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Abstract
Reactive oxygen species (ROS) generated by environmentally persistent free radicals (EPFRs) of
2-monochlorophenol, associated with CuO/silica particles, were detected using the chemical spin
trap, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), in conjunction with Electron Paramagnetic
Resonance (EPR) spectroscopy. Yields of hydroxyl radical (.OH), superoxide anion radical (O2

.−),
and hydrogen peroxide (H2O2) generated by EPFR-particle systems are reported. Failure to trap
superoxide radicals in aqueous solvent, formed from the reaction of EPFRs with molecular
oxygen, results from the fast transformation of the superoxide to hydrogen peroxide. However,
formation of superoxide as an intermediate product in hydroxyl radical formation in aprotic
solutions of dimethyl sulfoxide (DMSO) and acetonitrile (AcN) was observed. Experiments with
superoxide dismutase (SOD) and catalase (CAT) confirmed the formation of superoxide and
hydrogen peroxide, respectively, in the presence of EPFRs. The large number of hydroxyl radicals
formed per EPFR and monotonic increase of the DMPO-OH spin adduct concentration with the
incubation time suggest a catalytic cycle of ROS formation.
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Introduction
Environmentally persistent free radicals (EPFRs) have been shown to form on the surfaces
of particles containing transition metal oxides and be capable of initiating adverse health
impacts 1-3. The particles containing EPFRs generate DNA damage and induce pulmonary
dysfunction consistent with free radical reactivity 1-5. These adverse effects are believed to
result from the onset of oxidative stress initiated by EPFRs and are consistent with the
oxidative stress-induced health impacts of exposure to airborne fine and ultrafine particulate
matter (PM) and smoking 1, 4, 5. Oxidative stress is a result of above normal concentrations
of reactive oxygen species (ROS) such as superoxide anion radical (O2

.−), hydrogen
peroxide (H2O2), hydroxyl (.OH), alkoxyl (RO.), peroxyl (RO2

.), and semiquinone, Q.−

radicals.

Since EPFRs induce oxidative stress in living cells they should promote ROS formation in
aqueous media. However the detection of ROS species in aqueous media is challenging, as
their half-lives, depending on the media, may be as short as 10−9 sec for .OH, 10−6 sec for
RO., and a few seconds for RO2

. and Q.− 6. The half-life of O2
.− depends strongly on media

components (presence of superoxide dismutase - SOD, ROS etc 6), and the dismutation of
O2

.− is essentially complete within 1 sec at pH=7.4 7. This manuscript presents experimental
evidence for the formation of ROS in the presence of EPFRs of 2-monochlorophenol

NIH Public Access
Author Manuscript
Environ Sci Technol. Author manuscript; available in PMC 2012 October 1.

Published in final edited form as:
Environ Sci Technol. 2011 October 1; 45(19): 8559–8566. doi:10.1021/es201309c.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



associated with copper oxide-containing silica particles in phosphate buffered saline (PBS)
solutions using a 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin-trapping agent in
conjuction with EPR spectroscopy8, 9.

Experimental Section
The spin-trapping process is based on a reaction between the spin trap molecule and a
radical to produce a stable paramagnetic aminoxyl (or nitroxyl) species, which is referred to
as a spin adduct. The spin trapping method for identifying radicals is based on a simple
principle:

and takes advantage of the stability of the nitroxyl radicals. The aminoxyl product has a
unique EPR spectrum which is dependent on the nature of the short-lived radical. In
principle, any short-lived radical which is trapped can be unambiguously identified. In
practice, however, there are some adducts which are difficult to assign.

Materials
High purity 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 99 %+, GLC) was obtained from
ENZO Life Sciences International and used without further purification. Superoxide
dismutase (SOD) from bovine erythrocytes, 3619 U/mg; catalase (CAT) from bovine liver,
3809 U/mg; desferrioxamine (DFO, assay 92.5%+, TLS); diethylenetriaminepentacetic acid
(DETAPAC, 99%+), dimethyl sulfoxide (DMSO, 99.7+%); 2-monochlorophenol (2-MCP,
99+%); copper nitrate hemipentahydrate (99.9+%); 0.01M phosphate buffered saline (PBS,
NaCl 0.138M: KCl 0.0027M); 4-hydroxyl-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL,
assay 97%+), and acetonitrile (AcN, 99.8%+) were all obtained from Sigma-Aldrich.
Hydrogen peroxide was obtained from Fluka (Assay, 30%) and Cab-O-Sil™ from Cabot
(EH-5, 99+%).

