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a b s t r a c t

Reactive oxygen species (ROS) and free radicals play important roles in the chemical transformation and
adverse health effects of environmental aerosols. This work presents a simple and sensitive method for
sampling and analysis of ROS using a packed column coated with a profluorescent nitroxide scavenger,
proxyl fluorescamine (PF). Quantification was performed by extraction and analysis using HPLC with
fluorescence detection. For comparison, the conventional method of collecting aerosols into dichloro-
fluorescin (DCFH) aqueous solution was used as a reference.

The method was successfully applied to the determination of ROS in a model secondary organic
aerosol (SOA) system generated by ozonolysis of nicotine, as well as in secondhand tobacco smoke (SHS).
ROS concentrations between 50–565 nmol m�3 were detected in fresh SOA and SHS samples. After SHS
aging for 22 h, 13–18% of the initial ROS mass remained, suggesting the presence of persistent ROS. The
new method offers better stability and reproducibility along with sensitivity comparable to that of DCFH
(method detection limit of 3.2 and 1.4 nmol m�3 of equivalent H2O2 for PF and DCFH respectively). The
PF probe was stable during storage at room temperature and not reactive with ozone or NOx, whereas
DCFH in the particle-collecting liquid system was strongly influenced by ozone and NOx interferences.
This case study provides a good basis for employing solid-phase supported PF for field measurement of
specific ROS in other combustion systems (i.e. biomass burning, candles, and diesel exhaust) and
environmental aerosols.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Air pollution is a well-recognized environmental problem and a
serious public health concern that is estimated to be responsible
for 3.1 million premature deaths worldwide every year and 3.2% of
the global burden of disease [1]. While monitoring methods exist,
air pollutants such as ozone, carbon monoxide (CO), nitrogen
oxides (NOx) and particulate matter (PM), measurement of the
short-lived species commonly referred to as reactive oxygen species
(ROS) remains a challenging problem because of their low con-
centrations and high reactivity. The term ROS is used to describe a
variety of coexisting molecular species such as hydrogen peroxide
(H2O2), hydroperoxides (ROOH) and radicals, e.g. hydroxyl (HOd),
carbon centered (Cd), peroxyl (HOOd, ROOd), and superoxide anion
(O2

�d). ROS are generated in the gas phase and particles from
ozonolysis and photochemical reactions in polluted air. ROS are
also formed in motor vehicle emissions and through combustion
of organic materials such as tobacco and wood [2–4]. Although

endogenously produced ROS are essential to life (e.g. signal
transduction, neurotransmission), exposure to “environmental”
ROS is believed to induce excess ROS in living cells, thus causing
oxidative stress that is implicated in various inflammatory effects,
such as asthma, chronic bronchitis, ischemic heart disease and
stroke, among others [5–7]. Besides the adverse health effects that
ROS can cause, these species are drivers of numerous chemical
processes in indoor and outdoor air, affecting the oxidative
capacity of the atmosphere, aerosol formation and aging [8,9].
Prod. Type: FTPAs a consequence, there is a critical need for new
and better methods to monitor these reactive molecules.

In recent years, a number of ROS sampling and monitoring
methods have been developed [4,10–13]. The most common
approaches involve (i) collection of particulate matter (PM) on
filters for a long period of time (up to 24 h) followed by analysis
of the filter extract with electron spin resonance (ESR) [13] or
(ii) sampling aerosols into impingers containing fluorogenic probes
(i.e. 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA), dihydror-
hodamine 6G, hydroxyphenylacetic acid) that react with ROS and
either increase or decrease their fluorescence [9,14–17]. While ESR
sensitivity is relatively low and requires a specialized and expen-
sive spectrometer, fluorescence methodology offers high sensitivity
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and simplicity [18]. Several recent methods take advantage of the
ability of some ROS to release the fluorescence of fluorophore-
linked nitroxides [11,19,20]. These molecules trap carbon-centered
radicals (Cd) to yield stable alkoxyamines at close to diffusion-
controlled rates (107–109 M�1 s�1) [19,21,22] and are able to
scavenge reactive oxygen species (ROS) such as peroxyl radicals
(ROOd) [19,23,24]. Until present, these nitroxide probes have been
successfully applied to detect OHd and other ROS in gas and liquid
media. The procedure typically involves reacting the nitroxide with
methyl radicals (CH3

