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Abstract: Photosynthesis is initiated when the sun’s light induces electron transfer from chlorophyll to
plastoquinone, a para-quinone. While photosynthesis occurs in the intact chloroplasts of living plants,
similar photochemical reactions between dietary chlorophyll metabolites and quinones are likely and
may affect health outcomes. Herein, we continue our studies of the direct photoreduction of para-
quinones and ortho-quinones that were generated by the photo-oxidation of catechols. Chlorophyll
metabolites, including pheophorbide A, chlorin e6, and pyropheophorbide A, as well as methylene
blue were employed as photosensitizers. We detected hydrogen peroxide using horseradish per-
oxidase following the photo-oxidation of the catechol dopamine, even in the presence of EDTA, a
tertiary amine electron donor. Under ambient oxygen, hydrogen peroxide was also detected after the
photoreduction of several para-quinones, including 2,3-dimethoxy-5-methyl-p-benzoquinone (CoQ0),
methoxy-benzoquinone, and methyl-benzoquinone. The combinations of methylene blue and EDTA
or pheophorbide A and triethanolamine as the electron donor in 20% dimethylformamide were
optimized for photoreduction of the para-quinones. Chlorin e6 and pyropheophorbide A were less
effective for the photoreduction of CoQ0 but were equivalent to pheophorbide A for generating hy-
drogen peroxide in photo-oxidation reactions with photosensitizers, oxygen, and triethanolamine. We
employed dinitrophenylhydrazine to generate intensely colored adducts of methoxy-benzoquinone,
methyl-benzoquinone, and 1,4-benzoquinone.

Keywords: catechol; quinone; singlet oxygen; photoreduction; chlorophyll; pheophorbide a;
methylene blue; hydrogen peroxide

1. Introduction

Photosynthesis is the light-dependent pathway by which plants consume carbon
dioxide and synthesize glucose. Photo-excitation of chlorophyll, the light-harvesting pig-
ment of green plants, initiates electron transfer to plastoquinone, a membrane-bound
para-quinone [1]. While considerable research has been devoted to understanding this
multi-step and life-sustaining pathway, only limited work has been performed on chloro-
phyll photoreactivity outside the confines of the chloroplasts in living plants.

Recent research suggests that by consuming green plants, the sun’s energy may be
used to perform chemical reactions that ultimately influence health, longevity, and even
our susceptibility to diseases of aging [2–4]. Qu et al. showed that the combination of
chlorophyll derivatives and red light reduced ubiquinone (also called Coenzyme Q) to
ubiquinol in vitro [2]. Ubiquinone, a membrane-bound para-quinone nearly identical to
plastoquinone, is an essential component of the electron transport chain (ETC) in mitochon-
dria used to produce ATP, and it also functions as a lipid-soluble antioxidant [5,6]. This
light-driven reaction of ubiquinone may be a novel mechanism to affect ATP synthesis
because cycles of ubiquinone reduction and oxidation are requisite for the proper function-
ing of the ETC [6]. The redox cycling of ubiquinone resembles that of plastoquinone in
chloroplasts during photosynthesis [1].
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In support of this, Zhang et al. reported that ATP yield in isolated mouse mitochondria
increased when they were combined with the chlorophyll derivative, pyropheophorbide
A (ppA), and exposed to red light (670 nm) [4]. In the absence of ppA or red light, no
increase in ATP yield was observed. Furthermore, when C. elegans samples were fed ppA
and exposed to red light, both ATP synthesis and life span increased [3].

Similar experiments performed in mice showed that a diet enriched with chlorophyll
metabolites coupled with red light exposure decreased markers of inflammation in those
animals, but not in the controls [4]. In treated mice, direct fluorescence imaging showed
that chlorophyll metabolites were still photo-excitable and accumulated in multiple cellular
locations, including in fat, the brain, and the gut [4].

While increased ATP yield and life span may be attributed to the enhanced photoreduc-
tion of ubiquinone, additional components of the ETC or other molecules are likely affected
by the combination of red light and chlorophyll derivatives. Our interest was piqued by the
structural similarities between the p-quinones, such as plastoquinone and ubiquinone, and
catechols. Catechols include plant-derived antioxidants like catechin and EGCG from green
tea as well as the neurotransmitters dopamine and epinephrine [7,8]. Catechols function as
antioxidants by scavenging reactive oxygen species (ROS) that accumulate as byproducts
of normal cellular metabolism [7,9,10].

We reported that catechols can be photo-oxidized by the combination of chlorophyll
metabolites, dissolved oxygen, and red light [11]. To study these reactions, we measured
rates of dopamine (DA) oxidation to aminochrome (AC) (Scheme 1) [12]. For comparison,
we employed methylene blue (MB), a well-characterized photosensitizer. Importantly, we
showed that by including an electron donor, we could photoreduce DA that had been
oxidized to the o-quinone intermediate, thereby halting the formation of AC. In addition to
the colorimetric DA oxidation assay, we observed O2 uptake as well, both in the absence and
presence of the electron donor, consistent with this redox cycling mechanism (Scheme 1).
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The o-quinone photoreduction step is intriguing because catechol antioxidants and
neurotransmitters are oxidized to o-quinones by ever-present ROS [7,9,10]. Photoreduction
back to the catechol by the combination of dietary chlorophyll and red light exposure
would be a novel mechanism to increase an organism’s antioxidant capacity. A requirement
for light exposure to maximize health is not unique given that we evolved to depend on
ultraviolet light for vitamin D biosynthesis [13].

