
 Environmental
Science
  Atmospheres
rsc.li/esatmospheres 

ISSN 2634-3606

Volume 2
Number 4
July 2022
Pages 551–764

PAPER
Yukai Ai et al.
Characterization of single fungal aerosol particles in a 
reactive atmospheric environment using time-resolved 
optical trapping-Raman spectroscopy (OT-RS) 



Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
m

ai
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

4.
12

.2
02

5 
13

.0
9.

21
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Characterization
aDepartment of Physics and Astronomy, Mi

39759, USA. E-mail: cw175@msstate.edu
bCCDC-U.S. Army Research Laboratory, 280

20783, USA

Cite this: Environ. Sci.: Atmos., 2022, 2,
591

Received 29th March 2022
Accepted 6th May 2022

DOI: 10.1039/d2ea00030j

rsc.li/esatmospheres

© 2022 The Author(s). Published by
of single fungal aerosol particles
in a reactive atmospheric environment using time-
resolved optical trapping-Raman spectroscopy
(OT-RS)

Yukai Ai, a Chuji Wang,*a Yong-Le Pan b and Gorden Videenb

We applied a time-resolved, optical trapping-Raman spectroscopy (OT-RS) technique to characterize

single, trapped bioaerosol particles under well-controlled reactive conditions that mimic the native state

of particles in the atmosphere. We measured Raman spectra of seven different fungus samples using an

OT-RS system, in which single fungal aerosol particles of tens of microns in size are trapped without

photo-damage while relative humidity and ozone concentration around the particle are well controlled.

We initially obtained Raman spectral fingerprints of seven different single-trapped fungal aerosol

particles in air. We then measured time-resolved Raman spectra of the fungal aerosol particles trapped

in air over a period of 40 minutes and characterized the temporal behavior of the trapped particles in

terms of Raman band structure and intensity. We also measured time-resolved Raman spectra of the

fungal aerosol particles exposed to ozone in a controlled concentration and relative humidity and

compared the spectral features with those obtained when the single fungal aerosol particles were

exposed to air. Results show that we not only observed time variations of the physical and chemical

properties of single-trapped particles, but also specified several individual chemical function groups such

as lipids and proteins that undergo chemical reactions with ozone. This work demonstrated that OT-RS

is a powerful technology for characterization of physical, chemical, and biological properties of single

bioaerosol particles in simulated atmospheric conditions and for potential detection of single bioaerosol

particles in the atmosphere using Raman spectral fingerprints.
Environmental signicance

New technologies for characterization and detection of bioaerosols are essential for modelling airborne transmission, risk estimate, and better understanding of
bioaerosol properties and their temporal evolution in the atmosphere. In current laboratory and eld studies, aerosol samples are either collectively or indi-
vidually placed on a substrate or in a sample holder for subsequent measurements that may experience signal interference from particle-surface contamination
or modication. Here we present a time-resolved, optical trapping, single-particle technology and apply it to characterize fungal aerosol particles that are freely
suspended in a reactive atmospheric environment. This work demonstrates a technology platform for single airborne particle studies, such as formation, loss,
and surface chemistry.
1 Introduction

Characterization and detection of bioaerosol particles in the
atmosphere is of signicance in indoor and outdoor air-quality
monitoring,1,2 surface decontamination,3 food processing and
storage,4,5 infectious diseases control,6 and biodefense in
special situations.7 Atmospheric air contains a wide variety of
aerosols including bioaerosols that affect human health and the
climate. It is reported that aerosolized fungi, such as Aspergillus
ssissippi State University, Starkville, MS,