d) produced by the reaction of OHd with
dimethyl sulfoxide (DMSO) [11,25,26]. The aim of this study was
to develop a new approach to trapping radical species (i.e. Cd, Nd
and ROOd) in aerosol systems by coating a nitroxide probe, proxyl-
fluorescamine (PF) [27], on glass beads packed in stainless steel
tubes. The fluorescent adducts are then analyzed by HPLC with
fluorescence detection. The analytical performance of the new
method was compared to the conventional sampling technique
using DCFH in aqueous solution. The DCFH method is often used as
a standard method for measuring a broad range of ROS in aerosol
systems. Both sampling methods were applied to measure ROS in a
model aerosol system generated by nicotine ozonolysis, as well as
in secondhand cigarette smoke, a major source of ROS in indoor
air [4]. Moreover, the aerosols generated for ROS measurement
were characterized with real-time vacuum ultraviolet aerosol time
of flight mass spectrometry (VUV–AMS) [28].

2. Experimental

2.1. Materials and chemicals

Fluorescent probes: Proxyl fluorescamine (PF), 5-(2-carboxyphe-
nyl)-5-hydroxy-1-[(2,2,5,5-tetramethyl-1-oxypyrrolidin-3-yl)methyl]-
3-phenyl-2-pyrrolin-4-on potassium salt, is a radical scavenger whose
nitroxide moiety quenches the fluorescence of its nearby fluorophore
group with its delocalized unpaired electron [29]. However, once PF
traps a free radical (e.g. carbon-centered radicals), its fluorescence is

restored by the conversion of the nitroxide to the corresponding spin-
paired alkoxylamine (R′–N–OR) (Fig. 1-A) [30,31]. On the other hand,
2′,7′-dichlorodihydrofluorescin (DCFH) oxidizes to the fluorescent
2′,7′-dichlorofluorescin (DCF) in the presence of a broad range of
ROS (Fig. 1-B). PF and DCFH: 2′,7′- dichlorodihydrofluorescin diacetate,
were purchased from Invitrogen™ (Carlsbad, CA) and used without
purification. H2O2 solution (Z30%, TraceSELECTs) and Horseradish
peroxidase type II were purchased from Sigma-Aldrich (St. Louis, MO).
SKCs Midget Impingers (25 mL) were used for sampling with DCFH.
The solvents (acetonitrile, water, and dimethyl sulfoxide) were of the
highest purity available (HPLC grade). The glass beads used for trap
loading had 3mm diameter (Fisher Scientific), and were conditioned
by washing sequentially with hexane, acetone and water then dried
and stored in the dark at room temperature.

2.2. Generation of aerosols

2.2.1. Secondary organic aerosols (SOA)
The reaction of nicotine with ozone was used as a model

system to generate SOA, as described previously [32]. Liquid
nicotine F(5 μL, Sigma-Aldrich, purity 99%) was injected into each
of two 40-L Tedlar bags (A and B), filled with 30-L dry air
(RH�0%). Two L of ozone was generated by UV irradiation (UVP
Inc.) of pure air, and introduced into Bag B, corresponding to an
initial concentration of 100 ppbv inside the bag (in the absence of
reactive losses). The ozone concentration in the supply air was
measured using a calibrated UV Photometric Ozone monitor,
model API 400 (Advanced Pollution Instrumentation, Inc.). Ozone
levels used in this study were realistic and comparable to those
typically found in indoor environments in southern California and
particularly when devices marketed as “air purifiers” are used to
remove tobacco odors (100–300 ppbv) [33–34]. On the other hand,
the initial concentration of nicotine inside the bag measured by
ATD-GC–MS [28] was 810 mg m�3. The use of such a high initial
nicotine concentration was necessary for two reasons: (a) most of
the nicotine partitioned to internal surfaces of the Tedlar bag

