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ABSTRACT: Unraveling the causes underlying polycyclic aromatic
hydrocarbon phototoxicity is an essential step in understanding the
harmful effects of these compounds in nature. Toward this end, we have
studied the DNA interactions and photochemistry of N1-(anthracen-9-
ylmethyl)ethane-1,2-diaminium dichloride in the presence and absence of
NaF, KF, NaCl, KCl, NaBr, KBr, NaI, and KI (350 nm hν, pH 7.0).
Exposing pUC19 plasmid to UV light in solutions containing 400 mM KCl
formed significantly more direct strand breaks in DNA compared to no-salt
control reactions. In contrast, NaCl increased DNA damage moderately,
while the sodium(I) and potassium(I) fluoride, bromide, and iodide salts
generally inhibited cleavage (I− > Br− > F−). A halide anion-induced heavy-
atom effect was indicated by monitoring anthracene photodegradation and
by employing the hydroxyl radical (•OH) probe hydroxyphenyl fluorescein
(HPF). These studies revealed that among no-salt controls and the eight halide salts, only NaCl and KCl enabled the anthracene to
photosensitize the production of high levels of DNA-damaging reactive oxygen species (ROS). Pre-irradiation of N1-(anthracen-9-
ylmethyl)ethane-1,2-diaminium dichloride at 350 nm increased the amounts of chloride salt-induced •OH detected by HPF in
subsequent anthracene photoactivation experiments. Taking into consideration that •OH and other highly reactive ROS are
extremely short-lived, this result suggests that the pre-irradiation step might lead to the formation of oxidized anthracene
photoproducts that are exceedingly redox-active. The fluorometric probes HPF and Singlet Oxygen Sensor Green revealed that KCl
concentrations ranging from 150 to 400 mM and from 100 to 400 mM, respectively, enhanced N1-(anthracen-9-ylmethyl)ethane-
1,2-diaminium dichloride photosensitized •OH and singlet oxygen (1O2) production over no-salt controls. Considering the relatively
high levels of Na+, K+, and Cl− ions that exist in the environment and in living organisms, our findings may be relevant to the
phototoxic effects exhibited by anthracenes and other polycyclic hydrocarbons in vivo.

1. INTRODUCTION
Anthracenes, anthraquinones, and other polycyclic aromatic
hydrocarbons (PAHs) are notorious environmental pollutants
that are mainly generated due to the incomplete combustion of
fossil fuels. Despite human actions being a major source, a
significant amount of these compounds is released into the
environment by volcanoes, oil and coal seepage from their
deposits, wildfires, etc.1,2 Humans are continually being
exposed to anthracenes and other PAHs through different
routes. Aside from inhaling PAHs from ambient air and
smoking tobacco, PAHs are also present in trace amounts in
certain foods as a result of smoking and other forms of
processing.2,3 A number of PAHs, including anthracene,
damage and/or alter DNA and thereby exhibit carcinogenic
and/or mutagenic effects in humans.2,4,5 The formation of
DNA complexes is the primary mechanism of carcinogenesis
induced by many PAHs.2 In addition to humans, PAHs are
highly toxic to living organisms present in soil and aquatic
environments. Rain deposits these compounds into the

ground, where they find their way into bodies of water and
cause harm.

By virtue of their extensively conjugated, aromatic ring
systems, many PAHs are robust chromophores that can
become more toxic upon exposure to UV irradiation. A main
mechanism of phototoxicity is through the generation of
reactive oxygen species (ROS) via photodynamic pathways,
which are dependent upon the simultaneous exposure of the
PAH to ground-state triplet oxygen molecules (3O2) and UV
light. Upon light absorption, the PAHs become elevated in
energy to a reactive singlet excited state, and then after
intersystem crossing to a longer-lived triplet state, transfer
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energy or electrons to 3O2 to form the reactive oxygen species.6

For example, a powerful ROS generated within cells is singlet
oxygen (1O2) through Type II energy transfer. A second
strongly oxidizing ROS, the hydroxyl radical (•OH), is
produced via a Type I pathway in which the PAH excited
state transfers an electron to 3O2 either directly or after being
converted to an excited state anion radical by an intermediate
electron donor. The superoxide anion radical (O2

•−) thus
formed then gives rise to hydroxyl radicals through Fenton
chemistry.7 Both singlet oxygen and hydroxyl radicals are
short-lived and highly reactive, capable of oxidizing nearby
lipid, nucleic acid, and protein molecules to create cellular and
tissue damage that leads to phototoxic injury,8 which emerges
as acute toxicity, genotoxicity, or both.9

The PAH anthracene is a ubiquitous polycyclic aromatic
hydrocarbon consisting of three fused benzene rings (Figure
S1 in the Supporting Information). It is known to induce
phototoxicity in various aquatic organisms from marine
bacteria10 to zooplankton and algae,11,12 different types of
fish,13−15 fresh water and brine shrimp,9,16 clam larvae,15,17 and
the dragonfly.18 It has also been shown that photoinduced
toxicity by anthracene can inhibit leaf formation by the
duckweed Lemna gibba19,20 and interfere with photosynthesis
in plants.21 Upon irradiation with UV light, anthracene can
cause toxicity not only by photosensitizing ROS production
but also by reacting with the ROS to form toxic anthracene
photomodification products.14,21

Anthraquinones, a major photomodification product of
anthracenes, are themselves able to cause significant photo-
toxicity by generating ROS upon UV irradiation.21 A number
of anthraquinone derivatives are classified as Group 2A
compounds by the International Agency for Research on
Cancer (IARC) as probable carcinogens in humans. Interest-
ingly, several plant-derived natural products present in
commercially available dietary supplements and cosmetics
have anthraquinone structures (Figure S1 in the Supporting
Information).22−24 For instance, the anthraquinone derivative
hypericin is a natural constituent in herbal antidepressant
supplements containing St. John’s wort. Hypericin photo-
sensitization generates both singlet oxygen and hydroxyl
radicals22 and causes skin irritation when patients taking St.
John’s wort are exposed to sunlight.25 Hypericin has also been
reported to effect extensive phototoxic damage to the human
lens and retina.26 Aloe-emodin, a trihydroxyanthraquinone, is
present in the Aloe-vera plant (Figure S1 in the Supporting
Information). It is also found in other plants, including leaves
of senna (Cassia angustifolia) and the rhizome of rhubarb
(Rheum rhaponticum) that are sold as over-the-counter
laxatives.23 Upon exposure to UVA, Aloe-emodin causes lipid
peroxidation and DNA and RNA damage in vitro, mostly
through the generation of singlet oxygen and hydroxyl
radicals.27 When Vath and co-workers employed UVA light
to irradiate human skin fibroblast cells cultured in the presence
and absence of Aloe-emodin, cell survival was reduced by ∼100
and 0%, respectively (fluence = 5 J/cm2).28 Aloe-emodin can
also cause melanoma in mice exposed to UVB light.29

In previous papers, we have explored the effects of high-
ionic-strength conditions that approximate those that exist in
the cell nucleus on oxidative DNA damaged photosensitized by
9-aminomethylanthracene chromophores such as N1-(anthra-
cen-9-ylmethyl)ethane-1,2-diaminium dichloride (2 in Scheme
1).30,31 The redox-inactive cations Na+ and K+, respectively,
exist in ∼150 and ∼260 mM concentrations in this

organelle,32−34 where they assist in neutralizing the negatively
charged oxygen atoms located in opposing strands of double-
helical genomic DNA.35 Thanks to their positive charge and
their hydrophobic, aromatic natures, the N-substituted
anthracene derivatives studied in our laboratory were found
to interact avidly with nucleic acids and cause extensive
photooxidative damage to the DNA under low-ionic-strength
conditions. Upon introducing a final concentration of 150 mM
NaCl combined with 260 mM KCl into the aqueous solutions
containing plasmid DNA and micromolar concentrations of
these chromophores, we fully expected that the Na+ and K+

would reduce 9-aminomethylanthracene-photosensitized DNA
damage by effectively competing with the positively charged
anthracenes for DNA binding sites. To our surprise, levels of
ROS production and concomitant DNA photocleavage were
instead enhanced by the high-ionic-strength conditions (350
nm, pH 7.0).30,31 Moreover, the phototoxicity of 9-amino-
methylanthracene chromophores against Escherichia coli was
increased by the 150 mM NaCl and 260 mM KCl salt
combination.30

To gain a better understanding of the mechanisms
underlying the unanticipated phenomenon of redox-inactive
chloride salts contributing to photooxidative DNA damage, in
the current study, we have examined ROS generated by N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2
when NaCl and KCl are present individually rather than in
combination. We have also compared the effects of NaCl and
KCl to those of individual sodium(I) and potassium(I)
fluoride, bromide, and iodide salts. Taking into consideration
the high concentrations of Na+, K+, and Cl− ions in living
cells32−34,36−39 and in aquatic environments,40 our findings
may be relevant to the phototoxic effects exhibited by certain
PAHs under physiological conditions.

2. MATERIALS AND METHODS
2.1. General. Deionized water was used in the preparation of all

solutions. The purity of the halide salts NaF, KF, NaBr, KBr, NaI, and
KI was ≥99.99% (Sigma-Aldrich), while NaCl and KCl were trace-
metal basis grade (≥99.999% purity; Sigma-Aldrich). Calf thymus
DNA (CT DNA; 10 mg/mL, average size ≤ 2000 bp; Cat #
15633019), NBT (nitro blue tetrazolium chloride), Singlet Oxygen
Sensor Green (SOSG; Cat # S36002), Tiron (disodium 4,5-
dihydroxy-1,3-benzenedisulfonate), and deferoxamine mesylate were
from ThermoFisher Scientific. Hydroxyphenyl fluorescein (HPF; 5
mM in DMF) was purchased from Sigma-Aldrich and was used
undiluted. Other reagents obtained from Sigma-Aldrich included
deuterium oxide, sodium benzoate (99%), ethidium bromide, bovine
liver catalase, and 9-(methylaminomethyl)anthracene. The pUC19
plasmid was cloned in E. coli DH5α competent cells from
ThermoFisher Scientific41 and was then isolated and purified using
a Qiagen Maxi Kit. DNA concentration and purity were determined
by UV−visible spectrophotometry. The known compound N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2 was syn-
thesized and characterized as reported in our previous publication
(Scheme 1).30 For long-term storage, 10−15 mM stock solutions of 2

Scheme 1. Synthesis of N1-(Anthracen-9-ylmethyl)ethane-
1,2-diaminium Dichloride 230
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were prepared in dimethyl sulfoxide (DMSO) and kept at −20 °C.
From the initial DMSO stock solutions, further anthracene dilutions
were made immediately before use, first in pure methanol and from
the methanol stock solution, in ddH2O. This was done in order to
minimize the final concentration of ROS-scavenging DMSO in
anthracene reactions.
2.2. UV−Visible Spectroscopy. For stability studies, samples

containing 50 μM N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2 and 10 mM sodium phosphate buffer pH 7.0 were
prepared in the presence and absence of 400 mM NaF, KF, NaCl,
KCl, NaBr, KBr, NaI, and KI. The aqueous samples were then
monitored by UV−vis spectroscopy over 1 h to ensure that
absorbance did not change over time. For anthracene-DNA
interactions experiments, to samples containing 50 μM dye and 400
mM halide salt in 10 mM sodium phosphate buffer pH 7.0, a final
concentration of 200 μM bp of CT DNA was added. In order to study
the photoinduced degradation of the 9-aminomethylanthracene,
solutions containing 50 μM 2 and 10 mM sodium phosphate buffer
pH 7.0 in the presence and absence of 400 mM of halide salt were
irradiated at time intervals up to 180 s and 5 min inside a ventilated
Rayonet photochemical reactor fitted with 8 RPR-3500 Å, 24 W
lamps (spectral output ∼310 to 410 nm; The Southern New England
Ultraviolet Co.). Absorbance spectra were recorded immediately after
irradiation.
2.3. Photocleavage of pUC19 DNA. Photocleavage reactions

contained 38 μM bp of pUC19 plasmid, 1−10 μM anthracene, and
50−400 mM of a halide salt (NaF, KF, KCl, KCl, NaBr, KBr, NaI, or
KI). The samples were prepared in clear microcentrifuge tubes in a
total volume of 30 μL, placed in the dark at 25 °C for 1 h to
equilibrate, and then irradiated for 1 h inside the ventilated Rayonet
photochemical reactor fitted with 8 RPR-3500 Å, 24 W lamps. At the
conclusion of reactions, 3 μL of 6X loading buffer (15.0% (w/v)
Ficoll, 0.025% (w/v) bromophenol blue) were added to each of the
samples, which were then loaded onto 1.5% nondenaturing agarose
gels stained with ethidium bromide (0.5 μg/mL, final concentration).
Electrophoresis was done in a Bio-Rad Mini-Sub chamber at 110 V
for 1 h. Upon completion, gels were visualized using 302 nm UV light
and photographed with a PhotoDoc-It Imaging System (Upland, CA).
The pictures taken from gels were quantitated using ImageJ software
(National Institutes of Health). Due to the decreased binding affinity
of ethidium bromide to the supercoiled versus nicked and linear
plasmid forms, the integrated data obtained for supercoiled DNA
were multiplied by a correction factor of 1.22.31 The percent of DNA
cleavage was calculated using the formula: % Cleavage = [(Linear +
Nicked DNA)/(Linear + Nicked + Supercoiled DNA)] × 100.
2.4. Anthracene and HPF Fluorescence Measurements.

Spectroscopic samples consisted of 1 μM anthracene dye 2 or 0.5
μM anthraquinone-2-sulfonate in 10 mM sodium phosphate buffer
pH 7.0 with and without 100, 140, 150, and/or 400 mM of a halide
salt (either NaF, KF, NaCl, KCl, NaBr, KBr, NaI, or KI). In hydroxyl
radical detection experiments, a final concentration of 3 μM of the
hydroxyphenyl fluorescein (HPF) probe was added to reactions. The
HPF fluorescence samples were transferred to 10 mm × 10 mm
quartz cuvettes with four clear sides (2.5 mL total volume each) and
were then irradiated for 60, 120, or 420 s at 350 nm inside the
Rayonet photochemical reactor. Emission spectra were then recorded.
The excitation and emission slit widths were both 4.5 nm. Gain was
set at medium. The scan rate was 200 nm/min, and the excitation
wavelength was 490 nm for HPF and 366 nm for 2.

