. coli solutions of different concentrations ranging
from 10 to 108 cells/mL. The blank sample (PBS buffer)
without E. coli was used as the reference for evaluating the
system stability and limit of detection (LOD). As shown in the
real-time sensorgram (Figure 2a), the standard E. coli samples
with three different concentrations, that is, 10, 1000, and 106

cells/mL produced continuous responses when captured by
the SEF−AuNIs sensors. Generally, the interferometric fringes
(Figure S3) were recorded every 2 s and the differential phase
was calculated subsequently. When the blank PBS buffer
flowed through the sensing chamber, the LSPR phase response
of SEF−AuNIs remained stable at 4.75 × 10−3 rad with the
standard deviation of 6.158 × 10−4 rad as shown in Figure 2b.
Subsequently, the LSPR phase response was found to be 0.29
rad when detecting the standard E. coli sample of 10 cells/mL.
The phase response increased to 0.87 and 1.78 rad when
detecting the concentration of 1000 and 106 cells/mL,

respectively. Bioaerosol particles could be broken down into
smaller pieces during the sampling process, which affects the
results of subsequent analysis by culture- or fluorescence-based
methods. We considered this effect on our LSPR sensor by
treating E. coli samples with sonication.47 The intact E. coli
structure was broken down into small fragments by using high-
frequency sound (35 kHz). As shown in Figure S4, the E. coli
samples before and after the treatment yielded similar response
levels at 0.2876 and 0.2939 rad, respectively. The results
demonstrated that the response of our SEF−AuNIs sensor
corresponded to the total amount of the bioaerosols, and the
impact of bioaerosol breakdown was negligible. The regression
relationship was further studied by testing the SEF−AuNIs
sensors with eight different E. coli samples, as shown in Figure
2c. These responses indicated a positive correlation between
the captured E. coli and LSPR responses. The linear-regression
fitting was also applied in the range from 10 to 105 cells/mL, as
shown in the inset of Figure 2c, and the regression relationship
was found to be y = 0.4024 × x − 0.1994 (with R2 0.9404).
The LOD of E. coli was found to be 0.5119 cells/mL (details in
the Supporting Information), and the reliable dynamic range
was from 10 to 105 cells/mL. The sensing characteristics of the
SEF−AuNI sensors were further investigated with Bacillus
subtilis, a Gram-positive bacterium. Similarly, the LOD was
found to be 1.69 cells/mL based on the regression curves of B.
subtilis as shown in Figure S5. Compared with previous SPR
bacteria-sensing platforms,48,49 the SEF−AuNI sensors ex-
hibited improved sensitivity because of the tailored nanostruc-
ture and advanced phase-modulation methods.
The sensing specificity of the SEF−AuNIs sensors was

tested by aniline and ammonium nitrite, which represented the
airborne organic amine and inorganic ammonium, respectively.
The NHx components in these two chemicals were suspected
to negatively impact bioaerosol detection as they might react
with the functionalized succinimidyl ester. Atmospheric
ammonium (AAM) has been recognized as one of the air
pollutants which could form ammonium-containing aerosols.
The agricultural activities, industrial, and traffic emissions are

