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Abstract: Understanding the physicochemical properties and
heterogeneous processes of aerosols is key not only to
elucidate the impacts of aerosols on the atmosphere and
humans but also to exploit their further applications,
especially for a healthier environment. Experiments that allow
for spatially control of single aerosol particles and inves-
tigations on the fundamental properties and heterogeneous
chemistry at the single-particle level have flourished during
the last few decades, and significant breakthroughs in recent
years promise better control and novel applications aimed at

resolving key issues in aerosol science. Here we propose
graphene oxide (GO) aerosols as prototype aerosols contain-
ing polycyclic aromatic hydrocarbons, and GO can behave as
two-dimensional surfactants which could modify the inter-
facial properties of aerosols. We describe the techniques of
trapping single particles and furthermore the current status
of the optical spectroscopy and chemistry of GO. The current
applications of these single-particle trapping techniques are
summarized and interesting future applications of GO
aerosols are discussed.

1. Motivation

During the last few decades, scientists started to exploit the
unique chemistry of aerosols, such as in the fields of
atmospheric chemistry, interface chemistry, and material
chemistry.[1] Aerosols are solid, semi-solid or liquid particles
suspended in the gaseous environment with diameter from
1 nm to 100 μm. As aerosols have significantly large surface-to-
volume ratios, the chemistry of aerosols is dominated by both
the bulk reaction and the chemistry on the surface or interface,
as depicted by Figure 1. For the bulk reactions which include
the reactions of both solvated species, the kinetics in aerosols
are not only determined by the liquid-phase reaction rates but
also the diffusion kinetics, which are associated with the
viscosity of the droplet.[2] The aerosol viscosity can be further
affected by the hygroscopicity of solutes, which can determine
the equilibrium size of the droplet and thus the solute
strengths. Solute strengths can affect the liquid-phase bimolec-
ular reaction rates and thus liquid-phase reaction kinetics.[3]

Recently, Abbatt et al. found that the extraordinary large solute
strengths in some atmospheric aerosols can significantly
enhance the rate of the reaction of SO2 and hydrogen
peroxide.[4] Therefore, even the bulk reactions of aerosols can
be significantly influenced by the interactions between aerosols
and gaseous environments. To further understand and to
exploit the chemistry of aerosols, it is necessary to elucidate the
interplays between these physicochemical properties of
aerosols.[5]

The interface reactions in aerosols include the reactions of
gaseous species and species at the interface or the reactions of
both species at the interface. The reactions at the interface
could be different from those in the bulk because of following
interface effects. As the intermolecular interactions with the

solvent molecules at the interface, where only the half of the
solute molecule is surrounded by solvent molecules, are
significantly different from those in the bulk, where the entire
solute molecule is surrounded by solvent molecules. As a result,
the electronic potential of the species at the interface may be
different from those in the bulk or in gas phase, modifying the
reactivity of the solute species at the interface.[6] The molecules
at the interface could also have a preferred spatial orientation,
which could further affect their reactivities at the interface due
to the steric effects. Furthermore, the diffusion coefficients,
concentration gradients and pH values at the interfaces could
be different from those in the bulk,[7] again affecting the kinetics
or the reaction pathways at the interfaces. Recently, Wang et al.
found that the pH near the aerosol surfaces could be
significantly different from that of the bulk of aerosols,[7c,d, 8]

suggesting the possible existence of a pH gradient near the air-
water surfaces of aerosols. The studies of Enami et al. have
focused on exploiting the modified reactivities at the air-water
interfaces of aerosols (few μm in diameter).[9] The reaction of
ascorbic acid with ozone near the air-water interface was found
to be several hundred times faster than that in the bulk.[9a] Their
study of the oxidation reaction of uric acid with ozone even
found that the reactivities of uric acid in micro-droplets at
different pH are significantly modified, completely different
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Figure 1. Representative scheme of heterogeneous oxidation reactions of
organic compounds (OCs) or volatile OCs (VOC) in aerosol phase. (Adapted
with permission from ref. 6a, Copyright 2012 Wiley-VCH.) Dashed arrows
represent the diffusions inside the droplet. Solid arrows indicate the
movements or physical processes of molecules in gas phase or on the
interface of the droplet.
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from pH-independent rates reported for this reaction in bulk
water.[9d] Their studies of alkene ozonolysis also found that the
reaction intermediates can exist at the air-water interfaces,
while they are highly reactive toward water.[9a–c]

In the field of mass spectrometry, there has be extensive
studies about the acceleration of organic reactions in micro-
droplets, which are utilized as wall-less micro-reactors with
small compartments and large surface areas.[10] Recently Zare
and co-workers exploited the chemistry of micro-droplets via
electrospray ionization mass spectrometry. They utilized a theta
capillary to facilitate rapid mixings of two liquid-phase
reactants, and these reactants ejected from the capillary are
subsequently fused into micro-droplets (average few μm in
diameter) where the reactions start to occur. They found that
several fundamental reactions carried out in micro-droplets can
be accelerated from a few times to ever several order of
magnitudes.[11] For hydrogen-deuterium exchange reactions of
phenethylamine in aqueous droplets, the observed rates of
H@D exchange were found to be 3 times faster than those
reported from bulk measurements.[11a] For the case of the
cycloaddition reaction of diethyl azodicarboxylate and quad-

ricyclane, the rate of the reaction in aqueous micro-droplets is
accelerated by a factor of 102 compared to that reported from
bulk measurements.[12] The mechanism of the acceleration in
droplets is typically illustrated in terms of free energy lowering
or modified reactivities at the interface, as described in the
previous paragraph. However, such explanation still needs to
be experimentally verified in details. Recently, Wilson et al.
utilized a branched quadrupole trap to study the reaction of o-
phthalaldehyde with alanine in a single droplet with around
40 μm in diameters, and they found that their reaction rate is
slightly faster (~25%) in a droplet than in bulk solution, due to
larger surface to volume ratio of the droplet compared to the
bulk. However, they claimed that charges on the droplet and
the enriched concentration of reactants due to evaporation do
not play a significant role in any potential rate enhancement for
their case. On the other hand, some of droplet-accelerated
reactions may be explained in terms of charge transfer occurred
at or near the surface. Zare et al. have found that hydrogen
peroxide can be spontaneously generated from pure water
micro-droplets, and they proposed that H2O2 may be generated
from self-reactions of OH radicals, which are generated from
OH@ losing electrons due to pH gradient and electric field at the
surface.[13] Finally, Zare et al. found that pure water micro-
droplets can spontaneously reduce several organic molecules
without any added electron donors or acceptors and without
any applied voltage, while none of these reactions occurs
spontaneously in bulk water.[14]