0 Powder Mill Road, Adelphi, Maryland,

the Royal Society of Chemistry
species and Penicillium species, have been correlated to lung
diseases in many cases, as indoor air quality can be adversely
affected by the fungal contamination in a damp building.8 As
fungal aerosols develop, they release toxic compounds, which
can cause various respiratory allergies or diseases, such as,
asthma, rhinitis, and hypersensitivity pneumonitis.8,9 More-
over, aerosolized fungi can change with surrounding environ-
mental conditions such as relative humidity (RH), air
pollutants, UV radiation, and reactive molecules such as ozone
(O3).10–12 In addition, food contamination caused by bioaerosols
impacts public health.5 For example, Aspergillus species is
a main contaminant in food chains. Biotoxins, such as aa-
toxins, ochratoxins, patulin, etc., produced by the Aspergillus
species can cause diseases and even death in humans and other
Environ. Sci.: Atmos., 2022, 2, 591–600 | 591
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animals.4 Furthermore, bioaerosols generate a potential threat
to national security as biological warfare agents may be aero-
solized and released into the atmosphere.7,13 Therefore, char-
acterization and detection of bioaerosol particles, especially
when they are presented in the atmosphere where aerosol
particles are oen in a low concentration and exposed to
possible chemical reactants, has become increasingly
important.

Many techniques have been developed and applied for the
detection and characterization of atmospheric bioaerosols.
Generally, the techniques can be grouped into three cate-
gories: (1) optical microscopy, scanning electron microscopy,
and transmission electron microscopy, which are commonly
utilized for the characterization of physical properties, such
as particle's size, shape, and structure,14,15 (2) X-ray spec-
trometry, laser-induced breakdown spectroscopy, and mass
spectrometry, etc., which are typically used for analyzing
elemental compositions,16–18 and (3) Raman spectroscopy,
laser-induced uorescence, and quantitative polymerase
chain reaction (qPCR), which are used for the characteriza-
tion of chemical and biological properties.19–23 However, these
traditional methods either require collection of a relatively
large volume of samples or the use of a substrate or a cuvette
to hold samples for subsequent measurements.24 In many
cases, the sample collection and processing are time
consuming. More importantly, particle surface properties
may be modied during the sampling process and measure-
ments may be optically interfered by the surface of the
substrate.25,26 Single-particle measurements by scanning
Raman spectra of single pollen grains placed on a substrate
have been reported,27,28 but for bioaerosols, properties can
dramatically change when they are released into air.24,29–31

Chemical properties may change through reactions with
atmospheric molecules and air pollutants. For example, the
structure of lipids, proteins, and polysaccharides in some
bioaerosols can be modied when the bioaerosols are
exposed in an environment containing O3,32 and even new
chemicals may be produced through O3 oxidation processes.33

As a result, the intrinsic value and viability of the organisms
in the bioaerosol particles are inuenced, and subsequently
molecules ngerprints or signatures that are used for char-
acterization and detection (e.g. in uorescence, Raman
spectra, and PCR) are affected. Therefore, in order to char-
acterize properties of atmospheric bioaerosols accurately, it is
better to study them under well-controlled environmental
conditions that are close to their native atmospheric state, in
which individual particles should be suspended in air with no
surface interactions with surrounding particles or solid
surfaces of the sample holder.

One way to mimic the native state of atmospheric aerosols
is to levitate single particles in air or in a controlled reactive
environment.34,35 There are three main techniques to levitate
or trap a single particle: electrodynamic levitation, such as
double ring electrodynamic balancing (EDB) and quadrupole
linear trapping, acoustic levitation, and optical trapping
(OT). The EDB technique requires charging particles.36

Acoustic levitation can levitate a single particle in an
592 | Environ. Sci.: Atmos., 2022, 2, 591–600
acoustic interference eld, which is mainly suitable for
particles of large size, e.g. millimeters,37 thus it is not useful
for the investigation of atmospheric aerosol or bioaerosol
particles that are typically from tens of nanometers to tens of
microns.