EPFR-Particle System Preparation 10

Particles of 5 % CuO/silica (4 % Cu) were prepared by impregnation of silica powder (Cab-
O-Sil) with 0.1 M solution of copper nitrate hemipentahydate and calcinated at 450 °C for
12 h. The sample was then ground and sieved (mesh size 230, 63 μm). Prior to exposure, the
particles were heated in situ in air to 450 °C for 1h to remove organics. The particles were
exposed to saturated vapors of 2-MCP at 230 °C using a custom-made vacuum exposure
chamber for 5 min. They were then cooled to 150 °C for 1 h at 10−2 torr. This process
resulted in the formation of EPFR-metal complexes (cf. Figure 1) which depicts how three
different EPFRs can be formed on the CuO/silica surface, viz. 2-chlorophenoxy-Cu(I), 2-
hydroxyphenoxyl-Cu(I), and o-semiquinone radical-Cu(I) by reaction of the hydroxyl
substituent, the chlorine substituent, or both substituents, respectively 10. EPR spectra were
then acquired at ambient condition to confirm the existence of EPFRs. The average radical
concentration (spins/g of CuO/Silica) was computed from averaging three EPR
measurements of 2-monochlorophenol dosed onto Cu(II)O/silica, weighing 100 mg for each
trial. The concentration was calculated using DPPH as a standard due to the similarity of the
spectral profiles of DPPH and the radicals formed on silica. The double integrated intensity
of the first-derivative EPR spectra was used and interpolated from a four-point DPPH
calibration standard (plotted as double-integrated intensity vs amount of DPPH (ug)) to
determine the amount of the radical, and converted to the number of spins by multiplying by
the Avogadro’s number and suitable conversion factor. The final concentration was
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determined by dividing the # of spins with the total amount of sample (CuO/silica) which is
0.100 g. The average quantified amounts of adsorbed radicals on Cu(II)O/silica reached ~
1017 (spins/g).

Undosed Cu(II)O/silica particles, which did not contain EPFRs, were used as control
solution (non-containing EPFRs).

In-Vitro Studies
1 mg/ml suspensions of the control (non-containing EPFRs, i.e CuO/silica), and sample,
EPFR/CuO/silica, were prepared in water, DMSO, or AcN and saturated with air by
bubbling air for 5 minutes. Prior to adding DMPO, the surrogate solutions were sonicated 5
minutes (Fisher Scientific, FS-20) at 40 W. A phosphate buffered saline (PBS, 0.01M) was
used to maintain the pH at 7.4 and balance the final volume at 200 μl. The order of
introduction of final solution components to PBS was: particle suspension (10 μl from
solution of 1 mg/ml) + DMPO (10μl from solution of 3 M) +reagents + buffer to balance at
200 ul. The final composition of the suspension in most experiments was (50 μg/ml)
particles + DMPO (150 mM) + reagent (200 μl).

Different biological reagents were used in specific experiments: SOD, CAT, and metal
chelators. Solutions were kept in the dark and shaken in touch mode for 30 s using a Vortex
Genie 2 (Scientific Industries). A 20 μl aliquot was transferred to an EPR capillary tube (i.d.
~ 1mm, o.d. 1.55mm) and sealed at one end with sealant (Fisherbrand). The capillary was
inserted in a 4 mm EPR tube and inserted into the EPR resonator11. The intensities of the
spectra were reported in arbitrary units, DI/N, i.e., a double integrated (DI) intensity of the
EPR spectrum normalized (N) to account for the conversion time, receiver gain, number of
data points and sweep width [http://www.bruker-biospin.com/winepr.html?&L=0]). Each
experiment was performed at least twice, and the final EPR spectrum represents an average
of all spectra obtained for each experiment.

