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Abstract
A chemical spin trap, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), in conjunction with electron
paramagnetic resonance (EPR) spectroscopy was employed to measure the production of hydroxyl
radical (.OH) in aqueous suspensions of 5% Cu(II)O/silica (3.9% Cu) particles containing
environmentally persistent free radicals (EPFRs) of 2-monochlorophenol (2-MCP). The results
indicate: 1) a significant differences in accumulated DMPO-OH adducts between EPFR
containing particles and non-EPFR control samples, 2) a strong correlation between the
concentration of DMPO-OH adducts and EPFRs per gram of particles, and 3) a slow, constant
growth of DMPO-OH concentration over a period of days in solution containing 50 μg/ml EPFRs
particles + DMPO (150 mM) + reagent balanced by 200 μl phosphate buffered (pH = 7.4) saline.
However, failure to form secondary radicals using standard scavengers, such as ethanol,
dimethylsulfoxide, sodium formate, and sodium azide, suggests free hydroxyl radicals may not
have been generated in solution. This suggests surface-bound, rather than free, hydroxyl radicals
were generated by a surface catalyzed-redox cycle involving both the EPFRs and Cu(II)O.
Toxicological studies clearly indicate these bound free radicals promote various types of
cardiovascular and pulmonary disease normally attributed to unbound free radicals; however, the
exact chemical mechanism deserves further study in light of the implication of formation of
bound, rather than free, hydroxyl radicals.
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Introduction
Stable and relatively nonreactive “environmentally persistent free radicals (EPFRs)” have
been recently demonstrated to form in the post-flame and cool-zone regions of combustion
systems and other thermal processes 1-3. These resonance-stabilized radicals, including
semiquinones, phenoxyls, and cyclopentadienyls, can be formed by the thermal
decomposition of molecular precursors including catechols, hydroquinones and phenols.
Association with the surfaces of fine particles imparts additional stabilization to these
radicals such that they can persist almost indefinitely in the environment 2, 4. A mechanism
of chemisorption and electron transfer from the molecular adsorbate to a redox-active
transition metal or other receptor is shown through experiment, and supported by molecular
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orbital calculations, to result in EPFR formation 2, 3, 5. Both oxygen-centered and carbon-
centered EPFRs are possible, the exact structure of which can significantly affect their
environmental and biological activity 6, 7.

An important question is whether EPFRs associated with transition metal oxide-containing
nanoparticles can red-ox cycle to generate reactive oxygen species (ROS) such as hydroxyl
radicals (.OH), superoxide anion-radicals (O2

.-), and hydrogen peroxide (H2O2) in aqueous
media? Information about formation and identification of these ROS has been reported
recently 8. A chemical spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in conjunction
with electron paramagnetic resonance (EPR) spectroscopy was employed to measure the
production of ROS in aqueous suspension of laboratory surrogates of particle-associated
EPFRs derived from 2-monochlorophenol (2-MCP) by chemisorption on Cu(II)O/silica
particles. The concentration of hydroxyl radicals was measured at ∼1 μM for a 140 minute
incubation of EPFR-containing solution 8.

Hydroxyl radical is one of the most aggressive intermediate species responsible for critical
tissue damage and oxidative stress 9-12. However, its high reactivity, and short lifetime may
result it in not being able to reach some biological targets. Furthermore, its short half life,
makes direct detection of hydroxyl radical virtually impossible; therefore, indirect detection
methods such as EPR, coupled with appropriate spin-trapping agents such as 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), has been used 13-17.

We provide here evidence of in vitro generation of hydroxyl radical by EPFRs produced
from adsorption of 2-monochlorophenol at 230 °C (2-MCP-230) on copper oxide catalyst
supported by silica nanoparticles, 5% Cu(II)O/silica (3.9% Cu) 3, 18. Our results suggest
hydroxyl radicals generated at the interface of the particle and solution remain associated
with the surface of the particle.

Experimental
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. Desferrioxamine,
(DFO, assay 92.5%+, TLS); diethylenetriaminepentacetic acid, (DETAPAC, 99%+); L-
Ascorbic acid (99%+); β-Nicotinamide Adenine Dinucleotide phosphate, (NADPH, assay, ≥
95%); sodium formate (BioUltra, ≥ 99%); sodium azide (BioXtra); 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), were all
obtained from Sigma-Aldrich. Hydrogen peroxide and Cab-O-Sil, as silica powder, were
obtained from Fluka (assay, 30%) and Cabot (EH-5, 99+%), respectively.