For pre-irradiation experiments, 50 μM stock solutions of 2 in 10
mM sodium phosphate buffer pH 7.0 were transferred to the quartz
cuvettes and then pre-irradiated for 0, 60, or 90 s inside the Rayonet
photochemical reactor fitted with 8 RPR-3500 Å, 24 W lamps (2.5
mL total volume). Samples containing 1 μM of the pre-irradiated
anthracene, 3 μM of the HPF probe, and 10 mM sodium phosphate
buffer pH 7.0 were then prepared in the presence and absence of 400
mM KCl (2.5 mL total volume) and irradiated in the cuvettes with
the 350 nm UV lamps for 0, 30, 60, or 90 s. HPF emission spectra
were then recorded as just described. The area under each HPF curve
was measured from 500 to 650 nm and plotted against irradiation

time to compare ROS generation by pre-irradiated vs non-pre-
irradiated N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride
2.
2.5. Singlet Oxygen Detection Using SOSG. A 5 mM solution

of SOSG was prepared in methanol on the day of use, stored at −20
°C until the start of an experiment, then discarded after 24 h.
Reactions containing 10 mM sodium phosphate buffer pH 7.0, 1 μM
anthracene 2, and 1 μM SOSG in the presence and absence of 100,
140, 150, and 400 mM KCl were prepared (2.5 mL total volume).
The samples were kept in the dark or were transferred to 10 mm × 10
mm quartz cuvettes with four clear sides (2.5 mL total volume each)
and then irradiated for 30 min at 22 °C in a ventilated Rayonet
photochemical reactor equipped with six RPR-3500 Å lamps.
Fluorescence emission spectra were immediately recorded from 510
to 650 nm with a PerkinElmer LS55 spectrofluorometer (λex = 500
nm). The excitation and emission slit widths were both 4.5 nm. Gain
was set at medium. The scan rate was 200 nm/min.
2.6. Superoxide Anion Radical Detection Using NBT. The

production of anthracene 2 photosensitized superoxide anion radicals
was measured with a nitro blue tetrazolium (NBT) assay in which
superoxide reduces NBT to the dark blue chromophore formazan.42

Solutions containing 10 mM sodium phosphate buffer pH 7.0, 50 μM
2, and 16 μM NBT in the absence and presence of 100, 140, and 150
mM KCl (450 μL total volume) were either kept in the dark or
transferred to 500 mL quartz cuvettes, and then irradiated for 5 min in
the ventilated Rayonet Photochemical Reactor equipped with six
RPR-3500 Å lamps. A Shimadzu UV−visible spectrophotometer was
then used to measure the absorption spectrum of each sample.
2.7. Effects of Chemical Additives on ROS Production.

Reactions containing 10 mM sodium phosphate buffer pH 7.0 and an
ROS-detecting colorimetric or fluorometric probe, either 3 μM HPF,
16 μM NBT, or 1 μM SOSG, were irradiated for 0, 5 (NBT), or 7
min (HPF, SOSG) at 350 nm in the presence and absence of 1 μM 2
(HPF, SOSG) or 50 μM 2 (NBT), 400 mM KCl, and a chemical
additive, either 100 mM sodium benzoate, 5 mM deferoxamine
mesylate, 1 mM disodium 4,5-dihydroxy-1,3-benzenedisulfonate
(Tiron), or 90% (v/v) D2O. Absorption and emission spectra were
then recorded as just described.
2.8. Effects of Chemical Additives on DNA Photocleavage.

Sample reactions containing 2.5 or 10 μM anthracene 2, 38 μM bp of
pUC19 plasmid DNA, 10 mM sodium phosphate buffer pH 7.0, and a
chemical additive (a final concentration of either 100 mM sodium
benzoate, 100 mM ethylenediaminetetraacetate (EDTA), 10 mM
Tiron, 100 U/μL of catalase, or 72% (v/v) D2O) in the presence and
absence of 400 mM KCl were prepared. In a set of parallel controls,
the chemical additives were replaced by equivalent volumes of
ddH2O. All samples were preequilibrated in the dark for 1 h at 22 °C
and then irradiated for 60 min using a ventilated Rayonet
photochemical reactor fitted with six RPR-3500 Å lamps. After the
irradiation period, the DNA reactions were electrophoresed on
nondenaturing agarose gels, visualized, and quantitated as described in
Section 2.3. The percent change in DNA photocleavage caused by
each additive was then calculated using the formula: % Change in
Cleavage = [(% Total of Linear and Nicked DNAwith additive − % Total
of Linear and Nicked DNAwithout additive)/(% Total of Linear and
Nicked DNAwithout additive)] × 100.
2.9. Electrospray Ionization Mass Spectrometry (ESI-MS).

ESI-MS analyses were performed on a Waters Xevo G2-XS Mass
Spectrometer (Waters Corporate, Milford, MA) equipped with an
electrospray ionization source in positive ion mode. Test samples
consisting of 10 mM ammonium formate buffer pH 7.0 and 1 mM N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2 in the
presence and absence of 150 mM KCl were irradiated at 350 nm
for either 0, 2, 5, or 60 min. The original samples were each combined
with a standard solution containing 1 mM acridine and 10 mM
ammonium formate buffer pH 7.0 at a ratio of one-to-one and then
diluted 100 × with 10 mM of the same buffer. Each sample (5 μL)
was then introduced into the ion source through an autosampler with
a 200 μL/min flow rate. The instrument operation parameters were
optimized as follows: capillary voltage of 1000 V, sample cone voltage
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of 20 V, desolvation temperature of 350 °C, and a source temperature
of 120 °C. Nitrogen was used as cone gas and desolvation gas at
pressures of 25 and 800 L/h, respectively. The spectra were acquired
through a full scan analysis by Dr. Siming Wang of the Mass
Spectrometry Facility at the Georgia State University Department of
Chemistry. MassLynx 4.2 software was used for data acquisition and
processing.

3. RESULTS AND DISCUSSION
3.1. Anthracene-Photosensitized ROS. In previously

published work,30 we described the synthesis of N1-(anthracen-
9-ylmethyl)ethane-1,2-diaminium dichloride (2) (Scheme 1).
Using the fluorometric, hydroxyl radical probe hydroxyphenyl
fluorescein (HPF) and ROS scavengers such as sodium
benzoate, we then demonstrated that this chromophore
photosensitized the production of high levels of DNA-
damaging hydroxyl radicals in the presence of 150 mM NaCl
in combination with 260 mM KCl, salts which we used to
approximate Na+ and K+ concentrations typical of those found
in the cell nucleus.32−34

In our first experiments in the present study, we have
accessed contributions from individual sodium(I) and
potassium(I) fluoride, chloride, bromide, and iodide salts on
the formation of anthracene 2- photosensitized DNA direct
strand breaks. Toward this end, reactions containing 3 μM 2,
38 μM bp of pUC19 plasmid DNA, 10 mM sodium phosphate
buffer pH 7.0, and 410 mM of a halide salt, either NaF, KF,
NaCl, KCl, NaBr, KBr, NaI, or KI were irradiated at 350 nm
for 60 min in a ventilated Rayonet photochemical reactor.
DNA reaction products were then resolved and visualized on
nondenaturing agarose gels. The data in Figure 1 show the
resulting anthracene-sensitized photoconversion of uncut
supercoiled plasmid to nicked and linear DNA forms. In this
figure, a typical gel is placed above a histogram that illustrates
the averaged percent of nicked + linear DNA in photocleavage
reactions run over three gel trials. A robust DNA direct strand
break enhancement effect is observed for KCl and for NaCl,
albeit to a lesser extent (Lanes 4 and 3 in Figure 1A compared
to the no-salt control in Lane 9). In contrast, the sodium(I)
and potassium(I) bromide and iodide salts are shown to
strongly reduce cleavage yields, while weak inhibition is
exhibited in the case of NaF. Overall, the data in Figure 1
demonstrate that N1-(anthracen-9-ylmethyl)ethane-1,2-diami-
nium dichloride 2 photosensitizes DNA direct strand breaks in
the order: KCl ≫ NaCl ≥ no-salt ≈ KF > NaF ≫> NaBr ≈
KBr > NaI > KI. The agarose gel in Figure 1A reveals that KCl
is the only salt capable of promoting significant cleavage of
nicked plasmid into the linear DNA form. It is important to
take note that the DNA photocleavage yields reported in
Figure 1B and elsewhere in this paper do not distinguish
between nicked, linear, and low-molecular-weight fragmented
plasmid forms. In this regard, the yields can underestimate the
effects of KCl on the magnitude of DNA cleavage (e.g., Figure
2B, Lanes 8 to 11).

In our next experiment, we monitored the formation of N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2
photosensitized direct strand breaks as a function of increasing
ionic strength, from 50 mM up to 400 mM for each of the
eight halide salts (Figures 2 and 3). At low KCl concentrations,
DNA photocleavage levels were slightly inhibited (Lanes 4 and
5 in Figure 2B) compared to the no-salt control reaction in
Lane 2. However, KCl then generated very pronounced
cleavage enhancements starting at 150 mM of salt up to 400

mM (Lanes 6 through 11), with DNA being heavily degraded
into diffuse bands of low-molecular-weight fragments at 350
and 400 mM KCl (Lanes 10 and 11 in Figure 2B). In contrast,

Figure 1. (A) Photograph of a representative 1.5% nondenaturing
agarose gel showing photocleavage of 38 μM bp pUC19 plasmid
DNA in the presence of 3 μM N1-(anthracen-9-ylmethyl)ethane-1,2-
diaminium dichloride 2 without and with 410 mM of halide salt (10
mM sodium phosphate buffer pH 7.0). The samples in Lanes 1 to 10
were irradiated for 60 min in a ventilated Rayonet photochemical
reactor fitted with 8 RPR-3500 Å, 24 W lamps. Abbreviations: L =
linear; N = nicked; S = supercoiled. (B) Percentage of cleaved pUC19
(linear DNA + nicked DNA) in the photocleavage reactions averaged
over 3 trials. Error bars represent standard deviation.

Figure 2. Photographs of 1.5% nondenaturing agarose gels showing
photocleavage of pUC19 plasmid DNA in the presence of 5 μM N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2 and con-
centrations of (A) NaCl and (B) KCl ranging from 0 to 400 mM.
Samples contained 10 mM sodium phosphate buffer pH 7.0 and 38
μM bp DNA. The reactions in Lanes 1 to 11 were irradiated at 350
nm for 60 min in a ventilated Rayonet photochemical reactor fitted
with 8 RPR-3500 Å, 24 W lamps. In Lanes 10 and 11 of (B), the
plasmid was photodegraded into a diffuse band of low-molecular-
weight DNA fragments.30 ,31 Percent cleavage yields reflect linear,
nicked, and fragmented DNA. Abbreviations: L = linear; N = nicked;
S = supercoiled.
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NaCl concentrations above 300 mM caused moderate
increases in cleavage, while 50 to 200 mM of salt resulted in
inhibition (Figure 2A). In the case of NaF, KF, NaBr, KBr,
NaI, and KI, the overall net effect produced by adding more
salt was to incrementally reduce DNA cleavage yields relative
to the Lane 2 no-salt controls, although one or more outlying
data points were observed in each of the salt series (Figure 3).
Extremely low levels of cleaved DNA were seen when solutions
containing 400 mM of the salt and anthracene 2 were kept in
the dark (Figure S2 in the Supporting Information).

Upon reaction with ROS, the hydroxyphenyl unit of
hydroxyphenyl fluorescein (HPF) is released, and the
remaining fluorescein moiety shows increased fluorescence at
512 nm.43 HPF primarily detects hydroxyl radicals (•OH) and
is significantly less reactive toward other ROS, sensing •OH,

superoxide anions radicals (O2
•−), singlet oxygen (1O2), and

hydrogen peroxide (H2O2) at ratios of 730:8:5:2 (sodium
phosphate buffer pH 7.4).44 When we previously irradiated
anthracene 2 in D2O, a solvent that increases the lifetime of
singlet oxygen approximately 10-fold,45 fluorescence emission
was slightly decreased relative to parallel H2O controls,30

suggesting that HPF would be a good probe to confirm •OH
production in our current experiments (Figures 1−3). Toward
this end, anthracene 2 and HPF were irradiated at 350 nm for
120 s in the presence of 400 mM of each halide salt (22 °C,
pH 7.0; Figure 4). Since nucleic acids react avidly with
hydroxyl radicals, we considered the DNA to be a scavenging
agent and omitted it from the reactions. As expected, irradiated
control samples containing the HPF and the individual halide
salts in the absence of anthracene did not generate a significant
increase in the HPF signal at 512 nm (Figure S3 in the
Supporting Information). In contrast, the fluorometric data
obtained in the presence of N1-(anthracen-9-ylmethyl)ethane-
1,2-diaminium dichloride 2 showed very high HPF fluo-
rescence signals for KCl as well as NaCl, and much weaker
emission in the case of the remaining 6 halide salts: KCl ≈
NaCl ≫≫ no-salt ≈ KF ≈ NaF > NaBr ≈ KBr > NaI ≈ KI
(Figure 4B). With KCl as a notable exception, the relative
levels of ROS detected by HPF were in general agreement with
DNA photocleavage yields (Figure 1: KCl ≫ NaCl ≥ no-salt ≈
KF > NaF ≫> NaBr ≈ KBr > NaI > KI).

To aid in the interpretation of the HPF data in Figure 4,
absorption spectra of N1-(anthracen-9-ylmethyl)ethane-1,2-
diaminium dichloride 2 were recorded in the presence of
400 mM of each of the eight halide salts (10 mM sodium
phosphate buffer pH 7.0, no DNA). Figure S4 shows that
anthracene 2 absorbs similar amounts of light and is stable over
the course of an hour, irrespective of which salt is present.
Thus, major changes in anthracene absorption were likely not
to be a major factor influencing the differential ROS levels
observed in the HPF experiments shown in Figure 4.

