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Development and Laboratory Testing of an Automated
Monitor for the Measurement of Atmospheric
Particle-Bound Reactive Oxygen Species (ROS)

Prasanna Venkatachari and Philip K. Hopke
Center for Air Resources Engineering and Science, Clarkson University, Potsdam, New York, USA

Previous studies have found significant quantities of oxidative
species associated with airborne particulate matter. Although ox-
idative stress is thought to be an important part of the mechanism
by which particles produce adverse health effects, the lack of a suit-
able method to measure ROS on a routine basis has resulted in no
work being undertaken to assess the effects of particle-bound ROS
on health. In order to fill this need, an automated monitor for the
continuous sampling of ambient aerosol and the measurement of
concentrations of ROS on the sampled aerosol was developed. Po-
tential methods to quantify ROS were compared in order to arrive
at a suitable method to automate. The dichlorofluorescein (DCFH)
fluorescence method was found to be the most non-specific, general
indicator of particle-bound oxidants. Hence it was deemed the best
suited method for the automated monitor. An integrated sampling-
analysis system was designed and constructed based on collection
of atmospheric particles in an aqueous slurry, and subsequent de-
tection of the ROS concentration of the slurry using the DCFH
fluorescence method. The results of the lab-scale investigation of
the ROS sampling-analysis system suggested that the prototype
continuous system was capable of detecting particle-bound ROS,
and accounting for short-term variabilities in the same. The instru-
ment was found to be capable of detecting nanomolar equivalent
concentrations of ROS.

INTRODUCTION
Because of their long lifetimes in the ambient air and respira-

tory deposition characteristics, over the last decade, fine particles
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(PM2.5) have been linked to a range of respiratory and cardiovas-
cular health problems. Numerous epidemiological studies con-
ducted over this period have shown that PM2.5 is correlated with
severe health effects, including enhanced mortality (Bernstein
et al. 2004 and references therein). A central hypothetical mech-
anism of how particles affect human health involves the genera-
tion of reactive oxygen species (ROS) at target sites in the lung.
ROS has been defined to include families of oxygen-centered or
related free radicals, ions, and molecules. The free radical family
includes hydroxyl, hydroperoxyl, and organic peroxy radicals.
Ions such as the superoxide, hypochlorite, and peroxynitrite ions,
and molecules such as hydrogen peroxide, organic and inorganic
peroxides also come under the umbrella of “Reactive Oxygen
Species.” Much of the attention has focused on the formation of
ROS in situ after particle deposition in the respiratory tract gen-
erally through the interaction with transition metal ions (Stohs
et al. 1997), organic hydrocarbons, such as polycyclic aromatic
hydrocarbons and quinones (Squadrito et al. 2001), and ultra-
fine particle surfaces (Li et al. 2003). However, recent work has
shown that ROS is present in the atmosphere on respirable par-
ticles to which we are exposed (Hung and Wang 2001; Hasson
and Paulson 2003; Venkatachari et al. 2005, 2007). The hypoth-
esis that the ROS present on particles could cause the same
kind of systemic dysfunction as endogenously generated ROS
has clear merit and represents a fundamental issue for further
investigation.

The lack of a suitable method to measure ROS on a routine ba-
sis has resulted in no work being undertaken to assess the effects
of particle-bound ROS on health. The Aerosol Research and In-
halation Epidemiology Study (ARIES), an extensive air quality
characterization study investigating air quality parameters and
human health, in Atlanta, GA, measured all of the hypothesized
causative components of the air pollution mixture except for per-
oxides. They cite the lack of an automated method as the reason
for its omission from their suite of measurements. Increasing
interest in ROS as a significant component of particle toxicity
has been recognized by the Environmental Protection Agency
(EPA), and they are routinely measuring ROS in their Concen-
trated Ambient Particle (CAP) samples to which animal models
are being exposed. Manual methods are available for measuring
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ROS (Venkatachari et al. 2005; Mudway et al. 2004; Hung and
Wang 2001), involving filter collection for a reasonable period
of time, and subsequent analyses of the filter extract.

However, a drawback of this method is that the chemical
analysis of the collected particles is usually conducted after the
aerosol is sampled on filters or other sampling devices. Short-
lived oxidative species associated with the aerosol, including
hydrogen peroxide, organic peroxides and free radicals, may be
much more biochemically active than the components measured
days or weeks later. This loss leads to possibly significant under-
estimation of the ambient particle-bound ROS concentrations.
To combat this problem, the analysis must be done in the field
immediately after collection, making the operation extremely
labor-intensive, difficult to implement, and impracticable for an
extended sampling period (for e.g., 24 hours) that is typical of
most sampling programs. The difficulty of obtaining timely and
accurate measurements is a stumbling block for both the re-
search and regulatory communities. As a result, there is a need
for an automated instrument that can fulfill the requirements of
both these interest groups.