In recent years, the aerosol technology has also been
developed as a novel method to produce nano-size or nano-
structure materials.[15] Zare et al.[11e] found that the micro-droplet
fusion can synthesize gold nanoparticles or nanowires without
reducing agents or templates, and such method can also
accelerate the growth rate by a factor of about 105, compared
to bulk solution. The aerosol technology can also allow for
folding or reshaping two-dimensional (2D) sheet materials, such
as graphene or graphene oxide (GO), to three-dimensional (3D)
structures or hybrid composites which could exhibit distinct
properties. Zangmeister et al.[15g] demonstrated that GO can be
reshaped as crumpled nanopaper-like sheet via rapidly drying
aqueous GO aerosols. Hunt et al.[15f] demonstrated that GO in
water droplets can segregate into cargo-filled nanosacks upon
drying aerosols. Fortner et al.[15i] utilized water evaporation-
induced confinement forces inside aerosols to synthesize
crumpled graphene-TiO2-magnetite nanocomposite photocata-
lysts. Jabari and Toyserkani exploited an aerosol-jet technique
to print graphene interconnects.[15h] Recently, Tsai et al.[16]

utilized such aerosol-based synthetic approach to fabricate GO
or reduced GO (RGO) nanocomposites with silsesquioxane or
MnOx via gas-phase evaporation-induced self-assembly inside
precursor aerosols. Zhu et al.[17] also utilized the similar aerosol
spray-freezing method where precursor droplets were rapidly
freezed by liquid nitrogen to fabricate a kind of 3D architectural
hybrid, composed of RGO and ultrathin MoS2 layers. Finally,
Woźniak et al. demonstrated that dryind microdroplets of
colloidal suspension can lead to the formation of highly ordered
3D spherical quasi-crystals which cannot be formed from the
aggregation on a substrate.[15d,18]
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The chemistry of aerosols can have a significant impact on
health effects of human and ecosystems. Polycyclic aromatic
hydrocarbons (PAHs) are main toxic sources of anthropogenic
or polluted atmospheric aerosols, as PAHs in air are mostly in
condensed phase due to their low vapor pressures. PAHs are
notorious toxic air pollutants, as they can cause carcinogenic
and mutagenic effects.[19] The toxicity of PAH aerosols is further
modified by heterogeneous reactions with ozone, but the
reaction mechanism and kinetics are not fully clarified yet.[20] A
recent study investigated the multi-phase reactivities of PAHs in
thin films toward gaseous ozone, and the findings show that
the formation of secondary organic aerosol (SOA) reaction
products can result in SOA-PAH phase separation and slow
diffusions of interior PAHs toward the film surface, prolonging
the chemical lifetime of PAHs.[20] Such inefficient chemical
degradation due to the slow diffusion of PAHs inside SOA
becomes one of main reasons resulting in the long-range
transport of these persistent PAHs.[21]

Finally, micro-droplets can be utilized as prototype system
of thin-film liquids on bio-surfaces, facilitating laboratory
investigations of interfacial biochemistry. Enami et al. have
utilized micro-droplets as model system of air-water interfaces
to study the interfacial reactions between antioxidants in lung
lining fluids, such as ascorbic acid and uric acid, and atmos-
pheric oxidants, such as ozone.[9a,d] For the case of aqueous
ascorbic acid aerosol ozonolysis, they found that the high
acidities can enhance the formation of a persistent ascorbic
acid ozonide near the air-water interface, which can further
transduce oxidative damages toward bio-surfaces.[9a] As de-
scribed before, they also found that the reaction of interfacial
uric acid with ozone exhibits a significant pH dependence.[9d]

Recently, Chang et al. utilized aqueous ascorbic acid micro-
droplets as prototype bioaerosols to investigate the kinetics of
their reactions with gaseous ozone by means of aerosol optical
tweezers.[22] They found that the reactivities of ascorbic acid in
aqueous aerosols toward ozone are significantly dependent on
aerosol pH and ion strength, and high acidities could signifi-
cantly reduce the reactivity of ascorbic acid toward ozone.
These findings suggest that the enhanced acidity of airway
lining fluids due to inhaled sulfur dioxide or acidic particular
matters can suppress the antioxidant activity and cause more
direct contacts of atmospheric oxidants to bio-surfaces.[22] These
ascorbic acid or uric acid aerosols can also be regarded as
prototype bio aerosols, and these antioxidants actually could
become to protect the pathogens inside bio-aerosols against
ozone from environments for a period of time. As a result, the
lifetime of pathogens in bio-aerosols could also be correlated to
the oxidation reaction kinetics of aerosols.[22]

2. Technique background

The spatial control of aerosol particles provides several
advantages for elucidating and manipulating the dynamic
processes in the aerosol with unprecedented details and
accuracies. At first, it allows for investigating the aerosol
chemistry in situ, because it can facilitate contactless measure-

ments of aerosol particles suspended under controlled gaseous
environments, without any interference of substrate surface.[1b]

Such wall-less experiment for aerosols can also significantly
simplify the experimental implementation of preparing and
investigating highly oversaturated or super-cooled liquid
state.[23] Furthermore, as the trapped aerosol particles can be
spatially confined for a long period of time, such as over tens of
hours, the precision measurements of single aerosol spectro-
scopy and the full investigations of various dynamical processes
in different time scales can be carried out. Furthermore, the
techniques of trapping single aerosol particles can be coupled
with several novel spectroscopic methods that allow for
determining various physical and chemical properties of the
trapped aerosol particles. Thus, the interplays between the
physicochemical properties of the aerosol and heterogeneous/
multiphase processes of the aerosol can be fully elucidated. To
gain a spatial control of condensed phase particles, particularly
for the particles in size of few μm, the optical trapping and
electrodynamic balances techniques dedicated to aerosol
measurements have been developed and utilized extensively.
There are already several reviews that provide comprehensive
accounts of these single aerosol particle trapping techniques.[24]

Thus, in the following sections we will briefly introduce the
techniques and summarize the recent progresses of their
applications in single aerosol measurements. While acoustic
traps are also extensively utilized to study the interface
chemistry and chemistry of micro-particles,[25] we will not
describe it here, because of the limited range of particle sizes
(at least over few tens μm in diameter) can be trapped by this
technique.

Finally, while this review focuses on the works of trapping
aerosol particles, It should be noted that various microfluidic
concepts and tools have also been developed to trap or
manipulate single emulsion droplets, promising potential
applications to aerosol science, such as single-particle studies of
microphysical properties and heterogeneous chemistry.[26]

2.1. Optical trapping of aerosols

One of optical trapping techniques, so called “optical tweezers”,
has been firstly developed by Ashkin et al. since 1986.[27] The
optical tweezers provides a robust trap with the optical
gradient force significantly larger than the scattering and
gravitational forces, leading to a three-dimensional confinement
of a dielectric particle in position with a single laser beam,[28] as
shown in Figure 2 (a). This strategy is typically achieved by
utilizing a microscope objective of a high numerical aperture to
generating a highly focused Gaussian laser beam. Particles with
sizes ranging from microns down to hundreds of nanometers
can be steadily trapped and positioned with a high precision.
The optical tweezers experiments are usually performed in
liquid environments, such as the extensive applications in
biological and colloidal sciences. There were also numerous
experimental attempts for optical trapping of particles in
gaseous environments,[29] while forming a stable trap for
aerosols is a more challenging task because of the larger
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density contrast between particle and medium.[28a,29b,30] Optical
trapping of particles, particularly aqueous micro-droplets, in air
can facilitate various novel applications in atmospheric
chemistry, aerosol science and interfacial chemistry, and these
applications promise to answer several key questions in these
fields.[24a]

