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ABSTRACT

There are controversial reports in the literature concerning the
reactivity of singlet oxygen ('O,) with the redox probe 2,7’
dichlorodihydrofluorescein (DCFH). By -carefully preparing
solutions in which 'O is quantitatively generated in the presence
of DCFH, we were able to show that the formation rate of the
fluorescent molecule derived from DCFH oxidation, which is
2’,7’-dichlorofluorescein (DCF), increases in D,O and decreases
in sodium azide, proving the direct role of 'O, in this process. We
have also prepared solutions in which either 'O, or dication
(MB°2") and semi-reduced (MB") radicals of the sensitizer and
subsequently super-oxide radical (O,"") are generated. The
absence of any effect of SOD and catalase ruled out the DCFH
oxidation by O,"", indicating that both 'O, and MB*?" react
with DCFH. Although the formation of DCF was 1 order of
magnitude larger in the presence of MB">" than in the presence
of 10,, considering the rate of spontaneous decays of these
species in aqueous solution, we were able to conclude that the
reactivity of 10, with DCFH is actually larger than that of
MB*2*, We conclude that DCFH can continue to be used as a
probe to monitor general redox misbalance induced in biologic
systems by oxidizing radicals and 'O,.

INTRODUCTION

The diverse roles of reactive oxygen and nitrogen species in
biology and medicine translate into increased interest in
measuring and understanding redox balance in cells (1).
Although extremely used in biochemistry and in cell biology
to sense oxidative stress, the reactivity of 2’,7’-dichlorodihy-
drofluorescein (DCFH) against several reactive oxygen and
nitrogen species (ROS and NOS, respectively) is still not
conclusively defined (2-5).

DCFH is a nonfluorescent compound that after oxidation
gives rise to 2’,7"-dichlorofluorescein (DCF), a strong fluores-
cent molecule. Its diacetate form, 2’,7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA), has been widely applied in cell
studies, because it easily penetrates membranes and it is
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enzymatically hydrolyzed by intracellular esterases to form the
nonpermeable DCFH (2-7). It was initially thought to be
useful as a specific indicator for intracellular H,O, (2-5).
However, it has been already demonstrated that DCFH is not
oxidized directly by H,O,, instead it reacts with other ROS
and NOS generated by intracellular peroxidases (6). Some
authors have suggested that it is also oxidized by singlet
oxygen (10,), although this has never been shown experimen-
tally (2-5,7,8). In fact, Bilski et al. provided evidence that 'O,
does not directly react with DCFH (9). Considering that
DCFH is a widespread probe for estimating oxidative stress in
cells, it is important to know whether or not it reacts with 'O,.

Generating ROS species specifically is always a challenge.
However, we have shown that methylene blue (MB) under
photoexcitation can be directed to form either 'O, or semi-
reduced (MB®) and dication (MB™*") radicals and subse-
quently anion radical superoxide (O,") (10-13). Monomer
and dimer species of MB have different absorption spectra and
the dimerization equilibrium is modulated by the presence of
anionic interfaces including sodium dodecyl sulfate (SDS)
micelles (10,11), other membrane mimetic systems (12) and
mitochondria (13). Depending on the MB local interfacial
concentration either monomers or dimers are favored, shifting
the triplet deactivation mechanism from energy transfer and
formation of 'O, to electron transfer and formation of MB®
and MB"?" radicals. O," is subsequently formed by the
reaction of molecular oxygen with MB* (Scheme 1) (10,12).

There has been interest in designing inexpensive photody-
namic therapy protocols (PDT) (14-16). DCFH (in its
diacetate form) offers an interesting option to investigate the
general oxidative stress induced in cells and tissues by
photosensitizers that are generally excellent sources of 'O,
(14-20). However, it is imperative to know whether or not
DCFH reacts with 'O,. By using known controls of the
photochemical events related with 'O, and the controlled
photochemistry of MB in the presence of anionic interfaces, we
were able to set up experimental protocols to elucidate whether
or not DCFH reacts with 'O, and with other radicals derived
from MB photoexcitation.

MATERIALS AND METHODS

Sodium azide, SDS, deuterium oxide (D,0), superoxide dismutase
CuZnSOD (SOD) and catalase were purchased from Sigma and used
as received. Methylene blue (MB-Aldrich) was double recrystallized
from ethanol. Solutions were prepared in Milli-Q water (pH ~ 6.5).