Since the chemistry of interaction of chelators with the surface of the model particles is
unclear, we abstained from the use of chelators such as Desferrioxamine (DFO),
DETAPAC, EDTA, which minimize the iron content in solution. Chelators can change the
reactivity of particles drastically by affecting their redox potential of metals 12. Chelators
may also affect the extraction of adsorbed EPFRs by forming metal-chelate complexes. The
oxidizing species formed by the Fenton-type reaction are known to be affected by iron
chelators 1314. For instance, in the case of DFO, some additional secondary actions have
been demonstrated, particularly scavenging of semiquinone-type radicals and stimulation of
the hydrolysis of some halogenated substituents15. The potential removal of iron from the
in-vitro test solutions may inhibit Fenton-type reactions that contribute to ROS yield.
However, the buffer, prepared in deionized water and treated with Chelex 100 ion-exchange
resin (Bio-Rad Laboratories, Hercules, LA) to remove trace heavy metal contaminants 16,
did not have a significant impact on the spin trapping results.

EPR Measurements
EPR spectra were recorded using a Bruker EMX-20/2.7 EPR spectrometer (X-band) with
dual cavities and modulation and microwave frequencies of 100 kHz and 9.516 GHz,
respectively. Typical parameters were: sweep width--100 G, EPR microwave power-- 10
mW, modulation amplitude--0.8 G, time constant--40.96 ms, and sweep time-- 167.77s.

Values of the g-tensor were estimated using Bruker’s WIN-EPR SimFonia 2.3 program,
which is a comprehensive line of software, allowing control of the Bruker EPR
spectrometer, data-acquisition, automation routines, tuning, and calibration programs on a
Windows-based PC [http://us.bruker-biospin.com/brukerepr/winepr.html]. The exact g-
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values for key spectra were determined by comparison with 2,2-diphenyl-1-picrylhydrazyl
(DPPH) standard.

Calculation of OH Radical Concentration
EPR spectra of DMPO-OH adducts were recorded. It was assumed that one mole DMPO-
OH adduct corresponds to one mole •OH in solution. The DMPO-OH radical adduct
concentration was determined by double integration of the second line (at low magnetic
field) of their respective 4 line spectra and compared to the intensity of the 4-hydroxyl-
2,2,6,6-tetramethylpiperidine-1-oxyl, TEMPOL (stable radical) standard. The standard
Tempol (0.05 – 1 mM) solution was used, with calibration based on double integration of
the second line of Tempol’s 3 line EPR spectra at low magnetic field17. The Tempol
concentration was verified by Agilent 8453 UV-Visible Spectrophotometer using the
extinction coefficient of 13.2 +−0.1 M−1-cm−1 at 436 nm 17.

Processing of EPR Spectra from the Literature
UN-SCAN-IT Automated Digitizing System, Version 6.0 (Silk Scientific Corporation,
http://www.silkscientific.com/) was used to digitize scanned EPR spectra published in the
literature. The absolute value of the resonance field is different for each original spectrum
due to use of different microwave frequencies. To facilitate comparison of spectra, all
experimental and literature X-band spectra were recreated on the same field scale, generally
in a 100-G wide field window.

Results and Discussion
Hydroxyl radical generation

Electron transfer from the EPFR to molecular oxygen was hypothesized to form superoxide
radical ion, then hydrogen peroxide and hydroxyl radical via dismutation and Fenton
Reactions, respectively, via the simple pathway in Scheme 1. The identification of the •OH
in the aqueous solutions containing EPFRs and their relative concentration compared to the
control (non-containing EPFRs) was measured using the DMPO spin trap.

The 4-line EPR spectrum characteristic of DMPO-OH adducts was detected in solutions
containing both EPFR or non-EPFR particles with DMPO in PBS media (cf. Figure 2A), the
EPFR-containing particles initially producing only slightly more DMP-OH adducts than the
control particles. However, the difference DMPO-OH spin adduct formed in the presence of
EPFR-containing particles and the controls increased with increasing incubation time (cf.
Figure 2B). On average, twice as much DMPO-OH spin adduct was formed in the presence
of EPFR-containing particles than the control (non-containing EPFRs) particles at longer
incubation times. The greatest difference in hydroxyl radical concentration occurred at
incubation times of greater than 12 hours.