Particle levitation using the light force was rst demon-
strated by Ashkin in the 1970s.38 Later the idea was used to
achieve laser cooling atoms by Chu who received the Nobel
Prize in physics in 1997. In 2018, Ashkin also received the Nobel
Prize in physics for his contribution to the OT technology,
which now has ever expanding impacts in diverse elds, such as
materials, physics, chemistry, life sciences, and atmospheric
sciences.38–44 Over the last several decades, developments of OT
technologies for particle trapping and manipulation have
advanced signicantly. Optically trapping a single particle in air
involves two types of light forces, radiation-pressure force (RPF)
and photophoretic force (PPF). The RPF is generally created by
a tightly focused laser beam to trap a non-absorbing particle.
The PPF is formed by the photopheresis as a result of differ-
ences in the particle's surface temperature and the surface
thermal accommodation coefficient, mainly applied to trap the
strongly absorbing particle. Now we can use a universal optical
trap (UOT) which combines RPF and PPF, in most cases, to trap
single particles of arbitrary size, morphology, and material
property in air or in different media.26,45 Once a particle is
trapped, several advanced laser spectroscopy and optical tech-
niques can be integrated, individually or in combination, for
subsequent observation and measurement of physical and
chemical properties of the particle. These techniques include
Raman spectroscopy, cavity-ringdown spectroscopy, elastic
light scattering, and digital imaging. Details of recent develop-
ments and advancements of optical trapping, manipulations,
and measurements of single particles in air can be seen in
recent reviews.46–49 Very recently, changes in chemical proper-
ties of a single pollen fragment exposed to an O3 environment
are monitored by OT-RS.32

In this work, we measured single particles of seven
different fungus materials using the time-resolved OT-RS.
Firstly, we characterized Raman spectra of a single fungal
aerosol particle optically trapped in air. Secondly, we
measured the time evolution of OT-RS from seven different
samples when they are exposed to ambient lab air or to O3. We
compared their Raman spectral features in terms of Raman
peaks, peak intensity, relative peak intensity ratio, and their
time variations over a period of 40 minutes. Thirdly, based on
changes in the spectra, we investigated the possible chemical
or biological reactions of a single fungal aerosol particle with
O3. Fourth, we decoupled the overlapped Raman bands in the
long-Raman-shi region (around 3000 cm�1) into individual
Raman peaks and assigned them to specic chemical func-
tion groups. We identied several chemical function groups
such as lipids and proteins that participated in chemical
reactions. To the best of our knowledge, this is the rst report
on characterization of single bioaerosol particles that are
optically trapped in a controlled reactive environment, with
no particle damage.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2 Methodology
2.1 Experimental setup

Fig. 1 shows key components of the OT-RS system. A linearly
polarized, continuous-wave laser at 532 nm was used as the
trapping laser source and the power was set at 1500 mW for the
experiment. The laser beam was split into two parts with the
same intensity by the beam splitter. The two laser beams
formed two counter-propagating hollow beams by a pair of
axicons and two microscope objectives (�50, numerical aper-
ture (N.A.) ¼ 0.55). A UOT was formed in an airtight reaction
chamber and a hollow trapping region (an optical cage) is
formed between the two foci of the microscope objectives. In
this case, the size of the trapping region can be adjusted by
precisely tuning the separation distance between the two foci.
Experimentally, the separation distance was set from several
microns to �100 mm, depending on individual particle size and
material properties. A single particle was trapped in the hollow
trapping region, where the trapping beams did not directly
touch the surface of the particle. In this way, no photo-induced
chemical damage occurs to the particle once it is trapped inside
the UOT, except that some mass loss may occur due to thermal
evaporation of surface materials (see Section 3.2). However,
when particles are entering the UOT during the sample intro-
duction, they may be overheated by the trapping beams and
thermally decomposed when the trapping beams are strong, or
the sample material is thermally sensitive.32

The Raman signal was excited by the scattered light of the
trapping beams. Raman signals were collected by the third
microscope objective (�20, N.A. ¼ 0.42) to a spectrograph
(Princeton Instrument, Action SP2300) and recorded by an
electron-multiplying charge-coupled device (EMCCD, Prince-
ton, ProEM1600). In addition, a camera (Point Grey, GS3-U3-
32S4C-C) that was integrated in the setup captured images of
the trapped particle and monitored the particle during the
entire trapping period in real time.50 A blue LED was used as the
light source illuminating the particle for imaging. A short-pass
lter (lcut off ¼ 500 nm) was placed in the front of the camera to
block the 532 nm scattering light of the particle. In this setting,
the image that was captured by the camera showed the size and
Fig. 1 Schematic of the experimental setup of the OT-RS system.