EPFR surrogate synthesis
5 % CuO/silica (3.9 % Cu), particles were prepared by impregnation of Cab-O-Sil powder
with 0.1 M solution of copper nitrate hemipentahydrate and calcinated at 450 °C for 12 h19.
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 pre-treat the surface. They were then
exposed to saturated vapors of 2-MCP at 230 °C using a custom-made vacuum exposure
chamber for 5 min. Once exposure was completed, the temperature of the system was cooled
to 150 °C for 1 h at 10−2 Torr. The EPR spectra were then acquired at ambient conditions to
confirm the existence of EPFRs.
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EPR Measurements
EPR spectra were recorded using a Bruker EMX-20/2.7 EPR spectrometer (X-band) with
dual cavities, modulation and microwave frequencies 100 kHz and 9.516 GHz, respectively.
Typical parameters were: sweep width of 100 G, EPR microwave power of 10 mW,
modulation amplitude of 0.8 G, time constant of 40.96 ms, and sweep time of 167.77s.
Values of the g-tensor were calculated using Bruker's WIN-EPR SimFonia 2.3 program,
which allows control of the Bruker EPR spectrometer, data-acquisition, automation routines,
tuning, and calibration programs on a Windows-based PC 20. The exact g-values for key
spectra were determined by comparison with 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
standard.

ROS Generation Studies
Both control and sample solution suspensions, containing particles without EPFRs (CuO/
Silica) and with EPFRs (EPFR/CuO/Silica), respectively, were prepared in similar manners.
1 mg/ml suspensions of the control, CuO/silica, and sample, EPFR/CuO/silica, were
prepared in water and saturated with air by bubbling for 5 min. Prior to adding DMPO, the
surrogate solutions were sonicated 5 min (Fisher Scientific, FS-20) at 40 W. 0.01M PBS 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 a freshly prepared solution of 3 M), reagents
(chelators, ascorbic acid, NADPH), and PBS to balance at 200 μl. The final composition of
the suspension in most experiments was particles (50 μg/ml), DMPO (150 mM), reagent
(200 μl).

The solutions were stored in the dark and shaken in touch mode for 30 s using a Vortex
Genie 2 (Scientific Industries). 20 μl of solution 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 placed into the EPR resonator21. The intensities of the
EPR spectra of DMPO-OH adducts were reported in arbitrary units, DI/N, (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 20. Each experiment was
performed at least twice, and the reported EPR intensities are an average of all spectra
obtained for each experiment.

Since the interaction chemistry of chelators with the surface of the model particles is
unclear, we abstained from the use of chelators such as DFO, DETAPAC, which minimize
the iron content in solution. Chelators have been reported to change drastically the reactivity
of particles by affecting the redox potential of metals22. Adsorbed EPFRs may also undergo
enhanced extraction in the presence of metal chelators, based on the metal-chelate complex
stability. The oxidizing species formed by the Fenton-type reactions can also depend on the
nature of the iron chelator23-25. Non-use of chelators in this work was also based on the fact
that 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 26, did not
significantly impact the spin trapping results.

Results and Discussion
Our model of formation of EPFRs, reduced metals, and ROS via chemisorption of molecular
precursors on metal centers is summarized in Scheme 1 8. The EPFRs formed from 2-MCP
adsorbed on CuO/Silica are o-semiquinone (2-hydroxyphenoxyl) and 2-chlorophenoxyl
(latter not shown for clarity)3. These EPFRs may red-ox cycle to generate ROS as
depicted 8. The average concentration of EPFRs on Cu(II)O/silica was ∼ 1017 spins/g and
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exhibited a singlet, structureless EPR spectrum (g=2.0042, ΔHp-p = 6.5 G). Undosed
Cu(II)O/silica particles, which did not contain EPFRs, were used as controls. To establish
the optimal conditions for generating DMPO-OH adducts, a series of experiments were
initially performed in different solvent solutions (water, dimethylsolfoxide (DMSO), and
ethanol (EtOH)) in which the concentrations of spin traps and reductants were varied.