Upon absorption of a photon of light, polycyclic aromatic
hydrocarbons become oxidized by the ROS that they generate
upon reaction of the PAHs’ triplet states with ground-state
triplet oxygen, both singlet oxygen from energy transfer and
hydroxyl radicals produced via electron transfer.14,21,46,47 This
process, called photodegradation, generally alters PAH
absorption. Interestingly, increasing the concentration of
NaCl in estuarine waters has been shown to enhance the
photodegradation rates of various PAHs (e.g., carbamazepine,
phenanthrene, benzo(a)pyrene, and benzo(e)pyrene) by
enriching the production of PAH-photosensitized radical
species.47,48 To confirm the ROS trends suggested by our
preceding DNA photocleavage and HPF experiments (Figures
2−4), we accordingly monitored anthracene photodegradation
(a.k.a., photomodification) by recording absorption spectra of
2 after irradiation with a 350 nm UV light source for 30 s time
intervals up to 180 s (no DNA; Figure S5). The absorbance of
2 at 350 nm was then plotted as a function of irradiation time
(Figure 5). In good general agreement with the HPF assay in
Figure 4, the photobleaching experiments suggested that the
highest levels of ROS were formed when either 400 mM
sodium or potassium chloride was present. Photoinduced
degradation of the anthracene was observed with sodium and
potassium chloride followed by fluoride salts, no-salt
conditions, and bromide salts: KCl ≈ NaCl ≫> NaF ≈ KF
> no-salt > KBr ≈ NaBr. Iodide salt data could not be
interpreted because, upon irradiation, sample turbidity

Figure 3. Photographs of 1.5% nondenaturing agarose gels showing
photocleavage of pUC19 plasmid DNA in the presence and absence
of 5 μM N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2
and 0 to 400 mM of (A) NaF, (B) KF, (C) NaBr, (D) KBr, (E) NaI,
and (F) KI. Samples contained 10 mM sodium phosphate buffer pH
7.0 and 38 μM bp DNA. The reactions in Lanes 1 to 11 were
irradiated at 350 nm for 60 min. Percent cleavage yields reflect linear
and nicked DNA. Abbreviations: L = linear; N = nicked; S =
supercoiled.
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distorted absorption measurements (Figure S5). Also, in
agreement with the HPF data in Figure 4, the photobleaching
experiments demonstrated that the ability of NaCl and KCl to
enhance anthracene-photosensitized ROS production is

independent of DNA. Thus, it is not necessary for DNA to
serve as an anthracene triplet state electron donor for effective
salt-dependent ROS photosensitization.

In order to confirm the involvement of reactive oxygen
species in anthracene 2 photodegradation, we employed 5-
diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPM-
PO), a spin trap that forms adducts with a number of
oxygen-centered radicals, including hydroxyl radicals and their
superoxide anion radical precursors.49 Solutions composed of
the anthracene in the presence and absence of 400 mM KCl
and DEPMPO were irradiated at 350 nm for 0 and 5 min and
then analyzed by UV−visible spectrophotometry. The spectra
in Figure 6 show that KCl markedly enhances anthracene
photodegradation, which is associated with a reduction in
absorption of the vibrational bands of 2 accompanied by
increased hypsochromic absorption between ∼ 280 and ∼320
nm. The addition of the DEPMPO spin trap to the no-salt and
KCl reactions attenuates these UV-induced absorption
changes, suggesting that ROS photosensitized by anthracene
2 contribute to photodegradation.

In our DNA photocleavage experiments, KCl and NaCl were
the only two among eight halide salts to enhance levels of N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2-sen-
sitized DNA direct strand breaks over no-salt controls (Figures
1−3). Cleavage yields were highest in the presence of 400 mM
of the chloride salts, followed by their fluoride, bromide, and
iodide counterparts (Figures 1 and 2). In the HPF and
photodegradation assays, which were conducted in the absence
of DNA, the halide salts KCl and NaCl were also associated
with much higher levels of anthracene-photosensitized ROS
production (Figures 4 and 5). Rather than KCl being superior

Figure 4. Representative, normalized HPF emission spectra of runs in
the (A) presence and (B) absence of 400 mM NaF, KF, NaCl, KCl,
NaBr, KBr, NaI, or KI (no DNA). The samples, which consisted of 1
μM N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2, 3
μM HPF, and 10 mM sodium phosphate buffer pH 7.0, were
irradiated for 120 s in a ventilated Rayonet photochemical reactor
fitted with 8 RPR-3500 Å, 24 W lamps. HPF emission spectra were
then recorded from 500 to 650 nm at an excitation wavelength of 490
nm. (C) Normalized fluorescence emission at 511.5 nm from
individual runs averaged over two to three trials. Error bars represent
standard deviation.

Figure 5. Photobleaching experiments in which averaged, normalized
anthracene absorption at 366 nm is plotted as a function of irradiation
time. Samples containing 50 μM 2 in the presence and absence of 400
mM of individual halide salts (10 mM sodium phosphate buffer pH
7.0) were irradiated in a ventilated Rayonet photochemical reactor
fitted with 8 RPR-3500 Å, 24 W lamps. The averaged data were
obtained from normalized absorption spectra recorded over three
trials. Error bars represent standard deviation.
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to NaCl, as was the case in DNA photocleavage (Figures 1 and
2), the amounts of reactive oxygen species generated in the
presence of the two chloride salts were equivalent within
experimental error (Figures 4 and 5). Notwithstanding, when
taken together, the DNA photocleavage, HPF, and photo-
degradation data show that chloride anions play a major role in
influencing N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2-sensitized ROS production.
3.2. Heavy-Atom Effect. The primary mechanism of

photoinduced toxicity and ROS generation by PAHs is
through the excited triplet state transfer of electrons (Type
I) or energy (Type II) to ground-state triplet oxygen.6 EPR
analyses of triplet anthracene in frozen aqueous micellar
solutions have estimated the triplet state lifetimes and yields of
anthracene in the presence of halogenated micelles. As triplet
lifetimes decreased in the order 37.5 ms (F) > 34.2 ms (Cl) >
20.4 ms (Br) > 8.1 ms (I), triplet state yields increased as
follows: 10.2 (F) < 33.2 (Cl) < 40.2 (Br) < 42 (I). These
studies strongly point to a heavy-atom effect that accelerates
intersystem crossing from the singlet excited state S1 of
anthracene to the triplet excited state T1, with the heavier Br−

and I− anions causing subsequent triplet state quenching via a
T1 to S0 transition.50 In work by Kahan et al., halide salts were
shown to increase the photodegradation rates of anthracene in
aqueous solutions in the order NaCl > NaBr > NaI. The rate
enhancements were attributed by the authors primarily to a
heavy-atom effect involving singlet oxygen production from
anthracene’s triplet excited state.51

In the current investigation, indirect evidence suggestive of a
heavy-atom effect was obtained by acquiring fluorescence
spectra of N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2 with and without the halide salts (no DNA,
Figure 7). The observed ordering of fluorescence intensities
(F− > Cl− > Br− > I−) could be the result of heavy-atom-

mediated intersystem crossing from the singlet excited state S1
to the triplet excited state T1 of the anthracene. It is possible
that the high levels of anthracene-photosensitized ROS
production that occur when either KCl or NaCl is present in
our experiments might result from chloride striking an optimal
balance between triplet state lifetimes and yields compared to
fluoride, bromide, and iodide anions.
3.3. Hydroxyl Radicals vs Singlet Oxygen. In addition

to Type II singlet oxygen (1O2), anthracene exposed to
sunlight generates hydroxyl radicals (•OH) that cause DNA
damage and cell cycle arrest.52 The formation of •OH involves
an initial donation of an electron from the solvent or other
donor molecule (D−) to the triplet excited state of anthracene
to form an excited state anion radical (3PS*•−; Scheme 2).
This is followed by Type I transfer of an electron from 3PS*•−

to ground-state triplet oxygen (3O2).
52 The superoxide anion

radicals (O2
•−) thus produced in turn spontaneously dismutate

at neutral pH53,54 to generate hydrogen peroxide, which gives
rise to hydroxyl radicals through an Fe2+ (or Cu+)-based
Fenton reaction.7 The 1O2 and •OH produced upon
chromophore photoactivation are both highly reactive
oxidizing agents, with estimated, respective diffusion distances
and half-lives of 50−100 nm55 and 3 μs56 (for 1O2); 0.8−6.0
nm57 and 1 ns58 (for •OH). By comparison, the superoxide
anion radical, which accelerates Fenton Chemistry by reducing
Fe(III) to Fe(II), has a half-life of approximately 5 s at
physiological pH.59

There is unanimity among scholars that hydroxyl radicals
generate DNA direct strand breaks in a non-sequence-specific
fashion by abstracting hydrogen atoms from 2-deoxyribose,7

while singlet oxygen forms 8-hydroxy-2′-deoxyguanosine
lesions and other oxidation products that are minimally
labile.60 A number of research groups including ours have
addressed the issue of 1O2 reactivity by utilizing D2O, a solvent

Figure 6. (A−D) Absorption spectra of 50 μM 2 in the presence and absence of 400 mM KCl and 5 mM DEPMPO after irradiation for 0 and 5
min (10 mM sodium phosphate buffer pH 7.0; 350 nm).
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that increases the lifetime of singlet oxygen approximately 10-
fold.45 When D2O has been used to replace H2O in
photocleavage experiments involving a wide range of
chromophores, substantial increases in direct strand break
formation have been reported for plasmid DNA reactions
resolved on nondenaturing agarose gels.31,61−65 These results
lend strong support to our hypothesis that 1O2 is indirectly
involved in the formation of DNA direct strand breaks.

This being said, in order to test the Type I electron transfer
mechanism put forward in Scheme 2 as well as to probe for
Type II singlet oxygen, reactions containing 10 μM anthracene

2 and pUC19 plasmid DNA in the absence and presence of
reaction-targeting chemical additives including D2O were
irradiated at 350 nm and then run on nondenaturing agarose
gels. The resulting percent change in total photoinduced direct
strand breaks caused by each added reagent was calculated
over multiple trials (10 μM 2; footnote b in Table 1) and
compared to previously published experiments in which we
employed a lower concentration of 2 (1 μM; footnote d in
Table 1).30 The chelating agent EDTA, Tiron,66 the reducing
enzyme catalase, and sodium benzoate were respectively
employed to test for the participation of metal ions, superoxide
anion radicals, hydrogen peroxide, and hydroxyl radicals. To
determine if anthracene 2 sensitizes the production of DNA-
damaging 1O2, parallel photocleavage reactions were run in
H2O and D2O. As just mentioned, a DNA cleavage
enhancement in the presence of D2O would point to Type
II singlet oxygen involvement, while the inhibition of DNA
direct strand breaks by EDTA, Tiron, catalase, and sodium
benzoate would support Type I electron transfer (Scheme 2).

The results of the EDTA, Tiron, and sodium benzoate
experiments in Table 1 suggest that redox-active metal ions
(e.g., Fe2+, Cu+), superoxide anion radicals, and hydroxyl
radicals contribute to the formation of anthracene 2 photo-
sensitized direct DNA strand breaks irrespective of the ionic
strength. In contrast, the reactivity of catalase changed
dramatically based on reaction conditions. In the presence of
10 μM 2, DNA photocleavage was enhanced with and without
KCl (footnote b in Table 1). However, when 400 mM KCl was
present, catalase progressively inhibited strand scission as the
concentration of 2 was lowered to 2.5 μM (footnote c in Table
1) and then to 1 μM (footnote d in Table 1). This suggested to
us that hydrogen peroxide might be an intermediate leading to
hydroxyl radical formation when KCl is included in anthracene
reactions. We reasoned that the hydroxyl radical levels
generated at 10 μM anthracene might be high enough to
damage the enzyme catalase, preventing it from reducing
hydrogen peroxide to water. Thus, lowering amounts of
anthracene 2 would be likely to increase catalase activity
(Table 1). Overall, the chemical additive experiments on
nondenaturing agarose gels support the Type I mechanism
proposed in Scheme 2 for anthracene 2 reactions containing
KCl. The source of the adventitious levels of Fe2+ and/or Cu+

that gave rise to the formation of Type I anthracene 2
photosensitized hydroxyl radicals in these experiments is
unknown, however. While the employed NaCl and KCl salts
were trace-metal basis grade (purity ≥ 99.999%), minute
amounts of metal ions could have been introduced into our
reactions through ddH2O,67 laboratory plasticware,68 and even
sequestered by metal binding sites in our pUC19 DNA upon
the alkaline lysis step of plasmid purification from the E. coli
host cells. This being said, trace levels of copper and iron ions
are present in environments where PAH pollutants are
commonly encountered, e.g., in seawater.69 Cellular necrosis
within living systems caused by ischemia and reperfusion
injury, other types of trauma,70 as well as by prolonged
exposure to toxic substances such as PAHs71 results in the
release of weakly chelated pools of iron and copper ions as
necrotic cells burst, emptying denatured proteins and other
debris into the extracellular environment.

In contrast to hydroxyl radicals which are generated through
a Type I superoxide anion radical intermediate, there was no
evidence indicating that Type II singlet oxygen plays a major
role in the formation of anthracene 2 photosensitized direct

Figure 7. (A) Representative, normalized fluorescence emission
spectra of 1 μM N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2 in the presence and absence of 400 mM NaF, KF,
NaCl, KCl, NaBr, KBr, NaI, or KI (10 mM sodium phosphate buffer
pH 7.0; no DNA). The spectra were recorded from 380 to 550 nm
using an excitation wavelength of 366 nm. (B) Normalized
fluorescence at the Emmax of the anthracene (416.5 ± 0.5 nm)
averaged over three trials. Error bars represent standard deviation.