© 2022 The Author(s). Published by the Royal Society of Chemistry
shape of the particle, while the time-resolved Raman spectra
tracked changes in chemical compositions of the particle,
simultaneously. Compared to the setup in the previous study,32

the part for the introduction of chemical reagents was further
developed in this work. As shown in Fig. 1, two sensors were
inserted into the chamber to monitor RH and temperature
inside of the chamber. O3 was generated by photolysis of oxygen
(O2) through the illumination of the ultraviolet light produced
by a mercury lamp. The mercury lamp was placed inside
a home-built device. The high-purity O2 (99.99%) owed into
the chamber at a controlled ow rate. The O3 concentration was
controlled in the range of 10–1200 parts per million (ppm) by
adjusting the portion of the lamp inserted into the chamber.
Adjacent to the mercury lamp was a homemade humidier that
was used to control RH in the reaction chamber. The RH of the
introduced chemical gas-ow was controlled in the range of 20–
40%. The water vapor was produced by an inversely mounted
ultrasonic disc, then carried by owing O2 or O3. All ow gases
passed through the O3 sensor, which read the O3 concentration.
In the experiment, particles were dusted directly to the chamber
through a small open hole on the top of the chamber. In this
case, if no O3 or other chemical reagent was introduced during
the experiment, the air condition inside the chamber was the
same as the ambient lab air. If the O3 was introduced, the O3

passed through the trapped particle then was released to an
exhaust sucking system via the open hole.
2.2 Samples

Seven aerosol samples used in this study are fungi: Aspergillus
fumigatus, Aspergillus versicolor, Cladosporium herbarum, Paeci-
lomyces variotii, Penicillium camembertii, Penicillium chrys-
ogenum, and Penicillium digitatum. They were purchased from
the Greer Lab where the samples were grown in a media of
enriched trypticase then killed by acetone. The samples are
dried powders of millimetres in size and in black or dark grey
color. In the experiment, the particle powders were further
ground to submicron to tens of microns in size. As this study
focuses on characterization and chemical reaction of single
particles, instead of sensing the atmospheric aerosols, results
are not related to the aerosol concentration in sampling and to
other environmental interferences. No sample preparation
procedure or further purication was conducted. The ground
samples were directly dusted into the reaction chamber.
3 Results and discussion
3.1 Single-particle Raman spectra of seven fungus samples

Fig. 2 shows the single-particle Raman spectra of the seven
different fungus samples. These spectra were obtained in the
rst minute aer the particle was trapped in the ambient lab
air in the reaction chamber. The temperature inside the
chamber is same as the lab temperature which is controlled
around 20 �C and the RH is controlled around 30%. Each
spectrum was obtained by using an interrogation time of 60
seconds. The grating used in the spectrograph is 600 groves
per mm, which sufficed a survey of characteristic Raman
Environ. Sci.: Atmos., 2022, 2, 591–600 | 593
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Fig. 2 Single-particle Raman spectra of seven different fungus
samples optically trapped in a reaction chamber under controlled
environment.
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bands. Most bioaerosol particles have strong uorescence
emissions, which can generate a strong interference in their
measured Raman spectra and can even engulf relatively weak
Raman bands. Even though the Raman spectra of a single
trapped particle are free from the interference from the
substrate, the single particle measured spectra can still be
affected by the uorescence interference. Some early works
showed that the single-particle Raman spectra, which were
obtained by using an EDB device, were strongly inuenced by
uorescence.51 In 2015, Wang et al. reported measurements of
Raman spectra of single bioaerosol (pollens and grass spores)
particles photophoretically trapped in air. The results showed
that ve barely noticeable Raman bands were observed in the
CH stretching region around 3000 cm�1.41 Despite that some
Raman bands in the short Raman-shi region were resolved in
that work, the baseline uorescence was noisy and strong, and
Table 1 Assignments of the measured Raman bands from the single-tra

Peak no. Bands (cm�1) Assignme

1 840 Tyrosine
2 892 C–O–C ba
3 1032 Phenylala
4 1080 C–O–C gl
5 1131 Palmitic a
6 1267 CH (lipid