Spin trapping by DMPO
The appearance of the EPR spectrum of DMPO-OH adducts is depicted in Figure 1A. The
time evaluation of the DMPO-OH adducts EPR intensity at different DMPO concentrations
is represented in Figure 1B. Further incubation resulted in increasing intensity of the
DMPO-OH adduct spectrum, and a prominent signal was detected at 180 minutes. A noisy
spectrum was obtained in sample solutions of EPFRs (50 μg/ml) and DMPO (150mM) in
PBS at 2 minutes of incubation. The 4 lines marked with red asterisks at 2 min incubation
correspond to the DMPO-OH adduct (hfsc αN = αH=14.95 G, literature data αN = αH=14.90
G17, 27). The other 6 lines are characteristic of a carbon centered species reported in
literature and identified as aminoxyl radical formed from the hydroxylamine impurity in
DMPO, or formed immediately as high purity DMPO is transferred in an oxygen reach
environment 28, 29. The EPR intensity of this impurity decreases slowly with time and does
not interfere with the measurements of DMPO-OH adduct generation. To provide sufficient
EPR intensity for convenient analysis, but avoid potential secondary reactions reactions
(Decomposition by light, oxidation by dissolved oxygen, reducing/oxidation, dimerization
etc 16) which may occur at high DMPO concentrations, a final DMPO solution
concentration of 150 mM was used in all further studies.

The results of non-aeration/aeration on both non-EPFR (control) and EPFR particles
solutions are presented in Figures 2 A and B. The difference in the DMPO-OH adduct
spectral intensity for the sample and control solutions (calculated from the second line at
low magnetic field of their respective 4 line spectra) increased with time, most notably at
incubation times > 150 min. This difference was larger and occurred at earlier times for the
aerated solution. The difference in the non-aerated solution was only ∼ 50 % at 1055 min for
the non-aerated solution but was ∼100 % for the aerated solution at only 220 min. These
results confirm involvement of O2 in the redox cycle generating .OH, and all further
experiments were performed with aerated samples.

Dependence of DMPO-OH adduct generation on EPFR concentration
Figure 3A depicts three sets of experimental data for the sample solutions of EPFR-
containing particles (50 μg/ml) and DMPO (150 mM) in PBS (total 200μL) with different
initial concentrations of EPFRs (spins/gram). The initial rate of hydroxyl radical generation
increased proportionally to the EPFR concentration when it was doubled from 5.56×1016

spins/gram and 1.29×1017 spins/gram. When the EPFR concentration was again
approximately doubled to 2.32×1017 spins/gram, there was no increase in the DMPO-OH
adduct concentration and the concentration actually decreased at longer incubation times.
This is probably due to radical-radical recombination at high EPFR concentrations.

The dependence of DMPO-OH adduct concentration on particle concentration in solution
(mg of particle/ml of solution) is depicted in Figure 3B. The intensity of DMPO-OH adduct
signal exhibited a maximum at a particle concentration of 0.25 mg/ml for concentrations
ranging from 0.05 to 1.0 mg/ml. For concentrations >0.25 mg/mL, the DMPO-OH
concentration decreased, again, probably due to radical-radical annihilation reactions at
higher concentrations. Consequently, very dilute suspensions of 50 μg/mL were used in all
subsequent experiments.
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Dependence of DMPO-OH adduct generation on EPFR aging
To determine the lifetimes of EPFRs in aqueous solution and their viability for hydroxyl
radical generation, a time evaluation of DMPO-OH spectral intensity was performed for
particles allowed to age in room air over a period of a week (cf. Figure 4). A stock solution
of EPFR-containing particles (50 μg/ml) and DMPO (150mM) in PBS (total 200μL) was
prepared, and fresh sample solutions were subjected to the spin trapping procedure each day.
A marked increase in the DMPO-OH adduct intensity was detected on the third day.
Concomitantly, the concentration of the EPFRs on the catalyst surface was measured. For
the latter, the solutions were subjected to agitation, decanting, and vacuum drying before the
residue solid powder was subjected EPR examination. On the first day, the sample exhibited
a singlet EPR spectrum (g=2.0042. ΔHp-p = 6.5 G) which matched well with the initial
spectra before aging. This signal remained strong through the third day, before decaying
slowly to barely detectable quantities by the seventh day. This coincided with the maximum
in hydroxyl radical generation observed on day three. Thus, the observed hydroxyl radical
formation is thought to be mediated, rather than catalyzed, and EPFRs are consumed in the
mediated process. However, as proposed in Scheme 1, a biological reducing equivalent is
necessary to complete the truly catalytic hydroxyl radical generation cycle.