Tweezing single water micro-droplets in air was firstly
realized by Reid et al.[24h,31] and Ward et al.[32] And since then, the
extensive applications of this aerosol optical tweezers (AOT)
start to emerge in the fields of aerosol chemistry and
spectroscopy, because of the simplicity of this experimental
design and the fundamental importance of aqueous aerosols in
atmospheric chemistry.[33] To form a stable optical trap for
aqueous micro-droplets, they utilized a single-beam configura-
tion where the focused laser beam propagated upwards, so
that the scattering force from the laser beam can cancel out the
gravitational force, as depicted in Figure 2 (a). In some
literature, such trapping strategy is also called optical
levitation,[28a] as one can even tune the laser power and adjust
the equilibrium height of the particle over the range of few
micrometers.[33a] The size of particles which can be trapped by
AOT ranges from 4 to 14 μm in diameter.[31] The laser wave-
length used for tweezing liquid droplets is typically in the
visible to near infrared regions, because of relatively low
absorption coefficients of water at these wavelengths. The
typical laser power for trapping a single micro-droplet via
single-beam AOT is about few mW, which only causes a
negligible effect of laser heating (<1 K).[31,34] Recently, more
advanced optical traps for aerosols utilized counter-propagating
dual beams with equal powers to trap single aerosol particles,
where two opposite scattering forces will cancel each other out.
Therefore, this dual-beam configuration allows for using
significantly large trapping laser powers (few hundreds mW) for
various advanced applications.[23a,35] Recently, Ward et al. dem-

onstrated the optical trapping of solid particles and pharma-
ceutical aerosols via dual-beam AOT.[36]

Analyzing the Raman signals of the optically trapped micro-
droplet excited by the tightly focused trapped laser can be a
powerful and sensitive spectroscopic means to retrieve its
microphysical properties.[37] Figure 3 shows the typical Raman
spectra of the single trapped micro-droplets, which contain
molecular Raman signals (aqueous citric acid in this case) and
relatively sharp cavity-enhanced Raman scattering (CERS)
signals, which are the whisper gallery mode resonances of
stimulated Raman scattering inside the spherical droplet
behaving as an optical cavity.[38] As the CERS signals of each
droplet are sensitive to its morphology, the analysis of CERS
spectra allows for the determination of its radius and complex
refractive index (RI) with high precisions and in real time.[24i,39]

The typical standard deviations of fitted radius and RI derived
from the simulations of CERS wavelengths based on Mie theory
can be down to < �2 nm and < �0.0005, respectively.[40] Such
sensitive spectroscopic means facilitates the AOT method to

Figure 2. Schematics of three types of optically trapping aerosol particles.
(a) Gradient force trapping via Gaussian beam, (b) Gradient force via zero-
order Bessel beam and (c) photophoretic force trapping via hollow beam.
For the first two cases, the downward gravitation force is balanced by the
gradient force and the scattering force which pushes particles upward. For
the last case, the gravitation force is balanced by the photophoretic force
pushing the particle upward.

Figure 3. (Top) Representative Raman spectrum of an optically trapped
aqueous citric acid droplet (black line) and the fit to the CERS signals (red
line) along with assignments of whisper gallery modes. The fit was
performed by mrfit program developed by Preston et al.[39b] The fitted radius
is 3.281 μm. (Bottom) Raman spectra time series for the trapped citric acid
droplet. The color scale indicates the intensity of the Raman signal. The
relatively bright curved lines are CERS signals. The blue shifts of CERS signals
indicate the decrease of radius, because of water evaporation.
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investigate various fundamental properties and processes of
aerosols in details, such as the mass and heat transfer at a liquid
water surface,[41] the coagulation and growth processes of the
aerosol[39c,40,42] and the vapor pressures, hygroscopicities and
other thermodynamical properties of aerosols containing semi-
VOCs,[43] via measuring the changes of the droplet volume and
RI during the evaporations of VOCs and water. Preston et al.
utilized the dual-beam AOT with large laser powers to induce a
significant laser heating in trapped droplets, allowing for
determining the imaginary part of RI.[35a] Besides the radius and
RI, the pattern of CERS signals also depends on the morphology
of the droplet, and thus they can also be utilized to characterize
the phase segregation of immiscible organic and inorganic
components within single droplets and their corresponding
morphology,[44] deformation of droplet shapes[34] and core-shell
structures of SOA and glassy aerosol particles.[45] Finally, besides
CERS, the broadband Mie scattering signals from single particles
which were illuminated with a broadband light source can also
be used to determine the corresponding radius and RI, and this
technique promises to yield more Mie resonances and thus
better fits than those from CERS.[35b,46]

AOT coupled with time-resolved spectroscopic means
allows for elucidating the dedicated interplays between the
kinetic, microphysical and thermodynamic properties of the
heterogeneous/multiphase reactions of aerosols, such as the
heterogeneous oxidation reactions of single aqueous inorganic/
organic acid aerosol particles with gaseous ozone.[22,43d,e,47]

Sullivan at al. utilized AOT to demonstrate the first capture and
analysis of SOA on a suspended droplet which was exposed in
the gas-phase reaction of α-pinene and ozone. Such synthe-
sized SOA particles have core-shell morphologies, and the
growth process and microphysical properties of the SOA shell,
such as thickness and diffusivity, can been fully characterized
by CERS spectroscopy.[45d,48] Reid et al. utilized AOT to explore
the influence of organic films on the evaporation and
condensation of water in aerosol.[49] The photochemistry of
single airborne micro-droplets were also investigated via
AOT.[50] Tobon et al. combined AOT and Raman microspectro-
scopy to study the photolysis of aqueous NaNO3 droplets and
the spatial distributions of photoproducts within the droplet
can be determined.[50a] Seng et al. utilized AOT to investigate
the deliquescence behavior of photo-irradiated single NaNO3

droplets, which are significantly affected by photoproducts.[50b]

The molecular Raman signals can be used to determine not
only the chemical composition but also the pH of individual
aqueous droplets with high accuracies. Numerous chemical
reactions of VOCs associated with generating SOA can be
affected by particle-phase acidity.[51] However, determining the
pH of aerosols and clarify its effects are still challenging tasks in
the field of atmospheric aerosols.[52] Here the basic principle is
to measure the Raman intensity ratios of conjugate acid/base
pairs in aerosols, and then the aerosol pH can be determined
from comparing with the calibration curves of Raman ratio
versus pH established from bulk measurements.[53] However, in
order to correctly predict pH (=@log(aH

+)) of aerosols, which
could also have relatively high ionic strengths, the effect of
non-ideal thermodynamics associated with high ionic strengths

to the proton activity has to be taken into account.[53,54] Ault
et al. utilized Raman microspectroscopy and pH indicator paper
method to determine the pH of aerosol particles impacted onto
substrates.[53,55] Grassian et al. utilized AOT coupled with Raman
spectroscopy and sulfate/bisulfate and carbonate/bicarbonate
as model systems, and the pH changes of a single trapped
micro-droplet can be precisely determined during its coales-
cence with strong acid aerosols.[54a] Sullivan et al. utilized
sulfate/bisulfate to determine the pH of single picoliter droplets
over a range of @0.36 to 0.76 with the uncertainties ranging
from �0.03 to 0.06.[54b] Very recently, Chang et al. utilized
hydrogen phosphate/dihydrogen phosphate to maintain the
pH of single micro-droplets at around 6, and they also used the
Raman intensities of phosphates to monitor the aerosol pH
over a range of about 5.5 to 7.3, during the reaction of aqueous
ascorbic acid micro-droplets with gaseous ozone.[22] Figure 4
shows the Raman spectra of single aqueous ascorbic acid
aerosol particle at pH�6 before and after exposed to ozone.
The Raman peaks attributed to or coupled to the C=H bond of
ascorbic acid disappeared after the reaction with ozone. The
relative Raman intensities of hydrogen phosphate and dihydro-
gen phosphate remained the same during the reaction,
indicating no significant change of pH.[22] However, they did not
consider the effect of high ionic strengths inside micro-droplets,
and the deviations of pH could be up to about one unit.[56]