The concentration of hydroxyl radicals generated by the EPFR-particle system might be
considered to be the difference between DMPO-OH adducts formed in EPFR-containing
particles and the non-EPFR particles. However, there are no literature reports of the
generation of hydroxyl radicals in fresh solution of CuO/SiO2 (control particles). Even with
the addition of hydrogen peroxide, the formation of hydroxyl radical could not be confirmed
in an Cu(II)O(aq)/H2O2 reaction system, despite the detection of a prominent signal DMPO-
OH adduct due to the nucleophilic addition of water to DMPO18. The non-radical
nucleophilic reaction of water with DMPO is known to be a significant pathway to the
formation of DMPO-OH radical adduct 19, 20. The direct hydroxylation of DMPO in water
media via nucleophilic attack of water by non-hydroxyl oxidants such as H2O2, Fe and Cu
ions, and other catalysts may readily occur21, 22. Thus, baseline DMPO-OH concentration in
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the CuO/silica control (non-containing EPFRs) samples is probably due to nucleophilic
addition of water to CuO, and the difference in concentration of DMPO-OH adducts
between solutions of EPFR-containing particles and control particles can be attributed to
formation of hydroxyl radicals in EPFR-particle systems containing solutions.

The concentration of hydroxyl radicals was quantified with the assumption of 1-to-1
hydroxyl radical-to-DMPO stoichiometry for DMPO-OH spin adduct formation and
calibration using a Tempol solution as a standard. The hydroxyl radical concentration was
calculated to be 1.39×1014 spins/ml (0.23 μM) at an incubation time of 140 minutes. This
may be considered a lower concentration limit because of the decay of DMPO-OH during
accumulation as well as the effectiveness of trapping hydroxyl radicals by DMPO. Similar
micromolar concentrations (up to 1 μM) of hydroxyl radical have been detected in solution
from airborne particulate matter (urban dust SRM 1649, Washington DC area) and diesel
particulate matter (SRM 2975) using a high sensitivity fluorescence method23. Up to 2 μM
of DMPO-OH adducts have been reported from Fenton reaction mixtures (10μM
Fe(II)SO4+100μM DMPO+80μM H2O2)13 and up to 1 μM DMPO-OH adduct for Fenton
reaction mixtures containing 1 μM Fe+2 24.

Comparison of the concentration of hydroxyl radicals to EPFR radicals: [OH] / [EPFRs’] =
1.39 1014 (spins/ml) / 150×10−6 (g/ml) × 1017 (spins/g) indicates that 1 EPFR generates ~10
hydroxyl radicals at an incubation time of 140 min. The monotonic increase in the number
of DMPO-OH adducts with the incubation time as well as the large number of hydroxyl
radicals formed per EPFR suggests a catalytic cycle of hydroxyl radical formation.

rxn 1

rxn 2

rxn 3

The effect of SOD and CAT
The principal source of hydroxyl radicals in the presence of EPFRs outside of the biological
systems is probably superoxide dismutation, reactions 1-3, resulting in the formation of
hydrogen peroxide 25, 26. The overall reaction is usually a second order process, where one
superoxide molecule transfers an electron to another superoxide molecule with the
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generation of excessive charge density being avoided by the involvement of a proton 25.
This reaction has been proven to occur over a very broad pH range (5-10). The reaction
involves the incorporation of a single proton into the transition state [O2HO2

−]‡, rxn 1. The
overall rate of superoxide dismutation, a second order reaction 27, is usually slow in aqueous
media (k3 ~ 105 M−1.s−1 at pH = 7.4 25, 26) and is catalyzed by the presence of transition
metals. For example, k3 may increase from 106 to 109 M−1.s−1 in presence of copper
containing compounds 26, 27. We have unsuccessfully attempted to spin-trap superoxide
radicals in aqueous solutions containing either EPFR or non-EPFR particles using a DMPO
spin trapping agent. This is probably due to a fast dismutation of superoxide catalyzed by
CuO/silica as well as a very short lifetime (less than 1 min at pH =7.4 28) of the DMPO –
superoxide adduct (abbreviated as DMPO-OOH at neutral and higher pH media in aqueous
solution and as DMPO-O2

− in aprotic solutions29).