7 1298 CH2 defo
8 1450 Lipid/pro
9 1610 Cytosine
10 1660 Amide I
11 1750 C]O, lip
12 2739 Stretching
13 2855 CH2 symm
14 2878 CH2 symm
15 2915 CH2 stret
16 2960 Out-of-pla
17 3008 nas(]CH)
18 3059 (C]CH) a

594 | Environ. Sci.: Atmos., 2022, 2, 591–600
many Raman peaks were severely interfered by uorescence.
Recently, Gong et al. reported the uorescence-free Raman
spectra of uorescence-dye-coated spheres optically trapped in
air.40 In that study, the trapped single particles experienced
a photobleaching process, and the uorescence was cleaned
within several seconds aer the particle was trapped. Later,
they reported the uorescence-free Raman spectra of single
pollen fragments by utilizing the same system.26 In that case,
the UOT formed by the counter-propagating hollow beams
effectively reduced the uorescence. In the present study, the
Raman spectra, shown in Fig. 2, captured by the OT-RS system
are also uorescence-free. The single-particle Raman spectra
in Fig. 2 are used as a baseline of the Raman spectral nger-
prints for the seven sample materials, and this baseline will be
compared with the subsequent time-resolved Raman spectra
obtained when the samples are exposed to air and to O3 under
controlled conditions.

The typical Raman bands from different fungus samples are
listed in Table 1. As shown in Fig. 2, the seven different fungi
have similar Raman bands. For example, all the samples show
the Raman band at 1080 cm�1, which comes from the C–O–C
glycosidic link or the C–C skeletal stretch.26 The Raman shi in
the region from 1220 cm�1 to 1350 cm�1 is from the amide III
band, which is shown in the spectra of all seven materials.52 The
band around 1450 cm�1 is related to lipids, proteins, or the CH2

deformation. The band at 1660 cm�1, which comes from the
amide I group, is also found in all the samples.53 Besides these
common bands, some bands representing specic chemical
properties are also identied in terms of some types of fungi.
The band around 1131 cm�1 from the palmitic acid is found in
the Aspergillus type of fungus.52 Only Penicillium type shows the
band around 1267 cm�1, which comes from the CH stretching
(lipids in normal tissue).52 The spectral peakmarked as no. 11 at
1750 cm�1 comes from C]O or lipids, indicating the unique
composition of Aspergillus species.52 Additionally, Fig. 2 shows
pped fungal aerosol particles

nt Ref.

52
ckbone, C–C skeletal stretches 53
nine 52
ycosidic link, C–C skeletal stretches 26
cid 52
in normal tissue), triacylglycerol 52

54
rmation 53
tein, CH deformation 52

52
53

ids 52
vibrations of CH 52
etric stretch of lipids 52
etric stretch of lipids 52

ch lipids and proteins 52
ne chain end antisymmetric CH3 stretch band 52
, lipids, fatty acids 52
romatic stretching 53

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that all the spectra have a large composite peak (overlapped or
partially overlapped band package) between 2700 cm�1 and
3100 cm�1. This band package is formed by several Raman
bands, and most of them are from the CH stretching. For
example, band no. 12, which is located at 2739 cm�1, comes
from CH-stretching vibrations. Band no. 13 and 14, at
2855 cm�1 and 2878 cm�1 respectively, are from the CH2

symmetric stretch of lipids. Peak no. 15 at 2915 cm�1 denotes
the components of proteins. Peak no. 16 at 2960 cm�1 is the out-
of-plane, chain-end, antisymmetric CH3 stretch band. Peak no.
17, around 3008 cm�1, is from lipids and fatty acids.52 In the
present work, the sharp peaks in the short-wavenumber region
and the overlapped band package around 3000 cm�1 were ob-
tained in a high-spectral-resolution setting. Using the decon-
volution method to decompose the overlapped band package
around 3000 cm�1, more detailed information on spectral
changes, temporal evolution, and chemical reaction can be
revealed (see Section 3.4).
3.2 Temporal evolution of single-particle Raman spectra