)@END\
>
S N(CHz), /{A

Dimers
[¢]

MBe 2+
+
MB*

600 700

Alom

(MB),

Scheme 1. Methylene blue (MB) photochemical reaction routes where
MB, MB", *MB* are MB ground state, singlet and triplet excited
states, respectively, MB® and MB®>" are MB semi-reduced and
dication radicals, respectively. Numeric pathways correspond to: (1)
light absorption of monomeric MB species (/4max = 664 nm), (2)
intersystem crossing, (3) reaction of *MB* with molecular oxygen
forming singlet oxygen ('O,), (4) oxidation of MB® by molecular
oxygen returning the ground state dye and forming anion superoxide
radical (0,"7), (5) redox suppression of CMB- - - - - MB)* after exciting
ground state dimers, (6) light absorption of dimeric MB species
(Amax = ~590 nm), (7) ground state dimerization. The relative
position of the species presented in this scheme does not represent
their actual energy levels. Modified from Junqueira ez al. (10).

DCFH (D6883; SIGMA) was obtained by hydrolysis of its
diacetate form (DCFH-DA, 2’, 7’-dichlorodihydrofluorescein diace-
tate). Briefly, an appropriate aliquot from a DCFH-DA stock solution
(200 pm) was added to an aliquot of NaOH (0.5 m) in a fluorescence
quartz cuvette in the dark and kept on ice for 30 min and used the
same day. The hydrolyzed solution was then neutralized with an
appropriate volume of sulfuric acid to pH 7.2. The pH value was
measured by means of a glass electrode.

Aqueous solutions composed of either monomers or dimers of MB
were prepared by mixing MB into 30 or 1 mMm SDS, respectively
(10,12). MB molar concentrations and aggregation state were checked
by absorption spectra measurements (Shimadzu UV-VIS 2400-PC
spectrophotometer).

DCF formation. DCFH and MB-containing samples were irradiated
by a CW 664 nm diode laser, 50 mW (Morgotron, Brazil), in a stirred
quartz cuvette (10 mm optical path length) that was assembled in the
cuvette-holder of a SPEX FLUOROG spectrofluorimeter. Fluores-
cence spectra were obtained in the right-angle mode, using the
excitation wavelength of 498 nm. All measurements were made just
after a specific irradiation procedure, at room temperature. Spectral
data were further manipulated with a 386 GRAMS (Galatic, Inc.)
and/or Origin (Microcal) softwares.

'0, phosphorescence NIR emission produced by photo-excitation
of MB was obtained as previously described (12,13). Briefly, a
Nd:YAG (10 mJ/pulse; 5 ns/pulse) Surelite III laser (Continuum)
excites MB species at 532 nm, into a fluorimeter (Edinburgh Analytical
Instruments) that is connected to a near-infrared-PMT (R5509 from
Hamamatsu Co.). The phosphorescence emission of 'O, was recorded
in the 1200-1310 nm spectral region, and the 'O, lifetime was
monitored at 1280 nm (10-13,18-20), using both a silicon cutoff filter
and a monochromator.

RESULTS AND DISCUSSION

Although DCFH is extensively used as a probe of redox state,
it has some chemical and photochemical characteristics that
make it difficult to define its reactivity. For example, it is a
good reducing agent, it can engage in photoinduced auto-
oxidation reactions and the oxidation product is photoactive
and absorbs visible light (2,9,21). Therefore, the mechanisms
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Figure 1. Absorption spectra of solutions containing 2’,7’-dichloro-
dihydrofluorescein (40 um) and methylene blue (MB; 3 um) after
irradiation with a diode laser (50 mW) at A = 664 nm. Spectra
obtained from O (M) to 430 (OJ) s of irradiation in air-saturated
solution. Formation of 2’,7’-dichlorofluorescein and photo-bleaching
of MB are evident by following the absorption peaks at 502 nm (arrow
A) and 664 nm (arrow B), respectively.

that lead to its oxidation may change depending on the type of
excitation light and on the relative concentrations of species in
the excited and ground states.