One of the biological agents for the decomposition of superoxide is the enzyme superoxide
dismutase (SOD), a soluble, copper-protein complex, with a superoxide decomposition rate
constant of 1.3×109 M−1.s−1 27. Therefore the SOD may accelerate the rate of rxn 3 by
about 4 orders of magnitude in aqueous media and can be used as an effective indicator of
superoxide involvement in the current experiments by inhibiting the sequence: O2

.− →
H2O2 → •OH → DMPO-OH. Although SOD transforms superoxide into H2O2, the
interaction between peroxide and SOD has been studied as a function of overall activity
loss 30. As a result less DMPO-OH adducts may appear during the process. Otherwise, other
mechanisms may be responsible for DMPO-OH formation 31.

Standard procedure to verify the existence of superoxide radicals and hydrogen peroxide
molecules is to introduce SOD and CAT working solutions and observe a decrease in
superoxide concentration. CAT converts hydrogen peroxide into water and oxygen, and thus
its addition to the reaction system will also diminish hydroxyl radical formation, though at a
different stage of the process. In the current experiment, both SOD and CAT should
decrease the DMPO-OH adduct concentration if DMPO-OH forms in the sequence O2

.− →
H2O2 → •OH → DMPO-OH 30, 31.

The results of introduction of CAT, SOD (20 μg/ml (70 U/ml) to 80 μg/ml (280 U/ml) 32-34)
and both CAT and SOD together to the solutions containing EPFR-particle systems are
presented in Figure 3. Both SOD and CAT individually decreased the DMPO-OH adduct
concentration in solution. Introduction of SOD and CAT together resulted in a significantly
greater reduction of the DMPO-OH adduct concentration. These results unambiguously
demonstrate the interconnection of superoxide and hydrogen peroxide formed from EPFRs.

Trapping of O2.− by DMPO in aprotic solvents
The effect of SOD on the formation of DMPO-OH adduct in the presence of EPFR particles
strongly suggested the involvement of superoxide radicals, even though the radicals could
not be spin-trapped in the aquatic media. Unfortunately, the commonly used nitrone spin
traps (DMPO as well) have a very low efficacy for trapping superoxide radicals in aqueous
media and the DMPO-superoxide radical adduct (DMPO-OOH) is not
stable 3528, 36, 29, 36, 37. However, since superoxide has considerable nucleophilic character
in aprotic solvents 25, 38, the application of such solvents may facilitate their trapping. One
concern in this approach is that while o-semiquinone radicals are known to generated
superoxide in aqueous media where the radical-anion is readily formed 32, it is unclear if it
occurs in aprotic solvents where the radical anion may not be stabilized and the effect of the
metal on EPFRs is unknown (vide infra, Figure 5). The o-semiquinone radical bound to the
Cu(I) center (Figure 1) can be considered a radical anion because of the high polarity of the
nonradical-bearing oxygen-copper bond. Accordingly, the reaction of O2 with the o-
semiquinone type EPFRs should yield superoxide, even in aprotic media.
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However, superoxide may also be generated by initial complexation and subsequent reaction
of O2 with the lower valence state transition metal complex formed at the site of
chemisorption of the EPFR precursor to the transition metal. (cf. Rxns. 4 and 5) where R.

represents the semiquinone radical and R represents the non-radical, chemisorbed organic in
Figure 1.25, 38

rxn 4

rxn 5

Due to their affinities for superoxide, we have performed experiments in aprotic dimethyls
sulfoxide (DMSO) 38, 39 and AcN solvents 40. Solubility of oxygen in these solvents,
follows the order: H2O < DMSO < AcN 40-42; and the calculated rate constant of interaction
of superoxide with DMPO in different media is also in the order: H2O (5.85 × 10−5 M−1

s−1) < DMSO (8.71 × 10−4 M−1 s−1) < AcN (1.81 × 10−3 M−1 s−1) 29. Both results suggest
spin trapping of superoxide with DMPO will be more effective in AcN and DMSO than
water.