The OT-RS system can not only characterize chemical properties
of the trapped particles, but also monitor the temporal evolu-
tion of the particle's physical properties, such as the particle's
size and morphology via the real-time imaging system. Theo-
retically, how long a particle can be trapped depends on many
factors.26 Among seven fungus samples, four of them, which are
Cladosporium herbarum, Penicillium camembertii, Aspergillus
fumigatus, Paecilomyces variotii, could be stably trapped for
more than 30 minutes, while the other three samples could only
Fig. 3 (a) The temporal evolution of the Raman spectra of single trappe
peak intensity of representative Raman peaks; (c) and (d) are the tempo
lomyces variotii particles in lab air. The insets in (a) and (c) are the captu

© 2022 The Author(s). Published by the Royal Society of Chemistry
be trapped for several minutes. Fig. 3(a) and (c) show the
temporal evolution of the spectra of single Penicillium camem-
bertii and Paecilomyces variotii particles trapped in the ambient
lab air. The size of the two trapped fungal aerosol particles is
about 1.5 mm and 2.0 mm respectively. In the experiment,
changes in experimental settings, including variations of the
trapping laser power, can be monitored by the intensity of the
nitrogen band at 2331 cm�1, which is from the nitrogen in the
ambient lab air. In Fig. 3(a), the peak intensity of all bands
decreases, while the intensity of the nitrogen band at 2331 cm�1

is invariant. The structures of the Raman bands around 2700–
3100 cm�1 show some small variations, in addition to the
decreased intensity. Fig. 3(b) shows intensity changes of the ve
Raman bands shown in Fig. 3(a) over 40 minutes, and each
point was averaged over three measurements. Except for the
nitrogen band, the other four bands decrease in intensity. This
intensity decrease is due to the mass loss of the trapped particle
resulting from thermal decomposition or evaporation of
chemicals on the surface of the particle, resulting from the long
period of trapping.13 The mass loss can be estimated by the
particle image. As shown in the inset image, the size of the
particle in rst minute is about 1.92 mm, and in 40 minutes is
about 1.65 mm. Therefore the mass loss is calculated to be
�26.13% by the ratio of the volume. Similarly, Fig. 3(c) shows
the temporal evolution of the Raman spectra of a single trapped
Paecilomyces variotii particle in lab air. The time-evolution of the
band intensity that is averaged over three measurements is
shown in Fig. 3(d). The intensity of three bands decreases while
the intensity of the band at 1610 cm�1 increases slightly. This
d Penicillium camembertii particles in lab air; (b) time variations of the
ral evolution of the spectra and the intensity of single trapped Paeci-
red images of the trapped particles at different times.

Environ. Sci.: Atmos., 2022, 2, 591–600 | 595
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different spectral feature differentiates Paecilomyces variotii
fungus from Penicillium camembertii fungus. The decrease of the
Raman band is also due to the mass loss. The size of the particle
in rst minute is about 2.43 mm, and in 40 minutes is about 2.19
mm, the mass loss for Paecilomyces variotii fungus can be esti-
mated to be �27.04%.
3.3 Raman spectra in the short-wavenumber region from
chemical reaction in single trapped particles

Fig. 4(a) shows the time evolution of the Raman spectra in the
short-wavenumber region of 400–2000 cm�1 of a single trapped
Penicillium camembertii particle exposed to O3 at 800 ppm. The
RH in the reaction chamber was controlled at 30% over the
measurement period. The Raman spectra have a higher spectral
resolution than that in Fig. 2 and 3, as the grating was set to
1200 g mm�1. The spectral integration time was 60 seconds.
The Raman band at 1550 cm�1 from O2 keeps the same level of
intensity over 40 minutes, which indicates the O2 concentration
was constant in the reaction chamber. This also indicates that
the O3 concentration was constant during the observation
period.

However, intensity features of other Raman bands shown in
Fig. 4(a) are different. The intensity of most Raman bands, such
as bands at 968 cm�1, 1267 cm�1, and 1660 cm�1, gradually
decrease, but a band at 1131 cm�1 gradually increase over the
period of 40 minutes. Fig. 4(b) shows the time variations of the
bands identied in Fig. 4(a), and each point was averaged over
three measurements. As shown in Fig. 4(b), the time-variation
feature of the Raman bands of the particle exposed to O3 is
completely different from when the particle is exposed to air, as
shown in Fig. 3. This observation indicates that the trapped
particle underwent an O3 chemical reaction.