Scheme 2. Proposed Mechanism for Hydroxyl Radical
Generation via Electron Transfer from the Triplet Excited
State of a Photosensitizer (PS) to Ground-State Triplet
Oxygen 3O2
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Table 1. Average % Change in DNA Photocleavage Induced by Scavengers and D2O
ae

reagents (target) EDTA (Mn+) Na benzoate (•OH) Tiron (O2
•−) D2O (1O2) catalase (H2O2)

2 no-saltb −52 ± 8 −30 ± 13 −61 ± 4 −1 ± 1 +6 ± 6
2 saltb −46 ± 7 −40 ± 4 −74 ± 4 +4 ± 4 +2 ± 2
2 no-saltc nd nd nd nd +10 ± 1
2 saltc nd nd nd nd −26 ± 4
2 no-saltd nd −48 ± 6 nd −21 ± 3 +13 ± 8
2 saltd nd −85 ± 3 nd +1 ± 2 −68 ± 3

aPhotocleavage reactions consisted of 38 μM bp of pUC19 plasmid DNA equilibrated with 10 mM sodium phosphate buffer pH 7.0. b10 μM 2,
and either 100 mM EDTA or Na benzoate, 10 mM Tiron, 100 U/μL of catalase, or D2O (72% final volume) in the absence and presence of 400
mM KCl. c2.5 μM 2 and 100 U/μL of catalase in the absence and presence of 400 mM KCl. d1 μM 2, and either 100 mM scavenger, 100 U/μL of
catalase, or D2O in the absence and presence of 150 mM NaCl and 260 mM KCl. eb−dSamples were aerobically irradiated for 60 min at 350 nm.
Data were averaged over three to five trials with error reported as standard deviation.dData in row previously published.30

Figure 8. HPF: Representative, normalized HPF emission spectra of 3 μM HPF, 1 μM 2, and 10 mM sodium phosphate buffer pH 7.0 in the
presence and absence of (A) 100 mM KCl, (B) 140 mM KCl, and (C) 150 mM KCl (no DNA). Samples were irradiated for 7 min at 350 nm or
kept in the dark. HPF emission spectra were then recorded from 500 to 650 nm at an excitation wavelength of 490 nm. NBT: Representative NBT
absorption spectra of 16 μM NBT, 50 μM 2, and 10 mM sodium phosphate buffer pH 7.0 in the presence and absence of (D) 100 mM KCl, (E)
140 mM KCl, and (F) 150 mM KCl (no DNA). Samples were irradiated for 5 min at 350 nm or kept in the dark. NBT absorption spectra were
then recorded from 450 to 800 nm.
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strand breaks. Replacing H2O with D2O did not result in
statistically significant increases DNA photocleavage on our
nondenaturing agarose gels (Table 1).

In our next set of experiments, fluorometric and colorimetric
probes were employed to confirm the involvement of key
reactive oxygen species investigated in Table 1. We were also
interested in examining the effects of different Cl− concen-
trations on anthracene 2-photosensitized ROS production.
While chloride anions are present at high levels in seawater
(∼500 mM),40 lower amounts of this anion are found in living
systems. For example, extracellular chloride is ∼110 mM72 and
within the cell cytoplasm and organelles, Cl− ranges from 5 to
130 mM.39 The nuclear concentration of chloride anions in rat
hepatocytes has been estimated to be ∼158 mM34,37 and in
frog oocyte nuclei, 91.3 mM ± 9.0 with values ranging from
48.4 mM 6.5 to 172.6 mM ± 13 having been reported.38

Under similar ionic strength conditions, we then employed the
colorimetric probe nitro blue tetrazolium chloride (NBT) and
HPF to respectively test for superoxide anion radicals (O2

•−)
and hydroxyl radicals (•OH), and the fluorometric probe
Singlet Oxygen Sensor Green (SOSG) to identify 1O2.

42 In
separate reactions, anthracene 2 and one of the three probes
were irradiated at 350 nm in the absence and presence of 100,
140, and 150 mM concentrations of KCl (22 °C, pH 7.0;
Figures 8 and 9A). (Since nucleic acids scavenge hydroxyl
radicals and singlet oxygen, DNA was excluded from these
experiments.) As expected, dark reactions and irradiated
control samples containing probe and KCl in the absence of
anthracene failed to generate significant fluorescence/absorp-
tion signals (Figures 8, 9A, and S6 in the Supporting
Information). In contrast, the data obtained with irradiated
N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2
reactions revealed interesting trends. We will discuss the NBT
and HPF data first (Figure 8). Scheme 2 proposes that
superoxide anion radicals react to form hydroxyl radicals
through a hydrogen peroxide intermediate. Accordingly, under
no-salt conditions, both the colorimetric O2

•− probe NBT and
the fluorometric •OH probe HPF generated signals that were
much higher compared to reactions containing 100 of KCl,
moderately higher relative to 140 mM reaction signals, but
lower compared to the signal intensities obtained using 150
mM KCl. In addition to supporting the mechanism in Scheme
2, Figure 8 suggests that a 150 mM concentration of KCl is
very close to the lower cutoff limit for observing a Cl−-induced
enhancement in N1-(anthracen-9-ylmethyl)ethane-1,2-diami-
nium dichloride 2 photosensitized hydroxyl radical production.

The data obtained from the fluorometric 1O2 probe SOSG
was unexpected (Figure 9). In contrast to the DNA
photocleavage chemical additive experiments in Table 1,
which employed 400 mM KCl, there was clear evidence of a
chloride salt-induced increase in levels of anthracene 2
photosensitized 1O2 over no-salt control reactions in the
order 150 mM KCl > 140 mM KCl > 100 mM KCl > no-salt
(Figure 9A). To reconcile these results with the 400 mM KCl
Table 1 data, we conducted a follow-up experiment in the
absence and presence of 150 mM and 400 mM KCl, and
included dark reactions as well as irradiated controls
containing probe in the absence of anthracene (Figure 9B).
The resulting anthracene 2 photosensitized 1O2 levels were in
the order 400 mM KCl ≫ 150 mM KCl > no-salt, with the
signal generated at 400 mM KCl saturating the fluorescence
detector. We concluded that chloride anions enhance the
formation of anthracene 2-photosensitized Type II singlet

oxygen in addition to hydroxyl radicals. Singlet oxygen
primarily generates minimally labile 8-hydroxy-2′-deoxyguano-
sine lesions and secondary 1O2 oxidation products that require
hot piperidine treatment to generate DNA strand breaks,60

which may explain why singlet oxygen formation was not
detected by our current and previously published30 gel assays
of anthracene 2 (Table 1). The nondenaturing agarose
electrophoresis method employed reveals only DNA direct
strand breaks and does not detect guanine oxidation products.

In a previous publication, we assayed the integrity of the
HPF and SOSG fluorometric probes used in the present
manuscript.73 First, we demonstrated that hydroxyl radicals
generated by the Fenton reagent (ammonium iron(II) sulfate
+ H2O2) were easily detected by HPF and that adding the
•OH scavenger sodium benzoate to the reaction significantly
reduced HPF emission (Figure S7A in the Supporting
Information).73 In evaluating SOSG, probe fluorescence was
observed only upon photoactivation of methylene blue, a dual
Type II singlet oxygen and Type I superoxide anion radical
sensitizer in neutral media, and not in reactions containing the

Figure 9. SOSG (A) SOSG emission spectra of 1 μM SOSG, 1 μM 2,
and 10 mM sodium phosphate buffer pH 7.0 in the presence and
absence of 100, 140, and 150 mM KCl (no DNA). (B) Normalized
SOSG emission spectra of 1 μM SOSG and 10 mM sodium
phosphate buffer pH 7.0 in the presence and absence of 1 μM 2, 150
mM KCl, and 400 mM KCl (no DNA). (A, B) Samples were
irradiated for 30 min at 350 nm or kept in the dark. SOSG emission
spectra were then recorded from 510 to 650 nm at an excitation
wavelength of 500 nm.
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hydroxyl radical generating Fenton reagent (Figure S7B).73,74

In the current work, the following additional control
experiments were performed. In separate reactions, anthracene
2 and either HPF, NBT, or SOSG were irradiated at 350 nm in
the absence and presence of 400 mM KCl and a chemical
additive: either sodium benzoate to detect hydroxyl radicals,
deferoxamine mesylate to chelate Fe(III),75 Tiron to scavenge
superoxide anion radicals, or 90% (v/v) D2O to increase the
lifetime of singlet oxygen (no DNA; 22 °C, pH 7.0; Figure S8).
As expected, controls without anthracene and/or hν exposure
were all associated with low levels of fluorescence/absorption.
In contrast, the optical signals generated by HPF, NBT, and
SOSG were higher when anthracene 2 was irradiated in the
presence of KCl compared to no-salt conditions (Figure S8).
When chemical additives were included in parallel reactions,
irradiation of N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2 in the presence and absence of KCl revealed that:
sodium benzoate decreases HPF fluorescence emission,
confirming that HPF detects hydroxyl radicals (Figure S8A);
deferoxamine mesylate decreases HPF emission, suggesting
that Fe(III) plays a role hydroxyl radical production (Figure
S8B); and Tiron lowers NBT absorption, indicating that NBT
detects superoxide anion radicals (Figure S8B). When taken
together, these findings support our hypothesis that anthracene
2 photosensitizes the production of hydroxyl radicals according
to the Type I mechanism shown in Scheme 2. Moreover, when
H2O was replaced with 90% D2O (v/v) in SOSG reactions,
probe fluorescence increased, substantiating that SOSG detects
Type II singlet oxygen and that anthracene 2 photosensitizes
its production (Figure S8D).
3.4. Do Anthracene Photoproducts Contribute to the

Formation of Hydroxyl Radicals? Contrary to our notion
that chloride anions might contribute to anthracene-photo-
sensitized ROS production by serving as anthracene excited
state electron donors (D− in Scheme 2), Rehm−Weller
calculations show that the free energy change (ΔG) of electron
transfer from Cl− to excited state anthracene is positive over a
range of pH values from 4.0 to 11.0, suggesting that Cl•
radicals cannot be produced by anthracene.51 To the best of
our knowledge, electron transfer from chloride anions to the
triplet excited state of anthracene has never been observed in
aqueous solutions.76 An alternative is to consider the
involvement of redox-active anthraquinones and other photo-
modification products of anthracene.21,77 Anthraquinone
triplet states have considerably more favorable reduction
potentials78 to remove one electron from chloride anions and
generate chlorine radicals. In flash photolysis experiments,
Loeff and co-workers recorded transient absorption of 9,10-
anthraquinone-2-sulfonate anion radicals (AQS•−) and halide
radicals (X2

•−) formed in aqueous solutions through
interactions between triplet state 3ASQ* and high concen-
trations (> 0.5 M) of Cl−, Br− and I−.79 (In the presence of
halide anions, chlorine and other halogen radicals rapidly
interconvert between monoatomic and diatomic forms: X• +
X− ⇆ X2

•−.80) Loeff and co-workers also found that among the
halides, Cl− was the most effective in reducing 9,10-
anthraquinone-2-sulfonate to AQS•−,79 which like anthracene,
produces hydroxyl radicals according to Scheme 2.81 In a
similar study by Kuzmin and Chibisov, flash photolysis of 9,10-
anthraquinone-2, 6-disulfonic acid in the presence of 0.1 M
Cl− in pH 6.5 aqueous solutions gave rise to transient
absorption consistent with the formation of a chlorine radical
(Cl2•−) via the transfer of an electron from Cl− to the

anthraquinone excited triplet state.82 In the case of
anthraquinones, it is therefore conceivable that the oxidation
of chloride anions to chlorine radicals initiates the formation of
hydroxyl radicals as shown in Scheme 2.

Irrespective of whether or not chloride anions serve as
electron donors, the one-electron reduction of PAH quinones
(Q) generates semiquinone anion radical intermediates (Q•−)
that rapidly react with ground states triplet oxygen (3O2) to
give rise to significant amounts of superoxide (O2

•−) through
the redox cycling pathway shown in Scheme 3.77,83 In this way,

anthraquinone proto-products commonly formed upon the
reaction of anthracene with either hydroxyl radicals84 or singlet
oxygen easily generate superoxide (O2

•−) that reacts further to
produce hydroxyl radicals via steps 3 and 4 in Scheme 2. As a
result, anthraquinone proto-products can display much higher
toxicities compared to their parent anthracenes.18,19,21 This
being said, we considered the possibility that photooxidation of
N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2
to one or more redox-active photoproducts might contribute
to the high-level DNA-damaging hydroxyl radicals (and
possibly chloride radicals) photosensitized by anthracene
under high chloride salt conditions (Figures 1, 2, 4, 5, 6, 8,
S5, S6, and S8).

To gain insight into the above hypothesis, we performed the
following two experiments. In the first, we utilized
anthraquinone-2-sulfonate (ASQ) (Figure S1), which, similar
to anthracene,52 photosensitizes hydroxyl radical production
through the participation of an initial electron donor atom
(D−) followed by the formation of a superoxide anion radical
intermediate (O2

•− in Scheme 2).81,85 As shown in Figure S9,
upon irradiation with 350 nm UV light in the absence of KCl,
the HPF signal was significantly higher for 0.5 μM
anthraquinone-2-sulfonic acid compared to 1 μM anthracene
2. Figure S9 additionally illustrates that KCl enhances
anthracene-sensitized ROS production to a greater degree in
the case of the anthraquinone. These findings led us to
consider the possibility that, under high salt conditions, one or
more oxidized photomodification products of 2 might
contribute to ROS production.

In our second experiment, we looked for evidence suggestive
of the formation of anthracene photoproducts by pre-
irradiating pH 7.0 buffered stock solutions of 50 μM
anthracene 2 for 0, 60, and 90 s time intervals (350 nm).
The stock solutions were then diluted to a 1 μM final
anthracene concentration in the presence and absence of 400
mM KCl. After HPF fluorophore was added, the samples were
irradiated at 350 nm for a second time, and HPF emission
spectra were recorded after 0, 60, or 90 s. The area from 490 to
550 nm under each emission curve was then plotted as a
function of the second irradiation time intervals (Figure 10).
This was done to compare the effects of pre-irradiation on
subsequent yields of anthracene-photosensitized ROS. The
results show that, for the pre-irradiated anthracene 2 stock
solutions, ROS production was higher when the KCl salt was

Scheme 3. Reduction of a Quinone (Q) to a Semiquinone
Anion Radical, Quinone Regeneration and Superoxide
Anion Radical Release77,83
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present. The longer the pre-irradiation time, the more hydroxyl
radicals were detected by HPF. In contrast, pre-irradiation had
no effect on ROS levels when KCl was absent. These results
suggest that one or more redox-active photoproducts of N1-
(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2
might have been formed during pre-irradiation. The excited
state(s) of this (these) putative photoproduct(s) might possess
a more favorable reduction potential, as does anthraquinone, to
participate in electron transfer with the chloride anion of KCl
(or other electron donors) to generate hydroxyl radicals
through an intermediate excited state anion radical (3PS*•−;
Scheme 2).