Recently, several advanced AOT technologies were devel-
oped to measure the viscosity or diffusion coefficient of single
aerosol particles, as these properties can have profound
influences to fundamental dynamic processes of aerosols.[2b,57]

Figure 5 shows the effect of diffusion rate to the kinetics of the
reaction of condensed-phase species in a spherical particle and
gaseous phase species which continuously dissolves into this
particle via its interface. According to Stokes-Einstein equation,
viscosity is inversely proportional to diffusion coefficient. Thus,

Figure 4. Representative Raman spectra of an optically trapped aqueous
ascorbic acid droplet in pH�6 before (top data in black line) and after
(bottom data in red line) the reaction with ozone at 85% RH, adapted from
Ref. [22]. Two spectra are offset for clarity. The inset shows the brightfield
image of the droplet before the reaction with ozone. The peak assignments
(arrows with wavenumbers) without asterisk belong to aqueous ascorbic
acid, and three peak assignments with asterisks and green marks belong to
phosphates. Note that the relatively sharp peaks in the spectra, particularly
in the spectrum after the reaction, are CERS signals.
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small viscosities can result in fast diffusion rates, and the
reaction inside the droplet becomes more or less homoge-
neous, as depicted by Figure 5(a). However, large viscosities can
result in slow diffusion rates, causing slower reaction rates
inside the droplet and a large concentration gradient, as
depicted by Figure 5(b).[57b] Individual aerosol particles which
have different phases and compositions can have significantly
different viscosities, and thus it is necessary to measure the
viscosity of each single aerosol particle. Reid and McGloin
et al.[2b,24f,58] have developed a holographic optical tweezers
which can optically trap multiple aerosol particles at the same
time and also manipulate their motions. They utilized this
technique to perform coalescence events of two trapped
droplets and determined the oscillating frequencies and
damped timescale of the oscillating coalesced droplet, which
are related to its surface tension and viscosity, respectively.[58c,59]

Thus, this method can determine the viscosity of micro-droplets
over a broad range of 12 orders of magnitude (10@3 to 109 Pas),
including dilute aqueous solutions to semisolids.[59b] Also, the
measured surface tensions of optically trapped aerosols via this
method agree with those obtained from bulk tensiometry.[59c]

On the other hand, Fitzgerald et al. developed a non-
destructive technique of probing the viscosity of aerosols which
combines dual-beam AOT and fluorescent lifetime imaging
microscopy.[60] The basic principle of this method is to measure
the fluorescence time profiles of dye molecules as molecular
rotors inside the droplet, and the fluorescence lifetimes can be
used to derive the viscosity of the environment around the dye
molecules. This technique can determine the viscosity over a
range of 5 orders of magnitude (10@3 to 102 Pas), and it can
even allow for mapping the viscosity of all positions on the
trapped aerosol particle. They further monitored the dynamic
change of the microscopic viscosity of organic aerosol particles
subjected to the oxidation via ozone and hydroxyl radicals.[61]

When the aging particle was transformed from liquid to solid
phase, they observed the significant increase of viscosity.
Recently, Reid et al.[47d,62] exploited the volatilization and
ozonolysis of maleic acid in ternary aerosol particles containing
water and sucrose as a model system to investigate the
interplay between the mass transfer processes and viscosity of
aerosol. They demonstrated that the aerosol viscosity indeed
can significantly affect the vapor pressure of maleic acid and its
reaction kinetics, and the Stokes-Einstein equation for organic
molecules, such as maleic acid, keeps valid in such system
where the matrix molecules, i. e., sucrose, have the similar sizes
of organic molecules.[47d,62] However, they found that for viscous
aerosol the measured aerosol viscosity and the corresponding
diffusion coefficients of water do not agree with the Stokes-
Einstein equation, and the disagreement could be over one
order of magnitude.[59b,62,63] According to molecular dynamics
simulations, the matrix formed by large molecules in viscous
aerosol particles could pack less efficiently, facilitating a
mechanism for small molecules such as water to tunnel through
such porous network and thus increasing the divergence from
Stokes-Einstein predictions for small molecules.[63]

Strictly speaking, the Stokes-Einstein equation is only valid
in the case of large spherical molecules diffusing in a dilute
solution.[64] Aerosol particles typically have concentrated chem-
ical species, and some of atmospheric aerosols may be in the
super-cooled phase, where the Stokes-Einstein could be
invalid.[65] Thus, it is also necessary to measure the diffusion
coefficient inside aerosol droplets directly. The AOT method has
been coupled with various spectroscopic techniques to deter-
mine the diffusion coefficients of single micro-droplets. Krieger
et al. utilized AOT coupled with CERS spectroscopy to inves-
tigate the influence of water diffusion to the mass transfer of
water in glassy aerosol.[66] Davies and Wilson utilized the
method of isotopic exchange of H2O/D2O to determine water
diffusion coefficients over a wide range (10@12–10@17 m2 s@1) in
highly viscous states of optically trapped droplets.[67] Preston
et al. measured the diffusion coefficients of a binary particle
containing a volatile and a non-volatile component via
measuring the frequency-dependent response (e.g. change in
radius) of the particle when subjecting to oscillations of one of
its chemical components in the gas phase.[68] Very recently,
Miura et al. combined AOT and polarized Raman microspectro-
scopy to determine the rotational relaxation (diffusion) time
from the Fourier transform of the Lorenz fits to the observed

Figure 5. Calculated concentration profiles of condensed-phase species OC,
as a function of time and position within the particle (radius=1 μm)
exposed to gaseous reactants, when OC has (a) fast diffusion
(DOC=1×10@7 cm2 s@1) and (b) slow diffusion (DOC=1×10@10 cm2 s@1).
(Adapted with permission from Ref. [57b], Copyright 2003 American
Chemical Society.)
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Raman peaks of super-cooled dimethylsulfoxide droplets. They
determined the temperature dependence of viscosity, and they
found that the viscosity of super-cooled dimethylsulfoxide
droplets is significantly higher than that in bulk.[23b]

The AOT technology can also facilitate contactless tensiom-
etry measurements of single aqueous aerosol particles and thus
determine their surface tensions. The surface tension can play
an important role in the cloud formation process, and the effect
of interfacial organics to the adsorption dynamics of the
droplets is still a fundamental issue in geochemistry.[69] Dutcher
et al. utilized holographic optical tweezers to measure the
surface tensions of aqueous droplets of five ternary systems
and established a thermodynamic model for aerosol surface
tension.[70] Furthermore, Prisle et al. utilized the same technique
to demonstrate that the surfactants can significantly reduce the
surface tension of micro-droplets below the value of water, and
such surface tension reduction is droplet size dependent.[71]

Endo et al. utilized AOT combined with the quasielastic light
scattering method[72] to measure the resonant frequencies of
thermally induced capillary-waves on the spherical liquid
surface of the trapped droplets, and these resonant frequencies
can be used to derive the surface tension of droplets.[73] Very
recently, Preston et al. utilized a dual-beam AOT to realize the
nanometer-scale optical deformations on aqueous microdrop-
lets, and such small change in shape can be measured using
CERS spectroscopy, allowing for determining the surface
tension.[34]

