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Abstract

Background: Given the importance of highly reactive oxygen species (hROS) as reactants in a
wide range of biological, photochemical, and environmental systems there is an interest in
detection and quantification of these species. The extreme reactivity of the hROS, which includes
hydroxyl radicals, presents an analytical challenge. 3'-(p-Aminophenyl) fluorescein (APF) is a
relatively new probe used for measuring hROS. Here, we further evaluate the use of APF as a
method for the detection of hydroxyl radicals in particle suspensions.

Results: Particle-generated hROS can be quantified with an estimated detection limit of 50 nM.
Measurements of hROS in two National Institute of Standards and Technology (NIST 2709 and
2710) soil suspensions and a pyrite suspension show non-linear particle dose-response curves for
hROS generation. APF can also be used in solutions containing no dissolved molecular oxygen (O,)
to determine the role of O, in the formation of hROS. Results confirm that O, is mechanistically
important in the formation of hROS by dissolved ferrous iron and in pyrite suspensions.

Conclusion: Given the non-linear dose-response curves for particle generation of hROS, we
recommend using several particle loadings in experiments aimed to compare particles for their
hROS generation potential. The method presented here is specific to hROS and simple to perform.
The analysis can be conducted in mobile labs as only basic laboratory equipment is required.

Background In vivo, hydroxyl radicals (¢OH) have been implicated in
Hydroxyl radicals are a highly reactive oxygen species  causing oxidative stress [2,3] and several diseases [4,5].
(hROS) that reacts non-specifically with most organic ~ The role of particulate-induced formation of e«OH on
molecules within nanoseconds after their formation [1].  inducing lung diseases has been the focus of many stud-
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ies. Hydroxyl radicals have been directly implicated in
lung diseases related to exposures to asbestos [6], silica
[7,8], and other airborne particulate matter [9,10] as a
result of genotoxicity [7,2] and/or oxidative stress
[11,2,12]. Hence, *OH formation in vitro and in vivo has
been used as an indicator for particulate-induced toxicity
potential [7,2,11,13,14,4,15].

The mechanisms whereby particles induce the formation
of hROS in solution and in vivo are not fully understood,
however several pathways are recognized [for a review, see
[16]]. In solution, particles containing transition metals
may generate ®OH by redox reactions involving metals
exposed at the particle surface or by redox reactions with
metal ions released from the particles to solution. The
reaction of ferrous iron with dissolved molecular oxygen
serves as an example. Ferrous iron reacts with molecular
oxygen to form hydrogen peroxide (eqs 1 and 2). This
hydrogen peroxide can then react with ferrous iron to
form hydroxyl radicals through the Fenton reaction (eq.
3).

Fe(Il) + O, — Fe(Ill) + (03)~ (1)
Fe(Il) + (03)™ + 2H" — Fe(Ill) + H,0, (2)

Fe(Il) + H,0, — "OH + OH ™ + Fe(1II) (3)

Peroxy radicals can be formed from reactions involving
hydrogen peroxide and iron or hydroxyl radicals (eqs 4
and 5).

Fe(Ill) + H,0, — Fe(Il) + "OOH + H™* (4)

"'OH + H,0, — +H,0 + ‘'OOH (5)

These reaction sequences are not the only mechanisms by
which particulates can lead to hROS formation. Mineral
defects may also contribute to the formation of hydroxyl
radicals in solution. In the process of crushing quarts and
other silicates, the bonds separating atoms cleave homo-
lytically resulting in single electrons at each atom. These
lone electrons react with molecular oxygen or water to
form hydroxyl radicals [17,18]. Inhaled particles can gen-
erate ®*OH via the previously mentioned mechanisms in
addition to cellular-mediated processes. As an immune
system defense against invading bacteria, certain cells
(e.g., macrophages) will engulf (i.e., phagocytosis) bacte-
ria and destroy them by exposure to lysozymes and ROS.
However, the lysozymes and ROS will have little effect on
a particle, resulting in a continued immune response and
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formation of ROS including ¢OH (for reviews see
[11,13,19,3]).