Figure 2. (a) Phase sensorgram of E. coli of various concentrations in PBS buffer, (b) signal distribution and Gaussian fitting of blank
measurements. Logarithmic response curve of (c) E. coli with the linear regression inset, (d) ammonia ions, and (e) aniline. (f) LSPR sensing
comparison of E. coli, ammonium ions, and aniline, which represented the bioaerosols, inorganic ammonium, and organic amine, respectively.
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the main ammonium sources.50 To evaluate the influence of
AAM, the SEF−AuNIs sensors were tested by seven different
concentrations of ammonium ions, ranging from 10 ng/mL to
10 mg/mL (Figures 2d and S6). It was observed that the phase
response proportionally increased with ammonium ion
concentration until it reached saturation at 1 mg/mL (Figure
2d). Nonetheless, the phase response values were relatively
low, and the maximum response saturated at about 0.45 rad.
Similarly, the sensing selectivity toward the organic amine was
also tested with 6 as-prepared aniline aqueous solutions from
10 ng/mL to 1 mg/mL. The aniline response saturated at
approximately 0.1 mg/mL and the maximum response reached
0.51 rad (Figure 2e). It is noted that the RI changes of the bulk
solution caused by concentrated aniline and ammonium might
have also contributed to the phase shift. According to the
literature,50−53 the common concentration ranges of ammo-
nium, aniline, and bioaerosols in a human settlement
environment were estimated to be about 0.5−5 μg/m3,
0.01−1 μg/m3, and 103−106 cells/m3, respectively. Here, we
assume that the transfer efficiencies from the airborne state to
liquid were the same toward these three compounds and the
aerosols in 1 m3 of air were transferred into 1 mL liquid buffer.
Thus, the sensing responses were compared within the relative
concentration ranges of 0.5−5 μg/mL, 0.01−1 μg/mL, and
103−106 cells/mL. Based on the regression relationships, the
mean sensing responses of inorganic ammonium and organic
amines within the common concentration ranges were found
to be 0.144 and 0.134 rad, respectively. These two responses
were significantly lower than the mean response at 1.41 rad
when detecting E. coli (Figure 2f). Particularly, the phase
responses of ammonium and aniline were just 10.2 and 9.5% of
that of E. coli, respectively. Even in the environments with a
low bioaerosol concentration at 103 cells/m3, the bioaerosol-
induced response of the SEF−AuNIs sensor was still
significantly higher than those of disturbances such as
ammonia and aniline. Moreover, we can control the dilution
ratio to feed samples from heavily contaminated environments
into the SEF−AuNIs. It is worth noting that LSPR-based
SEF−AuNIs sensors detect the binding events by identifying
the local RI changes. The bioaerosols, normally ranging from
tens of nanometers to micrometers, could cause significantly
higher local RI changes than the non-biological NHx in the
atmosphere. Our results further proved that the SEF−AuNIs
can distinguish the airborne biological amine without being
strongly disturbed by the nonbiological NHx events. In fact, a
high ammonia or aniline concentration may contribute to a
false positive signal in some aggressive environments, including
animal husbandry and NH3-based fertilizer applications.

Therefore, the proposed SEF−AuNIs are recommended for
bioaerosol detection in normal living environments, while
usage in an aggressive environment requires additional
auxiliary units to reduce the level of disturbances. Moreover,
the weak noncovalent interactions, including nonspecific
hydrophilic adsorption and van der Waals bound particles
can be eliminated by direct buffer flushing. Only the covalently
bonded microorganisms can remain on the SEF−AuNI
interfaces.

Interface Characterization by SERS. Even though the
Raman scattering cross section is typically too small for direct
measurement, the AuNI sensors with uniform particle
distribution, high surface roughness, and local-field enhance-
ment can be a good platform for the Raman study. SERS can
directly provide fingerprint identification of immobilized
ligands and the microscale distribution of the captured
bioaerosols. As shown in Figure 3a, the SERS spectrum
(with 600 g/mm grating) of MUA@AuNIs showed peaks at
around 690 and 886 cm−1, which were assigned to C−S and
C−COOH stretching, respectively.54 After surface activation,
these two bands survived, but the C−COOH stretching peak
slightly shifted from 889.0 to 885.6 cm−1 (Figure 3b). This can
be explained by the carboxyl group activation and ester group
formation. The SEF−AuNI sensor was subsequently used to
detect the bioaerosols, and the signals of the amide CNH
group appeared at 1320 cm−1 (amide CNH stretching) and
1560 cm−1 (amide CNH bending), as shown in Figure S7,
which were in good agreement with previous data.55 Moreover,
here, we also conducted Raman investigation with a 300 g/mm
grating and the result was given in Figure S8. The spectrum
showed two weak peaks at 690 and 889 cm−1 for C−S and C−
COOH, respectively, and a strong C−C peak at 1099 cm−1. In
order to better characterize the SEF−AuNI interface, three
pseudo mappings at 690, 885.6, and 1560 cm−1, representing
the C−S stretching, C−COO− stretching, and CNH bending
were reconstructed, as shown in Figure 3c−f. In Figure 3c, a
white-light microscopic image and multichannel scanning
image are given. The pseudo-maps at 690 and 885.6 cm−1