The following are among the expected benefits of developing
instrumentation for the automated sampling and chemical anal-
ysis of ROS: (1) The instrument would provide information on
the distribution of ROS as a function of location, time of day,
and day of year; (2) It would aid the understanding of the evolu-
tion of ambient particle compositions vis-à-vis ROS, as they are
transported from their sources to the receptor site, subsequently
helping apportion ROS to individual sources. Accomplishing
this would also help group and rank the PM sources based on
health outcomes; (3) Sufficient measurements would permit the
statistical evaluation of the role of ambient ROS in the induction
of adverse health effects as well as the assessment of the overall
oxidative capacity of PM as a predictor for their toxicological
effects; and (4) there is widespread concurrence on the need for
science-based regulations, and a composition-specific standard
for particulate matter concentrations. An automated instrument
for the measurement of ROS could conceivably be used to de-
termine compliance in such a scenario.

In atmospheric applications, the requisite sensitivity in-
volved in the trace determinations of atmospheric oxidants
limits the choice to photo-luminescent and spectrophotomet-
ric methods. Several ROS quantification methods have been
used and described in the literature. Cho et al. (2005) have
developed an assay for PM redox activity, utilizing the re-
duction of oxygen by dithiothreitol (DTT) that serves as an
electron source. Hasson and Paulson (2003) used the perox-
idase enzyme catalyzed reaction of hydroperoxides with p-
hydroxyphenylacetic acid (POHPAA) to produce a dimer that
fluoresces strongly, under alkaline conditions at excitation and
emission wavelengths of 320 and 400 nm, respectively, to quan-
tify aerosol-bourne ROS in urban air. A fluorescence tech-
nique based on the oxidation of deacetylated (via NaOH) 2′-7′-
dichlorodihydrofluorescein diacetate (DCFH) to its fluorescent
product, 2′-7′-dichlorodihydrofluorescein (DCF), with excita-

tion and emission wavelengths of 485 and 530 nm, respectively,
in a phosphate buffer containing the radical electron acceptor,
horseradish peroxidase (Hung and Wang 2001; Venkatachari
et al. 2005, 2007) has also been used in prior studies to quantify
particle-bound ROS in the ambient atmosphere. The develop-
ment of an automated ROS monitor involves the selection of
the best available analytical approach to quantify the ROS, and
the subsequent integration of the best analytical approach to a
suitable sampling system. The development of the integrated
sampling-analysis system configuration, and laboratory valida-
tion of the performance of the ROS monitor will be presented.

EXPERIMENTAL SECTION

Comparison of Potential Analytical Approaches
Each of aforementioned ROS measurement methods will re-

spond to different oxidants and have different sensitivities and
problems with respect to automating the procedures. Initially, it
is not known which ROS species are important for health or envi-
ronmental effects. A general, non-specific measurement of any
oxidative species that has the capability to oxidize the antioxi-
dant lining of the human respiratory tract and lead to damage to
the underlying tissue needs to be measured by the ROS monitor.
With this in mind, the DTT, POPHAA, and DCFH methods for
detecting ROS were evaluated and compared in terms of their
strengths, limitations, and ease of automation. The reactivities
of the three methods to the various oxidative groups likely to be
found in ambient aerosol (namely hydroperoxides, organic per-
oxides, alkylperoxyl radicals, and redox active organics), and
to interferences in terms of positive artifacts from other com-
mon functional groups that could also be present in the organic
fraction of the aerosol (namely, acids, aldehydes, ketones, and
alcohols), were compared. The range of concentrations explored
with the surrogate compounds for these functional groups was
0.1–10 µM.