The results of the DMPO-O2
− spin adduct formation in these solvents are summarized in

Figure 4. A weak signal was detected in the solution of EPFR-particle systems in DMSO
(Figure 4A, spectrum 2), while a broad, 4-line signal was detected in AcN solution (Figure
4A, spectrum 3). This is typical for DMPO-O2

− adduct in suspensions of powdery
semiconductors (TiO2, Fe2O3, WO3, CdS) in AcN 40. Such broadening of the DMPO-O2

−

spectra might be explained by high concentration of oxygen in AcN and interaction of
oxygen with the paramagnetic DMPO-O2

− probe signal 35. The resolution of this spectrum
was improved when the same experiment was repeated with a smaller amount of the EPFR
suspended in solution (Figure 4A, spectrum 4). The EPR spectrum of DMPO-O2

− spin
adduct formed by photoexcitation of powdery semiconductor TiO2 in AcN solution 40

(Figure 4B, red line) fits well with our experimental DMPO-O2
− spectrum (Figure 4B, black

line) for the EPFR-particle system. These results provide direct proof of formation of
superoxide from molecular oxygen in the presence of EPFR-particle systems.

The polarity effects of solvents on hyperfine splitting constants (hfsc) of DMPO-O2
−

adducts (spectra 2 and 4) are visible when compared to the EPR spectra of DMPO-O2
− spin

adduct from the Fenton reaction in 70% DMSO in water (spectrum 1). The hfsc values are:
αN = 14.50 G, αH

β = 10.67 G, αH
β = 1.40 G22, αN = 14.00 G, αH

β = 9.8 G, αH
β = 1.40 G

(this work) for DMPO-superoxide radical in DMSO, and αN = 13.00 G and αH
β = 9.0 G (this

work) for DMPO-superoxide radical in AcN for spectra 1, 2, and 4, respectively. We were
unable to determine the value of αH

β in AcN. This is probably due to the high concentration
of dissolved oxygen which contributes to the broadening of the spectra in AcN40. The
decrease of the hfsc values for DMPO-O2

− in different solvents, correlates with decreasing
solvent polarity of the solvent. According to Burdick and Jackson’s polarity index 43, the
solvent’s polar property is as follows: H2O [10.2] > DMSO [7.2] > acetonitrile [5.8], with
the polarity indexes given in parenthesizes. In agreement with the polarity, the highest hsfc
values were detected in water and the lowest in acetonitrile. The inability to detect
superoxide radicals in the aquatic media, while a DMPO-O2

− spin adduct was readily
detected in aprotic solvents, suggests a very rapid reactions of superoxide in an aqueous
environment.
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Additional experiments with AcN-water solutions in various proportions indicate even small
amounts of water result in immediate formation of hydroxyl radical and detection of DMPO-
OH spin adduct product (cf. Table 1). Concomitantly, the characteristic ΔHp-p for DMPO-
OH adduct (for the second intense line at low magnetic field) is increased with the addition
of AcN from ~ 1.2 G in pure aqueous solution, to 1.3 G in 20 % AcN, and 1.8 G in 50 %
AcN. The hfsc values decrease from 14.95 G in pure water to 14.28 B in 50% AcN. The
changes within the EPR spectra upon introduction of aprotic solvent to the water solution
are related to the high concentration of oxygen in AcN as well as its high polarity and
possibly some superposition of spectra DMPO-OH and DMPO-OOH 22. These results
indirectly show that the superoxide anions are self-dismutated in protic environment 25 and
form hydroxyl radicals by Scheme 1.

The body of work of Pryor et al. indicates semiquinone radicals can mediate, and perhaps
catalyze, the formation of ROS in biological systems 44-46. The EPFR-transition metal
systems, which we have shown to form, have the added component of a redox-active
transition metal 47-49, and EPFR-copper oxide systems have been demonstrated to induce
oxidative stress resulting in pulmonary and cardiac dysfunction in mice and rats550-52. This
leads us to hypothesize that the combination of EPFR and redox-active transition metals can
catalyze the formation of various types of ROS. The Fenton reaction, in which a reduced
metal mediates the conversion of hydrogen peroxide to hydroxyl radical, is likely a key
component 14. Fenton reactions involving endogenous Fe (II) are frequently invoked to form
ROS in biological systems 24, 26. However, our EPFR-transition metal systems have the
reduced metal located in the immediate vicinity of the EPFR which may promote their
synergistic, purely exogenous, effects. ROS generation has been shown to increase in the
presence of environmental particulate matter and the involvement of environmental Fe(II)
has been invoked 46, 47. However, the iron in However, as depicted in Figure I, Cu(II) is
reduced to Cu(I) as EPFRs are formed. Cu(I) is Fenton-active 18, 53 and can participate in
ROS-generating cycles similarly to Fe (II).