Besides optical trapping with Gaussian beams described
above, trapping aerosol particles with Bessel beams has also
been extensively developed.[74] Unlike the Gaussian beam, a
Bessel beam can maintain a tight focus with a relatively long
length, such as about one centimeter, facilitating the manipu-
lation of the trapped aerosol particle along the beam
propagation axis. For the case of transparent or weakly
absorbing aerosol particles, the major interaction mechanism
between the aerosol particle and the trapping beam is
attributed to the gradient and scattering forces. And thus a
zeroth-order Bessel beam, where the beam center has a local
intensity maximum, is typically applied for such case,[75] as
shown in Figure 2(b). Similar to AOT, a single Bessel beam
optical trapping also requires the trap laser to propagate
upward, so that the scattering force can balance the gravita-
tional force,[76] as depicted by Figure 2(b). The Bessel beam trap
can trap particles with size ranging from 1 to 20 μm in
diameter,[76] while it requires relatively large laser powers, such
as a few tens mW.[77] The technique of Bessel beam trapping
typically does not require any microscope objective, and thus it
promises more capabilities for coupling with various spectro-
scopic means. Reid et al. combined a Bessel beam optical trap
with continuous wave cavity ring down spectroscopy to
measure the extinction cross section of single accumulation
mode aerosol particles with radii as small as ~300 nm.[76,78]

Signorell et al. pioneered the technique of trapping single
aerosol particles with multiple Bessel beams which allows for a
more rigid spatial confinement, and they further combined with
photoacoustic spectroscopy to study photokinetics and mass
accommodation coefficients of aerosols.[79] A combined study of

such trapping technique and AOT was also performed to
investigate the timescales of water evaporation and condensa-
tion in viscous particles down into the submicron size range.[80]

Note that the optical trapping via gradient forces described
so far is mostly employed to non-absorbing particles. For the
case of strongly absorbing particles, they are manipulated by
so-called photophoretic forces instead, which rely on laser
heating of the particle. The hot surface of the particle can heat
the air molecules hitting this side, and they subsequently
rebound with a higher velocity compared to those hitting the
cold part of the particle, creating thermal repulsive forces.[28a]

Since this photophoretic force is repulsive, particles are
confined within the local intensity minimum of the beam, as
shown in Figure 2(c). Thus, the laser beam which has a
doughnut-shape intensity profile at the beam center, such as
hollow beam or vortex beam,[81] could be employed for photo-
phoretic trapping. Furthermore, for a better 3D confinement,
the trapping scheme of two counter-propagating beams is
typically employed as it can create a so-called optical bottle,
where the particle is held in a 3D dark void.[82] The photo-
phoretic forces can be significantly larger than the optical
gradient forces described above, while this is at the expense of
causing significant heating of the trapped particle.[28a] Shvedov
et al. pioneered in utilizing a vortex beam trap to confine and
manipulate carbon foam particles of 10–100 μm in size.[81b,83]

Pan et al. explored various schemes of hollow beam trapping to
manipulate different types of air borne particles, and they
further combined photophoretic trapping with Raman spectro-
scopy or cavity ring-down spectroscopy.[81a,82, 84] Preston et al.
combined photophoretic trapping and broadband Mie scatter-
ing to determine the sizes of strongly absorbing particles.38

Finally, Eckerskorn et al. proposed that photophoretic trapping
is promising for developing a touch-free system which can
precisely position sub-micron bioparticles at the focal spot of
an X-ray free electron laser, allowing for significantly improving
the efficiency of diffractive imaginings.[85]

As a summary, these recent advances of optical trapping
studies demonstrate that combining aerosol optical trapping
with various spectroscopic methods allows for probing the
structural and dynamical properties of individual aerosol
particles and obtaining unprecedented details about the multi-
phases and heterogeneous dynamics of each single aerosol
particle.

2.2. Electrodynamic balance

Besides optical trapping, the other conventional method to trap
single aerosol particles is to suspend charged particles inside
electric fields. One of famous examples is Millikan’s oil drop
experiment in 1935 where the charged oil drops were
suspended against gravity by means of electrostatic fields, while
the lateral movements of oil drops were not confined. In 1953,
Good proposed to suspend a charge particle by means of time-
varying inhomogeneous electric fields, so that both vertical and
lateral movements can be dynamically confined.[86] Such
trapping scheme is also called electrodynamic balance (EDB).
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The electric fields required by EDB can be generated from linear
quadrupole, parallel-plate, ring shape or concentric cylindrical
electrodes applied with alternating voltages with radio
frequencies.[24d,86b,87] Each design has its own advantages in
terms of the trapping stiffness, the open space for optical
accesses and the compact size of the trapping chamber.[24a,d,86b]

The typical configuration of a linear quadrupole trap which
utilizes linear rod electrodes is shown in Figure 6, where the
induction electrode is used to charge the particles, and gravita-
tional force on the particle is balanced by the repulsive force
provided by the balance electrode with a constant voltage. The
EDB devices in modern investigations are usually coupled with
an on-demand piezoelectric or thermal driven droplet injector,
which can load single droplets only when electric pulses are
applied. An advanced piezo-activated droplet generator can
produce droplets with specific sizes and velocities by means of
tuning the custom voltage waveforms applied to the piezo
actuator.[88] The typical sizes of particles in EDB measurements
are from few to few tens μm, and they are typically inferred
from analyzing the Mie resonances manifested in its elastic light
scattering patterns. For more precise measurements of particle
sizes, a high-resolution Mie spectroscopy which utilizes a
narrow linewidth laser (<5 MHz) can be employed, and the
accuracies for aerosol radius and RI can be within 2 nm and
0.005, respectively.[89] To characterizing the chemistry of the

trapped aerosol particle, the EDB devices are typically coupled
with Raman spectroscopy[24d,e] or laser induced fluorescence as
nondestructive means to determine chemical compositions and
their time evolutions,[90] as shown in Figure 6. However, for the
case that more complete information about the chemical
compositions is desired due to chemical complexity of atmos-
pheric aerosols, recently some advanced EDB devices were
coupled with on-line mass spectrometry, which is in general
more sensitive and versatile than conventional optical
spectroscopy.[90b,91]

Chan et al. are one of pioneers who utilized EDB to study
the chemistry of aerosols.[24e] They combined an EDB and Raman
spectroscopy to study gas-particle partitioning, phase trans-
formation and hygroscopicity of various single component and
mixed organic/inorganic particles as model atmospheric
aerosols.[24e,92] They also coupled the EDB with fluorescence
spectroscopy to probe the states of water in aerosols.[93] They
also utilized such apparatus to study the changes of chemical
compositions of pure oleic acid, linoleic acid and linolenic acid
droplets during their ozonolysis.[92k,94]

Krieger et al. utilized EDB combined with broadband or
high-resolution Mie spectroscopy to determine water activity,
density, refractive index and water diffusivity for aqueous
shikimic acid droplets.[89a] Furthermore, they utilize EDB to study
the diffusion of CO2 inside the droplet, and they found that the
diffusion coefficients of water and CO2 can be significantly
different in the aerosol particles with high viscosities.[89b]

Continetti et al. utilized a mobile EDB coupled with Raman
spectroscopy to determine the water diffusion coefficients in
single suspended charged sucrose-water and citric acid–water
micro-droplets in the 30–60 μm diameter range by means of
H2O/D2O isotope exchange.[95] They also found that the Stokes-
Enistein equation breaks down at high viscosities achieved in
the particle phase (>1012 Pa s), agreeing with the literature.[95]