Fig. 1. Reactions of reactive oxygen species (ROS) with proxyl fluorescamine (PF) and dichlorofluorescin (DCFH). Upon oxidation with various ROS, DCFH is converted to 2′,7′-
dichlorofluorescin (DCF), a fluorescent molecule. Proxyl fluorescamine is converted to a fluorescent alkoxyamine by reacting the nitroxide moiety with a carbon centered
radical, a nitrogen centered radical or a peroxide (ROO).
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during the reaction (30 min) and its concentration fell to
92 mg m�3, and (b) the SOA yield from nicotine ozonolysis is
relatively low (5–9%) and the sensitivity of the AMS requires a
mass concentration of 20 μg m�3 or higher.

2.2.2. Secondhand cigarette smoke (SHS)
SHS was generated by smoldering one cigarette from a leading

US brand in a 5-L glass vessel. During the first few minutes after
smoking started the smoke was flushed into 100-L Tedlar bags
filled with 70 L of zero air. The initial particle mass concentration
in the bag was 890 mg m�3. This concentration is comparable to
the short-term peak concentrations found when smoking occurs
in closed environments [35]. Note that SHS aging under the
conditions of this study is not intended to mimic perfectly what
happens in the real world, but to provide a controlled environ-
ment with minimum variables that allow for testing of our ROS
methods and enable meaningful interpretation of the data.

2.3. Chemical characterization of aerosols

For aerosol chemical characterization, Tedlar bags containing
secondhand smoke and SOA were characterized without further
dilution using a scanning mobility particle sizer (SMPS, model
3936, TSI, Shoreview, MN) and an aerosol mass spectrometer
(AMS) that vaporizes the aerosol on a heated deposition plate,
followed by photoionization with tunable VUV, as detailed else-
where [32].

2.4. ROS sampling methods

2.4.1. Preparation of solid-phase supported proxyl fluorescamine
5 g of conditioned and clean glass beads (35–40 mg weight;

3 mm diameter) were loaded into a 100-mL round bottom flask.
A 10-mL aliquot of PF (100 mg L�1) in water was added to the
beads. The contents of the flask were mixed well manually and
then dried by gentle heating at 40 1C in air. The coated beads were
stored at –20 1C prior to use, for up to 2 days. For sampling, each
stainless-steel trap (Perkin Elmer, 15 cm length and 0.6 cm dia-
meter) was loaded with 30 coated beads (1.1–1.2 g) with an
estimated PF loading of 250 μg per tube. The beads were held in
place with a stainless steel mesh on the sampling inlet end and a
small plug of quartz wool on the exit (See Supplementary material,
Fig. S1). ROS sampling was carried out by drawing aerosol through
two PF-coated traps, in series, at a flow rate of 0.1 L min�1 for a
duration of 20 min (total volume of 2 L) using a peristaltic pump
(Fig. 2). After sampling, each trap was flushed with 3 mL of
acetonitrile and shaken gently for 5 min, before analysis using
HPLC with UV/visible and fluorescence detection. Control blanks
were generated by extracting a PF-coated trap in the same manner
as a sample. For SOA, a Teflon filter was placed between the SOA

bag and the inlet of the PF solid trap (and DCFH impinger), so that
the contribution of the gas phase to ROS production could be
measured. Some losses of gas phase species to the filter could
occur in this approach and/or ROS could evaporate from the
particles.

2.4.2. Preparation of dichlorofluorescin (DCFH) impingers
DCFH was generated from its diacetate (H2DCFDA) by alkaline

hydrolysis: (a) 0.0049 g of H2DCFDA was dissolved in 1 mL
methanol, (b) 500 μL of this 10 mM H2DCFDA solution was added
to 2 mL of 0.01 N NaOH and kept in the dark at room temperature
for 30 min, and (c) 10 mL of a 25 mM phosphate buffer at
pH 7.4 was added to the H2DCFDA/methanol/NaOH solution.
Horseradish peroxidase (HRP) was added at 2.2 units HRP per
mL to catalyze the reaction of DCFH with ROS during sampling.
300 μL of this solution was added to 15-mL aqueous solution in an
impinger so that the final concentration of H2DCFDA was 10 μM.
The test aerosols were sampled simultaneously through the DCFH
impinger and the PF traps (Fig. 2). For DCFH, sampling flowwas set
at 0.5 L min�1 for 20 min. The total sampling volume was limited
to 10 L to allow collecting several ROS samples from the Tedlar
bags filled with aerosols (60–100 L).