Furthermore, many naturally occurring p-quinones beyond plastoquinone and ubiquinone
may be affected by the combination of chlorophyll and red light. For example, menadione
(Vitamin K3) is a naphthoquinone that must be reduced to function in blood coagulation [14].
Aquatic ecosystems often contain chlorophyll from decaying plants and phytoplankton
as well as organic materials like humic acids that contain both catechol and p-quinone
functional groups [15].

In this work, our goals were two-fold: to identify the O2 product during catechol
photo-oxidation; and to explore the photoreduction of p-quinones under ambient oxygen.
Previously, for catechols, we observed photo-oxidation followed by photoreduction [11].
Therefore, for p-quinones, we expect photoreduction to a hydroquinone followed by photo-
oxidation. Both cycles are evidence of concurrent photo-oxidation and photoreduction
pathways by MB and chlorophyll metabolites.
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2. Materials and Methods

All chemicals were from Fisher Scientific or Sigma (St. Louis, MO, USA) and were
of the highest purity available. pheoA, ppA, chlorin e6, 1,4-HQ, and all p-quinone stock
solutions were prepared in DMF and stored at −20 ◦C. All other solutions were prepared
in water or 10 mM PB pH 7.4. EDTA, TEOA, and TEA stock solutions were adjusted to 7.4
or 8.0 with NaOH or HCl. All buffers were equilibrated to room temperature (20–22 ◦C) to
ensure no differences in dissolved O2.

2.1. Red Light Specifications

A 36-watt red light composed of 18 2-watt LEDs was used for all photochemical
experiments. The maximum wavelength of emitted light was 660 nm. The intensity was
quantitated in lux, and intensity as a function of the distance from the light source to the
samples was measured to ensure consistent exposure.

2.2. Dopamine Oxidation

Reactions (100 µL) contained 1 mM DA and 2.5 µM in 10 mM PB pH 7.4 in a 96-well
plate; the surface of each well was exposed to air under ambient oxygen conditions.
Aminochrome (AC) absorbance was measured at 450 nm prior to light exposure and
at indicated time intervals. To determine AC concentrations from the plate assay, samples
were scanned in a 1 cm pathlength microcuvette to determine a conversion factor at 450 nm
because the pathlength in a plate reader format varies by sample volume. AC absorbs
at 470–475 nm (3245 M−1 cm−1) [16]. EDTA was included to assess effects on AC yield.
After 5 min, HRP (2 µL of 50 µM) was added to each well (1 µM final concentration). The
increase in absorbance due to H2O2 was measured after 2.5 min.

2.3. Oxygen Uptake Assays

Reactions (5 mL) contained 1.0 or 1.5 mM CoQ0, MB, and EDTA in 10 mM PB pH 7.4
in a 15 mL glass vial. Dissolved oxygen was measured prior to light exposure and at the
indicated time intervals using a Mettler-Toledo 605-ISM polarographic dissolved oxygen
probe. Reactions were performed under ambient oxygen, and the surface of the solution
was exposed to air. The maximum amount of DMF was 7.5% to minimize damage to the
electrode components. Absorbance (multiple 100 µL portions) was measured prior to and
immediately after light exposure. The change in absorbance at 405 nm was used to calculate
the change in CoQ0 concentration. From the scans of CoQ0 solutions, we determined a
molar absorptivity of 740 M−1 cm−1. HRP was added to the portions that had been exposed
to light, and the absorbance was reread 2.5 min after HRP addition.

2.4. CoQ0 Photoreduction Assays

CoQ0 (1 or 1.5 mM final) was combined with 5 µM MB in water or 25 µM pheoA,
ppA, or chlorin e6 in 10 mM PB pH 7.4. EDTA, TEOA, or TEA were added as electron
donors. Reactions (100 µL) were irradiated for 5 min for MB and up to 10 min for pheoA,
ppA, and chlorin e6 in a 96-well plate. Absorbance was measured at 405 nm (MB) and
450 nm (chlorophyll metabolites) prior to light exposure and at time intervals. Controls
with only CoQ0 or a photosensitizer alone were performed. Dark samples containing all
reactants served as controls. For pheoA, ppA, and chlorin e6, the initial photosensitizer
absorbance was subtracted to determine the change in CoQ0 due to its photoreduction.
DMF concentrations typically ranged from 10 to 20% for pheoA, ppA, and chlorin e6; the
maximum % DMF with MB was 7.5%.

2.5. Detection of p-Quinones with DNPH

Photoreduction reactions with 1,4-BQ, methoxy- and methyl-benzoquinone (100 µL)
were prepared as described above for CoQ0. Aliquots (10 µL) of the dark, light, and light
plus HRP samples were combined with 60 µL 1 mM DNPH in 2 M HCl (6-fold excess) for
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30 min in the dark. NaOH (2.4 M, 80 µL) was added to yield the deprotonated DNP adduct.
Absorbance readings (400–700 nm) were performed immediately after NaOH addition.