Dependence of DMPO-OH adduct generation on biological reducing equivalents
The generation of hydroxyl radical in biological systems is usually enhanced by the presence
of H-donors, e.g. NADPH and ascorbates etc. 30, 31. Up to 1 mM of NADPH or ascorbic
acid was added to the solution of EPFR's (50 ug/mL) and DMPO (150 mM) in PBS (cf.
Supporting Information). The NADPH induced a small effect; while ascorbic acid
significantly increased DMPO-OH adduct formation at its lower concentrations (100 μM).
However, at higher ascorbic acid concentrations (500 μM), it acted as an effective
antioxidant by formation of a characteristic doublet line of ascorbyl radicals. To avoid
secondary reactions involving these reductants, their use was minimized in subsequent
experiments.

Radical Scavengers
Existence of free hydroxyl radicals in biological red-ox systems is usually confirmed using
solution, radical scavengers and formation of secondary radicals 32, 33. The kinetic
competition between DMPO and hydroxyl radical scavengers (ethanol, DMSO, sodium
formate, and sodium azide) is used to establish or rule out the presence of free hydroxyl
radical. Otherwise, the hydroxyl radical may be bound, or associated with a surface or other
molecular species. The effect of scavengers on radical formation were performed in the
sample solutions used previously.

Inhibition of DMP-OH adduct formation was observed with addition of 10% (v/v) EtOH at
50 min incubation time (cf. Figure 5A). Thirty minutes later the intensity was decreased by
20 % (DI/N = 20) and then slightly increased. The effect of different ethanol concentrations
on inhibition of DMP-OH adduct formation is presented in Figure 5B.

Hydroxyl radicals in the presence of DMPO and ethanol can undergo the competitive
reactions:

Rxn 1

Rxn 2
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and the new radical CH3
⋅CHOH will be trapped by DMPO via:

Rxn 3

The resulting DMPO-1-hydroxyethyl adduct exhibits a characteristic 6 line spectrum, vide
infra34, 35. If this reaction occurs, the DMPO-OH signal should decrease as the DMPO-
CH(CH3)OH signal increased. This was not observed, suggesting the reaction of ethanol and
hydroxyl radical did not occur.

DMSO is also a good scavenger of free hydroxyl radicals via reactions similar to Rxns. 1
and 2 for ethanol 34. At low concentration (2%, v/v), DMSO was a promoter of DMPO-OH
formation, while at > 10% concentration, it completely inhibited formation, (cf. Figure 6).
As in case of ethanol, no concomitant formation of the DMPO-CH3 adduct, 6-line EPR
spectrum was detected.

In an attempt to generate observable free hydroxyl radical, 20 mM of hydrogen peroxide
was added to both the EtOH- and DMSO-containing solutions36. Generation of hydroxyl
radical by H2O2 has been reported in the presence of Cu(II) ions and CuO micron-sized
catalyst particles 36, 37. The Cu(I), present in our EPFR-containing particles (Scheme 1),
should also react with the peroxide via Fenton-type reactions to produce hydroxyl radical.
The results are summarized in Figure 7 for the EPR spectra of DMPO-OH adduct (blue
line). The EPR spectra of DMPO-CH(CH3)-OH adduct (red line), marked by asterisks, was
derived from the solution of EPFRs, DMPO, and ethanol (30 %,v/v) + H2O2 (20 mM). The
observed EPR spectral parameters (hfsc: αN = 15.1 G, αH

β = 23.1G) agreed well with the
literature values (αN = 15.8 G, αH

β = 22.8G34). The EPR spectra of DMPO-CH3 adduct
(black line), marked by asterisks, was generated from a solution of EPFRs, DMPO and
DMSO (10 %,v/v) + H2O2 (20 mM). The spectral parameters (hfsc of αN = 16.8 G, αH

β =
23.8G) also agreed well with the literature (αN = 16.4 G, αH

β = 23.4G34). These results
suggest free hydroxyl radicals generated by the EPFR particle systems should have been
detected in the previously tested solutions if they were present.

Formate and sodium azide were also used in an attempt to scavenge free hydroxyl radical
via the reactions:

Rxn 4

Rxn 5

Neither the characteristic 6-line spectrum of DMPO-COO- nor the 12-line spectrum of
DMPO-N3 was detected35. These lines were generated only following addition of H2O2 (20
mM in solution) as a source of free hydroxyl radicals (data not shown).