2.4.3. HPLC-fluorescence analysis of ROS samples
Collected ROS samples were analyzed by high performance

liquid chromatography (HPLC, Agilent 1200 series) equipped with
UV/visible and fluorescence detectors, on a C-18 column
(4.6�150 mm). DCFH and its derivative (DCF) were eluted with
a mobile phase 55/45 methanol/H2O (modified with 20 mM
Na2PO4 pH: 6.8) at flow rate of 0.7 mL min�1. The fluorescence
of DCF was measured with an excitation wavelength of 488 nm
and an emission wavelength of 530 nm. PF was eluted with a
65/35 acetonitrile/water mobile phase at a flow rate of
0.7 mL min�1. The PF fluorescence was measured with an excita-
tion wavelength of 390 nm and an emission wavelength of
490 nm. Under these conditions, negligible interferences from
naturally fluorescent smoke constituents occurred.

2.4.4. ROS calibration
As ROS include a variety of reactive compounds, it is difficult to

establish a calibration curve for each chemical. Thus, calibration of
the system was performed with standard H2O2 solutions with
concentrations ranging from 0.1 to 1 mM, prepared by serial
dilutions of a 30% stock solution of H2O2 [10]. The procedure for
DCFH calibration followed in this study was similar to that of Hung
et al. [10]. For calibration of PF we used the procedure developed
by Blough et al. [20,22]: hydroxyl radicals were generated in
solution through Fenton's reaction by mixing 0.1 mL of standard
concentrations of H2O2 with 10 mM iron(II) sulfate heptahydrate
Fe(SO4) �7H2O and PF (10 mg L�1) in a final volume of 3 mL of
5% DMSO in H2O. The standard solutions and blanks were then
incubated at room temperature for 30 min before HPLC analysis.
The measured equivalent H2O2 concentration is an indicator of the
reactivity of the ROS in a sample that had fluorescence intensity
identical to that of an H2O2 solution of the calculated concentra-
tion:

Xair ¼ 103 � ðC � VeÞ=Vs ð1Þ

Xmg ¼ 103 � ðC � VeÞ=W ð2Þ
where Xair is the total concentration of ROS in the sample, expressed
in nanomoles H2O2 m�3 of air; Xmg concentration of ROS in the
particle phase, expressed in nanomoles H2O2 mg�1 of particles; C is
the concentration of ROS in DCFH-HRP or in PF extracts, expressed
in units of micromolar; Ve is volume of DCFH-HRP or PF solution,

Fig. 2. Schematic of the experimental setup used for ROS sampling and character-
ization of secondhand smoke (SHS) and secondary organic aerosols (SOA).
The Teflon filter was used only for SOA to separate the contribution of gases
and particles to the ROS signal. A scanning mobility particle sizer (SMPS) and a
vacuum ultraviolet aerosol mass spectrometer (VUV–AMS) were used for particle
characterization.
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expressed in liters; Vs is sample volume of sample, expressed in
meter cube; W is the particle mass, determined by integrating the
SMPS size distribution in the range 20–700 nm, expressed in
milligrams, assuming a density of 1.1 g cm�3 for particles [36].

3. Results and discussion

3.1. Stability of ROS probes

The fluorescent probes must be stable for reliability in practical
applications. Thus, the stabilities of DCFH and PF standards were
examined. When stored at room temperature in the dark for 24 h,
the DCFH working solution of 10 mM showed auto-oxidation, as
shown by an increase of the fluorescence background signal by a
factor of 3. To minimize this effect, stock solutions of DCFH were
stored in the dark at �10 1C, and working solutions were prepared
daily before sampling. On the other hand, glass beads coated with
PF and stored in stainless-steel tubes at room temperature were
found to be stable for at least 24 h without generation of any
detectable artifact signal. This stability shows that PF solid traps
can be practical for use in field measurements of ROS.