2.6. Oxidation of 1,4-HQ to 1,4-BQ by H2O2/HRP or MB/Red Light

1,4-HQ (1 mM) was combined with 10 mM PB pH 7.4, 1 mM H2O2, and HRP (1 µM
final) in 100 µL reactions at room temp. After 5 min, aliquots (2 × 10 µL) were combined
with DNPH as described above for p-quinones and quenched with NaOH after 30 min.
Absorbance was measured between 400 and 700 nm. The final concentration of DMF was
5%. For photo-oxidation, HQ (1 mM) was combined with 5 µM MB in 10 mM PB pH 7.4
(100 µL) at room temp. The samples were irradiated for 5 min, mixed to re-incorporate
dissolved O2, and irradiated for an additional 5 min. The DNPH procedure was followed
to detect the DNP adduct. Authentic 1,4-BQ was also detected by this method.

2.7. Detection of H2O2 with TMB and HRP

For reactions containing only photosensitizers and tertiary amines (no CoQ0), TMB
and HRP were used to detect H2O2. Aliquots (20 µL) of photochemical reactions were
combined with 1 mM TMB and 1 µM HRP in 100 µL. After blue color development,
100 µL of 1 M HCl was added. Absorbance was read at 450 nm in a 96-well plate. A
standard curve from 0 to 80 µM H2O2 was used to calculate H2O2 concentrations in the
photochemical reactions.

2.8. Data Analysis

For each treatment/condition, at least three independent experiments were performed
in duplicate or triplicate by different researchers using different micropipettes. Mean values
were calculated for each independent experiment (mean ± error). For figures showing
error bars, mean values were averaged and the error was calculated. Details for each are
stated in the figure legends.

3. Results

In our recent work describing the photo-oxidation and photoreduction of catechols
using MB and chlorophyll metabolites as photosensitizers, we observed O2 uptake during
photo-oxidation of DA to AC but did not identify the O2 product [11]. Herein, we provide
evidence that catechol photo-oxidation to the o-quinone proceeds through 1O2-mediated
hydrogen atom abstraction to yield a peroxyl radical, •OOH. The pKa of •OOH is 4.8;
therefore, at neutral pH, it will deprotonate to superoxide anion [17]. Disproportionation
of two superoxide anions yields O2 and H2O2 according to Equation (1). Furthermore,
two resulting catechol semiquinones (RO•) disproportionately yield an o-quinone and
regenerate a catechol [18]. Thus, the ratio of products, from o-quinone (and consequently
AC) to H2O2, should be 1:1.

O2
−• + O2

−• + 2H+ → H2O2 + O2 (1)

To test for H2O2, HRP was added following DA photo-oxidation to AC (Figure 1). HRP
uses H2O2 to oxidize many organic molecules, including catechols and hydroquinones [19,20].
Because DA is oxidized by HRP only when H2O2 is available, AC further increased after
HRP was added (the solution contained sufficient unreacted DA). If catalase, an enzyme
that also consumes H2O2, was added prior to HRP, no increase in AC was detected. Catalase
reacts according to Equation (2):

2H2O2 → 2H2O + O2 (2)
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Figure 1 also shows that the inclusion of EDTA led to a dose-dependent decrease in
AC yield, consistent with our prior work (−HRP). Even though less AC was produced,
H2O2 production was not halted by EDTA. For all EDTA concentrations tested, the yield of
H2O2 was greater than if no EDTA was present. High ratios of EDTA to MB were critical
to ensure the transfer of electrons from EDTA to MB so that MB continues to photoreduce
additional o-quinone intermediates.

Although increased AC after HRP addition confirmed that photo-oxidation pro-
duced H2O2, exact quantitation was not possible. AC is not stable in aqueous solution at
neutral pH, and some of its rearrangement products, including leukoaminochrome and
5,6-dihydroxyindole, are also HRP co-substrates [21,22]. To confirm this in our system, DA
(1 mM), HRP, and a known amount of H2O2 were combined to generate ~200 µM AC.
When a second equal amount of H2O2 was added, the increase in AC was less than for
the first amount, even though the solution containing unreacted DA and HRP was still
active. This proves that solutions of orange AC contained other substances that also act as
HRP co-substrates. HRP assays for H2O2 using other peroxidase co-substrates, including
ABTS, o-phenylenediamine, and TMB, were unsuccessful because excess DA, AC, and its
rearrangement products in the solution prevented their color formation.

H2O2 formation, even when EDTA was present, supports our hypothesis of concurrent
photo-oxidation of DA by 1O2 to the intermediate o-quinone, followed by photoreduction
back to DA by the combination of red light, MB, and EDTA (Scheme 1). If both pathways
occurred concurrently with DA (oxidation followed by o-quinone reduction), we suspected
that a p-quinone could be reduced to its hydroquinone form and then be re-oxidized by
1O2 (Scheme 2).
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To address this, we revisited the CoQ0 photoreduction assay that we employed in our
prior work [11]. CoQ0 is an analog of CoQ10 but is more water soluble, though some DMF
is required. For CoQ0, there is a color change from yellow to colorless upon reduction that
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is easily monitored by UV/Vis spectroscopy or in a 96-well plate format. If cycling from
oxidized p-quinone to hydroquinone and back to p-quinone occurs, then we would expect
an oxygen uptake as CoQ0 is photoreduced under ambient oxygen.