Evidence of the formation of anthracene 2 photoproducts is
present in the photodegradation studies shown in Figures S5
and 6, in which absorption spectra of 2 were recorded in the
presence and absence of salt over irradiation time intervals
ranging from 0 to 5 min (350 nm; no DNA). As discussed, we
observed that ionic-strength-dependent rates of anthracene
photodegradation occurred in the order KCl ≈ NaCl ≫> NaF
≈ KF > no-salt > KBr ≈ NaBr (Figures 5 and S5; iodide salt
data could not be collected due to extreme sample turbidity).
Shown in Figure 11 are the “hν = 0 to 180 s” anthracene 2
chloride salt UV−visible spectra taken from Figure S5
presented next to chloride salt spectra recorded over 0 to 5
min of irradiation at 350 nm. The data show that the halide
salts promote: (i) the loss of anthracyl vibration fine structure;
(ii) the formation of one (or more) blue-shifted species that

absorb(s) light between ∼280 and 320 nm; and (iii) new ∼400
to 440 nm absorption that first emerges and, for NaCl and
KCl, then dissipates at longer irradiation times.

In an attempt to identify anthracene 2 photomodification
products that might account for the observed absorption
changes, ESI-MS spectra were initially acquired for reactions
containing 1 and 10 mM 2 in the presence and absence of 400
mM KCl (10 mM sodium phosphate buffer pH 7.0).
Individual samples were irradiated at 350 nm for either 0, 2,
or 10 min, but there were no significant differences between
the mass spectra of irradiated reactions compared to those of
corresponding dark controls (data not shown). In order to
mitigate possible ion suppression effects that can confound the
ESI analyses of complex mixtures,86 in our next set of
experiments, we replaced the phosphate buffer with 10 mM
sodium formate pH 7.0 and lowered the salt concentration
from 400 to 150 mM KCl. Reactions containing 1 mM 2, the
minimum dye concentration needed to obtain an acceptable
ESI single-to-noise ratio under the high-ionic-strength
conditions employed, were then irradiated at 350 nm for
either 0, 2, 5, or 60 min. Shown in Figures S11 and S12 are
representative 0 and 60 min ESI-MS spectra. Peaks
corresponding to the parent ion of 2 (m/z = 251.16) and its
anthracen-9-yl methylium ESI-MS fragmentation product (m/
z = 191.01) are present in all of the images acquired (Figures
S11 and S12), whereas ESI peaks with m/z ratios of 459.24(5),
501.30, and 539.25(6) appear only in the light reactions and
increase in intensity as a function of increasing irradiation time
(Figures S11B and S12B). The ESI signal with an m/z ratio of
539.25(6) likely represents a K+ adduct of the 501.30 m/z
species. While we have tentatively identified the 459.24(5) and
501.30 m/z peaks as possible ESI artifacts arising from the
reaction of the m/z = 191.01 anthracen-9-yl methylium
fragmentation product with anthracene 2 (Figures S11 and
S12), it is very interesting that the ESI signals of these species
are not observed in dark reactions in which the fragmentation
product and the parent ion of 2 are simultaneously present
(Figures S11A and S12A). We will establish in future studies
the structures of the compounds that are generating the
mysterious m/z = 459.24(5) and = 501.30 peaks. Unfortu-
nately, none of the m/z ratios seen in our experiments are
consistent with oxidation products that are known to form
upon the reaction of anthracenes with hydroxyl radicals and
singlet oxygen.77 One complicating factor could be the ease at
which N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium di-
chloride 2 releases its m/z = 191.01 anthracen-9-yl methylium
fragmentation product, which is the dominant peak in the
majority of ESI spectra we recorded (Figures S11 and S12).
Oxidation products of 2 could be fragmenting in a similar
fashion, complicating their accurate detection and identifica-
tion. Using identical conditions, we then acquired the ESI mass
spectrum (Figure S13) of commercially available 9-
(methylaminomethyl)anthracene (Figure S1), a 9-
(aminomethyl)anthracene similar in structure to 2. Interest-
ingly, the anthracen-9-yl methylium ESI-MS fragmentation
product (m/z = 191.01) of the anthracene is the major peak in
the spectrum while the parent ion of 9-(methylaminomethyl)-
anthracene (m/z = 222.128) is not observed (Figure S13).
3.5. DNA Interactions. Our results thus far show that both

KCl and NaCl increase anthracene-photosensitized hydroxyl
radical production in a similar fashion (Figures 4 and 5) while
only KCl significantly enhances DNA direct strand break
formation over no-salt controls (Figures 2 and 3). It is clear

Figure 10. Stock solutions of 50 μM N1-(anthracen-9-ylmethyl)-
ethane-1,2-diaminium dichloride 2 in 10 mM sodium phosphate
buffer pH 7.0 were pre-irradiated in a Rayonet photochemical reactor
fitted with 8 24 W 350 nm UV lamps for 0, 60, and 90 s time intervals.
Final concentrations of 400 mM KCl and/or 3 μM HPF were then
added to the pre-irradiated anthracene solutions (1 μM final
anthracene concentration; 10 mM sodium phosphate buffer pH
7.0). The new samples containing HPF and pre-irradiated anthracene
were irradiated at 350 nm for 0, 30, 60, and 90 s. HPF fluorescence
emission spectra were then recorded at an excitation wavelength of
490 nm. The graph shown above was generated by measuring the area
underneath HPF fluorescence emission spectra from 500 to 650 nm
over 2 to 3 reaction trials and then plotting the averaged area as a
function of irradiation time. Error bars indicate standard deviation.
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that the effects of potassium and sodium counter cations on
anthracene/DNA interactions should be considered in order to
attempt to explain this discrepancy. Toward this end, we
recorded UV−visible spectra of compound 2 in the presence
and absence of 200 μM bp of calf thymus (CT) DNA and 400
mM of the eight halide salts (10 mM sodium phosphate buffer;
Figure S10). Under no-salt conditions, the addition of the CT
DNA to 2 induces significant hypochromicity and large
bathochromic shifts in the anthracene vibrational fine structure
with respect to free dye, spectral changes that are hallmarks of
anthracene intercalation (Figure S10A).87 When each one of
the eight salts is added, moderate hypochromicity and minimal
red-shifting of the anthracene vibronic peaks occur with
respect to the free dye, spectral trends that are suggestive of a
disruption of intercalative interactions under the no-salt
conditions in favor of external and/or groove DNA binding
modes.30,31,87 These salt-induced changes in binding could

increase DNA damage by making anthracene more accessible
to 3O2 and therefore, better able to photosensitize ROS
production.30,31,88 However, the spectra containing salts are
similar with respect to the intensity and the position of the
anthracene peaks (Figure S10B through I), indicating that all
eight Na+ and K+ halides have comparable effects on the DNA
binding modes of anthracene 2. Yet only KCl increases
anthracene-sensitized DNA photocleavage to a significant
degree (Figures 1 and 2).

The ability of anthracene 2 (Scheme 1) to interact with
alkali cations was considered next. For example, the ethyl-
enediamine unit of 2 could form a five-membered chelate ring
with either Na+ and/or K+. The change in ligand conformation
accompanying complex formation with either cation could
subtly alter DNA binding interactions and thereby contribute
to the different levels of DNA photocleavage exhibited by 2
when NaCl vs KCl is present. In order to test this hypothesis,

Figure 11. Representative spectra showing photoinduced degradation of 50 μM N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium dichloride 2 in
the presence and absence of 400 mM of chloride salts in 10 mM sodium phosphate buffer pH 7.0. Samples were irradiated at 350 nm for time
intervals from: (A, B) 0 to 180 s and (C, D) 0 to 5 min in a ventilated Rayonet photochemical reactor fitted with 8 RPR-3500 Å, 24 W lamps.
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DNA photocleavage experiments were conducted utilizing the
quaternary amine (9-anthracenylmethyl)trimethylammonium
chloride (Figure S1 in the Supporting Information), a
chromophore that is devoid of metal binding nitrogen donor
atoms. DNA samples were irradiated at 350 nm in the presence
of NaCl and KCl concentrations ranging from 0 to 600 mM
and then electrophoresed. Figure 12 shows that DNA

photocleavage was higher for KCl at each of the three halide
salt concentrations tested. These results point to a mechanism
in which metal-ligand interactions involving Na+ or K+ cations
and the amine groups in the ethylenediamine unit of 2 are
unlikely to play a major role in anthracene-sensitized DNA
photocleavage.

To account for the ability of KCl to enhance anthracene 2
photosensitized DNA direct strand break formation to a
significantly greater degree than NaCl, we next considered the
differential effects of Na+ and K+ on DNA structure. Although
much work has been done to gain a clear understanding of the
interactions of Na+ and K+ cations with DNA, many questions
remain unanswered. The counter cations are not clearly visible
by NMR as well as X-ray diffraction, where it is challenging to
distinguish Na+ and K+ from ordered water molecules in
electron density maps.89,90 Based on counterion condensation
theory,91 sodium(I) and potassium(I) cations have been
predicted to form a nonspecific mobile ion atmosphere around
duplex DNA.90 More recent studies have pointed to the
existence of sequence-specific monovalent cation binding sites
in the DNA grooves.89,90

Upon interacting with DNA, counter cations can trigger
alterations in duplex DNA structure.89,90 While some
theoretical studies report that these structural changes are
independent of the nature of the counter-cation, others point
to significant differences between Na+ and K+.90 In
experimental work examining duplex DNA in solution, NMR
data show that Na+ and K+ differentially alter duplex DNA
backbone torsional angles in a sequence-dependent fashion.89

Electrophoretic mobility measurements of AT-rich sequences
recorded by Feigon and co-workers demonstrate that
potassium(I) increases global bending to a greater degree
than sodium(I).92 Additionally, Na+ and, to a greater extent,
K+ promote the formation of G-quadruplex structures in
double-helical DNA, while Cs+ causes G-quadruplex unfold-
ing.93 In broader studies, circular dichroism in combination
with electrophoretic mobility data reveal that monovalent
cations increase helical twist angle in the order Na+ < K+ < Cs+

< NH4
+, causing DNA to overwind and vertical rise between

base pairs to decrease in a commensurate fashion.94 This being
said, we hypothesized that subtle structural changes afforded
by KCl might make DNA more susceptible than NaCl to
degradation by ROS in anthracene 2 photocleavage reactions.
DNA direct strand breaks occur when hydroxyl radicals
abstract hydrogen atoms from 2-deoxyribose.7 If potassium(I)
cations were to make the 2-deoxyribose hydrogen atoms more
susceptible to radical attack, then a higher degree of DNA
photocleavage would be expected. The ability of Na+ and K+

cations to encourage a transition from anthracene intercalation
to oxygen-accessible minor groove and external DNA binding
modes could also be an important factor (Figure S10).30,31,87,88

As an indirect test for cation-induced effects on DNA
structure and interactions, we compared cesium and
ammonium chloride salts to NaCl and KCl in photocleavage
reactions (Figures 2 and 13). Solutions containing pUC19
plasmid DNA and N1-(anthracen-9-ylmethyl)ethane-1,2-dia-
minium dichloride 2 were irradiated at 350 in the presence of
an increasing concentration of chloride salt ranging from 50
mM up to 400 mM (pH 7.0, 60 min, 25 °C). The ionic radii
for Na+, K+, Cs+, and NH4

+ are 116, 152, 181, and 175 pm,
respectively,95 and as mentioned above, the cations increase
DNA helical twist angle in the order Na+ < K+ < Cs+ < NH4

+.94

The comparison in Figure 13 shows that raising the salt
concentration increased photocleavage yields in all cases, but
that the series of chloride salts enhanced DNA photocleavage
over no-salt conditions in the order: KCl ≫> CsCl > NaCl >
NH4

+. These results suggest that quadruplex DNA does not
play a major role in DNA photocleavage, especially taking into
consideration that there are no strong G-quartette forming
sequences in native pUC19 plasmid.96 There is also no direct
correlation between the ionic radius and the degree of helical
overwinding exhibited by the different counter cations with
corresponding DNA photocleavage yields. Notwithstanding,
overwinding and other salt-induced changes in DNA structure
might still be important in enabling K+ to dramatically increase
anthracene-photosensitized DNA damage over Na+ and the
other counter cations we tested. The precise amount of
overwinding afforded by K+ might be optimal for DNA
photocleavage, for example. In addition to subtle, cation-
specific changes in DNA structure, there may be additional,
unknown variables that account for the particularly high
activity exhibited by KCl toward anthracene 2-sensitized DNA
photooxidation. Notwithstanding, when combined with a
favorable chloride anion-induced heavy-atom effect, the
increased accessibility to ground-state triplet oxygen afforded
by a salt-induced change in DNA binding mode from
intercalation to groove binding and external interactions is
likely to contribute to the high levels of hydroxyl radicals and
singlet oxygen photosensitized by 2 when chloride anions are
present.

