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ABSTRACT  
 
Fluorophore 2',7'-dichlorofluorescin (DCF) is the most frequently used probe for 
measuring oxidative stress in cells, but many aspects of DCF remain to be revealed. Here, 
DCF was used to study the Fenton reaction in detail, which confirmed that in a cell-free 
system, the hydroxyl radical was easily measured by DCF, accompanied by the 
consumption of H2O2 and the conversion of ferrous iron into ferric iron. DCF 
fluorescence was more specific for hydroxyl radicals than the measurement of 
thiobarbituric acid (TBA)-reactive 2-deoxy-D-ribose degradation products, which also 
detected H2O2. As expected, hydroxyl radical-induced DCF fluorescence was inhibited 
by iron chelation, anti-oxidants, and hydroxyl radical scavengers and enhanced by low 
concentrations of ascorbate. Remarkably, due to DCF fluorescence auto-amplification, 
Fenton reaction-induced DCF fluorescence steadily increased in time even when all 
ferrous iron was oxidized. Surprisingly, the addition of bovine serum albumin rendered 
DCF sensitive to H2O2 as well. Within cells, DCF appeared not to react directly with 
H2O2 but indirect via the formation of hydroxyl radicals, since H2O2-induced cellular 
DCF fluorescence was fully abolished by iron chelation and hydroxyl radical scavenging. 
Iron chelation in H2O2-stimulated cells in which DCF fluorescence was already 
increasing did not abrogate further increases in fluorescence, suggesting DCF 
fluorescence auto-amplification in cells. Collectively, these data demonstrate that DCF is 
a very useful probe to detect hydroxyl radicals and hydrogen peroxide and to study 
Fenton chemistry, both in test tubes as well as in intact cells, and that fluorescence auto-
amplification is an intrinsic property of DCF. 
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Introduction 
 
Reactive oxygen species (ROS) are essential for every living organism. At physiological 
concentrations, they have unique beneficial functions and are part of host defense 
mechanisms, act as second messengers, and play a role in day-to-day chemical reactions. 
A highly coordinated equilibrium exists between the generation of ROS and antioxidant 
systems. Antioxidants and enzymes that display antioxidant activity serve to keep down 
the levels of free radicals, permitting them to perform essential biological functions 
without too much damage. However, under certain pathophysiological conditions, these 
systems may be in disequilibrium, leading to a significant increase in ROS levels and a 
situation of oxidative stress. This is accompanied by oxidation of proteins, lipids and 
DNA, and hence, in a change in their physiological roles. Substantial increases in ROS 
and oxidative damage have been demonstrated to play important roles in the development 
of several pathologies, including diabetes, cancer, and cardiovascular and 
neurodegenerative diseases and in aging [1].  

One of the chemical reactions that can play a role in the generation of oxidative 
stress is the Fenton reaction [1]. Bivalent (ferrous) iron and hydrogen peroxide participate 
in this reaction, leading to the production of the hydroxyl radical (˙OH), according to the 
following reaction: 
 
Fe2+ + H2O2 → Fe3+ + ˙OH + OH¯ 
 
The highly toxic hydroxyl radical is considered to play major roles in a variety of 
diseases and in the aging process and to be the most reactive of all ROS. Hence, it 
quickly reacts with proteins, lipids, DNA and other molecules that are in close proximity 
of the place where the radical is generated. In addition to its native role in biological 
systems, the Fenton reaction has also been applied as an oxidizing process for destroying 
hazardous organics, amongst others for wastewater treatment and remediation of 
groundwater (e.g. pesticides, aromatic amines, surfactants), because of the extreme 
reactivity of the hydroxyl radical [2,3]. This reactivity renders its half-life extremely short 
and its diffusion distance very limited. For this reason, measuring hydroxyl radical levels 
is challenging. Relative levels of hydroxyl radicals, generated through Fenton chemistry, 
have been estimated in vitro by various methodologies: (i) Electron Spin Resonance 
(ESR) using spin traps DMPO [4-6] and PBN [7,8]; (ii) by measuring thiobarbituric acid-
reactive signal (TBARS) using micelles [9], liposomes [10,11], or 2-deoxy-D-ribose [12-
14]; (iii) DNA nicking (single strand breaks in double strand DNA), requiring agarose gel 
electrophoresis to display differential migration patterns [8,13,15]; (iv) the reaction of 
hydroxyl radicals with salicylate, forming 2,3-dihydroxy-benzoic acid (DHBA), requiring 
HPLC analysis [15-17]; (v) hydroxyl radical-mediated oxidation of 2',7'-
dichlorodihydrofluorescein, resulting in the formation of the highly fluorescent 2',7'-
dichlorofluorescein [6,18-20]. 