3.2. Linearity, precision, reproducibility and detection limits

As shown in Fig. 3, both methods were linear with H2O2

concentration over the range of 100–2000 nM, with acceptable
correlation coefficients (r240.96). Although DCFH was more
sensitive than PF, the high y-intercept, corresponding to DCFH
blank with no added H2O2, is a potential limitation for quantifica-
tion of low levels of ROS. On the other hand, the y-intercept for the
PF-trap was close to zero. This low background fluorescence shows
minimal contamination of the beads by laboratory air and/or
ambient light during coating of the glass beads and preparation
of the PF-solid traps.

The instrumental precision of the HPLC analyses was deter-
mined from the reproducibility of four HPLC injections (n¼4) of
DCFH and PF standards under the same experimental conditions
over a period of 2 days. The relative standard deviation (RSD) was
9.6% for DCFH and 6.2% for PF. The method reproducibility was
determined by collecting SOA (from nicotine ozonolysis) using
duplicate (side-by-side) of PF-solid traps and of DCFH impingers.

The overall RSDs were 14% and 19% respectively, which is very
reasonable given that this includes experimental errors due to
preparation, sampling and analysis. Three method blanks were run
by sampling a 60 L bag filled with zero air at 50% RH using the
conditions described in Section 2.4. The method detection limit
(MDL), defined as three times the standard deviation of method
blanks, was estimated to be 1.4 and 3.2 nmol m�3 of equivalent
H2O2 for DCFH and PF, respectively.

3.3. Measurement of ROS in secondary organic aerosols

Our previous work showed that nicotine, a major constituent of
tobacco smoke, can be depleted substantially by its reaction with
ambient ozone over timescales of minutes to hours. [32,37–39].
This reaction leads to the formation of stable gas phase products as
well as SOA in the ultrafine range (o100 nm) [32,38,40].
As shown in Fig. 4, after 30 min of nicotine-ozone reaction,
a substantial level of particles was produced (46 mg m�3) with a
total number concentration of 6.5�104 particles cm�3 and
a geometric median diameter of 98 nm. The particle number
concentration was comparable to those found in indoor environ-
ments (103–104 particles cm�3) [41–44]. The main constituents of
the resulting SOA were include nicotine N-oxide (m/z 178),
cotinine (m/z 176), nicotinamide (m/z 122), 3-acetaminopyridine
(m/z 136), and dicarbonyl products (m/z 149, 190 and 206) such as
3-oxo-3-pyridin-2-ylpropanal (m/z 149). These products were
found to be associated with high asthma hazard indices, indicating
that they are likely to cause or exacerbate asthma [32]. The masses
m/z 79 and 84 correspond to pyridine and pyrrolidine fragments of
nicotine, respectively. Fig. 5 shows the concentrations of ROS
produced in the SOA generated from nicotine ozonolysis, as well
as the blank levels that account for the independent contributions
of nicotine and ozone to the measured signal. The initial concen-
trations of nicotine and ozone in the separate blank samples and
ROS sampling procedure were identical to those used for SOA
samples (nicotineþozone). As expected, very little ROS signal was
measured for pure nicotine, suggesting that it does not interfere
with the measurement of ROS using DCFH or PF (see Fig. 5). Ozone
(100 ppbv) produced a significant background fluorescent signal
when using DCFH, suggesting that measurements of ROS in
ambient air using DCFH impingers may be influenced by ozone
interference. In contrast, using a PF solid trap, very little signal was
observed from ozone, indicating the suitability of PF for measuring
ROS in indoor or ambient air samples where ozone is prevalent.