The extremely short half-life of hROS presents an analyti-
cal challenge to their quantification and precludes direct
detection [1]. With direct detection precluded, methods
have been developed that rely on analyzing the product of
a reaction between hROS and a target molecule. In some
techniques, the target molecule will oxidize and change
color (e.g., leuco crystal violet) [20] or other target mole-
cules will fluoresce when oxidized by hROS [e.g., 2',7'-
dichlorofluorescein (DCFH)| [21-23]. In other methods
using electron spin resonance (ESR), the hydroxyl radical
will be "trapped"” (i.e., added to) on a larger molecule, the
"spin trap" [e.g., 5,5-dimethyl, 1-pyrroline N-oxide
(DMPO)], which becomes a relatively more stable radical
species (i.e.,, DMPO-OH) that can be detected [24-27]. In
the presence of cells or in tissue, the products of particle-
induced radical oxidation include lipid peroxidation [28],
DNA strand-breaks [29,7], RNA degradation [30], nucleo-
base oxidation [31,32,31,33] and upregulation of signal-
ing molecules indicative of inflammation and apoptosis
(i.e., programmed cell death) such as cytokines and p53
[34-36].

Although several techniques are available for the detec-
tion of hROS in solution, none of the techniques are suit-
able for all experiments; some techniques are better
adapted to cellular systems and others to cell-free solu-
tions. Spin-trapping using ESR and the spin-trap DMPO
has been used extensively but it requires specialized
equipment (i.e., an ESR spectrometer) and the method is
susceptible to artifacts when ferric iron is present [e.g.,
Fe(IlI) associated with a particle] [37]. In addition,
DMPO-OH has a short half-life (i.e., 61.2 minutes [38]
without cells and 2.9 minutes in the presence of cells
[39]). Other techniques for hROS detection involve the
hROS-induced oxidation of a molecule, which results in a
change to the target molecule's fluorescence. The most
commonly used fluorogenic probe is 2',7'-dichlorofluo-
rescein (DCFH) which will react with several reactive oxy-
gen species (ROS), not just hROS [23]. Since DCFH will
not react with reactive oxygen species unless it undergoes
a de-esterification step either within cells or chemically
[22], its use with particle suspensions in the absence of
cells requires an extra de-esterification step. Sodium
terephthalate has also been used as a fluorescence probe
for assessing the Fenton reaction in extracellular fluid [40]
and in vivo using HPLC [41]. Assessing the fate of nucleic
acids after exposure to particles is another technique that
has been employed for the detection of particle-induced
formation of hROS [29,7,30]. Although this method is
useful for determining the genotoxic potential of particles,
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it is not well adapted for quantifying the hROS concentra-
tion that is generated. In addition, when cellular DNA
degradation is evaluated, DNA strand repair mechanisms
will reduce the level of particle ROS-induced strand breaks
[42]. Compared to the current methods for hROS detec-
tion, a relatively new compound and detection technique
shows promise for greater specificity, simplified experi-
mental protocols, and requirement for standard labora-
tory equipment (i.e., fluorometer).

3'-(p-Aminophenyl) fluorescein (APF) is a non-fluores-
cent molecule until it is reacted with either hydroxyl radi-
cals, hypochlorite (-OCl), peroxynitrite anions (ONOO-)
[21] or peroxy radicals [43]. APF will also be transformed
into the fluorescent form if exposed to a combination of
H,0, and horseradish peroxidase (HRP); HRP catalyzes
the oxidation of APF by H,O,. In a solution containing
both H,0, and *OH, only *OH will react with the APF
unless HRP is added. APF has been used for detecting
tobacco-induced intracellular peroxynitrite [44] and we
have successfully used APF for detecting *OH generated in
mineral slurries [45] and coal aqueous suspensions [46].
The objectives of this contribution are: 1) to further exam-
ine the usefulness of using APF in the presence of particu-
lates and in solution compositions that may lead to the
formation of hROS (e.g., containing ferrous iron), 2) eval-
uating the kinetics of its reactivity, 3) the pH-dependence
of the APF sensitivity, and 4) the effect of particle loading
on hROS generation.