For O2 uptake measurements, larger sample volumes are required to accommodate
the O2 probe; thus, the time course of photochemical reactions is different from samples
prepared in a 96-well plate. In Figure 2A, changes in both dissolved O2 and CoQ0 concen-
trations are shown. For both 1.0 and 1.5 mM CoQ0, the extent of photoreduction and the
decrease in O2 concentration were identical. Given that the concentrations of MB, dissolved
O2, and EDTA were identical, this result was expected. Even in the absence of CoQ0, O2
uptake was observed, though it was lower than for the samples with CoQ0. For the −CoQ0
samples, the addition of up to 7.5% DMF did not affect O2 uptake.
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Figure 2. Photoreduction of CoQ0 by MB/EDTA; O2 uptake and detection of H2O2 with HRP. (A) Reac-
tions (5 mL) contained 5 µM MB, 5 mM EDTA in 10 mM PB pH 7.4. Reactions with CoQ0 contained
either 5% DMF (for 1.0 mM) or 7.5% DMF (for 1.5 mM). The sample without CoQ0 contained up to
7.5% DMF. Absorbance values at 405 nm before and after irradiation (5 min) were used to determine
the [CoQ0] reduced. O2 readings were taken before and after light. These data are the average of at
least three independent experiments. (B) Reactions were prepared as in (A). Visible scans of 100 µL
aliquots were taken before and after 5 min of light. HRP (1 µM final) was added to light samples
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(C) Reactions (100 µL) contained 5 µM MB and varying EDTA in 10 mM PB pH 7.4. The absorbance
at 405 nm was measured prior to light and at indicated times. These data are the average of three
independent experiments performed in triplicate.

Tertiary amines like EDTA are known to react with 1O2, but at much lower rates than
hydroquinones [23–25]. Therefore, in the absence of CoQ0, or when CoQ0 hydroquinone
is not yet available, the reaction of 1O2 with EDTA produces the amine cation radical and
O2

−• according to Equation (3).

1O2 + R3N: → O2
−• + R3N+• (3)

When CoQ0 hydroquinone is available, it will be oxidized to a semiquinone via the
same hydrogen atom abstraction process as for 1O2 oxidation of DA. Thus, 1O2 reacts with
both EDTA or CoQ0 hydroquinone to produce H2O2. In Figure 2A, the greater O2 uptake
when CoQ0 is present supports cycles of photoreduction to hydroquinone, followed by its
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reoxidation given the much higher rate constants for the reaction of hydroquinones with
1O2 relative to tertiary amines like EDTA [23,24].

For identical O2 uptake reactions, H2O2 was measured using HRP. The CoQ0 hy-
droquinone is a co-substrate for HRP, and oxidation restores its absorbance at 405 nm
(Figure 2B). Unlike DA oxidation to AC in Figure 1, there are no secondary products that
skewed our interpretation.

Figure 2B shows UV/Vis scans of CoQ0 photoreduction reactions before irradiation
after 5 min of red light and for light samples with added HRP. Following irradiation, the
peak at 405 nm corresponding to CoQ0 decreased due to photoreduction. When HRP
was added, some absorbance at 405 nm was restored. If catalase was added prior to HRP,
no increase in absorbance was detected because catalase consumes the requisite H2O2
(Equation (2)). No changes at lower wavelengths were observed. The second peak at
~665 nm corresponds to MB, and no photobleaching occurred after 5 min of light exposure.
No oxygen uptake was observed for MB and CoQ0 in the absence of EDTA. This result
confirms that H2O2 was produced during CoQ0 photoreduction under ambient oxygen.

The CoQ0 photoreduction reaction with MB was optimized for EDTA concentration
and reaction time. We sought to determine the lowest EDTA concentration required so as
to minimize its reaction with 1O2. Figure 2C shows that for all three EDTA concentrations
tested, at least 60% of the 1.5 mM CoQ0 was photoreduced after 2.5 min. While photore-
duction with 7.5 and 10 mM EDTA was superior to 5 mM at all times tested, there was
little change in CoQ0 concentration after 5 min regardless of EDTA concentration. With
1.5 mM CoQ0 and only 5 µM MB, the maximum number of turnovers was 300 (ratio of
CoQ0:MB) [11].

Additional CoQ0 photoreduction assays with 5 µM MB and 5 mM EDTA were per-
formed in a 96-well plate to determine H2O2 concentrations at different time intervals.
Again, we used HRP to convert the photoreduced CoQ0 (colorless) back to the yellow
oxidized p-quinone. Corresponding reactions without CoQ0 were also analyzed for H2O2
using TMB and HRP. Table 1 shows that at all times tested, the concentration of H2O2 was
greater when CoQ0 was included. This is consistent with the O2 uptake data in Figure 2A.
In Figure 2A, using a 5 mL volume in a glass vial, the change in O2 concentration was
~220 µM after 5 min. In the 96-well format, the surface of the 100 µL reactions is exposed to
air; therefore, as dissolved O2 is depleted, additional H2O2 still forms at the solution/air
interface. This is evident in the greater than 300 µM H2O2 values observed for all +CoQ0
samples. Of note, the average concentration of dissolved O2 at 20–22 ◦C was ~300 µM.