Based on our research and contributions from the literature, reaction cycles in which EPFR-
transition metal complexes generate superoxide radical anion, hydroxyl radical, and other
ROS can be envisioned (cf. Figure 5 for the example of 2-monochlorophenol-CuO system).
Cycle I depicts how 2-hydrophenoxyl radical (D) can catalytically generate ROS under
biological conditions with regeneration of 2-hydrophenoxyl radical. Cycle II depicts how o-
semiquinone radical (E) can also generate superoxide and hydroxyl radical. However in this
cycle, o-semiquinone radical (E) is not regenerated under biological conditions because
conversion of species F back to o-semiquinone radical (E) requires temperatures above 150
C49. However, formation of species F can contribute to Cycle 1. It is remarkable that both
the complete Cycle 1 and the auxiliary Cycle II may operate in aqueous media to generate
ROS. It is also worthy to note that because o-semiquinone radical (E) can also be considered
to be a radical anion, the reaction of O2 with E will yield superoxide (red arrow), even in
aprotic media.
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Abbreviations

AcN acetonitrile

CAT (bovine) catalase
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DETAPAC diethylenetriaminepentacetic acid

DFO desferrioxamine

DMSO dimethyl sulfoxide

DMPO 5,5-dimethyl-l-pyrroline-l-oxide

EPFR environmentally persistent free radical

EPR electron paramagnetic resonance

SOD (bovine) superoxide dismutase
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Figure 1.
EPFR-metal systems formed on SiO2 from the chemisorption of 2-MCP. ET-Electron
transfer.
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Figure 2.
A. Comparison of the EPR signal intensity of DMPO-OH adduct in the presence of EPFR-
containing particles (black) and control (non-containing EPFRs) particles (red). B. Evolution
of the DMPO-OH adducts signal intensity in the presence EPFR-containing particles
(black), control particles (red) and in the absence of particles (green).
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Figure 3.
The inhibition effect of 80 ug/ml SOD (280 U/ml) and 80 ug/ml CAT (280 U/ml) on the
Sample solution (EPFRs (50ug/ml) + DMPO 150 mM + buffer).
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Figure 4.
A) Spectrum 1 DMPO-O2

− from Fenton reaction *. Spectrum 2 - DMPO-O2
− adduct formed

in DMSO media with 50 ug/ml EPFRs. Spectrum 3 - DMPO-O2
− adduct formed in AcN

media with 50 ug/ml EPFRs. Spectrum 4 - DMPO-O2
− adduct formed in AcN media with

25 ug/ml EPFRs. B) Black line – Expanded spectrum of DMPO-O2
− adduct formed in AcN

media with 50 ug/ml EPFRs (spectrum 3 in Fig. 4A): Red line - Expanded spectrum of
DMPO-O2

− formed in TiO2 suspension in AcN media40. * 200 mM DMPO+150 μM
ferrous ammonium sulfate+2 mM H2O2 in DMSO (70%) / H2O.
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Figure 5.
Hypothesized biological red-ox cycle of EPFRs originating from 2-MCP molecule adsorbed
on a Cu(II)O domain. (ET – Electron Transfer) environmental PM largely exists as Fe(III),
rather than Fe(II), and is not Fenton active.
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Scheme 1.
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Table 1

Measured EPR Parameters of DMPO-OH Adduct in Water Solution as a Function of AcN Concentration

Measured EPR
Parameters

% of AcN in Sample solution*

0 20 50

ΔHp-p (G) 1.2 1.3 1.8

hfsc (G) αN = αH = 14.95 αN = αH = 14.60 αN = αH = 14.28

*
50 ug EPFRs’+150mM DMPO + AcN + buffer
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