After ozone and nicotine reacted for 30 min, the total concen-
trations of ROS increased by a factor of 6–10 compared to blank
levels. The ROS concentrations measured using PF range between
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4 nmol m�3 (gas phase) and 14 nmol m�3 (gas and particles).
These levels are comparable to typical ROS levels measured in
indoor (2–4 nmol m�3 [4]) and outdoor environments (6–
12 nmol m�3) [45], highlighting the potential of the PF-solid trap
method for measuring ROS at realistic levels. On the other hand,
ROS levels measured by the DCFH method were 36 nmol m�3

(gas phase) and 48 nmol m�3 (gas and particle). On a per SOA
mass basis, the level of particle-bound ROS measured by DCFH
was around 1 mmole mg�1 of equivalent H2O2. This concentration
is about one order of magnitude higher than that previously
reported [12] for SOA generated by ozonolysis of limonene (140–
160 nmoles mg�1). As consequence, SOA produced from the ozo-
nolysis of nicotine should be considered as a potential strong source
of ROS particularly in indoor environments where smoking occurs.

3.4. Measurement of ROS in aging secondhand tobacco smoke

Due to the dynamic nature of tobacco smoke, it is essential to
investigate the temporal dependence of ROS during the time
between emission of SHS and inhalation (minutes to hours) in the
indoor environment. To evaluate the effect of aging on ROS levels,
samples were collected at three aging periods (1 h, 4 h and 22 h)
with PF and DCFH probes. Simultaneously, chemical composition and
size distribution of smoke particles were monitored in real-time (See
Fig. S2) in an attempt to examine a possible correlation between ROS
levels and aerosol size and composition. Overall, the particle mass
concentration decreased by more than half (380 mg m�3 at 4 h vs.
890 mg m�3 at 0.5 h) because of particle deposition on internal
surfaces of the Tedlar bag, while the composition remained largely
unchanged. In both cases, the most intense signals were assigned to
nicotine at m/z 162 and its pyrroldine fragment (m/z 84). A list of the
observed mass signals assigned to cigarette smoke constituents was
previously reported [32].

Fig. 6 presents the time dependence of H2O2 equivalent con-
centrations for SHS during aging in the Tedlar bag. ROS concen-
trations in fresh SHS were 565753 and 8579 nmol m�3 as
measured by DCFH and PF, respectively. When expressed in mass
concentrations of SHS these levels corresponded to 634759 and
95710 nmol mg�1, respectively. These levels were corrected by
applying the particle collection efficiency for PF and DCFH. The
efficiency for the PF-solid trap was higher than 80% as measured
by using two PF traps in series and analyzing the backup PF-trap as
well as monitoring the particle concentration downstream using
the SMPS. On the other hand, the trapping efficiency of the DCFH
impinger was 2075% as estimated by measuring particle break-
through with SMPS. Table S1 compares the results from this study
to previously reported concentrations of ROS in secondhand
tobacco smoke. Despite differences in instrumentation, cigarette

brands, and sampling protocols, the ROS levels measured in our
study and previous ones are within the same order of magnitude.

The large difference in the ROS levels between DCFH and PF is
likely due to the specificity of the PF probe which reacts only with
a few types of free radicals (e.g. Cd, Nd, ROOd) whereas the DCFH is
a non-specific probe of the oxidative capacity, including contribu-
tions of molecular species such as H2O2 and organic peroxides.
While it is difficult from this study to infer the nature of
the radicals detected, they may include peroxy radicals (ROOd),
N-centered radicals (Nd), semiquinone (QHd) [46], acyl (R–CdQO)
and alkylaminocarbonyl radicals (R–N–CdQO) [47].

During aging, the ROS and SHS aerosol mass concentrations
decreased significantly following similar trends, suggesting that a
large fraction of the ROS detected was associated with SHS particles.
After 22 h of aging, about 13–18% of the initial ROS mass remained.
Given the very short lifetime of ROS (seconds to minutes), it is
intriguing that a significant residual ROS remained even after 22 h
of SHS aging. Several reasons can explain these results:

(i) Continuous formation of ROS within smoke plumes via
dynamic processes involving reactions of species such as
NO, NO2, O2, and incompletely oxidized organic compounds
[48,49], as illustrated in Eq. (3)–(6):