Figure 12. Photographs of 1.5% nondenaturing agarose gels showing
photocleavage of 38 μM bp pUC19 plasmid DNA in the presence and
absence of 10 μM (9-anthracenylmethyl)trimethylammonium chlor-
ide and 200 to 600 mM of: (A) NaCl and (B) KCl (10 mM sodium
phosphate buffer pH 7.0). The reactions in Lanes 1 to 6 were
irradiated for 60 min in a ventilated Rayonet photochemical reactor
fitted with 8 RPR-3500 Å, 24 W lamps.
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4. CONCLUSIONS
In this work, we have compared the effects of 400 mM NaCl
and KCl on N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2 photosensitized DNA cleavage and ROS
production to their counterpart Na+ and K+ fluoride, bromide,
and iodide salts. In a fluorescence assay using HPF to detect
hydroxyl radicals (no DNA), only NaCl and KCl were capable
of significantly enhancing ROS production over no-salt
controls (Figure 4). UV−visible spectra showed that, in the
presence of the eight salts, anthracene 2 is stable over time and
absorbs similar amounts of light (Figures S4 and S10).
Therefore, salt-induced changes in anthracene absorption can
be ruled out as a major contributing factor. Halides have been
shown to impact anthracene triplet state yields and lifetimes by
affecting rates of intersystem crossing.50 In the presence of the
eight halide salts, anthracene 2 fluorescence decreases in the
order F− > Cl− > Br− > I− (Figure 7), pointing to a possible
heavy-atom effect.50,51 In frozen aqueous micellar solutions,
iodide is associated with the shortest lifetime and highest yield,
followed by bromide, chloride, and fluoride.50 Conversely,
fluoride has the longest anthracene triplet state lifetime and
lowest yield, followed by chloride, bromide, and iodide.50 In
other words, despite iodide showing the highest triplet state
yield, the lifetime of the anthracene triplet state is too short for
an interaction with ground-state triplet oxygen to take place. In

the case of fluorides, the triplet state yield may be too low to
give rise to significant amounts of ROS. Among the four halide
anions, chloride may afford the optimum balance between
triplet state yield and the lifetime needed to increase the levels
of anthracene-photosensitized ROS.

In order to investigate both Type I and Type II reaction
mechanisms, plasmid DNA photocleavage reactions that
contained the chemical additives EDTA, Tiron, catalase, and
sodium benzoate in the absence and presence of 400 mM KCl
were resolved by agarose gel electrophoresis, a method that
detects DNA direct strand breaks but does not reveal guanine
oxidation products generated by singlet oxygen. The results
suggested that, under high-ionic-strength conditions, metal
ions, superoxide anion radicals, hydrogen peroxide, and
hydroxyl radicals contribute to the formation of anthracene 2
photosensitized direct DNA strand breaks (Table 1) through
the Type I electron transfer mechanism shown in Scheme 2.
Type II singlet oxygen formation could not be inferred when
D2O was employed, however. Compared to hydroxyl radicals,
which efficiently cleave DNA, singlet oxygen may only be
capable of indirectly contributing to the formation of low levels
of direct strand breaks.31,61−65 Notwithstanding, subsequent
reactions containing the hydroxyl radical probe HPF and
Singlet Oxygen Sensor Green showed that KCl concentrations
ranging from 150 to 400 mM and 100 to 400 mM, respectively,
enhanced N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium di-
chloride photosensitized •OH and 1O2 production over no-salt
controls (no DNA; Figures 4, 8, 9, and S6). Taken together,
the data lead us to conclude that chloride anions increase the
formation of both anthracene 2 photosensitized Type II singlet
oxygen in addition to hydroxyl radicals (Scheme 2) over a wide
range of salt concentrations.

When the eight halide salts were compared side by side in
DNA photocleavage experiments, only KCl and, to a much
lesser extent NaCl, enhanced anthracene 2-sensitized photo-
cleavage over no-salt control reactions (Figure 1−3). The
UV−visible spectra presented in this report, however, show
that the eight sodium(I) and potassium(I) halides induce
similar changes in DNA binding interactions (Figure S10). In
all cases, the salts appear to induce an alteration in anthracene
2 binding mode from intercalation to groove and/or external
interactions in which the chromophore would be more
exposed to the ground-state triplet oxygen molecules and, in
theory, better able to generate ROS.30,31,88 Yet, only KCl is
capable of inflicting major amounts of DNA direct strand
breaks compared to no-salt controls (Figures 1−3). Our
cumulative findings underscore the importance of an optimal
heavy-atom effect exhibited by chloride anions on anthracene
triplet state lifetimes and yields combined with favorable salt-
induced changes in anthracene/DNA binding mode. When
DNA is absent, both NaCl and KCl increase levels of
anthracene-photosensitized hydroxyl radical production in a
similar fashion, while the fluoride, bromide, and iodide salts are
all associated with lower ROS levels (Figures 4 and 5). When
DNA is present, it cannot be ruled out that a subtle
potassium(I)-induced alteration in DNA structure makes 2-
deoxyribose hydrogen atoms more susceptible to abstraction
by hydroxyl radicals compared to sodium(I), accounting for
the unique ability of KCl to enhance DNA photocleavage. Our
results also suggest that photooxidation of 9-aminomethylan-
thracenes in aqueous environments may produce oxidized
anthracene products that react further with UV light to give

Figure 13. Photographs of 1.5% nondenaturing agarose gels showing
photocleavage of 38 μM bp pUC19 plasmid DNA in the presence and
absence of 5 μM N1-(anthracen-9-ylmethyl)ethane-1,2-diaminium
dichloride 2 and 50 to 400 mM of: (A) NaCl, (B) KCl, (C) CsCl, and
(D) NH4Cl (10 mM sodium phosphate buffer pH 7.0). The reactions
in Lanes 1 to 11 were irradiated for 60 min in a ventilated Rayonet
photochemical reactor fitted with 8 RPR-3500 Å, 24 W lamps. (Panels
A and B also appear in Figure 2 of this manuscript.) Highlighted in
red are the first reactions in each series in which there is a statically
significant salt-induced photocleavage enhancement relative to the no-
salt control reactions in Lane 2.
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rise to additional DNA-damaging hydroxyl radicals (Figures 6,
10, and S5).

The concentrations of Na+ and K+ cations in the cell nucleus
are relatively high, ∼150 and ∼260 mM, respectively.32−34,36

Moreover, Cl− concentrations are elevated in seawater (∼500
mM)40 and range from 5 to 130 mM in the cell cytoplasm and
organelles39 with nuclear concentrations reported to be as high
as 91.3 mM ± 9.0 up to 158 mM34,37,38 Thus, our findings may
be relevant to the phototoxicity of anthracenes in different
environments with high chloride levels. There are reports on
the increased salinity of fresh waters due to human activities
such as de-icer use in airports and roadways.97 Given the
ubiquitous presence of anthracenes and other PAHs in aquatic
milieus, chloride salts may amplify anthracene phototoxicity in
marine microorganisms and plants. Moreover, the photo-
toxicity of dietary supplements containing anthraquinones may
also be influenced by sodium(I) and potassium(I) cations as
well as by chloride anions in living organisms.
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Thomas, A. H.; Vignoni, M.; Yoshimura, T. M. Type I and type II
photosensitized oxidation reactions: Guidelines and mechanistic
pathways. Photochem. Photobiol. 2017, 93, 912−919.
(7) Pogozelski, W. K.; Tullius, T. D. Oxidative strand scission of

nucleic acids: routes initiated by hydrogen abstraction from the sugar
moiety. Chem. Rev. 1998, 98, 1089−1108.
(8) Willis, A. M.; Oris, J. T. Acute photo-induced toxicity and

toxicokinetics of single compounds and mixtures of polycyclic

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.2c00235
Chem. Res. Toxicol. 2023, 36, 1002−1020

1017

https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.2c00235/suppl_file/tx2c00235_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00235?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.2c00235/suppl_file/tx2c00235_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kathryn+B.+Grant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4666-799X
https://orcid.org/0000-0002-4666-799X
mailto:kbgrant@gsu.edu
mailto:kbgrant@gsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Sadegh+Safiarian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aikohi+Ugboya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Imran+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kostiantyn+O.+Marichev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7674-950X
https://orcid.org/0000-0001-7674-950X
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00235?ref=pdf
https://doi.org/10.1021/acs.est.0c04892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c04892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2021.145403
https://doi.org/10.1016/j.scitotenv.2021.145403
https://doi.org/10.1016/j.scitotenv.2021.145403
https://doi.org/10.1080/10406638.2014.918550
https://doi.org/10.1080/10406638.2014.918550
https://doi.org/10.1016/S0027-5107(99)00015-9
https://doi.org/10.1016/S0027-5107(99)00015-9
https://doi.org/10.3390/ijerph8072675
https://doi.org/10.3390/ijerph8072675
https://doi.org/10.1111/php.12716
https://doi.org/10.1111/php.12716
https://doi.org/10.1111/php.12716
https://doi.org/10.1021/cr960437i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960437i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960437i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.2648
https://doi.org/10.1002/etc.2648
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


aromatic hydrocarbons in zebrafish. Environ. Toxicol. Chem. 2014, 33,
2028−2037.
(9) Onduka, T.; Ojima, D.; Ito, K.; Mochida, K.; Ito, M.; Koyama, J.;

Fujii, K. Photo-induced toxicity and oxidative stress responses in
Tigriopus japonicus exposed to nitro-polycyclic aromatic hydro-
carbons and artificial light. Chemosphere 2017, 169, 596−603.
(10) El-Alawi, Y. S.; Huang, X. D.; Dixon, D. G.; Greenberg, B. M.

Quantitative structure-activity relationship for the photoinduced
toxicity of polycyclic aromatic hydrocarbons to the luminescent
bacteria Vibrio f ischeri. Environ. Toxicol. Chem. 2002, 21, 2225−2232.
(11) Gala, W. R.; Giesy, J. P. Flow cytometric determination of the

photoinduced toxicity of anthracene to the green-alga selenastrum-
capricornutum. Environ. Toxicol. Chem. 1994, 13, 831−840.
(12) Holst, L. L.; Giesy, J. P. Chronic effects of the photoenhanced

toxicity of anthracene on Daphnia magna reproduction. Environ.
Toxicol. Chem. 1989, 8, 933−942.
(13) Bowling, J. W.; Leversee, G. J.; Landreum, P. F.; Giesy, J. P.

Acute mortality of anthracene-contaminated fish exposed to sunlight.
Aquat. Toxicol. 1983, 3, 79−90.
(14) Oris, J. T.; Giesy, J. P.; Allred, P. M.; Grant, D. F.; Lanadrum,

P. F. Photoinduced toxicity of anthracene in aquatic organisms: an
environmental perspective. In Studies in Environmental Science;
Elsevier, 1984; Vol. 25, pp 639−658.
(15) Landrum, P. F.; Giesy, J. P.; Oris, J. T.; Allred, P. M.

Photoinduced toxicity of polycyclic aromatic hydrocarbons to aquatic
organisms. In Proceedings of the Symposium of Oil Pollution in
Freshwater; Elsevier: Edmonton, Alberta, Canada, Vol. Oil in
Freshwater: Chemistry, Biology, Countermeasure Technology,
1987; pp 304−318. DOI: 10.1016/B978-0-08-031862-2.50026-5.
(16) Finch, B. E.; Marzooghi, S.; Di Toro, D. M.; Stubblefield, W. A.

Evaluation of the phototoxicity of unsubstituted and alkylated
polycyclic aromatic hydrocarbons to mysid shrimp (Americamysis
bahia): Validation of predictive models. Environ. Toxicol. Chem. 2017,
36, 2043−2049.
(17) Fathallah, S.; Medhioub, M. N.; Kraiem, M. M. Photo-induced

toxicity of four polycyclic aromatic hydrocarbons (PAHs) to embryos
and larvae of the carpet shell clam Ruditapes decussatus. Bull. Environ.
Contam. Toxicol. 2012, 88, 1001−1008.
(18) Landrum, P. F.; Bartell, S. M.; Giesy, J. P.; Leversee, G. J.;

Bowling, J. W.; Haddock, J.; LaGory, K.; Gerould, S.; Bruno, M. Fate
of anthracene in an artificial stream: a case study. Ecotoxicol. Environ.
Saf. 1984, 8, 183−201.
(19) Huang, X. D.; Mcconkey, B. J.; Babu, T. S.; Greenberg, B. M.

Mechanisms of photoinduced toxicity of photomodified anthracene to
plants: Inhibition of photosynthesis in the aquatic higher plant Lemna
gibba (duckweed). Environ. Toxicol. Chem. 1997, 16, 1707−1715.
(20) Gensemer, R. W.; Dixon, D. G.; Greenberg, B. M. Using

chlorophyll a fluorescence to detect the onset of anthracene
photoinduced toxicity in Lemna gibba, and the mitigating effects of
a commercial humic acid. Limnol. Oceanogr. 1999, 44, 878−888.
(21) Mallakin, A.; McConkey, B. J.; Miao, G. B.; McKibben, B.;

Snieckus, V.; Dixon, D. G.; Greenberg, B. M. Impacts of structural
photomodification on the toxicity of environmental contaminants:
Anthracene photooxidation products. Ecotoxicol. Environ. Saf. 1999,
43, 204−212.
(22) Onoue, S.; Seto, Y.; Ochi, M.; Inoue, R.; Ito, H.; Hatano, T.;

Yamada, S. In vitro photochemical and phototoxicological character-
ization of major constituents in St. John′s wort (Hypericum
perforatum) extracts. Phytochemistry 2011, 72, 1814−1820.
(23) Westendorf, J.; Marquardt, H.; Poginsky, B.; Dominiak, M.;

Schmidt, J.; Marquardt, H. Genotoxicity of naturally occurring
hydroxyanthraquinones. Mutat. Res., Genet. Toxicol. 1990, 240, 1−12.
(24) Guo, X.; Mei, N. Aloe vera: A review of toxicity and adverse

clinical effects. J. Environ. Sci. Health, Part C: Environ. Carcinog.
Ecotoxicol. Rev. 2016, 34, 77−96.
(25) Rodríguez-Landa, J.; Contreras, C. A. A review of clinical and

experimental observations about antidepressant actions and side
effects produced by Hypericum perforatum extracts. Phytomedicine
2003, 10, 688−699.

(26) Wielgus, A. R.; Chignell, C. F.; Miller, D. S.; Van Houten, B.;
Meyer, J.; Hu, D. N.; Roberts, J. E. Phototoxicity in human retinal
pigment epithelial cells promoted by hypericin, a component of St.
John′s wort. Photochem. Photobiol. 2007, 83, 706−713.
(27) Xia, Q. S.; Boudreau, M. D.; Zhou, Y. T.; Yin, J. J.; Fu, P. P.