Free versus bound hydroxyl radical
The DMPO spin trapping results indicate hydroxyl radical is being generated. However, the
failure of scavenging hydroxyl radicals to form secondary radicals in solution, suggests they
are not truly free hydroxyl radicals. Several observations support this contention.
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1. The control solutions, containing Cu(II)O/siica, generate free hydroxyl radical, as
evidenced by the scavenger results (not shown), only when hydrogen peroxide is added. The
detection of DMPO-OH adducts without the addition of hydrogen peroxide is likely due to
the Cu(II) or Fe(III) impurity, catalyzed nucleophilic addition of water to DMPO 16, 17, 38.
This has been proposed in the literature, but the issue is by no means settled 39-42. The non-
radical nucleophilic reaction of water has been proposed to be a significant pathway to the
formation of DMPO-OH radical adducts, even during a Fenton reaction 40, 41, i.e. 80-90% of
the total DMPO-OH in 17O-enriched water was due to iron-dependent nucleophilic addition
of water 41. However, the same authors also discuss a water-independent mechanism of
DMPO-OH formation 41, and how Fe or Cu ion-induced nucleophilic addition of water to
DMPO may be significantly suppressed in experiments performed in most common
buffers 40.

2. The observed DMPO-OH adducts may form due to a secondary mechanism not involving
hydroxyl radical trapping 43. DMPO-OH adduct formation has been proposed to be the
result of conversion of DMPO – superoxide adduct (DMPO-OOH)34, 43-45. However, only
3% of DMPO-OOH adduct has been reported to be converted into DMPO-OH34, and the
concentration of DMPO-OH adduct may be affected only when there is a high concentration
of superoxide radicals46. Other researchers have reported that this conversion does not
occur 47.

Another secondary mechanism might be oxidation of DMPO through it's cation radical, by
addition of water (and elimination of a proton) with ultimate formation of DMPO-OH
adduct 48. This, as well as all other possible conversions of DMPO in aqueous solution
(oxidation by dissolved oxygen, dimerization, reduction/oxidation, etc.), may occur and
every specific case must be considered. The differences we have observed in accumulation
of DMPO-OH adducts between the control and sample solutions (cf. Figure 2) and the direct
dependency of the intensity of DMPO-OH adducts on EPFR concentration per gram of
particle (cf. Figure 3A) are explained by of the activity of EPFRs. Other potential
explanations appear to apply to both the samples and controls.

3. Scheme 1 depicts how hydroxyl radicals can be generated by a surface-catalyzed, redox
cycle. Our results indicate hydroxyl radical is produced and forms adducts with DMPO, but
the concentration of free hydroxyl radical in solution is too low to be scavenged to form
secondary radicals or the rate of reaction with the secondary radicals with DMPO is too slow
to be easily detectable. The rate coefficient for reaction of hydroxyl radicals with organics
has been reported to be (2.1-5.7) × 109 M−1.s−1 for reaction 1 and 1.8 × 109 M−1.s−1 for
reaction 2 49, while the reaction coefficient for secondary .CH(CH3)OH radicals, formed by
the ethanol scavenger has been reported to be two orders of magnitude slower, viz. 4.1 × 107

M−1.s−1 for reaction 3 50. Using these rate constants it can be easily established that reaction
3 may compete with reaction 1 at a ratio of concentration of secondary to hydroxyl radicals
of ∼ 100. Thus, it appears the secondary radicals cannot compete with hydroxyl radicals to
be trapped by DMPO unless the concentration of .CH(CH3)OH is much greater than
hydroxyl radical.

To determine the minimum concentration of hydroxyl radicals that could be effectively
detected using DMPO, additional experiments using hydrogen peroxide to generate
hydroxyl radical were performed. The ability of sample solutions to generate DMPO-OH
adducts at hydrogen peroxide concentrations of 1.5, 0.3, 0.06, and 0.006 mM was
determined. The minimum concentration of hydrogen peroxide necessary to generate more
DMPO-OH adduct than the EPFR-containing particles during the first 100 minutes is
between 0.006 and 0.06 mM (cf. Figure 8 A, blue, pink and black lines). The question is
then at what minimum concentration of hydrogen peroxide, assuming the hydroxyl radicals
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are free in solution, secondary .CH(CH3)OH might be generated in detectable quantities.
Thus, the previous experiments were repeated in the presence of a large excess (1.7 M) of
ethanol scavenger. The characteristic 6 lines of the DMPO-CH(CH3)OH adduct 34, 35 were
barely detectable and were only clearly identifiable when the hydrogen peroxide
concentration was increased to 0.25mM and above (cf. Figure 8 B). At < 0.25 mM hydrogen
peroxide, the scavenging efficiency of ethanol is not high enough to form detectable
secondary radicals. Thus, a more effective spin trap for secondary radicals is needed with a
scavenging rate coefficient >4.1 × 107 M−1.s−1 50, or a more sensitive EPR method, which
can detect less than 10−6 M in solutions 51, 52, must be employed. For instance, the detection
limit of particle-generated hydroxyl radicals can be quantified at a concentration of only 50
nM by a fluorescence-based technique using 3′-(p-aminophenyl) fluorescein (APF) 53.
However, this technique may not have sufficient specificity44, 45, 53, 54. New EPR spin
trapping techniques employing heteroaryl nitrones may be useful since they have been
reported to be highly soluble in water, are less sensitive to nucleophilic attack, have long
half-lives of the spin adducts, and exhibit high selectivity 55.