The intensity of the peak at 1660 cm�1 decreased rapidly
aer the particle was trapped. The peaks at 968 cm�1 and
1267 cm�1, which are lipids and triacylglycerol, respectively,
also decreased right aer the particle was trapped. This
decrease may indicate a change of the fatty acid. For instance,
the decreasing peak at 968 cm�1 is from elaidic acid. The
gradual disappearance of the Raman band at 1267 cm�1, which
is from the C–C stretching vibration, can be explained as the
break of the carbon chain.54 The disappearance of these two
Fig. 4 (a) The time-evolution of the Raman spectra of a single trapped Pe
of 400–2000 cm�1; (b) time-variations of the intensity of the characteri

596 | Environ. Sci.: Atmos., 2022, 2, 591–600
peaks can be further validated by the rising peak at 1131 cm�1,
which results from the formation of palmitic acid. In general,
the fatty acid exists in the form of multiple polymorphs and
polytypes, depending on the temperature, pressure, and crys-
tallization condition. Under different conditions, one form of
fatty acid may transform to another form with better chain
packing to maintain the highest stability.54,55 In addition to the
change at 1660 cm�1, which is from the mass loss, the changes
of Raman bands at 968 cm�1 and 1267 cm�1 are also due to the
mass loss of the particle. No signicant change is observed at
a higher airow rate and higher O2 concentration. This indi-
cates that the mass loss is determined by the intrinsic chemical
property of the particle rather by the airow rate and O2

concentration.
In comparison to the change of the Raman bands caused by

the mass loss, signicant changes in several Raman bands are
found aer the introduction of O3. The peak at 840 cm�1, which
relates to tyrosine, decreased in the O3 environment, while it
remained invariant when the particle was trapped in air. The
decrease is caused by the reaction of tyrosine with O3. It was
reported that tyrosine is sensitive to O3, and it is oxidized by O3

and converted into aspartic acid.56 As shown in Fig. 4(a), a small
peak package in the region of 1700–1750 cm�1 started to
increase aer 15 minutes. The growth of this band package
suggests the formation of aspartic acid. Another peak at
1005 cm�1 emerged aer 10 minutes when O3 was introduced.
This peak is related to phenylalanine,57 which is probably
a product from the lipid oxidation. Moreover, one peak at
1730 cm�1, which is a small peak package, comes from n(C]O),
suggesting the formation of carbonyl products.32 These obser-
vations show that the particle properties are modied via the O3

oxidation process.
Fig. 5(a) and (b) show the high-resolution Raman spectra in

the long-wavenumber region around 3000 cm�1 of the single
trapped particle exposed to O3 at 800 ppm. The spectra were
obtained from the same particle as that in Fig. 4. Even though
the grating was set to 1200 g mm�1 for high-resolution spectra,
the band package in this region cannot be resolved. The spec-
trum in Fig. 5(a) was captured in the rst minute aer the
particle was trapped in O3, and the spectrum in Fig. 5(b) was
obtained aer exposure to O3 for 40 minutes.
nicillium camembertii particle exposed toO3 in thewavenumber region
stic Raman bands over a period of 40 minutes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The Raman spectra in the long-wavenumber region around 3000 cm�1 of a single trapped Penicillium camembertii particle exposed to
O3 in (a) the first minute and (b) after 40 minutes: the overlapped band packages (red line) are deconvoluted to seven individual peaks (blue lines)
numbered 1 to 7; (c) the peak intensity changes for the four Raman bands over the 40 minutes of chemical reaction with O3; (d) lipid/protein
ratios represented by the ratios of peak (2855 cm�1)/peak (2915 cm�1) under different conditions; (e) the intensity change of the peak at
2915 cm�1 in different ozone concentrations.
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3.4 Raman spectra in the wavenumber region around
3000 cm�1 from chemical reaction in single trapped particles

In order to obtain more detailed information from this over-
lapped band package, the spectra in Fig. 5(a) and (b) are
decomposed using the deconvolution method, and seven indi-
vidual peaks, numbered 1 to 7, are identied, and each of them
is assigned to a specic chemical function group. Compared to
the spectrum in Fig. 5(a), the spectrum captured aer 40
minutes of exposure shows a signicant change in both struc-
ture and intensity features, which is due to the chemical reac-
tion of the particle with O3.