Reid et al. developed an EDB consisting of concentric cylindrical
electrodes which has advantages of more optical access and a
more compact size than conventional EDB.[96] They utilized this
EDB to investigate the hygroscopicity, evaporation of volatile
components and water transport kinetics from single aqueous
organic/inorganic micro-droplets, and these measurements
allows for establishing a kinetic model to accurately predict
organic aerosol evaporation.[43l,96a,b,97] Recently, this EDB was
used to investigate the drying kinetics and particle formation
from aerosol droplets in colloidal suspensions.[98] Besides
prototype atmospheric aerosols described above, Peng et al.
utilized a hyperbolic quadrupole Paul trap to confine single
bioparticles, such as viruses and bacterias, as prototype
bioaerosols, and they can determine the mass of the charged
particles according to their motion patterns inside the trap.[99]

Furthermore, Reid et al. utilized this novel approach of EDB to
investigate the bioaerosol survival as function of relevant
environmental conditions.[100]

Eversole et al. focused on developing a linear electro-
dynamic quadrupole trap for single levitated particles which
has a large optical access and a compact size.[101] Their recent
studies focused on developing surface enhanced Raman
spectroscopy of single suspended aerosol particles, and the

Figure 6. Schematics of linear quadrupole electrodynamic balances, where
two pairs of trapping electrodes have opposite phases of alternating
voltages. A laser source is guided to hit the trapped aerosol particles,
generating elastic and Raman scattering signals, which are detected by a
camera and a CCD spectrometer, respectively. The micro-droplets generated
from the ink-jet system will be charged after passing through the induction
electrode. The gravitation force of the trapped droplet is balanced by the
electric field of the balancing electrode.
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detection limit of about 105 molecules was established for 3–
5 μm diameter particles containing about 300 Ag
nanoparticles.[102] Recently, Reid et al. combined a linear quadru-
pole trap and a cavity ring-down spectrometer, and they
utilized such apparatus to determine the extinction coefficients
and elastic scattering phase functions of spherical and non-
spherical inorganic salt particles.[103]

Finally, advanced EDB can even allow for mixing two
controlled charged particles and initiating chemical reactions in
the mixed particle. Kohno et al. developed a Tandem electro-
dynamic trap to merge two charged droplets, and then they
used Raman spectroscopy to characterize the chemical compo-
sition of the mixed particle.[104] As described in Motivation
section, Wilson et al. have developed a branched quadrupole
trap to merge two charged droplets (<40 μmdiameters) with
fast mixing times (~400 μs).[90b] They utilized such apparatus to
investigate the kinetics of the reaction of o-phthalaldehyde
with alanine in the presence of dithiolthreitol. The time
revolution of the reaction product was monitored via laser
induced fluorescence, and the chemical compositions of
droplets before and after mixing were monitored by a paper-
spray mass spectrometer.[90b]

3. Emergent Application of Graphene Oxide in
Aerosol for Environment

Trapping an aqueous organic compound micro-droplet has
become one of the breakthrough techniques to study the
reactivity of these compounds at air-water interfaces. As noticed
above, PAHs can be stably existing in the environment for a
long time, hazardous for the environment and human health.
Heterogeneous degradation of PAHs by ozone inside aqueous
aerosols remains difficult to study, since PAH micro-droplets are
instable for trapping technique, due to the low water solubility
and high vapor pressure. Approaches capable of Investigating
the PAH-ozone reaction mechanisms in aqueous aerosols
directly would bring significant impacts on the goal of
establishing a healthier environment.

Graphene oxide (GO) is an oxidized form of 2D characteristic
carbon sheet with a single-atom thickness.[105] Compared to
pristine graphene materials, the oxygenated functional groups
of GO enable the sufficient hydrophilicity to be homogeneously
dispersed in aqueous solutions. GO also has both rich contents
of aromatic carbon rings and oxygen-functionalized groups,
yielding a unique-features acting as surfactant-like PAH. Thus
GO is anticipated to stabilized PAH in water aerosols and
capable of forming micro-droplets in a range of polar solvent.
Thus, aqueous micro-droplet of GO, by combining with the
trapping technique, is suitable to mimic and gain a deep
understanding of aerosol reaction kinetics with respect to PAH
degradation in the presence of ozone oxidant. GO has also
emerged as a promising adsorbent for PAH removal from the
environment. The abundance of pi-electrons and local hydro-
phobicity of GO allows PAHs to anchor on the basal plane on
GO surface. Even though GO has a shortened, local-area-limited

electron conjugation compared to graphene, its surfactant
characteristics is greatly useful to investigate aerosol-scale PAHs
interaction with ozone in aqueous environmnet.[106]

For this purpose, it is important to understand several key
factors that manipulate the surfactant characteristics of GO.
First, GO synthesis with varied oxidation degrees, also refer to
the amounts of oxygenated groups, is critical in manipulating
the aerosol stability and the reaction behaviors. Second, the
literature knowledge of the reaction mechanisms between GO
and O3 in bulk water is important reference for the comparison
to the new data gained in aerosol conditions.[107]

3.1. Oxidation degrees in graphene oxide

As described before, GO have the sufficient hydrophilicity to be
homogeneously dispersed in aqueous solutions, capable of
forming micro-droplets in a range of polar solvents. The
combination of hexagonal C=C conjugation moiety and oxy-
genated groups in GO leads to the surfactant functionality. In
addition, these groups of epoxy/hydroxyls, carbonyl, and
carboxylic acid on GO enable a certain chemical reactivity that
is useful to sense chemical changes. As pristine graphene is
highly electric conductive, oxidation of graphene opens a band
gap for suitable spectroscopic study and applications.[108]

Chemical and spectroscopic properties of GO are highly
dependent on the different oxidation degrees manipulated by
the synthetic procedure. Studies also confirm that the chemical
reactivity of GO in electrochemical catalysis and molecule
synthesis are varied with different O/C ratios.[109] For example,
highly oxidized GO significantly promotes the synthesis of
triazoloquinazolinone compounds with acid sites on both the
edge and basal plan of GO.[110] Furthermore, the reaction yield is
proportional to the oxidation levels of GO. To gain reasonable
reactivity of GO to PAHs and O3 in a micro-droplet, highly
oxidized GO is thus critical.

The Hummers’ method,[111] probably the most popular
procedure to obtain GO in the past decade, has been able to
provide decent O/C ratios (~1.257) in the resultants.[112] To
increase the oxidation degrees, Tour group reported to use the
greater amounts of oxidants (KMnO4)

[113] than the conventional
Hummers’ method. In addition, the changes of reaction
sequence of KMO4 have also been proved to effectively enlarge
the O/C ratios (~1.5).[110] This approach, named as preformed
highly acidic oxidizing medium (PAOM), is also capable to
oxidize large size graphite crystals into GO, not achievable with
the Hummers’ method (Figure 7).[112]

3.2. Spectroscopy behaviours of GO for Microdroplet
Trapping

Spectroscopy changes that occur in GO when it reacts with
other species is critical to trace reaction evolution and
kinetics.[114] We focused on discussing the spectroscopy behav-
iors (i. e. UV-Vis, Raman, and photo-luminance) of GO in the
literature, due to the easy adoption of these spectroscopy
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techniques in micro-droplet trapping facility.[107a,b] In the UV-vis
spectroscopy, the comparison of GO to ozonated-GO shows a
different absorbance peak shifting from 230 nm to 210 nm
(Figure 8(a)).[115] The color of GO dispersion changes from deep
brown (before) to light yellow, corresponding to the before and
after ozonation respectively. The ozonated reaction with GO is
interpreted as re-oxidizing GO procedure.[107c,d] This oxidizing
procedure breaks down the original pi-electron conjugation in
GO and thus the results in the changes in UV-Vis spectroscopy.
These data support the possibility of monitoring oxidation
reaction and structural changes in GO aerosol for micro-droplet
trapping technique.[107a,b]