Based on all these experiments, we believe hydroxyl radicals are generated by the surface-
mediated cycle in Scheme 1, with the resulting hydroxyl radicals remaining primarily on the
surface such that they cannot be readily scavenged to form secondary organic radicals. This
hypothesis is not without experimental or theoretical precedence 56-62,63. For example,
oxidizing metal sites have been proposed to form and trap hydroxyl radicals with reactivites
similar (but distinguishable) to those of free hydroxyl radical 64, 65. The surface bound
hydroxyl radicals have even been suggested of being capable of oxidizing of substrates
which are oxidized by free hydroxyl radical 56. In our theory, the combination of the
surface-bound hydroxyl radical and the reduced metal in the immediate vicinity are
responsible for this enhanced activity of the particles.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Evaluation of EPR spectra of DMPO-OH adducts as a function of incubation time for a
solution of EPFRs (50 (μg/ml)), DMPO (150 mM) in PBS. B. Time dependence of EPR
spectral intensity of DMPO-OH adducts as a function of DPMO concentration in solution.
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Figure 2.
A. The time evolution of the EPR signal intensity of DMPO-OH for the non-aerated control
(red) and sample (black) solutions. B. The time evaluation of the EPR signal intensity of
DMPO-OH for the aerated control (red) and sample (black) solutions. The green line
represents the time evaluation of the EPR signal intensity of DMPO-OH for pure DMPO
(150 mM) in 200 μL PBS solution and indicates no statistical increase in DMPO-OH
concentration.
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Figure 3.
EPR spectral intensity of DMPO-OH as a function of EPFR concentration (spins/g) and
incubation time. A. The initial EPFR concentration on the particles was parametrically
varied (radicals/g of particle). B. The initial particle concentration in solution was varied
(mg of particle/ml).
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Figure 4.
EPR spectral intensity of DMPO-OH adducts as a function of incubation time for solution
allowed to age over 1 to 7 days while exposed to air.
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Figure 5.
A. The inhibitory effect of EtOH 10% (v/v) on DMPO-OH EPR signal intensity (DI / N)
added after 50 minutes incubation for a sample solution of EPFRs (50 ug/ml) + DMPO (150
mM) + PBS. B. Time dependence of DMPO-OH adduct intensity as a function of ethanol
concentration (percent, v/v).
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Figure 6.
Time evaluation of DMPO-OH adduct intensity (DI/N) as a function of DMSO
concentration (percent, v/v) in water solution (EPFRs (50ug/ml) and DMPO (150 mM) in
PBS).
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Figure 7.
EPR spectra of spin adducts generated in different solutions. 1. DMPO-OH in solution of
EPFRs (50 μg/ml) and DMPO(150 mM) in PBS + H2O2 (20 mM). 2. Mixture of DMPO-OH
and DMPO-CH(CH3)OH in solution of EPFRs (50 μg/ml), DMPO (150 mM), and EtOH
(30% v/) in PBS + H2O2 (20 mM). 3. Mixture of DMPO-OH and DMPO-CH3 in a solution
of EPFRs (50 μg/ml), DMPO(150 mM), and DMSO (10% v/v) in PBS + H2O2 (20 mM).
The background DMPO-OH EPR signal after 5 min without addition of H2O2 was
extremely weak (data not shown).
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Figure 8.
A. Time evaluation of DMPO-OH EPR spectral intensity (DI / N) as a function of hydrogen
peroxide concentration in a sample solution of EPFRs (50μg/ml) and DMPO (150 mM) in
PBS. B. The minimum amount of hydrogen peroxide (0.25 mM) at which hydroxyl radical
is scavenged by 1.7 M ethanol to result in a detectable 6-line spectrum of DMPO-
CH(CH3)OH adduct (marked with asterisks).
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Scheme 1.
Hypothesized red-ox cycle of EPFRs (2-hydrpxyphenoxyl) originating from 2-MCP
molecule adsorbed on Cu(II) domain in biological system 8.
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