Table 1. H2O2 yield by MB/EDTA in µM after red light exposure.

Time (min) +1.5 mM CoQ0 (µM) −CoQ0 (µM)

1.5 334 ± 10 80 ± 2
2.5 421 ± 11 108 ± 1
5 524 ± 17 126 ± 2 1

1 All samples contained 5 µM MB and 5 mM EDTA in 10 mM PB pH 7.4. Samples with CoQ0 contained 7.5% DMF.
The addition of 7.5% DMF to −CoQ0 samples did not alter H2O2 yield. The data shown are the averages of at
least two independent experiments performed in triplicate. The error is the standard deviation.

To investigate the reactivity of chlorophyll metabolites as photosensitizers, we ex-
amined CoQ0 photoreduction with varying electron donors and with differing amounts
of DMF. In our prior work, EDTA had very limited reactivity with pheoA, the major
chlorophyll metabolite expected after consumption of green plants [26,27]. Furthermore,
chlorophyll metabolites are less soluble necessitating additional DMF (up to 20%) relative
to MB, whose reactions only contain 5–7.5% DMF because CoQ0 stock solutions were
prepared with it.

To optimize photoreduction under ambient oxygen conditions, we varied the % DMF
for CoQ0 photoreduction by pheoA and TEOA. First, we examined the effect of 5–20% DMF
on the absorbance of pheoA in PB pH 7.4 or pH 8.0 at 667 and 685 nm; these wavelengths



Photochem 2024, 4 353

correspond to the monomer and dimer forms of pheoA, respectively [28]. We observed a
distinct shift from 685 to 667 nm as the % DMF increased from 5 to 20% (Supplemental
Figure S1). For subsequent assays with pheoA, CoQ0, and TEOA, the extent of photore-
duction also increased with increasing DMF. The increase in activity was most prominent
between 15 and 20% DMF, with an increase from ~30 to 51 turnovers with a constant ratio
of TEOA to pheoA (2000:1) at pH 8.0. We did not test higher DMF concentrations because
the shift from dimer to monomer was nearly complete with 20% DMF. Furthermore, we
did not want higher DMF to compromise the activity of enzymes, including HRP, SOD,
and catalase, that we use to elucidate photo-oxidation and photoreduction pathways.

Both TEOA and TEA were tested as electron donors for CoQ0 photoreduction with
25 µM pheoA in 20% DMF. Figure 3A shows the time course of CoQ0 photoreduction
at pH 7.4 and 8.0. For both TEOA and TEA, pH 8.0 was superior to pH 7.4. Because
TEOA and TEA concentrations are 50 mM, their pH dominates that of the entire solution,
effectively acting as the buffer. Because only deprotonated tertiary amines can function as
electron donors, this is consistent with their pKa values of 7.75 and 10.7 for TEOA and TEA,
respectively. Given our interest in pheoA photoreactivity under physiological conditions,
we did not test higher pH values.
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Figure 3. Photoreduction of CoQ0 by chlorophyll metabolites. (A) Reactions (100 µL) contained
25 µM pheoA, 50 mM electron donor, and 20% DMF in 10 mM PB. The pH of the resulting solution
was determined by the electron donor. Absorbance at 450 nm was recorded prior to light exposure
and at t = 7.5 min. Controls without CoQ0 were performed to determine pheoA absorbance at 450 nm
prior to and after light. The data shown are the average of three independent experiments performed
in duplicate. (B) Reactions (100 µL) contained 25 µM pheoA, ppA, or chlorin e6; 50 mM TEOA pH
8.0; and 20% DMF in PB. Absorbances of CoQ0 and pheoA controls were measured as in (A). H2O2

(−CoQ0) was measured after 5 min of light. Aliquots (20 µL) were combined with 10 mM PB pH 7.4,
1 mM TMB, and 1 µM HRP (100 µL total). Reactions were quenched with 100 µL of 1 M HCl, and the
absorbance was measured at 450 nm. These data are the average of three independent experiments
performed in duplicate.

At 7.5 min, ~85% and 92% of 1.5 mM CoQ0 was reduced for the TEOA and TEA
samples at pH 8.0, respectively. This corresponds to at least 50 turnovers for pheoA (mol
CoQ reduced/mol pheoA), which is more than 2-fold greater than the maximum number
of 18–20 that we reported previously [11]. Furthermore, following CoQ0 photoreduction
under ambient oxygen, we tested for H2O2 using HRP. Regardless of pH or electron donor,
we observed an increase in CoQ0 absorbance after HRP addition, as we had observed for
MB (Figure 2B).