In order to evaluate the usefulness of APF as a detection
tool for solution and particulate-induced formation of
hROS, several experiments were performed. The sensitiv-
ity of APF to reactions with Fenton generated OH was
determined as well as the HRP-catalyzed oxidation of APF
by H,O,. Ferrous iron induced formation of OH (eqgs 1 to
3) was also evaluated along with the kinetics of these reac-
tions and pH-dependence. To evaluate the use of the APF
technique for detecting particulate-induced OH, experi-
ments were performed as a function of particle loading.
These experiments were conducted with pyrite, a mineral
that has been previously shown to form OH [47,30,46],
and two National Institute of Standards and Technology
(NIST) soil standards that have an unknown potential for
hROS generation.

Results

APF is oxidized by H,0O, in the presence of HRP. Increas-
ing the concentration of H,O, results in an increase in APF
fluorescence (Figure 1). When the reactant solutions (i.e.,
water, APF, pH buffer, HRP, H,0,) are purged with nitro-
gen gas and the experiment is performed in an anaerobic
glove-bag, a similar fluorescence increase results but at a
slight decrease in overall fluorescence. Without HRP, the
fluorescence does not increase with addition of H,O,.
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Figure |

Reaction of 10 uM aminophenyl fluorescein (APF), 50
mM phosphate pH 7.40 buffer, H,0,, and 0.2 uM
horseradish peroxidase (HRP). The experiment was per-
formed aerobically and in the absence of molecular oxygen.
The top curve (HRP and molecular oxygen) is used as a cali-
bration curve for all further experiments and expressed as
"hROS reactivity (hM H,O,)". Fluorescence expressed as
arbitrary units.

In solution, ferrous iron reacts with molecular oxygen to
form hydroxyl radicals (eqs 1 to 3). When increasing
amounts of ferrous iron are added to a solution contain-
ing APF, the concentration of hydroxyl radicals increases
(Figure 2). When the experiment is repeated in the
absence of molecular oxygen, the same increase in OH
formation is not observed.

The formation of hydroxyl radical was determined under
a range of conditions as a function of incubation time
(Figure 3). All of the experiments were performed in the
presence of APF and pH buffer. When HRP is added to a
1000 nM H, 0, solution, APF is oxidized within minutes
resulting in a fluorescence intensity that approaches the
corresponding calibration value of 1000 nM hROS (i.e.,
within 1 minute after adding reactants, the fluorescence
comes to within 4.5% of the value that it will in 24 hours).
After 24 hours, the fluorescence intensity translates to an
hROS concentration of 994 nM, which is a 0.6% error
from the calibrated value of 1000. Reaction of 1 mM and
200 uM ferrous iron show similar increases in hROS gen-
eration as a function of time. Compared to the preceding
reaction with HRP, this reaction is slower. When both
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Figure 2

Ferrous iron-induced generation of hydroxyl radicals
in the presence of 10 uM APF and 50 mM phosphate
pH 7.40 buffer through the Fe/O, and Fenton reac-
tions at room temperature (22 % 2°C). Ferrous iron
was added as a sulfate salt. The experiment was repeated in
the absence of molecular oxygen. The hROS reactivity values
can be compared to the reported fluorescence intensity val-
ues shown on the other figures by dividing hROS reactivity
by ten.

H,0, and ferrous iron are added, the resulting concentra-
tion of hROS does not reach the expected level of at least
1000 nM hROS. When either HRP or H,O, are added
alone, the fluorescence intensity and values expressed as
hROS concentration are low.

In unbuffered and weakly-buffered solutions, the pH will
affect the fluorescence intensity of APF. This may be of
particular concern when certain particles or high loadings
of particles are used in experiments. To determine how pH
affects the fluorescence intensity, 1 uM H,0,, APF, and
HRP were incubated with either addition of hydrochloric
acid or sodium hydroxide. After 24 hours, the fluores-
cence was measured, followed by pH measurements. The
results show that as the pH is increased, so does the fluo-
rescence intensity (Figure 4). The effect is significant when
the pH is raised above 11.