Compounds were chosen to perform a comparison of the
three analytical approaches for quantifying particle-bound ROS
(see Table 1). They were selected such that it would be possible
to compare the reactivities of the three methods to the various
oxidative groups likely to be found in ambient aerosol, namely
hydroperoxides, organic peroxides, alkylperoxyl radicals, and
redox active organics. The reactivities of the three methods to
interferences in terms of positive artifacts from other common
functional groups that could also be present in the organic frac-
tion of the aerosol, namely, acids, aldehydes, ketones, and al-
cohols, were also compared. The surrogate compounds repre-
senting the various functional groups are detailed in Table 1.
Tert-butyl hydroperoxide (98%, TBHP), di-tert butyl peroxide
(≥95%, DTBP), phenanthroquinone (99+%, P-Q), cis-pinonic
acid (98%, CPA), and 4-hydroxy 3-methoxy cinnamaldehyde
(98%, HMCA) were purchased from Sigma Aldrich (St. Louis,
MO). These chemicals, along with sodium hypochlorite (4–6%,
Fisher, Fair Lawn, NJ), and 2,2′-azobis (2-amidinopropane) di-
hydrochloride (Calbiochem, San Diego, CA, AAPH) were used
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TABLE 1
Tested functional groups and surrogate test compounds

Functional Group Surrogate Compound

Hydroperoxide (HOO-) 1. Hydrogen Peroxide (HP)
2. tert-butyl hydroperoxide

(TBHP)
Organic peroxide

(R-OO-R′)
Di-tert-butyl peroxide (DTBP)

Alkyl Peroxy Radicals
(ROO×)

2,2′-azobis (2-aminopropane)
dihydrochloride

Redox active organics Phenantroquinone (PQ)
Hypochlorite (OCl-) Sodium hypochlorite (NaOCl)
Acids (R-COOH) cis-Pinonic Acid (c-PA)
Alcohols (ROH) 2,4-hydroxy-3-methoxy-

cinnamldehyde (HMCA)
Aldehydes (RCHO) 2,4-hydroxy-3-methoxy-

cinnamldehyde (HMCA)

without further purification. 2,2-azobis (2- amidinopropane) di-
hydrochloride is an azo-initiator that forms alkyl radicals as a re-
sult of thermal decomposition, and these alkyl radicals can react
with molecular oxygen to give alkylperoxyl radicals (Damiani
et al. 2000).

Table 2 summarizes the results of the responses of the analyt-
ical systems to the surrogate ROS species. It was observed that
the DCFH fluorogenic probe was the most responsive method
in that it reacted unselectively with the oxidant species, while
not being affected as much as the other two methods by the
positive interference compounds. The non-specificity of DCFH
towards the oxidative species occurs largely due to the ease
of abstraction of the hydrogen atom located at the 9′ position
of the DCFH molecule, considered the central carbon atom of
a triphenylmethane. However, DCFH was prone to autooxida-
tion, and a consequent spontaneous increase in fluorescence on
exposure to light. The POPHAA and DTT assays were found

TABLE 2
Responses of the various ROS measurement agents with the surrogate compounds

DCFH POPHAA DTT

Response? If Yes, Linear Response? If Yes, Linear Response? If Yes, Linear

HP Yes Yes, r2 = 0.99 Yes Yes, r2 = 0.99 No N/A
TBHP Yes Yes, r2 = 0.65 No N/A No N/A
DTBP Yes No No N/A No N/A
NaOCl Yes No Yes No Yes No
PQ in Me2SO No N/A No N/A No N/A
c-PA in MeOH No N/A No N/A No N/A
HMCA in MeOH Yes No — — — —
ROOa Yes No — — — —

a2,2′-azobis (2-aminopropane) dihydrochloride, sonicated and incubated with DCFH.

to be too specific in their responses to be used to quantify total
ROS concentrations. The POPHAA fluorescence technique was
found to be reliable, and free from interferences such as autoox-
idation on exposure to light or air. However, a positive method
response from the POPHAA assay was seen only from strongly
oxidative species such as hydrogen peroxide, thus creating the
possibility of underestimating the ambient particle-bound ROS
concentrations. DTT is a strong oxidizing agent, and has a ten-
dency towards autooxidation in air, and hence care would have
to be taken to account for this with the blank or conduct the
experiment in an inert atmosphere. The DTT assay was seen to
respond to redox active organic compounds such as phenanthro-
quinone, although the response was not linear and that would
make it difficult to automate. Moreover, it did not respond to
any other oxidative groups that fell under the umbrella of ROS.
Hence, the DCFH fluorescence technique was determined to be
the method of choice for use in the automated ROS monitoring
configuration.