UVB photoirradiation of Aloe-vera - formation of free radicals, singlet
oxygen, superoxide, and induction of lipid peroxidation. J. Food Drug
Anal. 2011, 19, No. 7.
(28) Vath, P.; Wamer, W. G.; Falvey, D. E. Photochemistry and

phototoxicity of Aloe-emodin. Photochem. Photobiol. 2002, 75, 346−
352.
(29) Strickland, F. M.; Muller, H. K.; Stephens, L. C.; Bucana, C. D.;

Donawho, C. K.; Sun, Y.; Pelley, R. P. Induction of primary cutaneous
melanomas in C3H mice by combined treatment with ultraviolet
radiation, ethanol and Aloe-emodin. Photochem. Photobiol. 2000, 72,
407−414.
(30) Safiarian, M. S.; Sawoo, S.; Mapp, C. T.; Williams, D. E.; Gude,

L.; Fernandez, M. J.; Lorente, A.; Grant, K. B. Aminomethylan-
thracene dyes as high ionic strength DNA photocleaving agents: Two
rings are better than one. ChemistrySelect 2018, 3, 4897−4910.
(31) Terry, C. A.; Fernández, M. J.; Gude, L.; Lorente, A.; Grant, K.

B. Physiologically relevant concentrations of NaCl and KCl increase
DNA photocleavage by an N-substituted 9-aminomethylanthracene
dye. Biochemistry 2011, 50, 10375−10389.
(32) Naora, H.; Izawa, M.; Allfrey, V. G.; Mirsky, A. E. Some

observations on differences in composition between the nucleus and
cytoplasm of the frog oocyte. Proc. Natl. Acad. Sci. U.S.A. 1962, 48,
853−859.
(33) Hooper, G.; Dick, D. A. Nonuniform distribution of sodium in

the rat hepatocyte. J. Gen. Physiol. 1976, 67, 469−474.
(34) Moore, R. D.; Morrill, G. A. A possible mechanism for

concentrating sodium and potassium in the cell nucleus. Biophys. J.
1976, 16, 527−533.
(35) Todd, B. A.; Rau, D. C. Interplay of ion binding and attraction

in DNA condensed by multivalent cations. Nucleic Acids Res. 2007, 36,
501−510.
(36) Billett, M. A.; Barry, J. M. Role of histones in chromatin

condensation. Eur. J. Biochem. 1974, 49, 477−484.
(37) Langendorf, H.; Siebert, G.; Kesselring, K.; Hannover, R. High

nucleo-cytoplasmic concentration gradient of chloride in rat liver.
Nature 1966, 209, 1130−1131.
(38) Dick, D. A. The distribution of sodium, potassium and chloride

in the nucleus and cytoplasm of Bufo bufo oocytes measured by
electron microprobe analysis. J. Physiol. 1978, 284, 37−53.
(39) Saha, S.; Prakash, V.; Halder, S.; Chakraborty, K.; Krishnan, Y.

A pH-independent DNA nanodevice for quantifying chloride
transport in organelles of living cells. Nat. Nanotechnol. 2015, 10,
645−651.
(40) Kim, S. J.; Ko, S. H.; Kang, K. H.; Han, J. Direct seawater

desalination by ion concentration polarization. Nat. Nanotechnol.
2010, 5, 297−301.
(41) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning, A
Laboratory Manual, Cold Spring Harbor Press, 1989.
(42) Sharma, S. K.; Hamblin, M. R.The use of fluorescent probes to

detect ROS in photodynamic therapy. In Methods in Molecular
Biology; Springer, 2021; Vol. 2202, pp 215−229. DOI: 10.1007/978-
1-0716-0896-8_17.
(43) Price, M.; Reiners, J. J.; Santiago, A. M.; Kessel, D. Monitoring

singlet oxygen and hydroxyl radical formation with fluorescent probes
during photodynamic therapy. Photochem. Photobiol. 2009, 85, 1177−
1181.
(44) Molecular Probes Handbook: A Guide to Fluorescent Probes and
Labeling Technologies.; Johnson, I. D.; Spence, M. T. Z., Eds.; Life
Technologies Corporation, 2010.
(45) Merkel, P. B.; Kearns, D. R. Radiationless decay of singlet

molecular oxygen in solution. Experimental and theoretical study of
electronic-to-vibrational energy transfer. J. Am. Chem. Soc. 1972, 94,
7244−7253.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.2c00235
Chem. Res. Toxicol. 2023, 36, 1002−1020

1018

https://doi.org/10.1002/etc.2648
https://doi.org/10.1016/j.chemosphere.2016.11.113
https://doi.org/10.1016/j.chemosphere.2016.11.113
https://doi.org/10.1016/j.chemosphere.2016.11.113
https://doi.org/10.1897/1551-5028(2002)021<2225:QSARFT>2.0.CO;2
https://doi.org/10.1897/1551-5028(2002)021<2225:QSARFT>2.0.CO;2
https://doi.org/10.1897/1551-5028(2002)021<2225:QSARFT>2.0.CO;2
https://doi.org/10.1002/etc.5620130519
https://doi.org/10.1002/etc.5620130519
https://doi.org/10.1002/etc.5620130519
https://doi.org/10.1002/etc.5620081012
https://doi.org/10.1002/etc.5620081012
https://doi.org/10.1016/0166-445X(83)90008-5
https://doi.org/10.1016/B978-0-08-031862-2.50026-5
https://doi.org/10.1016/B978-0-08-031862-2.50026-5
https://doi.org/10.1016/B978-0-08-031862-2.50026-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.3733
https://doi.org/10.1002/etc.3733
https://doi.org/10.1002/etc.3733
https://doi.org/10.1007/s00128-012-0603-1
https://doi.org/10.1007/s00128-012-0603-1
https://doi.org/10.1007/s00128-012-0603-1
https://doi.org/10.1016/0147-6513(84)90060-5
https://doi.org/10.1016/0147-6513(84)90060-5
https://doi.org/10.1897/1551-5028(1997)016<1707:MOPTOP>2.3.CO;2
https://doi.org/10.1897/1551-5028(1997)016<1707:MOPTOP>2.3.CO;2
https://doi.org/10.1897/1551-5028(1997)016<1707:MOPTOP>2.3.CO;2
https://doi.org/10.4319/lo.1999.44.3_part_2.0878
https://doi.org/10.4319/lo.1999.44.3_part_2.0878
https://doi.org/10.4319/lo.1999.44.3_part_2.0878
https://doi.org/10.4319/lo.1999.44.3_part_2.0878
https://doi.org/10.1006/eesa.1999.1764
https://doi.org/10.1006/eesa.1999.1764
https://doi.org/10.1006/eesa.1999.1764
https://doi.org/10.1016/j.phytochem.2011.06.011
https://doi.org/10.1016/j.phytochem.2011.06.011
https://doi.org/10.1016/j.phytochem.2011.06.011
https://doi.org/10.1016/0165-1218(90)90002-J
https://doi.org/10.1016/0165-1218(90)90002-J
https://doi.org/10.1080/10590501.2016.1166826
https://doi.org/10.1080/10590501.2016.1166826
https://doi.org/10.1078/0944-7113-00340
https://doi.org/10.1078/0944-7113-00340
https://doi.org/10.1078/0944-7113-00340
https://doi.org/10.1562/2006-08-09-RA-1001
https://doi.org/10.1562/2006-08-09-RA-1001
https://doi.org/10.1562/2006-08-09-RA-1001
https://doi.org/10.38212/2224-6614.2189
https://doi.org/10.38212/2224-6614.2189
https://doi.org/10.1562/0031-8655(2002)0750346PAPOAE2.0.CO2
https://doi.org/10.1562/0031-8655(2002)0750346PAPOAE2.0.CO2
https://doi.org/10.1562/0031-8655(2000)072<0407:IOPCMI>2.0.CO;2
https://doi.org/10.1562/0031-8655(2000)072<0407:IOPCMI>2.0.CO;2
https://doi.org/10.1562/0031-8655(2000)072<0407:IOPCMI>2.0.CO;2
https://doi.org/10.1002/slct.201703019
https://doi.org/10.1002/slct.201703019
https://doi.org/10.1002/slct.201703019
https://doi.org/10.1021/bi200972c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi200972c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi200972c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.48.5.853
https://doi.org/10.1073/pnas.48.5.853
https://doi.org/10.1073/pnas.48.5.853
https://doi.org/10.1085/jgp.67.4.469
https://doi.org/10.1085/jgp.67.4.469
https://doi.org/10.1016/S0006-3495(76)85707-4
https://doi.org/10.1016/S0006-3495(76)85707-4
https://doi.org/10.1093/nar/gkm1038
https://doi.org/10.1093/nar/gkm1038
https://doi.org/10.1111/j.1432-1033.1974.tb03852.x
https://doi.org/10.1111/j.1432-1033.1974.tb03852.x
https://doi.org/10.1038/2091130b0
https://doi.org/10.1038/2091130b0
https://doi.org/10.1113/jphysiol.1978.sp012526
https://doi.org/10.1113/jphysiol.1978.sp012526
https://doi.org/10.1113/jphysiol.1978.sp012526
https://doi.org/10.1038/nnano.2015.130
https://doi.org/10.1038/nnano.2015.130
https://doi.org/10.1038/nnano.2010.34
https://doi.org/10.1038/nnano.2010.34
https://doi.org/10.1007/978-1-0716-0896-8_17
https://doi.org/10.1007/978-1-0716-0896-8_17
https://doi.org/10.1007/978-1-0716-0896-8_17?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-0716-0896-8_17?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1751-1097.2009.00555.x
https://doi.org/10.1111/j.1751-1097.2009.00555.x
https://doi.org/10.1111/j.1751-1097.2009.00555.x
https://doi.org/10.1021/ja00776a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00776a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00776a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(46) Gong, Y. Y.; Fu, J.; O’Reilly, S. E.; Zhao, D. Y. Effects of oil
dispersants on photodegradation of pyrene in marine water. J. Hazard.
Mater. 2015, 287, 142−150.
(47) Shang, J.; Chen, J.; Shen, Z. Y.; Xiao, X. Z.; Yang, H. N.; Wang,

Y.; Ruan, A. D. Photochemical degradation of PAHs in estuarine
surface water: effects of DOM, salinity, and suspended particulate
matter. Environ. Sci. Pollut. Res. Int. 2015, 22, 12374−12383.
(48) Chiron, S.; Minero, C.; Vione, D. Photodegradation processes

of the antiepileptic drug carbamazepine, relevant to estuarine waters.
Environ. Sci. Technol. 2006, 40, 5977−5983.
(49) Reis, A.; Domingues, M. R. M.; Oliveira, M. M.; Domingues, P.

Identification of free radicals by spin trapping with DEPMPO and
MCPIO using tandem mass spectrometry. Eur. J. Mass Spectrom.
2009, 15, 689−703.
(50) von Bünau, G.; Weber, S.; Wolff, T. Time and temperature-

dependence of anthracene triplet yields in frozen aqueous micellar
solutions - an electron paramagnetic resonance study. J. Photochem.
Photobiol., A 1994, 80, 363−368.
(51) Grossman, J. N.; Kowal, S. F.; Stubbs, A. D.; Cawley, C. N.;

Kahan, T. F. Anthracene and pyrene photooxidation kinetics in
saltwater environments. ACS Earth Space Chem. 2019, 3, 2695−2703.
(52) Mujtaba, S. F.; Dwivedi, A.; Mudiam, M. K.; Ali, D.; Yadav, N.;

Ray, R. S. Production of ROS by photosensitized anthracene under
sunlight and UV-R at ambient environmental intensities. Photochem.
Photobiol. 2011, 87, 1067−1076.
(53) Armitage, B. Photocleavage of nucleic acids. Chem. Rev. 1998,
98, 1171−1200.
(54) Hopkins, R. Z. Superoxide in biology and medicine: an

overview. ROS 2016, 1, 99−109.
(55) Hatz, S.; Poulsen, L.; Ogilby, P. R. Time-resolved singlet

oxygen phosphorescence measurements from photosensitized experi-
ments in single cells: effects of oxygen diffusion and oxygen
concentration. Photochem. Photobiol. 2008, 84, 1284−1290.
(56) Hatz, S.; Lambert, J. D. C.; Ogilby, P. R. Measuring the lifetime

of singlet oxygen in a single cell: addressing the issue of cell viability.
Photochem. Photobiol. Sci. 2007, 6, 1106−1116.
(57) Makrigiorgos, G. M. Detection of chromatin-associated

hydroxyl radicals generated by DNA-bound metal compounds and
antitumor antibiotics. In Metal Ions in Biological Systems; Routledge,
1999; Vol. 36, pp 521−545. DOI: 10.1201/9780203747605-16.
(58) Sies, H. Strategies of antioxidant defense. Eur. J. Biochem. 1993,
215, 213−2199.
(59) Marklund, S. Spectrophotometric study of spontaneous

disproportionation of superoxide anion radical and sensitive direct
assay for superoxide dismutase. J. Biol. Chem. 1976, 251, 7504−7507.
(60) Burrows, C. J.; Muller, J. G. Oxidative nucleobase modifications

leading to strand scission. Chem. Rev. 1998, 98, 1109−1152.
(61) Yang, J. L.; Wang, L. C.; Chang, C. Y.; Liu, T. Y. Singlet oxygen

is the major species participating in the induction of DNA strand
breakage and 8-hydroxydeoxyguanosine adduct by lead acetate.
Environ. Mol. Mutagen. 1999, 33, 194−201.
(62) Dong, S.; Fu, P. P.; Shirsat, R. N.; Hwang, H. M.; Leszczynski,

J.; Yu, H. UVA light-induced DNA cleavage by isomeric methylbenz-
[a]anthracenes. Chem. Res. Toxicol. 2002, 15, 400−407.
(63) Bohne, C.; Faulhaber, K.; Giese, B.; Hafner, A.; Hofmann, A.;

Ihmels, H.; Kohler, A. K.; Pera, S.; Schneider, F.; Sheepwash, M. A. L.
Studies on the mechanism of the photo-induced DNA damage in the
presence of acridizinium salts - Involvement of singlet oxygen and an
unusual source for hydroxyl radicals. J. Am. Chem. Soc. 2005, 127, 76−
85.
(64) Viola, G.; Ihmels, H.; Krausser, H.; Vedaldi, D.; Dall’Acqua, F.