Pyrite has been previously shown to form hydroxyl radi-
cals when it is in aqueous suspension using ESR spin-trap-
ping with DMPO [30]. To evaluate the effect of pyrite
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Figure 3

Kinetic analysis of several reactants in the presence
of 10 uM APF and 50 mM phosphate pH 7.40 buffer
at room temperature (22 * 2°C). Fluorescence meas-
urements were taken as a function of time. The hROS reac-
tivity values can be compared to the reported fluorescence
intensity values shown on the other figures by dividing hROS
reactivity by ten.

surface area on hROS formation, several different load-
ings of crushed pyrite were incubated with APF and pH
buffer. After 24 hours and filtration, higher loadings of
pyrite resulted in larger concentrations of detected hROS
(Figure 5). The mechanism of pyrite-generated hROS is
still not completely understood, however the reaction of
ferrous iron either dissolved from pyrite or at its surface
with molecular oxygen is a plausible mechanism. The
experiment with pyrite was repeated in the absence of
molecular oxygen to test this hypothesis. The results show
that the hROS concentration is low and does not increase
with increasing loadings of pyrite suggesting that either
hROS is not formed or it is formed at very low concentra-
tions.

In order to determine how particle loadings affect the con-
centration of hROS detected, a range of loadings of pyrite
and two NIST soil standards were incubated with APF and
pH buffer (Figure 6). The concentration of hROS gener-
ated by pyrite increases until the particle loading reaches
around 13 g/L. Increasing the loading beyond 13 g/L
results in a decrease in the APF fluorescence. Similar
trends were observed with both of the NIST standards.
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Figure 4

Effect of pH on the fluorescence intensity of | uM
H,0, reacting with 10 uM APF in the presence of 0.2
1M HRP and addition of either hydrochloric acid or
sodium hydroxide for 24 hours. Inset shows the fluores-
cence intensity from pH 4 to 9. The fluorescence intensities
roughly correspond to nM of H,0O, that would react with
HRP, so that a fluorescence of 1000 equates to 1000 nM
H,0,.
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Figure 5

Pyrite generated hydroxyl radicals as a function of
pyrite surface area loading. Pyrite particles (roughly 63-
38 microns in diameter) were incubated with 10 uM APF and
50 mM phosphate pH 7.40 buffer for 24 hours followed by
filtration (0.45 um) and fluorescence measurements. The
hROS reactivity values can be compared to the reported flu-
orescence intensity values shown on the other figures by
dividing hROS reactivity by ten.

Discussion

One of the main reasons for evaluating the use of APF for
detection of hROS is its potential for semi-quantifying
concentrations of particulate-generated OH. Reacting
known concentrations of OH with APF would provide the
most direct and accurate calibration curve but generating
solutions with precise concentrations of OH is not easy.
Fenton generated OH is based on the reaction of ferrous
iron with H,O, (eq. 3). The Fenton reaction cannot be
used as a basis for calibration of the APF technique
because the presence of molecular oxygen in a ferrous iron
solution will lead to the formation of additional hydrogen
peroxide (eqgs 1 and 2). These side reactions could lead to
a higher concentration of OH than expected on the basis
of the added hydrogen peroxide. Results presented here
suggest that the formation of additional OH is not a sig-
nificant factor, in fact, the opposite is observed: the APF
response is lower than expected. It is not clear what causes
this, but the fluorescence generated by a 1000 nM H,0O,
and 1 mM ferrous iron solution is less than expected (Fig-
ure 3). Either the Fenton reaction is not complete or dis-
solved ferrous iron is reacting with OH (eq. 6).

Fe(Il) + "OH — Fe(Ill) + OH~ (6)

For these reasons, the calibration curve that was used is
based on the enzymatic reaction of H,O, and HRP.
Although the reaction between H,0, and HRP does not
produce a known amount of OH, it does produce a
repeatable reactivity that will oxidize APF in a H,0O,-dose
dependent manner.

The results from experiments with ferrous iron (Figure 2)
and pyrite (Figure 5) show similar results. The concentra-
tion of hROS that is formed increases with the concentra-
tion of ferrous iron and pyrite loadings and the OH-
generating reactions are both dependent on molecular
oxygen. This suggests that the OH-generating mechanisms
are based on the Fe/O, and Fenton reactions (egs 1 to 3).
The anoxic experiment with pyrite shows a particle load-
ing-independent detection of hROS. The formation of
hROS in the absence of molecular oxygen may be due to
reaction of pyrite-associated ferrous iron with residual
H,0, in the water used in the experiments, which can
form OH (eq. 3).
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Figure 6

Hydroxyl radical generation as a function of particle
loadings. Mineral particles (roughly 1-100 microns in diam-
eter) were incubated with 10 uM APF and 50 mM phosphate
pH 7.40 buffer for 24 hours followed by filtration (0.45 pm)
and fluorescence measurements. The National Institute of
Standards and Technology (NIST) samples used here are a
low metal-content soil, San Joaquin soil (2709), and a high
metal-content soil, Montana | (2710). The hROS reactivity
values can be compared to the reported fluorescence inten-
sity values shown on the other figures by dividing hROS reac-
tivity by ten.