Design and Construction of the Integrated ROS
Sampling-Analysis System

A schematic diagram of the integrated ROS sampling-
analysis system is shown in Figure 1. Previous studies have
shown that condensational growth can be effectively used to
grow small particles into large droplets that can be easily sep-
arated from an airstream. Several devices, often referred to as
steam collection devices, use this technique of growing aerosol
particles into droplets in a supersaturated environment of wa-
ter vapor have been developed (Simon and Dasgupta 1995;
Khylstov et al. 1995; Zellweger et al. 1999; Kidwell and On-
dov 2001). The particle-into-liquid sampler (PILS) (Weber et al.
2001; Orsini et al. 2003) was chosen for use in our system be-
cause it was inlet system could be purchased (Metrohm). The
PILS operating principle is to mix an ambient aerosol sample
flow (∼1 m3/hr) with a smaller, turbulent flow of 100◦C steam
(∼1.5 ml/min), in order to produce a solution containing the
aerosol species sampled at a certain moment in time. Rapid
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FIG. 1. Schematic of the integrated ROS sampling-analysis system.

adiabatic cooling of the warmer steam by the cooler ambient
sample flow produces a high supersaturation of water vapor in
which particles grow into droplets large enough (droplet di-
ameter >1µm) to be collected by impaction on a quartz im-
paction surface. The dichlorofluorescein (DCFH, 1µM, 0.40
ml/min, Sigma Aldrich, St. Louis, MO) flow is pumped by a
8-channel peristaltic pump (Model 205CA, Watson Marlow,
Wilmington, MA), and introduced at the top of the impaction
surface, transports the impacted liquid droplets to an exit tube
at the base of the impactor. The droplets are collected to pro-
duce a continuous liquid flow for online analysis for ROS in
solution.

In any type of continuous flow analysis system, detector noise
increases with increasing number of pumped flow channels and
increases the limit of detection (LOD) due to flow noise and
mixing inhomogeneities. As a result, it was decided to intro-
duce the horseradish peroxidase (HRP) enzyme through an ac-
tive membrane reactor (Hwang and Dasgupta 1986). The active
membrane reactor is made of a 1.5 cm length of porous PTFE
membrane tubing (mean pore size 25 µm, 1.3 mm i.d., 1 mm
wall, GlobalFIA Inc., Fox Island, WA) filled with a 1 mm diam-

eter PTFE filament. The sample PTFE flow tubes are inserted
into the terminal ends of the membrane tube. The connection
is leakproof as is since a higher external pressure exists during
operation. The membrane assembly is completely inserted in a
solution of HRP (10 units/ml, Sigma Aldrich, St. Louis, MO)
in 0.2 M phosphate buffer solution (pH = 7.2), contained in a
screw-capped high density polyethylene bottle. The enzyme is
introduced into the main flow stream through the porous mem-
brane walls by applying pneumatic pressure. The sample flow
tubes connected to the membrane enter/exit through a silicone
rubber stopper, while a third hole admits a tube supplying the
pressurizing gas. Compressed, clean house air is admitted to the
reactor bottle via a single stage pressure regulator. The parame-
ters governing the reagent introduction rate include membrane
pore size, tortuosity, surface porosity, thickness, available sur-
face area, and transmembrane pressure. For any given reagent
concentration and membrane material, the reagent introduction
rate can be controlled by varying the length of the membrane
and transmembrane pressure. Optimum peroxidase reagent in-
troduction was achieved by regulating the transmembrane pres-
sure at ∼8 psi (Hwang and Dasgupta 1986).



CONTINUOUS PARTICLE BOUND ROS MONITOR 633

In order to mix the sample with the DCFH slurry and HRP
in the flowing stream and allow a finite length of time for the
reaction to be complete enough to make sensitive measurements,
delay coils and superserpentine reactors (GlobalFIA, Fox Island,
WA) were employed with a view of minimizing axial dispersion
and the pressure drop due to the reaction conduit while maximiz-
ing mixing with minimum dilution and peak broadening. Two
superserpentine reactors of lengths 1 m and 0.5 m were used in
series along with the delay coil to provide a residence time of
∼60 sec. The reactors were maintained in a 37◦C water bath to
provide optimum reaction conditions. The instrument used in
the flow analysis system to detect fluorescence was the Kratos
FS970 Spectrofluoromonitor (Kratos Analytical, Ramsey, NJ).
An excitation monochromator as well as a prefilter were used
to provide a sharp cutoff excitation wavelength of 485 nm. The
fluorescence leaving the flow cell, through which the analyte
solution flows, is transmitted via a quartz reflector to an emis-
sion filter with a cut-off wavelength of 530 nm that is used to
eliminate any light of the excitation frequency.