The molecule 2',7'-dichlorodihydrofluorescein (also known as 2',7'-
dichlorofluorescin, and abbreviated as DCFH and DCFH2) is by far the most frequently 
used probe for measuring ROS. In the presence of ROS, it is oxidized into fluorescent 
2',7'-dichlorofluorescein (DCF). In cell cultures, 2',7'-dichlorodihydrofluorescein is used 
as 2',7'-dichlorodihydrofluorescein diacetate or DCF-DA, also known as DCFH-DA and 
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DCFH2-DA (throughout the current study abbreviated as DCF for the sake of simplicity). 
DCFH2-DA enters the cells and accumulates mostly in the cytosol, where it is 
deacetylated by esterases into DCFH2 which has been suggested to somewhat limit the 
diffusion of the molecule out of the cell (Suppl. Fig. S1). Subsequently, it may be 
oxidized by ROS. Its reactivity towards various ROS has been a debate for decades. 
Paradoxically, while initially developed to detect hydrogen peroxide (H2O2) [21], it is 
now generally accepted that DCF is unlikely to react significantly with H2O2 
[18,19,22,23]. DCF has been demonstrated to be oxidized by peroxyl radicals (RO2˙), 
alkoxyl radicals (RO˙), nitrogen dioxide radicals (NO2˙), carbonate radicals (CO3˙-), 
peroxynitrite (ONOO-), hypochlorous acid (HOCl), and hydroxyl radicals (˙OH) 
[1,18,20,22,24]. The non-discriminatory nature of DCF concerning its sensitivity to 
various oxidizing molecules may somewhat limit its use, but at the same time it turns 
DCF into a highly valuable probe for studying general cellular oxidative stress and redox-
sensitive toxicological phenomena. While the Fenton reaction-generated hydroxyl radical 
is known to oxidize DCF [6,18-20], there are only a few detailed studies on the use of 
DCF for the analysis of the Fenton reaction in cell-free systems, in particular in 
combination with measurements of H2O2 and iron concentrations. Also for intact cells, 
only little information is available on the analysis of Fenton chemistry, H2O2, and 
hydroxyl radicals by DCF, even though this probe has been extensively used in many cell 
systems. Hence, many aspects of the DCF-mediated analysis of Fenton chemistry remain 
to be revealed. 

In the present investigation, we have studied DCF for the analysis of Fenton 
chemistry and the detection of hydroxyl radicals. We demonstrate that, dependent on 
reaction conditions, DCF can be used as a detector for hydroxyl radicals (in the absence 
or presence of H2O2), for H2O2 (in the absence of hydroxyl radicals), and for oxidative 
stress induced by the combination of hydroxyl radicals and H2O2. Under certain 
conditions, DCF auto-amplifies its own fluorescence, while BSA acts as a catalyst, 
enabling the oxidation of DCF by H2O2. Within cells, DCF also auto-amplifies its 
fluorescence but does not react with H2O2.  
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Materials and Methods 
 

Reagents 
Mannitol, dimethylthiourea, and HRP were from Santa Cruz (Heidelberg, Germany). 
Rotenone, ferrozine, Iron(II) sulphate heptahydrate (FeSO4•7H2O), Iron(III) chloride 
hexahydrate (FeCl3•6H2O), BHA, ascorbic acid, bovine and rabbit IgG, alcohol 
dehydrogenase, lysozyme, RNase A, trolox, DTPA, EDTA, PNT, harman, 2-deoxy-D-
ribose, thiobarbituric acid, neocuproine, catalase and H2O2 were from Sigma-Aldrich 
(Saint-Quentin Fallavier, France). OPD and DCFH2-DA were from Euromedex 
(Souffelweyersheim, France). 3T3-L1 preadipocytes were obtained from the American 
Type Culture Collection ATCC/LGC Standards (Molsheim, France). Fetal bovine serum 
(South American origin) was from D. Dutscher (Brumath, France). Culture media were 
from Invitrogen (Cergy Pontoise, France). BSA batches were obtained from Euromedex 
(batch I) or Sigma (batches II-V). Batch I (#04100811C) was prepared by heat shock, 
purity ≥98%. Batch II (#A7906) was prepared by heat shock, purity ≥98%. Batch III 
(#A7030) was prepared by heat shock, essentially FFA- and globulin-free, protease-free, 
purity ≥98%. Batch IV (#A6003) was prepared using cold ethanol, essentially FFA-free, 
purity ≥96%. Batch V (#A7511) was prepared using cold ethanol, essentially FFA-free, 
purity ≥97%. Unless stated otherwise, BSA batch I was used for experiments.  
 