We will start by showing a condition in which DCFH seems
not to react with '0,. Fig. 1 shows the absorption spectra of
an aqueous solution containing 3 um of MB (only MB
monomers are present at such concentration) in the presence
of 40 um DCFH for several irradiation times (664 nm diode
laser). One can observe the DCF formation, characterized by
the increase in the absorption band at ~500 nm (arrow A). It is
important to note that there is also a decrease in the MB
absorption band at 664 nm (arrow B), indicating MB photo-
bleaching, previously shown to result in the formation of the
leuco-form (10,12,13). We also observed a six-fold increase in
DCF formation rate by decreasing the concentration of
molecular oxygen (20 min of nitrogen purging, data not
shown) compared to the experiment performed in air-saturated
solution. The presence of D,0 and azide shows little effects as
reported earlier by Bilski ef al. (9). However, instead of
considering that DCFH does not react with '0,, we think that
there is another explanation to such results. In fact, they can be
simply understood if we consider that the irradiation of MB at
664 nm induces formation of MB triplets (10-13), which then
react directly with DCFH molecules at this relatively large
DCFH concentration, promoting its oxidation to DCF and
the reduction of MB to MBH (a two electron plus proton
reduction). The isosbestic point at 538 nm further substanti-
ates this claim. Of note, the reduction of MB to MBH can only
be explained by the consecutive oxidation of DCFH. The six-
fold increase in the oxidation rate in the absence of oxygen
agrees with this mechanism because oxygen deactivates triplet
species, decreasing the efficiency of the reaction between
reducing substrates (DCFH in this case) and triplets (22,23).
The fact that azide and D,O have no effect is also easily
explained. Under these conditions DCFH molecules react
directly with MB triplets, without the intermediacy of 'O,.
Other authors have also reported the oxidation of DCFH by
direct reaction with sensitizers (9,21).
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With the aim of investigating whether or not 'O, reacts with
DCFH, we changed the experimental conditions decreasing
the DCFH concentration (DCFH = 100 nm) to avoid its
direct reaction with photosensitizer triplets, i.e. under this
condition the rate of reaction between sensitizer triplets and
oxygen is much larger than the rate of reaction with DCFH.
Photochemistry of MB was utilized to generate specifically 'O,
or MB*?" and MB*/0,"” and to test the reactivity of these
species against DCFH.

Figure 2A shows the 'O, phosphorescence emission spectra
in the presence of MB monomers (excess of micelles) and its
absence in the presence of dimers, which leads to the formation
of MB*>" and MB"® (10-13). The emission band centered at
~1280 nm with lifetime of 4.6 us (Fig. 2A inset) is character-

150 _
= A :
:i Ewo
@ H
had S
o 8%
e 5
2 o ‘
£100- time (us) ©
S
o
=
Q.
(2}
o
=
o
N
o
= 50
T T T T T T
1200 1240 1280 1320 1360 1400 1440
A (nm)
6

N

MB Absorbance (a.u.)

o

700
A (nm)

DCF Fluorescence x10° (a.u.)
w

m

500 520 540 560

A (nm)
Figure 2. (A) 'O, phosphorescence emission of aqueous solution of
MB = 20 um in the presence of MB monomers (SDS = 30 mMm, @)
and dimers (SDS = 1 mmM, ) with DCFH = 100 nM. Inset: 'O,

phosphorescence decay in the presence of MB monomers
(MB = 20 um, SDS = 30 mm, DCFH = 100 nm). The lifetime of
4.6 us was calculated by an exponential fit (solid line). (B) DCF
fluorescence emission (maximum at 522 nm) in aqueous solution
(pH = 7) with DCFH = 100 nm and MB = 20 um before irradiation
in the monomeric (A, SDS = 30 mm) and dimeric (l, SDS = 1 mm)
forms and after 3 min irradiation with 50 mW diode laser at
A = 664 nm, in the presence of MB dimers (A) and monomers (O).
Inset: absorption spectra of MB dimer (M) and monomer (A). The
absorbance of all samples did not change during irradiation (/e for
DCF = 498 nm).

istic of 'O, in aqueous solutions (18-20). In the presence of
dimers in air-saturated solutions, MB® is transformed in O,"~
in the microsecond time scale (10-13). MB*>" is a relatively
stable cation radical (lifetime of 300 us in water), which reacts
with reducing agents, i.e. second-order rate constant with
DABCO was measured to be 6 x 10° M~'s™ (10). Figure 2B
presents the corresponding DCF fluorescence emission spectra
from the solutions described above. Note that the fluorescence
intensity of the solution containing monomeric MB, which
generates mainly 'O, under irradiation, increases considerably
compared with nonirradiated samples, suggesting that DCFH
does react with 'O,. It is also interesting to note that in the
conditions in which radical formation is favored (MB dimers),
DCF oxidation is larger than in the solution in which only 'O,
is generated.