The sampling-flow analysis system was set so as to have
sample and blank measurement pathways by means of a three-
way solenoid (ASCO valves, Florham Park, NJ), equipped with
a timer (Omron, Schaumburg, IL), shown in Figure 1. The air
to be sampled is filtered before entering the system to assess
contributions from sources other than the aerosol species being
sampled, such as gas-phase species that escape capture by the
manganese dioxide impregnated denuder employed before the
PILS inlet to remove gas-phase oxidants, and by the components
of the analysis system such as the water being used and autoflu-
orescence occurring within the system. The sample and blank
cycles were run for 6 minutes each with 1 minute of the sam-
ple/blank slurry going to waste via the sample selection valve
shown in Figure 1 (6-port valve, Valco Instruments, Houston,
TX), while the analysis system is purged with MilliQ water via
the sample selection valve in between the two cycles to eliminate
effects of one cycle on the next.

RESULTS AND DISCUSSION

Calibration of the System
Calibration of the instrument was performed with standard

H2O2 solutions of concentrations ranging from 50 to 800 nM,
prepared by serial dilutions of a 30% stock solution of H2O2

(Sigma Aldrich, Milwaukee, WI), with water serving as a blank.
The standard H2O2 solutions and DCFH were introduced and
mixed in a mixing tee prior to flow entering the 6 port valve
in order to provide approximately the same reaction time as
that for the measurement system. Figure 2 shows the blank-
subtracted linear response curve obtained for the H2O2 solu-
tions. The instrument was found to be linear (r2 = 0.995)
over a large dynamic range of H2O2 concentrations typical
of the equivalent ROS concentrations observed in prior stud-
ies (Venkatachari et al. 2005, 2007). The linearity can be im-
proved by increasing the reaction time. However, this increase

FIG. 2. Calibration plot of the system with standard H2O2 solutions.

also leads to undesirable effects such as greater dispersion and
lower throughput rates. The precision at levels above 200 nM
was typically <5% relative standard deviation. At lower lev-
els, the relative standard deviation increases, primarily due to
the omnipresent and variable water blank. Although the blank
values varied over time, consecutive blank values were within
one standard deviation of each other, and hence were not a fac-
tor affecting the accuracy of the analysis. During the course
of the calibrations, laboratory reagent water (>18.2 M�) was
found to contain anywhere between 5–35 nM H2O2. In order
to eliminate the variability in the water blank, the water was
treated with manganese dioxide to remove any residual perox-
ide in the reagent water. However, the water was found to return
to a steady-state value in the aforementioned range, due to the
presence of dissolved oxygen in the water resulting in signifi-
cantly high blanks at low nominal levels of H2O2. The reappear-
ance of the H2O2 signal is usually accelerated by visible and
long-wavelength UV radiation (Hwang and Dasgupta 1986). To
minimize variability arising from this phenomenon, as well as to
prevent photo-oxidation of the fluorescent probe (DCFH), flow
lines were masked with aluminum foil.

Laboratory Testing of the Integrated ROS
Sampling-Analysis System

In order to characterize and validate the performance of the
developed ROS monitor on a lab-scale under controlled condi-
tions, the ROS generator developed at Clarkson University, and
described in detail elsewhere (Venkatachari and Hopke 2007a)
was used. In brief, the ROS generation system employed the
chemistry of the α-pinene-ozone chemical reaction in a flow
reactor system. The characterization of the particle-phase prod-
ucts formed in the flow reactor revealed the presence of peroxidic
groups in the particle phase (Venkatachari and Hopke 2007b).
Since hydroperoxides and organic peroxides are expected to
be important atmospheric constituents of ROS (Ziemann 2002;
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FIG. 3. Concentration-time plot at various flow rates through the flow reactor.

Docherty et al. 2005), this system was deemed to be an ideal
laboratory scale system for the testing of the ROS monitor. The
flow rate through the flow reactor was varied from 14 to 25
LPM, thus varying the residence time for the particles in the
ROS generator. The output of the generator was routed to the
PILS inlet through the 3-way solenoid, and measurements were
made by the ROS monitor. The 8-channel pump transported wa-
ter to the steam generator at a flow rate of 1.5 mL/min through
a packed reactor (PTFE, 6 cm active length, 3.2 mm i.d., glass
wool plugs at each end) containing granular MnO2 (Matheson,
East Rutherford, NJ) (Hwang and Dasgupta 1986). The purpose
of this reactor is to remove any residual peroxide in the reagent
water supplied to the steam generator.