Raman spectroscopy is also a widely used technique to
characterize GO. The D band (~1350 cm@1) to G band (~
1580 cm@1) ratios have been reported to estimate the degrees
of defects in GO structures (See Figure 8(b)).[115] The higher D/G
ratios are considered to be yielding more structure defects.
However, some literature also suggests the uncertainty of using
Raman to quantify changes of defects. More detailed experi-
ments may be needed to support whether Raman spectroscopy
is an effective manner to monitor changes of GO aerosol.[107b,115]

Based on the literature, emission of fluorescence was also
used to characterize the changes in GO after ozonation. Yang
et al. showed that the fluorescence intensity of GO was
significantly alternated after certain time of ozone exposure
(Figure 9).[107b] The oxygen groups (e.g. mainly hydroxyls and
epoxides) of GO are suggested to be converted into carboxyl

and carbonyl groups up to 8 h exposure to ozone, resulting in a
re-emission that enhances its fluorescence intensity.[107b] These
literatures together suggest that spectroscopy techniques of
UV-Vis, Raman, and fluorescence are promising to monitor the
chemical changes of GO in AOT operation for the under-
standing of the reaction mechanisms.

3.3. Interaction Mechanism between GO and Ozone

The previous studies have revealed that OH radical, formed by
ozone-water interaction, is the key species that actively
interacts with, or decomposes GO. Pathways involve OH radical
are the main concern. One example is that pH values can
influence the amounts of OH radical. Ahn et al.[107c] and Yoon
et al.[107d] suggest that at high pH, ozone tends to be converted
into OH radical, while few radical presents in acidic condition. In
a basic condition, OH radical is more reactive and, as a result,
GO decomposition should occur more effectively.[115] If this
behavior can be quantized, this may suggest the possibility of
using GO to determine local pH values of an individual, specific
aerosol.

Ozone is an unstable oxidant that readily transforms into
another reactive oxygen species in solution.[107c,d,115,116] As
noticed earlier, the condition that most influences this ozone
decomposition is the pH of the solution.[117] At very acidic
condition (pH<2), ozone does not tend to decompose for OH
radical generation. For an acid condition (5>pH>2), the
reaction pathways are,

O3 þ OH@ ! O2 � @ þ HO2� (1)

Figure 7. The synthetic procedure of highly acidic oxidizing medium
(PAOM) method compare to the Hummers’ Method. (Adopted from
Ref. [112] with permission. Copyright 2017, Scientific Reports.)

Figure 8. (a) Absorbance data of GO (blue) and Ozonated GO (GO_O3, red)
show a shift to smaller wavelength. (b) Raman spectra of GO (ID/
IG=0.89�0.01) and Ozonated GO (ID/IG=0.93�0.01). (Adopted from
Ref. [115] with permission. Copyright 2019, Royal Society of Chemistry.)

Figure 9. Fluorescence emission of GO (bottom, black) and ozonated-GO
over the time from 0.2 h (bottom red curve) to the 8 h ozone exposure. The
photographs of the samples, corresponding to the fluorescence spectra
with varied ozonation time, under UV lamp (highlighted by the blue-
background vertical bar) verses that under white visible light (highlighted
by white-background vertical bar), where the exposure time is 0 h, 0.2 h,
0.5 h, 1 h, 2 h, 4 h, 6 h, and 8 h, from bottom to up. (Adopted from
Ref. [107b] with permission. Copyright 2014, Royal Society of Chemistry.)
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O2 � @ þ Hþ ! HO2 ! OH� (2)

at neutral condition (pH~7) to basic condition (pH<14),

O3 þ OH@ ! HO2
@ þ O2 (3)

O3 þ HO2
@ ! OH � þO2 þ O2 � @ (4)

And at very basic condition (pH~14),

O3 þ OH@ ! OH � þO3 � @ (5)

Du et al. further verified the decomposition capability of OH
radicals on GO. At a constant pH condition, they used the tert-
butanol as OH radical scavenger to compare with the GO
oxidation efficiency in the presence of OH radical. The results
showed that, with the presence of OH radical together with
ozone, the oxygenated functional groups on GO will be more
actively in oxidization reaction compare to the condition
supplying ozone only. Ozone reactivity seems to occur more
actively at the edge of GO, rather than on the continuous C=C
double bond and/or aromatic rings.[115] In their further study,
OH radical interacts with the aromatic rings to produce phenol-
like moieties, occurring on both pristine and oxygenated
aromatic carbon rings (see a1 and c1 of Figure 10). Ozone alone
is not capable of oxidizing unfunctionalized aromatic carbon
rings. The ozone can only interact with the OH-activated rings,
followed by the aromatic ring cleavage. These results provide a
comprehensive background to study the molecular structure
changes in GO-ozone interaction in aerosol state using AOT.[115]

4. Challenges and Future Opportunities

Here we discuss several potential challenges and opportunities
of exploring the chemistry characteristic of controlled GO
aerosol particles. The first challenge is to design a suitable

trapping scheme to spatially confine single GO micro-droplets.
The UV-Vis absorption spectra of aqueous GO indicate that it
has a broad absorptions range, such as from 200 nm to 800 nm
(see Figure 8(a)).[115,118] Thus, photophoretic force could be the
main mechanism of optically trapping concentrated aqueous
GO aerosols with trapping laser wavelengths in the UV-Vis
region. Indeed, our preliminary results of our single-beam AOT
utilizing a 532 nm cw laser showed that while the concentrated
aqueous GO micro-droplets were captured by the laser beam,
they were actually trapped at the intensity local minimum of
the laser beam spot, as shown in Figure 11(a). Such result
indicates that the main trapping mechanism in this case is due
to photophoretic force. As there was no GO droplet trapped at
the intensity local maximum of the laser beam spot (green
spots in Figure 11(a)), which is also the detection region, neither
Raman or fluorescence signal of the trapped GO droplets was
detected in such trapping configuration. Note that these
spatially confined GO micro-droplets shown in Figure 11(a)
frequently contacted with each other because of their partially
allowed movements in a cyclic path around the beam center,
but they exhibited a less tendency to coalesce with each other
than typical aqueous droplets, implying the higher surface
tensions of these GO droplets. On the other hand, we have also
trapped single diluted aqueous GO droplets successfully, and
the corresponding bright-field imaging (see the inset of Fig-
ure 11(b)) demonstrates that the trapped droplet was three-
dimensionally confined at the center of the trapping laser,
verifying that the major trapping mechanism in this case is
gradient force instead. The observed emission spectrum of the
trapped GO droplet (see Figure 11(b)) exhibits not only the
Raman signals of water and GO, but also the fluorescence
signals of GO, which is similar to the fluorescence spectra of GO
in previous works.[118a] The fluorescence intensity of diluted GO
droplets in future experiments can be further enhanced by
utilizing shorter wavelength excitations,[118a] such as 405 nm for
such case. Finally, it is also possible to utilize EDB or the drop-
on-demand approach to spatially trap or manipulate concen-
trated aqueous GO micro-droplets, and these strategies further

Figure 10. Proposed mechanism Pathway from Du et al. There are two pathways of ozone interaction that is preceded by ozone or OH radical. (Adopted from
Ref. [115] with permission. Copyright 2019, Royal Society of Chemistry.)
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allow for coupling with more spectroscopic tools, such as UV-
Vis absorption spectroscopy, and avoiding any limitation due to
the spectral range of objective lens typically used for optical
trapping and unwanted interaction between the trapping laser
field and the target particle.