In addition to pheoA, we tested the chlorophyll metabolites, pyropheophorbide (ppA)
and chlorin e6, in our CoQ0 photoreduction assay. For pheoA, we explored the require-
ment for DMF, varying pH values and the electron donor. No CoQ0 photoreduction
was observed for ppA or chlorin e6 with EDTA as the electron donor (same ratios of
EDTA:photosensitizer). Although both TEOA and TEA were effective as electron donors
for ppA and chlorin e6, the extent of CoQ0 photoreduction was much lower than for pheoA
(Figure 3B).
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Given the differences in photoreduction activity, we compared the amount of H2O2
produced by each in the absence of CoQ0 but with the same tertiary amine (TEOA) and
% DMF. Figure 3B shows that ppA and chlorin e6 were equal to or better than pheoA in
producing H2O2. While TEA was ~20–25% more effective than TEOA for CoQ0 photore-
duction with both ppA and chlorin e6, the extent of photoreduction did not approach that
of pheoA.

We examined H2O2 yield by pheoA both in the presence and absence of CoQ0 using
the optimized photoreduction conditions. Table 2 shows that at all times tested, more H2O2
was detected for the +CoQ0 samples relative to the −CoQ0 samples. This is consistent with
our MB results (Table 1). Because higher concentrations of TEOA (50 mM) were employed
with pheoA relative to that of EDTA (5 mM) used with MB, the yields of H2O2 are all higher.
Thus, the reactivity of CoQ0—with respect to photoreduction and subsequent reoxidation
by 1O2—is the same regardless of the photosensitizer and tertiary amine combination.

Table 2. H2O2 yield by pheoA/TEOA after red light exposure.

Time (min) +1.5 mM CoQ0 (µM) −CoQ0 (µM)

2.5 410 ± 27 271 ± 5
5 575 ± 6 334 ± 8

7.5 635 ± 53 394 ± 10
All samples contained 25 µM pheoA, 20% DMF, and 50 mM TEOA pH 8.0. The data shown are the average of at
least two independent experiments performed in triplicate. The error is the standard deviation.

Additional CoQ0 photoreduction experiments were performed to test the effects of
catalase, superoxide dismutase (SOD), and a N2 atmosphere. Catalase slowed the rate
of CoQ0 photoreduction, but SOD had no effect. By regenerating O2, catalase favors the
formation of more 1O2 that will subsequently re-oxidize CoQ0 hydroquinone (Scheme 2
and Equation (2)). In support of this, we also observed that catalase increased the rate and
extent of DA oxidation to AC by increasing O2 and therefore 1O2.

SOD had no effect on CoQ0 photoreduction because it only accelerates the already
rapid nonenzymatic disproportionation of O2

−• to form O2 and H2O2 (Equation (1)) [29].
Neither enzyme was present in sufficient quantity to act as a 1O2 scavenger via the oxidation
of protein amino acids [30]. When CoQ0 photoreduction reactions were bubbled with N2
for up to 60 s to displace dissolved O2, the rate of photoreduction increased by 10–20%,
and the yield of H2O2 decreased by as much as 50%.

We compared CoQ0 photoreactivity with other p-quinones, including 1,4-benzoquinone
(1,4-BQ), methoxy-benzoquinone (mBQ), and methyl-benzoquinone (methylBQ). Both
MB/EDTA and pheoA/TEOA/DMF conditions were employed for photoreduction. Be-
cause these p-quinones do not absorb in the visible range, we used DNPH as a derivatizing
agent that reacts with the p-quinones but not with the reduced hydroquinones. Under
basic conditions, these DNP adducts absorbed between 543 nm (for mBQ) and 513 nm
(for 1,4-BQ).

Figure 4 shows the dark, light, and light + HRP samples of mBQ analogous to those in
Figure 2B after derivatization with DNPH. Irradiation of mBQ resulted in photoreduction,
thus decreasing the yield of the DNP adduct. The addition of HRP regenerated some of the
mBQ DNP adduct because, as for CoQ0, H2O2 was produced during photoreduction under
ambient oxygen, and because mBQ is an HRP co-substrate. The addition of catalase prior
to HRP abolished the increase in mBQ DNP adduct. While the samples in Figure 4 were
prepared using MB and EDTA, identical results were obtained with pheoA and TEOA.

For methylBQ, we also observed a decrease in DNP adduct for the light sample and
an increase in the DNP adduct when HRP was added. Supplementary Figure S2 shows the
dark, light, and light + HRP samples of methylBQ using pheoA and TEOA with 20% DMF
(same conditions as for CoQ0 in Figure 3A). The absorbance maximum of the methylBQ
DNP adduct was 532 nm vs. 543 nm for mBQ.
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Figure 4. Photoreduction of mBQ and detection of its DNP adduct. Reactions (100 µL) contained
5 µM MB, 5 mM EDTA, and 1.0 mM mBQ in 10 mM PB pH 7.4. Aliquots (10 µL) of the dark, light,
and light plus HRP samples were combined with 6-fold excess DNPH in 2 M HCl for 30 min in the
dark. Absorbance readings (400–700 nm) were performed immediately after NaOH addition. The
representative data shown are average scans performed in duplicate. DNPH alone is shown in blue.

Lastly, we used DNPH derivatization to confirm the oxidation of 1,4-hydroquinone
(1,4-HQ) to 1,4-BQ. Our results herein are based on the known reactions of hydroquinones
with both 1O2 and HRP/H2O2 to yield the corresponding p-quinones [23,31,32]. 1,4-HQ is
stable and commercially available, unlike the reduced forms of CoQ0, mBQ, and methylBQ.