Figure 3 shows the concentration-time plot of the measure-
ments. As can be seen, 5 different residence times were em-

FIG. 4. Box and Whisker plot of variation in the measured ROS concentrations
indicated by the ROS Monitor with residence time in the flow reactor.

ployed by varying the flow rate through the flow reactor from 14
to 25 LPM. Figure 4 provides a perspective on the variation in
observed concentration with residence time in the flow reactor
with a box and whisker plot detailing the statistical parameters
of the observed ROS concentrations for different residence times
in the flow reactor. In this figure, the boundary of the box closest
to zero indicates the 25th percentile, a line within the box marks
the median, and the boundary of the box farthest from zero indi-
cates the 75th percentile. Whiskers (error bars) above and below
the box indicate the 90th and 10th percentiles. It can be seen that
the ROS concentrations measured by the ROS monitor increase
with increasing the residence time, with the lowest observed
average ROS concentrations occurring at the residence time of
18.5 sec (81.1 nM or 1.3 nanomoles/m3 of flow sampled) and
the highest observed average ROS concentrations occurring at
the residence time of 33 sec (668.1 nM or 19.1 nanomoles/m3

of flow sampled). These results indicate that the increased time
for gas phase and particle phase reactions as well as gas-particle
conversion processes (nucleation and condensation) lead to the
formation of increasing levels of particle-bound ROS. Based on
the characterization performed on the ROS generator, it can be
surmised that increasing amounts of particle-phase peroxides
are formed with the increase in residence time in the flow reac-
tor. Table 3 (reproduced from Venkatachari and Hopke 2007a)
depicts the results of measurements using the manual method on
1-hr, 2-hr, and 3-hr integrated samples collected from the ROS
Generator. Comparing the results of the continuous method with
the results of the manual method employed on the ROS gener-
ator (Venkatachari and Hopke 2007a), it is observed, on the
basis of the one-hour integrated average ROS concentrations,
that the manual method (7.56 ± 1.16 nanomoles or 314.4 nM)
underestimates the ROS by approximately 25% compared to
the continuous method (9.92 ± 0.45 nanomoles or 412.5 nM).
This underestimation could be attributed to the fact that the con-
tinuous method accounts for the short-lived reactive oxidative
species that decay before they can be analyzed by the manual
method after collection.

The results of the lab-scale investigation of the ROS sam-
pling-analysis system with the ROS generator suggest that the
prototype continuous system is capable of detecting particle-
bound ROS, and accounting for short-term variabilities in the

TABLE 3
Measured ROS concentrations (in nanomoles of equivalent

H2O2) for different sampling intervals at 0.3 M
α-pinene-hexane, ∼2.4 ppm ozone, and sampling flow rate of
18 LPM (reproduced from Venkatachari and Hopke 2007a)

Time of Sampling Measured ROS Conc.
(hours) (nanomoles)

1 7.56 ± 1.16
2 12.88 ± 2.15
3 18.15 ± 2.04
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same. It is a simple and robust instrument that can provide rapid
quantitative measurements of the particle-bound ROS. Sampling
artifacts associated with filter techniques are minimized since
particles are rapidly stabilized by formation of water drops col-
lected into a flowing liquid that is analyzed in real time. The
instrument is capable of detecting nanomolar concentrations of
ROS. However, a caveat to this claim is that relatively high
blanks are present at such low concentrations due to the H2O2

present in the reagent water. It is proposed to test the ROS
sampling-analysis system in field tests to establish the utility
of the instrument.

CONCLUSIONS
The lack of a suitable method to measure ROS on a routine ba-

sis has resulted in no work being undertaken to assess the effects
of particle-bound ROS on health effects. An automated method
to sample and measure ROS on particles could conceivably be
useful to both the research and regulatory communities. Po-
tential analytical approaches for the automated measurement
of particle-bound ROS were evaluated and inter-compared in
terms of their strengths, limitations, and ease of automation.
The dichlorofluorescein (DCFH) fluorogenic probe was the most
responsive in that it reacted unselectively with all the reactive
species, while not being affected as much as the other methods by
the positive interference compounds. An automated sampling-
analysis system based on the collection of particles in the am-
bient air by the process of condensational growth followed by
impaction, and the subsequent analysis of the aqueous slurry,
in which the particles are dissolved, for ROS using DCFH flu-
orescence was developed. The results of the lab-scale inves-
tigation of the ROS sampling-analysis system with the ROS
generator suggested that the prototype continuous system was
capable of detecting particle-bound ROS, and accounting for
short-term variabilities in the same. It is proposed to test the
ROS sampling-analysis system in field tests to establish the util-
ity of the instrument.
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