Fig. 5(c) illustrates time variations of the four selected
Raman bands over a period of 40 minutes and each point was
averaged over three measurements. In Fig. 5(c), the intensity of
the peak at 2878 cm�1 decreases rapidly aer the particle was
trapped. This is mainly caused by the mass loss of the particle
resulting from the thermal decomposition over the long trap-
ping period. In contrast, the change of peak at 2915 cm�1 shows
a completely opposite trend. Compared to the decreasing peaks,
this peak intensity increases. The peak comes from the CH2

stretch of lipids and proteins. This result suggests that the
structure of the protein or lipids is affected by the reaction with
O3. The lipid band has a higher level of energy (2855 cm�1) than
© 2022 The Author(s). Published by the Royal Society of Chemistry
the protein band (2915 cm�1). Therefore, the change of the CH
band is an indicator reecting the lipid–protein ratio in the
trapped particle.54,55 Fig. 5(d) shows the time variation of the
lipid–protein ratio, which is represented by the intensity ratio of
the two Raman bands at 2855 cm�1 and 2915 cm�1. The curve in
black squares in Fig. 5 (d) is from the single particle trapped in
air. The at curve shows the lipid–protein ratio stays unchanged
when the particle is exposed to air during the 40 minutes.
However, the lipid–protein ratio decreases rapidly when the
particle is trapped in the O3 environment. In this case, the
decreasing trend of the ratio indicates that the lipids in the
fungal aerosol particle are more sensitive to O3 than proteins.
Furthermore, the change in the Raman spectra in Fig. 4 and 5
also indicates that O3 not only modied the molecular structure
but also generated new chemicals via interaction with proteins
and lipids in the particle.

We also investigated the reaction of the particle with O3 in
different concentrations. The Raman band at 2915 cm�1 was
used to show reactions at deferent O3 concentrations. The
results are shown in Fig. 5(e), in which each data point was
averaged over three measurements. In the experiment, the O3

concentration was varied from 200 ppm, 400 ppm, 800 ppm, to
1200 ppm. The results show that the changing rate of the band
Environ. Sci.: Atmos., 2022, 2, 591–600 | 597
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intensity is affected by the O3 concentration. With a higher
concentration of O3, the changing rate of the peak at 2915 cm�1

becomes higher. Note that the data shown in Fig. 5(e) shows the
increasing rate that is normalized by having the change from
the mass loss during the long trapping period subtracted.
5 Conclusion

We measured time-resolved, single-particle Raman spectra of
seven different fungus materials using the OT-RS technique.
The time-resolved Raman spectra obtained when the trapped
particles were exposed to the ambient lab air are used as the
baseline for comparison to the spectra when the particles were
exposed to O3 under controlled O3 concentration and RH. The
baseline spectra show a uniform decrease in the peak intensity
of all Raman bands, which means no photo-induced chemical
damage and the peak intensity decrease is due to the mass loss
of the trapped particle over the long period of observation. The
features of the Raman spectra measured when the trapped
fungal aerosol particles were exposed to O3 are completely
different in terms of changes in the Raman-band intensity,
presence of new bands, and/or band structures. These results
show that chemical reactions of single, trapped fungal aerosol
particles with O3 occurred and can be monitored by their time-
resolved single-particle Raman spectra. Furthermore, the high-
resolution of the spectra offers more detailed information on
the specic chemical-function groups that participated in the
reaction. For instance, the change of the lipid–protein ratio in
the seven fungus materials over the 40 minutes of reaction was
obtained from the time-resolved Raman spectra. This study
demonstrates that OT-RS is a powerful, emerging technique for
the study of single-particle loss, formation, and chemical reac-
tion in its near-native state. The technology, with further
development, can potentially be used for characterization and
detection of atmospheric bioaerosols without using a sample
substrate and the conventional sample handling and
processing.
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