DNA-binding and DNA-photocleavaging properties of 12a,14a-
diazoniapentaphene. ARKIVOC 2004, 2004, 219−230.
(65) Dhar, S.; Nethaji, M.; Chakravarty, A. R. DNA cleavage on

photoexposure at the d-d band in ternary copper(II) complexes using
red-light laser. Inorg. Chem. 2006, 45, 11043−11050.
(66) Taiwo, F. A. Mechanism of tiron as scavenger of superoxide

ions and free electrons. Spectroscopy 2008, 22, 491−498.

(67) Kaya, M.; Wang, C. Detection of trace elements in DI water
and comparison of several water solutions by using EF-FLRD
chemical sensors. In AIP Conference Proceedings, 2017; p 020027.
(68) Khan, S.; Khan, A. R. Migrating levels of toxic heavy Metals in

locally made food packaging containers. Egypt. J. Chem. 2022, 65,
521−527.
(69) Vraspir, J. M.; Butler, A. Chemistry of marine ligands and

siderophores. Annu. Rev. Mar. Sci. 2009, 1, 43−63.
(70) Urbanski, N. K.; Beresewicz, A. Generation of (OH)-O-.

initiated by interaction of Fe2+ and Cu+ with dioxygen; comparison
with the Fenton chemistry. Acta Biochim. Pol. 2000, 47, 951−962.
(71) Bai, H.; Wu, M.; Zhang, H.; Tang, G. Chronic polycyclic

aromatic hydrocarbon exposure causes DNA damage and genomic
instability in lung epithelial cells. Oncotarget 2017, 8, 79034−79045.
(72) Chakraborty, K.; Leung, K.; Krishnan, Y. High lumenal chloride

in the lysosome is critical for lysosome function. eLife 2017, 6,
No. e28862.
(73) Basnet, K.; Fatemipouya, T.; St Lorenz, A.; Nguyen, M.;

Taratula, O.; Henary, M.; Grant, K. B. Single photon DNA
photocleavage at 830 nm by quinoline dicarbocyanine dyes. Chem.
Commun. 2019, 55, 12667−12670.
(74) Linger, C.; Lancel, M.; Port, M. Evaluation of relative efficiency

of PDT photosensitizers in producing hydroxyl radicals and singlet
oxygen in aqueous media using a UV−visible spectroscopy pNDA
dosage. J. Photochem. Photobiol., B 2023, 241, No. 112664.
(75) Neilands, J. B. Microbial iron compounds. Annu. Rev. Biochem.
1981, 50, 715−731.
(76) Brooks, C. A. G.; Davis, K. M. C. Charge-transfer complexes.

Part XI. Quenching of anthracene fluorescence by anions. J. Chem.
Soc., Perkin Trans. 2 1972, 1649−1652.
(77) Fu, P. P.; Xia, Q.; Sun, X.; Yu, H. Phototoxicity and

environmental transformation of polycyclic aromatic hydrocarbons
(PAHs)-light-induced reactive oxygen species, lipid peroxidation, and
DNA damage. J. Environ. Sci. Health, Part C: Environ. Carcinog.
Ecotoxicol. Rev. 2012, 30, 1−41.
(78) Cervantes-González, J.; Vosburg, D. A.; Mora-Rodriguez, S. E.;

Vazquez, M. A.; Zepeda, L. G.; Gomez, C. V.; Lagunas-Rivera, S.
Anthraquinones: versatile organic photocatalysts. ChemCatChem
2020, 12, 3811−3827.
(79) Loeff, I.; Treinin, A.; Linschitz, H. The photochemistry of 9,10-

anthraquinone-2-sulfonate in solution. 2. Effects of inorganic anions:
Quenching vs. radical formation at moderate and high anion
concentrations. J. Phys. Chem. A 1984, 88, 4931−4937.
(80) Zhang, K.; Parker, K. M. Halogen radical oxidants in natural

and engineered aquatic systems. Environ. Sci. Technol. 2018, 52,
9579−9594.
(81) Lang, K.; Wagnerova, D. M.; Stopka, P.; Damerau, W.

Reduction of dioxygen to superoxide photosensitized by anthraqui-
none-2-sulphonate. J. Photochem. Photobiol., A 1992, 67, 187−195.
(82) Kuzmin, V. A.; Chibisov, A. K. One-electron photo-oxidation of

inorganic anions by 9, 10-anthraquinone-2, 6-disulphonic acid in the
triplet state. J. Chem. Soc. D: Chem. Commun. 1971, 1559−1560.
(83) Ensafi, A. A.; Jamei, H. R.; Heydari-Bafrooei, E.; Rezaei, B.

Electrochemical study of quinone redox cycling: A novel application
of DNA-based biosensors for monitoring biochemical reactions.
Bioelectrochemistry 2016, 111, 15−22.
(84) Cordeiro, D. S.; Corio, P. Electrochemical and photocatalytic

reactions of polycyclic aromatic hydrocarbons investigated by raman
spectroscopy. J. Braz. Chem. Soc. 2009, 20, 80−87.
(85) Armitage, B.; Schuster, G. B. Anthraquinone photonucleases: A

surprising role for chloride in the sequence-neutral cleavage of DNA
and the footprinting of minor groove-bound ligands. Photochem.
Photobiol. 1997, 66, 164−170.
(86) Chen, V. C.; Cheng, K.; Ens, W.; Standing, K. G.; Nagy, J. I.;

Perreault, H. Device for the reversed-phase separation and on-target
deposition of peptides incorporating a hydrophobic sample barrier for
matrix-assisted laser desorption/ionization mass spectrometry. Anal.
Chem. 2004, 76, 1189−1196.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.2c00235
Chem. Res. Toxicol. 2023, 36, 1002−1020

1019

https://doi.org/10.1016/j.jhazmat.2015.01.027
https://doi.org/10.1016/j.jhazmat.2015.01.027
https://doi.org/10.1007/s11356-015-4543-2
https://doi.org/10.1007/s11356-015-4543-2
https://doi.org/10.1007/s11356-015-4543-2
https://doi.org/10.1021/es060502y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es060502y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1255/ejms.1026
https://doi.org/10.1255/ejms.1026
https://doi.org/10.1016/1010-6030(93)01017-V
https://doi.org/10.1016/1010-6030(93)01017-V
https://doi.org/10.1016/1010-6030(93)01017-V
https://doi.org/10.1021/acsearthspacechem.9b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1751-1097.2011.00955.x
https://doi.org/10.1111/j.1751-1097.2011.00955.x
https://doi.org/10.1021/cr960428+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.20455/ros.2016.825
https://doi.org/10.20455/ros.2016.825
https://doi.org/10.1111/j.1751-1097.2008.00359.x
https://doi.org/10.1111/j.1751-1097.2008.00359.x
https://doi.org/10.1111/j.1751-1097.2008.00359.x
https://doi.org/10.1111/j.1751-1097.2008.00359.x
https://doi.org/10.1039/b707313e
https://doi.org/10.1039/b707313e
https://doi.org/10.1201/9780203747605-16
https://doi.org/10.1201/9780203747605-16
https://doi.org/10.1201/9780203747605-16
https://doi.org/10.1201/9780203747605-16?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1432-1033.1993.tb18025.x
https://doi.org/10.1016/S0021-9258(17)32878-8
https://doi.org/10.1016/S0021-9258(17)32878-8
https://doi.org/10.1016/S0021-9258(17)32878-8
https://doi.org/10.1021/cr960421s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960421s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1098-2280(1999)33:3<194::AID-EM3>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1098-2280(1999)33:3<194::AID-EM3>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1098-2280(1999)33:3<194::AID-EM3>3.0.CO;2-O
https://doi.org/10.1021/tx015567n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx015567n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046189m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046189m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja046189m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3998/ark.5550190.0005.520
https://doi.org/10.3998/ark.5550190.0005.520
https://doi.org/10.1021/ic060328e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic060328e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic060328e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1155/2008/953692
https://doi.org/10.1155/2008/953692
https://doi.org/10.21608/ejchem.2021.40023.2815
https://doi.org/10.21608/ejchem.2021.40023.2815
https://doi.org/10.1146/annurev.marine.010908.163712
https://doi.org/10.1146/annurev.marine.010908.163712
https://doi.org/10.18388/abp.2000_3950
https://doi.org/10.18388/abp.2000_3950
https://doi.org/10.18388/abp.2000_3950
https://doi.org/10.18632/oncotarget.20891
https://doi.org/10.18632/oncotarget.20891
https://doi.org/10.18632/oncotarget.20891
https://doi.org/10.7554/eLife.28862
https://doi.org/10.7554/eLife.28862
https://doi.org/10.1039/C9CC04751D
https://doi.org/10.1039/C9CC04751D
https://doi.org/10.1016/j.jphotobiol.2023.112664
https://doi.org/10.1016/j.jphotobiol.2023.112664
https://doi.org/10.1016/j.jphotobiol.2023.112664
https://doi.org/10.1016/j.jphotobiol.2023.112664
https://doi.org/10.1146/annurev.bi.50.070181.003435
https://doi.org/10.1039/p29720001649
https://doi.org/10.1039/p29720001649
https://doi.org/10.1080/10590501.2012.653887
https://doi.org/10.1080/10590501.2012.653887
https://doi.org/10.1080/10590501.2012.653887
https://doi.org/10.1080/10590501.2012.653887
https://doi.org/10.1002/cctc.202000376
https://doi.org/10.1021/j150665a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150665a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150665a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150665a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/1010-6030(92)85228-M
https://doi.org/10.1016/1010-6030(92)85228-M
https://doi.org/10.1039/c29710001559
https://doi.org/10.1039/c29710001559
https://doi.org/10.1039/c29710001559
https://doi.org/10.1016/j.bioelechem.2016.04.008
https://doi.org/10.1016/j.bioelechem.2016.04.008
https://doi.org/10.1590/S0103-50532009000100014
https://doi.org/10.1590/S0103-50532009000100014
https://doi.org/10.1590/S0103-50532009000100014
https://doi.org/10.1111/j.1751-1097.1997.tb08638.x
https://doi.org/10.1111/j.1751-1097.1997.tb08638.x
https://doi.org/10.1111/j.1751-1097.1997.tb08638.x
https://doi.org/10.1021/ac035014c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac035014c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac035014c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(87) Modukuru, N. K.; Snow, K. J.; Perrin, B. S.; Bhambhani, A.;
Duff, M.; Kumar, C. V. Tuning the DNA binding modes of an
anthracene derivative with salt. J. Photochem. Photobiol., A 2006, 177,
43−54.
(88) Poulos, A. T.; Kuzmin, V.; Geacintov, N. E. Probing the

microenvironment of benzo[a]pyrene diol epoxide-DNA adducts by
triplet excited state quenching methods. J. Biochem. Biophys. Methods
1982, 6, 269−281.
(89) Heddi, B.; Foloppe, N.; Hantz, E.; Hartmann, B. The DNA

structure responds differently to physiological concentrations of K+ or
Na+. J. Mol. Biol. 2007, 368, 1403−1411.
(90) Auffinger, P.; D’Ascenzo, L.; Ennifar, E.Sodium and potassium

interactions with nucleic acids. In The Alkali Metal Ions: Their Role for
Life; Springer International Publishing, 2016; Vol. 16, pp 167−201.
DOI: 10.1007/978-3-319-21756-7_6.
(91) Manning, G. S. The molecular theory of polyelectrolyte

solutions with applications to the electrostatic properties of
polynucleotides. Quart. Rev. Biophys. 1978, 11, 179−246.
(92) Stefl, R.; Wu, H. H.; Ravindranathan, S.; Sklenar, V.; Feigon, J.

DNA A-tract bending in three dimensions: Solving the dA(4)T(4) vs.
dT(4)A(4) conundrum. Proc. Natl. Acad. Sci. U.S.A. 2004, 101,
1177−1182.
(93) Kim, B. G.; Evans, H. M.; Dubins, D. N.; Chalikian, T. V.

Effects of salt on the stability of a G-quadruplex from the human c-
MYC promoter. Biochemistry 2015, 54, 3420−3430.
(94) Chan, A.; Kilkuskie, R.; Hanlon, S. Correlations between the

duplex winding angle and the circular dichroism spectrum of calf
thymus DNA. Biochemistry 1979, 18, 84−91.
(95) Shannon, R. D. Revised effective ionic radii and systematic

studies of interatomic distances in halides and chalcogenides. Act.
Crystallogr. Sect. A 1976, 32, 751−767.
(96) Sekibo, D. A. T.; Fox, K. R. The effects of DNA supercoiling on

G-quadruplex formation. Nucleic Acids Res. 2017, 45, 12069−12079.
(97) Kaushal, S. S.; Groffman, P. M.; Likens, G. E.; Belt, K. T.; Stack,

W. P.; Kelly, V. R.; Band, L. E.; Fisher, G. T. Increased salinization of
fresh water in the northeastern United States. Proc. Natl. Acad. Sci.
U.S.A. 2005, 102, 13517−13520.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.2c00235
Chem. Res. Toxicol. 2023, 36, 1002−1020

1020

https://doi.org/10.1016/j.jphotochem.2005.05.010
https://doi.org/10.1016/j.jphotochem.2005.05.010
https://doi.org/10.1016/0165-022X(82)90009-4
https://doi.org/10.1016/0165-022X(82)90009-4
https://doi.org/10.1016/0165-022X(82)90009-4
https://doi.org/10.1016/j.jmb.2007.03.010
https://doi.org/10.1016/j.jmb.2007.03.010
https://doi.org/10.1016/j.jmb.2007.03.010
https://doi.org/10.1007/978-3-319-21756-7_6
https://doi.org/10.1007/978-3-319-21756-7_6
https://doi.org/10.1007/978-3-319-21756-7_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1017/S0033583500002031
https://doi.org/10.1017/S0033583500002031
https://doi.org/10.1017/S0033583500002031
https://doi.org/10.1073/pnas.0308143100
https://doi.org/10.1073/pnas.0308143100
https://doi.org/10.1021/acs.biochem.5b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.5b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00568a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00568a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00568a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1093/nar/gkx856
https://doi.org/10.1093/nar/gkx856
https://doi.org/10.1073/pnas.0506414102
https://doi.org/10.1073/pnas.0506414102
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