proved that the surface-functionalized chemicals, that is, 11-
MUA and EDC/NHS were uniformly immobilized on the
AuNI surface, as shown in Figure 3d,e. The pseudo-mapping of
1560 cm−1 amide CNH which showed a granular distribution
of bright green patches indicated that the bioaerosols were
successfully captured by our SEF−AuNI sensors (Figure 3f).
Moreover, the scanned bioaerosols also exhibited a unique
SERS spectrum (Figure S9), which might be used for
bioaerosol classification and further analysis. In comparison
with other bioaerosol detection systems, the SEF−AuNIs

Figure 3. (a) SERS spectra of SEF−AuNI sensors showed the characteristic peaks from 11-MUA, EDC/NHS activation, and bioaerosols, (b) C−
COOH stretching signal shifts due to the surface activation. (c) SEF−AuNI image and pseudo SERS mapping by combining three characteristic
scans at (d) 690, (e) 885.6, and (f) 1560 cm−1. The scale bar is 10 μm.
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LSPR system could be a versatile bioaerosol analysis platform
for both total bioaerosol concentration monitoring and SERS
aerosol analysis.
Bioaerosol Detection from Real-World Environmen-

tal Samples. In order to evaluate the applicability of the
SEF−AuNI sensors for total bioaerosol monitoring, environ-
mental aerosol samples collected during January to December
2017 from three different cities in Switzerland were tested
(Figure 4a). The monthly aerosol samples were tested offline,

and the corresponding sensorgrams are given in Figure 5. The
mean value during the steady period of PBS buffer flushing was
calculated. Subsequently, this mean response was applied in
the regression equation (Figure 2c) to evaluate the bioaerosol
concentration in each monthly sample. Although bioaerosols in
the real-world environments are diverse and complex, the
amino groups are common in these biocomponents and can be
captured by SEF−AuNIs. Thus, the bioaerosol contents in
these environmental samples can be calculated based on the
calibrated regression of E. coli and identified as an E. coli-
equivalent concentration, which is then further analyzed to
illustrate the environmental characteristics of the sampling
locations. It is worth noting that bioaerosols can be detected by
forming a covalent bond between an amino group and a
succinimidyl ester quickly; thus, this system can be used for
analyzing samples in higher temporal resolution. As shown in
Figure S10, two daily samples from February 1st, 2017 and
August 1st, 2017 were measured with our proposed SEF−
AuNI sensors. From the perspective of seasonal distribution as
shown in Figure 4b, the bioaerosol contents in spring and
summer, especially from June to August, were clearly higher
than those in winter and autumn. In contrast, the bioaerosol
contents from October to the coming March were all close to
or below 104 cells/m3 in these three tested environments. The
peak bioaerosol contents all appeared in late spring or early
summer. For the urban roadside environment in Bern, the
maximum concentration of total bioaerosols was found to be

about 6 × 105 cells/m3 in June, while the suburban
environment in Basel exhibited a high concentration from

Figure 4. (a) Geographic locations of the three sampling cities. (b)
Total bioaerosol concentrations of these three environmental
scenarios were analyzed monthly with the proposed SEF−AuNI
sensors.

Figure 5. Real-time bioaerosols sensing toward the monthly samples
from (a) Bern, (b) Basel, and (c) Rigi. The 12 subplots of each
location indicate the monthly bioaerosol sensing responses from Jan
2017 to Dec 2017. The steady LSPR responses after buffer flushing
were used to evaluate the bioaerosol concentrations.
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June to August. The highest bioaerosol concentration was
found in August reaching 1.28 × 107 cells/m3. As a high-
altitude and low-human-settlement region, Rigi mountain
maintained the bioaerosol concentration within a low-level
ranging from 1.3 × 103 cells/m3 in April to 1.0 × 104 cells/m3