The rates of APF conversion vary considerably (Figure 3).
The enzymatic oxidation reaction between H,0, and HRP
is complete within minutes. As shown in Figure 3, there is
no significant difference in fluorescence between the first
measurement taken within minutes of the start of the
reaction and a measurement taken after 30 hours. By con-
trast all other experiments show a rise in fluorescence over
time. The experiments with dissolved ferrous iron show a
dependence on the iron concentration. The oxidation of
APF is cumulative over time, therefore these curves show
that more hROS are being formed in the first few hours of
the reaction and that smaller amounts of hROS are
formed as the reaction proceeds. A comparison between
the resulting curves generated by addition of either HRP
or H,0, to a blank solution shows that addition of HRP
results in slightly more hROS. A small amount of H,0,
may be present in the water that was used in the experi-
ments. APF is not expected to react with H,O, [21]. APF
does have a slight fluorescence at the time when it is pur-
chased. Due to the variations in APF fluorescence and the
presence of low concentrations of H,0, in water the tech-
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nique has an estimated lower detection limit around 50
nM hROS.

The fluorescence intensity from APF that has been oxi-
dized by H,0O, is pH dependent (Figure 4). With the addi-
tion of a pH buffer, this should not present a problem,
however some chemical reactants or reactive particulates
will affect the pH. Therefore, we recommend that the pH
be measured following all experiments. The cause for the
pH-dependent increase in fluorescence from the experi-
ment shown in Figure 4 remains unknown. The increase
in fluorescence may be due to changes in the fluorescence
properties of APF or HRP, or an increased reactivity
between APF, HRP and H,O,. As the pH in solutions con-
taining APF is increased from acidic values to 10, the flu-
orescence gradually increases. Below a pH around 4 or 5,
the fluorescence is weak suggesting that it is best to use
APF in solutions with pH values between 5 and 10.

To gain insight into the mechanism that results in the for-
mation of hROS within pyrite suspensions, experiments
were performed with the presence and absence of molec-
ular oxygen (O,) (Figure 5). Dissolved molecular oxygen
is a reactant in the Fe/O, reaction that produces hydrogen
peroxide (eqs 1 and 2). By repeating an experiment with
pyrite in the absence of O,, the role of the Fe/O, reaction
in generating OH within pyrite suspensions was evalu-
ated. As the pyrite surface area (and also particle loading
in g/L) is increased in the presence of O,, the observed
hROS concentrations also increase. However, in the
absence of O,, the same increase in hROS does not occur.
This indicates that O, is important in the mechanism that
leads to the formation of OH and other hROS.

Particle loadings have a significant effect on the concen-
tration of detected hROS. The loading of particles that are
used in experiments are often based on a relevant environ-
mental loading (e.g., lung exposure) or a loading that is
suitable to the experiment (i.e., a particulate amount that
can be accurately weighed or a loading that will result in a
detectable fluorescence). As shown in Figure 5, as the
pyrite loading is increased in the presence of O,, the con-
centration of observed hROS also increases. However, a
particle loading-dependent increase in observed hROS
does not always occur. For example, in Figure 6, pyrite at
100 m2/L shows no generation of hROS while at a loading
of 53 m2/L, 495 nM of hROS is formed. Without knowing
an appropriate particulate loading and performing an
experiment with only one loading, the resulting concen-
tration of hROS that is formed may not be representative
for this particulate at other loadings. Therefore, we recom-
mend performing experiments with several particle load-
ings. A decrease in observed hROS with increasing pyrite
particle loadings (i.e., above 20 g/L) may be due to several
factors including adsorption of APF to the higher particle
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surface area, alteration of the solution pH, or further APF
oxidation by an overwhelming concentration of hROS.
The decrease in observed hROS with a pyrite loading
above 20 g/L appears to occur suddenly, but the pyrite
loading is shown on a logarithmic-scale (i.e., the decrease
in hROS may appear more gradual on a linear scale). The
mechanisms that lead to the formation of hROS by the
NIST soil standards may be due to the presence of ferrous
iron, however the specific mechanism remains unre-
solved.