Figure 5 shows that the visible spectrum of the DNP adduct of authentic 1,4-BQ is
identical to that of 1,4-HQ treated with H2O2 and HRP. As expected, the extent of 1,4-HQ
oxidation was dependent on the concentration of H2O2 (blue curve). When 1,4-HQ was
photo-oxidized with MB and red light under ambient oxygen and subsequently modified
with DNPH, the same DNP adduct was produced (yellow curve).
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Figure 5. Oxidation of 1,4-HQ by H2O2/HRP or photo-oxidation with MB/light/O2. 1,4-HQ (1 mM)
was combined with 0.5 or 1 mM H2O2 and HRP (1 µM final) in 10 mM PB pH 7.4. For photo-oxidation,
1,4-HQ (1 mM) was combined with 5 µM MB in 10 mM PB pH 7.4 at room temp. Samples were
irradiated for 5 min, mixed to increase dissolved O2, and irradiated again for 5 min. 1,4-BQ was
detected with DNPH as described for p-quinones. The representative data shown are average scans
performed in duplicate.

4. Discussion

Our previous work on catechol photo-oxidation provided clear evidence for 1O2 as
the oxidant responsible for DA oxidation to AC [11]. Inhibition by azide and enhanced
oxidation in D2O are hallmarks of 1O2-mediated reactions [33,34]. Because O2 uptake was
observed following photo-oxidation of DA, a model catechol, we sought to identify the
resulting product formed from O2.

Herein, we showed that H2O2 is produced during DA photo-oxidation by employing
HRP, an enzyme that reacts with H2O2 and DA (Figure 1). HRP can only increase AC yield
after photo-oxidation if H2O2 is present. When catalase consumed H2O2 (Equation (2))
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prior to HRP addition, no increase in AC yield was detected, further confirming the
presence of H2O2 after photo-oxidation. Both catechols and hydroquinones (reduced
p-quinones) are HRP co-substrates; therefore, H2O2 was successfully confirmed via di-
rect color changes in our existing DA photo-oxidation and CoQ0 photoreduction assays
(Schemes 1 and 2) [22,31,32,35]. Hydrogen atom abstraction by 1O2 also explains the for-
mation of the intermediate o-quinone. The disproportionation of resulting semiquinones
(RO•) yields an o-quinone and regenerates catechol [18].

This work also confirms that DA photo-oxidation to the intermediate o-quinone and
subsequent photoreduction occurred when both O2 and an electron donor were present
(Scheme 1). Increasing the EDTA (with constant MB) increased CoQ0 photoreduction
(Figure 2). Indeed, we optimized CoQ0 turnovers using MB and EDTA from 180 to 200 in
our prior work to ~300 (mol CoQ0 reduced/mol MB) [11].

Tertiary amines including EDTA, TEOA, and TEA are well-established electron donors
in photoreduction systems [36,37]. However, their reactions with 1O2 (Equation (3)) to pro-
duce H2O2 is central to our data interpretation. EDTA may scavenge 1O2, thereby compet-
ing with DA for it; however, the rate constant for 1O2 and EDTA is only ~105 M−1 s−1 [24].
By contrast, the rate constant for catechols and 1O2 is at least 2–3 orders of magnitude
greater (Table 3).

Table 3. Relevant rate constants 1 for oxidation with 1O2.

Reaction Rate Constant (M−1 s−1) Reference

Catechols + 1O2 ~108 [38]
Hydroquinones + 1O2 ~107–108 [23]
EDTA + 1O2 ~105 [24]

1 Solvent conditions are not identical to those used herein.

For example, in Figure 1, the highest EDTA concentration tested was 2.5 mM, while
for DA, it was 1 mM. Given the substantial difference in rate constants, it is clear that under
these conditions, 1O2 will react with DA, not EDTA. However, in the absence of catechol
or hydroquinone, tertiary amines react with 1O2 and also produce H2O2 (Tables 1 and 2).
A reaction between EDTA and 1O2 is likely when CoQ0 photoreduction is first initiated
and O2 is plentiful. As the CoQ0 hydroquinone accumulates, 1O2 will oxidize it, not EDTA.
Given that both oxidation events yield H2O2, it is not possible to quantify each separately.

The chlorophyll metabolites studied herein—pheoA, ppA, and chlorin e6—photoreduced
CoQ0 and also produce H2O2 (Figure 3). This is important because chlorophyll metabolites
reacted like MB, a well-characterized synthetic photosensitizer [39]. However, unlike MB,
which is positively charged at neutral pH, EDTA was not effective as an electron donor
with pheoA, ppA, or chlorin e6. pheoA and ppA have one negative carboxylate at neutral
pH, whereas chlorin e6 has three [11,40,41]. Therefore, due to charge repulsion, we did not
expect to observe electron transfer from EDTA, with its multiple carboxylates, to any of
them [41]. Even with TEAO and TEA as electron donors (and no charge repulsion), pheoA
turnovers (mol CoQ0 reduced/mol pheoA) were consistently lower than MB (~50 vs. 300)
(Figures 2C and 3B).