in July. Previous studies indicated that warmer climate can
directly promote the replication and growth of majority of
viable bioaerosols, extend the bioaerosol lifetime, and increase
the metabolic activity of living bioaerosols.56,57 Meanwhile, the
warmer climate can increase the water saturation vapor
pressure. Thus, the high moisture content can protect the
bioaerosols from desiccation stress.58 In contrast, the relatively
low annual temperature (mean at 7.5 °C) and high wind speed
at the high-altitude environment of Rigi mountain could
significantly depress the metabolism and physiological activity.
The environmental samples were also analyzed in terms of

endotoxin and PM10 (PM with a diameter of 10 μm or less),
to understand the aerosol contents and further verify the SEF−
AuNIs sensing performance. Endotoxins are LPS of the Gram-
negative bacteria wall, which consists of lipid, O-antigen, and
polysaccharide chain.59 Endotoxins have been considered as
one of the main factors contributing to occupational lung
disease and multiorgan injuries.8,60 PM10 can be brought into
air by various natural and human activities, subsequently
suspended over long time to travel long distances in
atmosphere.61 The correlation among bioaerosols, endotoxins,
and PM10 concentrations was analyzed as shown in Figure
6a−f. For endotoxins, the concentration from June to August
was significantly higher than that of other months in these
three reported environmental scenarios. This result was
consistent with the bioaerosol level measured by the SEF−

AuNI sensors. In contrast, the PM10 concentration during the
cold season was found to be substantially higher than other
months in both urban and suburban regions, which was
attributed to anthropogenic sources such as wood-burning and
fuel combustion.62 For the rural and high-altitude environment
(i.e., Rigi mountain), the concentration of PM10 in the cold
season was not obviously higher. The relationship among
bioaerosols, endotoxins, and PM10 was further evaluated with
Pearson’s correlation coefficient (PCC), as shown in Figure 6i.
The bioaerosol concentration measured by the SEF−AuNIs
sensors showed positive correlations with ambient endotoxin
concentration in all three environments, that is, RBern = 0.40,
RBasel = 0.57, and RRigi = 0.88. The seasonal variation of
temperature and RH affected the total bioaerosol concen-
tration; the Gram-negative bacteria as part of the total
bioaerosols followed a similar trend which was reflected in
the endotoxin seasonal change. Therefore, the positive
correlation between the measurements by the SEF−AuNIs
and endotoxin tests was obtained. It is worth noting that the
LPS is the major component of the outer membrane of Gram-
negative bacteria, which can be a reliable indicator for
pulmonary distress or impairment. However, the endotoxin
level cannot represent all airborne biological toxins in the air.
In contrast, the proposed SEF−AuNIs can provide a more
comprehensive indicator to the total airborne biological
particles. As shown in Figure 6h,i, the PCCs between PM10
and bioaerosols were weakly negative (i.e., −0.161, −0.261 in
Bern and Basel, respectively) or close to zero (i.e., 0.078 in Rigi
rural region). These coefficients indicated that PM10 and
bioaerosols were not clearly correlated, and the proposed
SEF−AuNIs were able to obtain the bioaerosols in a monthly