Spatially-Controlled aqueous GO droplets promise several
novel investigations associated with aerosol and environmental
chemistry. The first promising application is to use GO as a pH
sensor to determine the pH of micro-droplets, which can have
play an important role in the formation of atmospheric SOAs
and health effects.[51] The previous work of Galande et al.[118b]

has demonstrated that the emission spectra of aqueous GO can
exhibit a significant pH dependence over a wide range of pH, as
shown in Figure 12, and thus aerosol pH can be retrieved from
the emission spectra of GO inside droplets. The main advantage
of such method is that the fluorescence detection can be more
sensitive than Raman detection of pH described before, while
the low quantum yield of GO may be a potential issue. This

fluorescence detection also has its advantage for knowing
changes in a GO aerosol interaction with ozone in a predefined
pH. Such strategy could be extended to determine the pH near
the air-water interfaces of micro-droplets, when single-molecule
detection methods are employed to measure the fluorescence
of interfacial GO, which behave as two-dimensional surfactants.
Furthermore, combining with fluorescence imaging microscopy
will open up an opportunity to map the pH gradient of a whole
aerosol particle. Such measurement of the pH gradient inside
micro-droplets will provide more insights about the heteroge-
neous chemistry of biosurfaces where the acidity of interfacial
fluids could be a key factor of affecting health effects.[9a,d, 22]

The second promising application is to utilize aqueous GO
aerosols as prototype PAH in aerosol phase, allowing for
elucidating the heterogeneous chemistry of GO and PAH
oxidations. As described in Motivation Section, the chemical
fates of PAHs in aerosol phase can be significantly affected by
the viscosity of SOA and the diffusion rate of PAHs inside SOA.
Thus, the proposed kinetics study of the ozonolysis of single
trapped aqueous GO aerosols should couple the in situ, real-

Figure 11. (a) Brightfield imaging of trapped concentrated GO droplets via
AOT and the time evolution, measured by this work. Green spots in
individual frames represent the center positions of the focused laser beam
spots. Red arrows between individual frames indicate the direction of time,
and the time durations between adjacent frames are about 30 seconds.
(b) Emission spectrum of the diluted aqueous GO droplet. Blue bars
represent the tentative assignments. The inset shows the brightfield image
of the trapped droplet.

Figure 12. pH dependent fluorescence spectra of GO. (a) Emission spectra
measured with 440 nm excitation for sample pH values between 1.7 and
12.7. (b) Traces from Figure 12(a) measured in the basic range from pH 7.6
to 12.7. (Reprinted with permission from Ref. [118b], Copyright 2011
Springer Nature.)
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time and non-destructive measurements of aerosol viscosity or
diffusion coefficient, such as fluorescent lifetime of molecular
rotors or fluorescence correlation spectroscopy.[60] The reaction
kinetics and mechanism can also be different in bulk solution
than in aerosol because several intermediates could exist
longer/shorter in time at the aerosol phase. Only such
combined investigation of single aerosol particle spectroscopy
can further elucidate the interplay between aerosol viscosity
and formation rate of GO SOA. It is also necessary to character-
ize the compositions of reaction products by means of on-line
mass spectrometry which can have higher sensitivities of PAHs
than optical spectroscopy, in order to clarify the reaction
pathways and to quantify their contribution to the viscosity of
aging aerosols. Coupling the single particle traps to on-line
mass spectrometry is still a challenging task, while there have
been several successful demonstrations.[25b,90b,91] One key issue
of such application is the efficient desorption/ionization of the
species of interest inside each aerosol particle. Besides the
paper spray ionization, field-induced ionization and the combi-
nation of thermal vaporization and corona discharge which
have been demonstrated with single particle traps,[25b,90b,91]

several advanced methods dedicated to single particle ioniza-
tion, such as droplet electrospray via charged needle and laser
desorption/ionization,[119] promise the feasibility of single par-
ticle mass spectrometers coupled with single particle traps.

Finally, we will explore the possibilities of utilizing aqueous
GO droplets to remove hazardous PAHs from gaseous environ-
ments via π-π interactions between GO and PAHs.[120] In aerosol
phase, most aqueous GO will be enriched near the air-water
interface, increasing the contacted surface area and efficiency
of absorbing gaseous PAHs via interfacial GO. In the previous
research, Wang et al. proposed that H-π and anion-π interaction
may occur between the oxygen-functionalized GO and the
aromatic rings from PAH. Zhang et al. discovered a unique
adsorption behavior of brilliant blue (BB) on GO, allowing BB to
be stably dispersed in water. GO is also shown to be a
promising adsorbent for PAHs including anthracenemethanol
and fluoranthene.[121] With these examples of proving PAH to
GO interfacial interaction, the GO aerosol-spray method can be
a promising, simplified strategy for PAH-removal, as this does
not require any preparation of GO film or other pre-synthesis.
The proposed investigation of single aerosol spectroscopy
coupled with aerosol trapping here will allow for elucidating
the interaction mechanism of interfacial GO and PAHs and the
dependences to various properties of GO droplets, such as
aerosol pH, GO droplet size, and functional groups of GO.

5. Conclusion

Optical trapping and electrodynamic balance provide means to
control the motion of single micro-droplets. Coupling these
trapping methods with optical spectroscopy means can facili-
tate various novel investigations of single particle spectroscopy,
allowing for the in situ and real time determination of
physicochemical properties each single aerosol particle, such as
particle radius, temperature, phase, pH, viscosity, diffusion rate,

surface tension, chemical compositions, solute strength and
reaction rate, as well as their inhomogeneities in aerosol phase.
Only such detailed investigation allows for elucidating the
delicate interplays among these physicochemical properties of
single aerosol particle during its dynamical processes. In this
review we described several well-established experimental
schemes for trapping various kinds of aerosol particles, and we
also introduced their novel applications of coupling with
various advanced optical spectroscopy to measure those
physicochemical properties of single trapped aerosol particles.
We also described several recent breakthroughs which ex-
ploited such approach of single-particle trapping and detection
to study various dynamical processes of prototypical atmos-
pheric aerosols, aiming to resolve several key issues in
atmospheric chemistry.

Because of unique chemical and physical properties of GO,
in this review we introduce the promising potentials of GO
micro-droplets as prototype PAH aerosols. The heterogeneous
chemistry of atmospheric PAHs in aerosol phase is still a key
issue associated with atmospheric chemistry and human health,
while the bulk measurements could only provide limited
information. The investigation of aqueous GO aerosol ozonol-
ysis by means of single aerosol trapping and detection will
provide key insights about the reaction mechanism and kinetics
of the chemical degradation of PAH aerosols in unprecedented
details. We also detailed the other potential applications of
spatially-controlled aqueous GO aerosols, such as interfacial pH
sensor or atmospheric PAH scavenger, which we rationalize the
feasibility with the current state of the art. We believe that the
experiments described in this article are an important step
forward to a healthier environment, and such step is supported
by comprehensive understanding of aerosol chemistry and
innovations of aerosol technology.
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