It is not expected that DCFH partitions in the micelle
pseudo-phase because both DCFH and SDS have negative
charges. MB partitions in the micelle pseudo-phase and
because of the low MB concentrations (micromolar) compared
to the SDS concentrations (millimolar), MB is totally bound in
the micelles (10,12). Because the diffusion length of 'O, is
much larger than the average size of the micelles, DCFH
oxidation can occur in the bulk of the solution, where DCFH
is preferentially located (24). The extent of the reaction of 'O,
with a given target will depend on its local steady-state
concentration and on the bimolecular rate constant (24).

In order to study the reaction of 'O, with DCFH, usual
controls with deuterated water (D,O) and sodium azide were
performed. By following the increase in DCF fluorescence as a
function of irradiation time in water and in D-O, it is clear that
the process of photo-oxidation is faster (rate of DCF forma-
tion in D,O is ~3.6 times faster than in water) and more
efficient (amount of formed DCEF is three times larger) in D,O
(Fig. 3A). These results can be explained by the fact that the
10, lifetime in water is ca 4.5 ps and in ~100% D,O is about
35-40 ps (20). Assuming that no other interference occurs, the
steady-state concentration of 'O, would be ~10 times larger
giving consequently ~10 times faster reaction rate in ~100%
D,0. In our experiments we observed only ~3.6 times faster
rate. However, it is important to emphasize that we were not
using ~100% D,O in our experiments because DCFH is
prepared in situ by using aqueous NaOH solution. Further-
more, when the aqueous solution was irradiated in the
presence of sodium azide (a known 'O, quencher), the DCF
formation rate was ~5-fold reduced and the final DCF
formation was three-fold decreased (Fig. 3B). Therefore,
photo-oxidation of DCFH to DCF via '0, indeed takes place
and it was diminished by azide and increased in D-O.

Another result that is in agreement with the reaction of 'O,
with DCFH was obtained when the concentration of SDS was
changed. It can be observed that the DCF formation rate
increases with the increase in SDS concentration (Fig. 3C).
Because the bulk solvent is the same (water) and the reactants
are the same ('O, and DCFH), the bimolecular rate should
also be the same. Consequently, the steady-state concentration
of 'O, must have increased with the increase in SDS
concentration. Under this condition the rate of 'O, production
depends on the oxygen concentration in the micelle micro-
environment, which is increased with the increase in SDS
concentration (10,12,24). In fact, we and others have observed
increases in 'O, production with the increase in micelle
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Figure 3. (A) Fluorescence increase (F°*2/F,) at 522 nm as a function
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of DCF = 498 nm, DCFH = 100 nm, MB = 3 um.
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concentration as well as with the increase in the molar fraction
of the organic phase in other micro-heterogeneous systems
(10,12,24), which can explain the results shown in Fig. 3C.

In the presence of monomers of MB, O,*” could also be
formed by a side reaction leading to the reduction of 'O, (25).
Although we had no reason to suspect that the reduction of
10, was taking place in our experimental conditions, we tested
the effect of SOD. It can be observed that in aqueous and in
D,O solutions both in the presence of SOD (Fig. 4A), the
oxidation of DCFH follows profiles similar to that observed in
the absence of SOD (Fig. 3A), i.e. rate of DCF formation is
faster in D,0, in agreement again with the oxidation by 'O,.
Therefore, these results confirm that 'O, reacts with DCFH.
We believe that Bilski ez al. (9) did not observe the reaction of
DCFH with 'O, because of the large DCFH concentrations
that were used, favoring the direct reaction with the photo-
sensitizer triplets and because the rose bengal (RB)/DCFH
system has a more complicated photochemistry due to the
closer absorption bands of RB and DCF, which favor DCF
auto-oxidation.