RdþO2-ROOd ð3Þ

ROOdþNO-ROdþNO2 ð4Þ

ROOdþNO22ROONO2 ð5Þ

ROdþNO-RONO ð6Þ
To test this hypothesis, NOx and ROS were measured during
the aging of SHS. Over 22 h of aging the NOx levels remained
stable (NO: 50–55 ppbv and NO2: 0.5–1 ppbv) as measured
with a chemiluminiscence detector (Teledyne APT 400). To
find out if similar levels of NOx could contribute to the ROS
signal, we measured the fluorescence response of DCFH and
PF by sampling a 20-L bag filled with 55 ppbv NO and 2 ppbv
NO2 in air. The fluorescence signal with PF probe was below
the detection limit, whereas DCFH produced a small response
with equivalent ROS concentration of 7 nmol m�3. This level
corresponded to about 8% of the ROS concentration measured
for SHS aged for 22 h, indicating that NO and NO2 interfere in
DCFH measurements but cannot alone explain the ROS
observed in aged SHS.
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(ii) The existence of persistent free radicals that are stabilized on
the surface of particles [50–53]. Recently, “environmentally
persistent free radicals” (EPFRs) have been reported in post-
combustion particles with lifetime ranging from days to weeks
[53]. These EPFRs are possibly formed via reaction with transi-
tion metal oxides (e.g. CuO and ZnO) that can be easily reduced
by a chemisorbed organic compound (e.g. hydroquinone, cate-
chol, and phenol) converting the metal to a lower oxidation
state. During this process, an organic surface-bound resonance-
stabilized radical (e.g. semiquinone, phenoxyl, cyclopentadie-
nyl) is formed [52, 53] (see Eq. (7)):

Mþn…ðOÞRðOHÞ-Mþn�1…ðOÞRdðOHÞ2Mþn�1…ðOdÞRðOHÞ ð7Þ
EPFRs associated with reduced metal oxides could interact
synergistically to produce ROS (superoxide, hydrogen peroxide,
and hydroxyl radicals) while regenerating the EPFR and the
oxidized form of the transition metal. Because cigarette second-
hand smoke contains a myriad of potentially toxic organic
compounds and metals (copper, arsenic, cadmium, chromium,
and nickel), it is possible that such a mechanism of formation of
EPFRs occurs. However, the contribution of transition metals in
SHS to the observed ROS and Rd activity was not addressed in
this study. Therefore, the exact nature of EPFRs and their
chemistries require additional studies to determine their origin
and environmental impacts.

(iii) Re-suspension of ROS-bound particles from chamber walls after
deposition. During aging, a significant fraction of particles
deposit onto the internal surfaces of the Tedlar bag. However,
these particles continue to carry stabilized radicals and could
contribute to the formation of ROS. Thus, during ROS sampling,
possible re-suspension of these particles can result in the
detection of residual ROS in secondhand smoke.

4. Conclusions

This case study demonstrated a successful application of a
simple and sensitive method for sampling and measuring ROS in
aerosol samples (e.g. SOA and SHS) using solid phase trapping by
proxyl fluorescamine and HPLC-fluorescence analysis. Because
radicals are formed or persist during aging of smoke, they can be
biologically important when smoke is inhaled, and can play an
important role in the formation of hazardous chemicals in aged
tobacco smoke, recently dubbed “thirdhand smoke” [28,40,54,55].
The PF-method offers significant advantages over the conventional
DCFH-impinger method, including the simplicity of sampling onto
solid supports, improved stability of the probe and radical adducts,
and minimum interference from ozone and NOx. Moreover, the
better selectivity of proxyl fluorescamine can be used to determine
the contribution of free radicals such as Cd Nd, and ROOd to
particulate and gaseous oxidants in aerosols. This could allow
exploring the health effects of specific radicals and identify
correlations with sources, compared the type of method that is
sensitive to many types of ROS. This new approach can be easily
adapted to measure radicals emitted by other sources (biomass
smoke, black carbon, diesel exhaust, etc.) using proxyl fluoresca-
mine or other pro-fluorescent nitroxide probes.
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