Nonetheless, differences in the reactivity of the three chlorophyll metabolites were
observed. pheoA was superior to ppA and chlorin e6 with respect to CoQ0 photoreduc-
tion, but all three generated roughly equal amounts of H2O2 (Figure 3B). Chlorin e6 was
developed for photodynamic therapy (PDT), wherein red light and a photosensitizer gen-
erate 1O2 and other ROS as a means to selectively target cancer cells [40–42]. For PDT,
photoreduction would not be a desired outcome, only photo-oxidation [40]. The reasons
for the differing reactivities of the three chlorophyll metabolites are not clear, although we
speculate that ppA and chlorin e6 may have decreased the capacity to accept electrons from
TEOA or TEA relative to pheoA.

As in our prior work, we saw an absolute requirement for an organic solvent—in this
case DMF—to enhance pheoA solubility and therefore reactivity. Though TEOA has a much
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lower pKa value (7.75) than TEA (~10.7), TEA was equal to TEOA in our photoreduction
system (Figure 3A). This suggests that electron donation to pheoA may be hindered by the
hydroxyl groups of TEOA. Given that pheoA is hydrophobic requiring at least 20% DMF
for optimal photoreduction, polar hydroxyl groups on TEOA may limit electron transfer.

H2O2 yield by both MB/EDTA and pheoA/TEOA was greater when CoQ0 was present
(Tables 1 and 2). This is only possible if CoQ0 is cycling as depicted in Scheme 2. For this
reason, photoreduction turnover numbers (mol CoQ0 reduced/mol photosensitizer) are
not the true measure of total photosensitizer reactivity as its excited state also reacts with
O2 to produce 1O2, though they are commonly reported, even for systems where both
photoreduction and 1O2 formation occur [43].

Concurrent photo-oxidation and photoreduction also occurs in intact chloroplasts.
Chlorophyll will trigger 1O2 formation (and other ROS products) when light intensity
is excessive [44]. Typically, 1O2 is quenched by pigments such as β-carotene and α-
tocopherols [33,44]. Thus, even in intact plants, chlorophyll functions in both photo-
oxidation and photoreduction pathways.

This work also shows that DNPH conjugation (Figures 4 and 5) is an effective method
to study p-quinones that do not absorb strongly in the visible range. DNP adducts are easy
to prepare and absorb strongly in the visible range under basic conditions. For example, in
Figure 4, the mBQ DNP adduct (only ~67 µM) has an absorbance greater than 1.5. DNPH
labeling was also successfully employed to prove that the stable hydroquinone, 1,4-HQ,
was oxidized to 1,4-BQ by H2O2/HRP and photochemically oxidized by 1O2 (Figure 5).

pheoA photoreactivity is of greatest interest because it is the likely metabolite formed
in vivo after eating green plants; therefore, it has health implications [26,27]. While tertiary
amines are not relevant electron donors in vivo, the range of photochemical reactions by
chlorophyll metabolites beyond the confines of intact chloroplasts has not been explored in
any detail. Even if electron donors are limited in vivo, a single photoreduction event by a
chlorophyll metabolite may be sufficient to increase catechol antioxidant capacity or favor
CoQ0 hydroquinone, thereby increasing ATP yield [3].

To the best of our knowledge, azobenzenes are the only other class of molecules
reported to be photoreduced by chlorophyll metabolites [43]. Dutta et al. employed tin-
substituted ppA in conjunction with red light and EDTA to reduce azobenzenes on a nucleic
acid template [43].

Our systems involving both o- and p-quinones are also interesting because photore-
duction proceeds, even when O2 is present. Some photoreduction systems designed to
produce hydrogen gas only function under a strict anaerobic environment [36].

Lastly, our work suggests a possible aqueous photochemical system to generate H2O2.
The current industrial process relies on a Pd catalyst, H2 and O2 gases, anthraquinone as a
redox cycler, and a mixture of organic solvents [45,46]. Herein, we generated H2O2 using
MB, EDTA, mild red light, and ambient O2 in neutral aqueous solution (Table 1). Indeed,
the yield of H2O2 increased when a p-quinone was present that could cycle from oxidized
to reduced and back to the oxidized form. The limiting factor was dissolved O2, which
could be readily increased by bubbling the solution with air or O2 gas. Both EDTA and
MB are very water soluble and nontoxic. The only organic solvent required when MB was
employed as the photosensitizer was the solvent needed to dissolve the p-quinone. Thus,
the project we designed to understand the health benefits of chlorophyll ingestion may be
relevant to the critically important industrial process of H2O2 synthesis.

5. Conclusions

These results are consistent with our proposed mechanism of CoQ0 photoreduction
and subsequent photo-oxidation of the resulting hydroquinone by 1O2 (Scheme 2). This is
further support for the photo-oxidation of DA by 1O2 followed by the photoreduction of
the transient o-quinone (Scheme 1). Our methodology employing HRP to detect H2O2 after
DA photo-oxidation and after CoQ0 photoreduction assays relies on a straightforward color
change (Figures 1 and 2). In addition to CoQ0, several other p-quinones were photoreduced
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using both MB and chlorophyll metabolites as photosensitizers. DNPH derivatization was
successfully employed to modify p-quinones so that their photoreduction could be readily
measured. This research on chlorophyll photochemistry is intriguing because many natural
products that we consume contain catechol and p-quinone functionalities.
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