Although the main idea of this work was to test the
reactivity of DCFH against 'O,, the reactivity of DCFH
against other species, including O, is also controversial (26—
29). Some cell studies have indicated increased DCF formation
in the presence of SOD (26). In cell-free extracts, presence (27)
and absence (28) of reactivity against O, have been reported.
In our system O, is generated directly in the presence of
ground state dimers of MB. Experiments aiming to test the
possible role of O,°” in the oxidation of DCFH were realized
by testing the effect of SOD and catalase (Fig. 4B). It is clear
that neither SOD nor SOD plus catalase shows any effect in
the oxidation of DCFH. Therefore, our results also indicate
that DCFH does not react with O,*”, which is in agreement
with other authors (2,26,28). The direct reaction with H,O,
has already been ruled out (2,21). This result also leads to the
conclusion that the oxidizing species that is reacting with
DCFH when ground state dimers are excited is the radical
dication of MB (MB®>"). Note that in this condition, besides
0,"", MB*>" is the only species present in solution few
microseconds after light excitation. Triplet species are deacti-
vated in the nanosecond time scale (10,12). Several literature
reports provide support to this interpretation—MB*>" reacts

e e
30
20
10+
B
0', T . | I | |
0 10 300 4% 600 70 900

time (s)

Figure 4. (A) Fluorescence increase (F3?2/F,) at 522 nm as a function of irradiation time in H,O (A) and D,O (@) in the presence of SOD
~300 U mL"". (B) Fluorescence increase (F>**/F,) at 522 nm as a function of irradiation time in H,O in the presence of 1 mm SDS (~80% of MB
dimers; Refs. [10,12]) (M), 300 U mL™" of SOD (@) and 300 U mL™" of SOD and 300 U mL™" of catalase (a), DCFH = 100 nm, MB = 5 um.
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Figure 5. DCF fluorescence emission rate at 522 nm in the presence of
MB in water solutions (dimers and monomers are present, [dimer]
<1%), in 50 mm SDS where only monomers are present, and in 1 mm
SDS where dimers are favored (dimer ~85%; Refs. [10,12]). Average
and standard deviations of three independent measurements are
shown. Ao = 498 nm, DCFH = 100 nm, MB = 10 um.

with reducing agents like DABCO (10), the DCFH oxidizing
species in cell studies are likely to be oxidizing radicals
generated by peroxidases and DCFH reacts with compound I
of horseradish peroxidase (30-32).

It is interesting to compare the reactivity of DCFH against
either 'O, or MB*2". As mentioned before, in the condition in
which MB*?" is formed (MB dimers are excited), DCF
formation is faster and larger. Figure 5 shows the quantitative
estimation of this effect. The rate of increase in DCF fluores-
cence is around 10 times larger in the presence of excess of
dimers (1 mm SDS) than in the presence of monomers (50 mm
SDS) and it is five times larger compared to that of water. As
mentioned before, this rate should depend on the steady-state
local concentration of reactant species and on bimolecular rate
constants. Knowing that the efficiencies of either 'O, or MB*>*
generations are similar in the presence of MB monomers or
dimers (10), respectively, one could think, at first glance, that
the reactivity of MB*>" against DCFH is larger than that of
'0,. However, before reaching such a conclusion, it is impor-
tant to consider the lifetimes of MB*>* and 'O, in solution. The
rate constant for the spontaneous decay of MB*>" in aqueous
solution is ~3 x 10* s™' (10), whereas for 'O, in water it is
around ~3x10° s™! (20), i.e. MB**" lives hundreds of micro-
seconds, while 'O, lives only several microseconds. As a
consequence, the steady-state concentration of 'O, is smaller
than that of MB*>*. Considering that the final concentration
of oxidized DCF is only 1 order of magnitude larger in the
condition in which MB**" is generated compared to the
condition in which 'O, is generated, one can conclude that 10,
is supposedly more reactive than MB®" against DCFH.
However, in order to obtain a quantitative estimate of the
relative reactivity of 'O, and MB*>" against DCFH, it is
necessary to realize a more detailed kinetic study in order to
calculate the second-order rate constants. In cells in the case of
redox misbalance caused by photoinduced processes, DCFH
may help detect the generation of 'O,. However, during
photochemical reactions it is always important to also consider
the DCFH oxidation by oxidizing radicals and triplet species
(9,21).

The information that 'O, reacts efficiently with DCFH is
especially important in the area of PDT, in which 'O,
is generated in situ and the amount of ROS (especially 'O5)
is related to the efficiency of cell death (33,34). Researchers in
other fields should also be aware that 'O, probably contributes
to the total DCF fluorescence increase observed in cells even if
10, is not directly generated (35,36).

CONCLUSIONS

Our results clearly show that DCFH can be directly oxidized by
10, and MB*>". We suggest that the efficiency of the reaction
of DCFH with 'O, is larger than that with MB*>". The fact
that DCFH reacts with 'O,, and with many other oxidizing
agents, gives confidence that DCFH can continue to be used as
a probe to monitor general redox misbalance in cells.
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