Conclusion

Measurement of hROS in particle suspensions can be
achieved by observing the fluorescence of a probe mole-
cule, APF, that is incubated with the particle suspension.
The APF technique selectively detects only highly-reactive
ROS (e.g., hydroxyl radicals, peroxy radicals, peroxynirite
anions, and hypochlorite anions) and it has an estimated
detection limit is of 50 nM. The specificity of APF for
hydroxyl radicals and other hROS could be useful for eval-
uating the mechanisms of ROS generation and determin-
ing which particular ROS species is generated in a particle
suspension. Compared to our previous studies using
other fluorescence [42] and ESR spin-trapping [30] tech-
niques for quantifying the particle-induced formation of
hROS, the APF method has a low detection limit, does not
require specialized equipment, and APF can be used in
particle suspensions incubated for minutes to more than
a day.

Experimental

Highly-reactive oxygen species measurements
3'-(p-aminophenyl) fluorescein (APF) from Invitrogen™
was used for the detection of hROS. A calibration curve
was generated by incubating a known amount of H,0O,
with 10 uM APF, 50 mM potassium phosphate buffer at
pH 7.40, and 2.95 units/mL (equivalent to 0.2 uM) Sigma
type II horseradish peroxidase (HRP) in a 2-mL centrifuge
tube. The tubes were closed and placed on an end-over-
end rotator in the dark at room temperature (22 + 2°C).
After 24 hours, the solutions were transferred to 4-mL
methylcrylate fluorescence cuvettes followed by fluores-
cence measurements using a Tuner Barnstead spec-
trofluorometer with excitation and emission wavelengths
set to 490 nm and 520 nm, respectively. Using the calibra-
tion curve generated in this way, the fluorescence data
from other experiments is presented on the figures as
"hROS reactivity (nM H,0,)". In experiments designed to
determine hROS generation from minerals, powdered
minerals were incubated in 2-mL centrifuge tubes and
rotated end-over-end with water (Easy Pure 18.3 MQ-cm,
UV-irradiated, ultrafiltered),10 uM APF, and 50 mM
potassium phosphate buffer at pH 7.40 at room tempera-
ture (22 + 2°C). After 24 hours, the suspensions were fil-

http://www.geochemicaltransactions.com/content/10/1/8

tered (Millipore PVDF 0.45 pm) followed by fluorescence
measurements. For experiments that were performed in
the absence of molecular oxygen, all solutions were
purged with nitrogen gas for 30 minutes to remove molec-
ular oxygen. The solutions were transferred into a glove
bag with an atmosphere of 97% nitrogen and 3% hydro-
gen with palladium catalyst (Coy Laboratory Products) to
remove gaseous molecular oxygen. The various reactants
were incubated in 2-mL centrifuge tubes and rotated end-
over-end in the dark and transferred to cuvettes after 24
hours. The tops of the cuvettes were covered with a flexi-
ble film (Parafilm M) before taking them out of the anaer-
obic glove-bag followed by immediate fluorescence
measurements.

Mineral sample preparation and soil standards

Natural pyrite (Huanzala, Peru) obtained from Wards was
crushed in an agate mill. After crushing it was sieved
between 38 to 63 pm and stored in a vacuum dessicator
until used in the experiments. In earlier work with this
same size fraction we determined a specific surface area of
1.25 m?/g using a five-point N, adsorption BET. Soil
standards # 2709 and 2710 were purchased from the
National Institutes of Standards and Technology (NIST)
and used without any treatment. NIST 2709 is a soil with
baseline trace element concentrations from a plowed field
in the central Californian Joaquin valley. NIST 2710 is a
soil from Montana with highly elevated trace element
concentrations. The sample was gathered from pasture-
land that was periodically flooded by a nearby creek with
high concentrations of copper, manganese, and zinc. Fur-
ther preparation and characterization details on the NIST
standards are located on the NIST website: http://
www.nist.gov/srm.
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(DCFH): 2',7'-dichlorofluorescein; (APF): 3'-(p-Ami-
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