Figure 6. Comparison between monthly total bioaerosols and endotoxins at (a) Basel, (b) Bern, and (c) Rigi mountain. Comparison between
monthly total bioaerosols and PM10 at (d) Basel, (e) Bern, and (f) Rigi mountain. Bioaerosol correlation with (g) endotoxin and (h) PM10 levels,
and (i) the PCC for different environments.
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trend even under the interference of PM. An interesting feature
in detecting the winter samples was scrutinized as shown in
Figure S11. The environmental aerosol samples with high PM
contents showed obvious dissociation when flushed with PBS
buffer. This dissociation was attributed to the nonspecific
binding of PM near the SEF−AuNI interface. These
noncovalent bonds were relatively weak and unstable;
therefore, it is easy to be removed by flushing. For the
environmental aerosol sample from June, there was no
observable dissociation after PBS flushing, as the covalently
captured bioaerosols had good stability on the SEF−AuNI
interface. According to the AFM images in Figure S2a, there
were approximately 264 AuNIs per square micrometer. Thus,
the total AuNI number in the sensing interface (with an area of
28.64 mm2) was estimated to be 7.56 × 109. These AuNIs
were covered by smaller SEF ligands, so the total amount of
active bioaerosol receptors was at least four orders higher than
that of PM particles in the test sample. Even with the presence
of substantial PM, the SEF−AuNI system was able to reliably
detect bioaerosol concentrations based on surface binding and
buffer rinses. Moreover, the bioaerosol mass and number
fractions in PM samples from different environments were also
calculated based on the SEF−AuNI sensing results and PM10
results, as shown in Figures S12−S15. Higher bioaerosol mass
fractions in warm seasons were found in urban (Bern) and
suburban areas (Basel), and the highest bioaerosol mass
fraction in PM samples can reach 47.7% in the suburban area,
as shown in Figure S13. According to the literature,
measurements in different countries, for example, Ireland,
Germany, China, and Spain reported that the bioaerosol mass
or number fractions ranged between 0.1 and 50%.63−66 For
instance, the bioaerosol mass fraction in Huangshi City, China,
ranged from 1.5 to 15% of the PM10.63 However, the
bioaerosol number fraction measured by WIBS in Spain ranged
from 2 to 10% of the total particle population.64 Thus, the
bioaerosol mass fractions revealed by SEF−AuNI sensors were
within a reasonable range from 0.01 to 47.7%. In contrast, the
number-based bioaerosol fractions were relatively low. The
annual average bioaerosol number fractions in Bern, Basel, and
Rigi were all lower than 0.1% of the PM sample. Based on the
LSPR principle, the SEF−AuNI response was generally
proportional to the mass of captured bioaerosols. Figure S4
showed that the sensor signals correlated well with the total
mass of the bacteria instead of the number of fragmented
pieces of the bacteria. Thus, the proposed SEF−AuNI system
is recommended to be used in the mass-fraction evaluation.
Environmental Implications. Accurate and fast detection

of total bioaerosols in different environments is an important
task for safeguarding against biological threats and broadening
the pool of bioaerosol knowledge. Currently, offline analysis of
specific bioaerosol species mainly relies on PCR techniques,
while the fluorescence method is used for online quantifica-
tion.20,21,67 As summarized in Table S2, quantitative
investigations of airborne bacteria or antibiotic resistance
genes provided abundant information of their distributions,
behaviors, and impacts. Because of the high diversity of
bioaerosols and their potential toxicity, detection of total
bioaerosols in different environmental settings over annual
cycles can significantly contribute to our understating of the
link between bioaerosols and human health. For the first time,
we developed an innovative LSPR sensing system based on
SEF−AuNIs for total bioaerosol detection. The proposed
system was employed to detect total bioaerosols by covalently

capturing the biological events with the activated succinimidyl-
ester groups. The SEF−AuNI system was calibrated with E. coli
(and alternatively B. subtilis); thus, the detected bioaerosols
can be quantified as an E. coli-equivalent concentration based
on the regression. In the test of real-world PM samples from
three different environmental scenarios, the SEF−AuNI
sensing platform was able to reveal the monthly trend of
total bioaerosols without being interfered by other airborne
PMs. The LSPR sensing results of urban, suburban, and rural
environments of Switzerland indicated relatively high bio-
aerosol contents during the hot season. The seasonal variation
of bioaerosols was reasonably correlated with endotoxins but
not with PM10. Moreover, the proposed SEF−AuNIs system
was used to evaluate the mass fraction in the collected PM
samples. Being inspired by the current work, we believe that
the SEF−AuNI-based LSPR sensing system offers a versatile
bioaerosol analysis platform that goes beyond the current
approach of single analyte detection. The proposed SEF−
AuNIs sensing system can be used for both online bioaerosol
detection by combining with a suitable sampling system and
offline analysis for bioaerosol characterization and identifica-
tion. Specifically, the current total bioaerosol detection system
can be used as a trigger to determine when to employ further
SERS or immuno-LSPR analyses for the identification of
specific bioaerosol. Achieving such a goal in the future will be
essential to combat the airborne biological threats and
eventually promote the public health.
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and Technology, Dübendorf, Switzerland
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