Cell-free DCF assay 
DCF experiments were performed using black 96 well plates and Ringer-based assay 
buffer, containing 150 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1.25 mM 
MgSO4, 25 mM glucose, 50 mM HEPES pH 7.4, supplemented with 5 μM DCFH2-DA 
(Suppl. Fig. S1). When indicated, 0.2% w/v BSA was added. Generally, one solution was 
deposited in the wells and an equal volume of a second solution was added to start the 
reaction. Hydrogen peroxide was always present in the second solution. DMSO 
concentrations were always equal between all wells (at a maximum concentration of 1% 
v/v). Kinetics of fluorescence intensities were analyzed at 37°C using a fluorescence 
microtitre plate reader (Fluostar Optima, BMG Labtechnologies, Offenburg, Germany) 
and excitation /emission filters 485 nm/520 nm. The increase in DCF fluorescence from 0 
to 30 min was used as estimate for ROS levels, unless stated otherwise. In case the 
experiments involved ascorbate, ROS intensity from Fenton chemistry was estimated 
from the first 7.5 min window, to avoid interference from the reaction of ascorbate with 
H2O2. Of note, concentrations of ascorbate up to 1 mM did not change the pH of the 
Ringer buffer. 
 
Hydrogen peroxide assay 
H2O2 assays were performed in transparent 96 well plates. Samples and standards were in 
Ringer-based assay buffer (see above) and contained up to 100 μM H2O2. To 120 μl of 
sample or standard, 5 μl of 37.5 mM EDTA was added to stop the Fenton reaction and 31 
μl of a 5x concentrated H2O2 assay reagent, containing 0.5 mg/ml HRP substrate OPD 
and 5 μg/ml HRP in 250 mM tris pH 8.8. Absorbance at 450 nm was immediately 
measured using microtitre plate reader BMG Fluostar Optima (BMG Labtechnologies, 
Offenburg, Germany). 
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Iron (Fe2+/Fe3+) assay 
Iron concentrations were determined in transparent 96 well plates using ferrozine [25]. 
For samples and standards, various concentrations of Fe2+/Fe3+ were prepared in 20 mM 
HCl. Subsequently, these iron stocks were diluted 20 times in Ringer-based assay buffer 
(see above), resulting in a final HCl concentration of 1 mM in samples and standards. 
Samples were subjected to various incubations as required. Subsequently, to 90 μl of 
samples and standards, 30 μl of 500 mM KAc pH 5.5/2.5 mM neocuproine was added 
and 30 μl of 6 mM ferrozine. Absorbance at 560 nm was measured immediately using 
microtitre plate reader BMG Fluostar Optima (BMG Labtechnologies, Offenburg, 
Germany). Subsequently, 30 μl of 600 mM ascorbate was added and absorbance was 
measured immediately and also after 60 min at 37°C. The first measurement was used to 
determine Fe2+ levels and the difference in absorbance between the second and third 
measurement was used to calculate Fe3+ concentrations.  
 
TBARS assay for the detection of hydroxyl radicals 
The TBARS assay was applied essentially as described elsewhere [11,13]. Samples were 
prepared using Ringer-based assay buffer (see above) and contained 10 mM 2-deoxy-D-
ribose, H2O2, and Fe2+/Fe3+. Samples were incubated for 30 or 120 min at 37°C. To 200 
μl of assay samples, 200 μl of 1% thiobarbituric acid (TBA) in 50 mM NaOH was added, 
immediately followed by the addition of 200 μl of 2.8% trichloroacetic acid (TCA). After 
incubating for 15 min at 100°C, samples were cooled down for 10 min on ice and 
centrifuged for 10 min at 21,500 g. Absorbance at 544 nm was analyzed for 200 μl of the 
supernatants using a BMG Fluostar Optima microtitre plate reader (BMG 
Labtechnologies, Offenburg, Germany). 
 
DTNB assay for the determination of free thiol groups in albumin 
Albumin contains a single free thiol group at Cys34 (all other Cys residues form 
intramolecular disulfide bonds) [26]. An oxidative environment results in oxidation of 
albumin Cys-34 and thus in a reduction in the number of free thiol groups [27]. DTNB 
(5,5'-dithiobis-(2-nitrobenzoic acid, also known as Ellman's reagent) was used to measure 
relative amounts of free thiol groups in BSA solutions [28,29]. BSA batch III was used 
for thiol measurements since this BSA did not contain free fatty acids (FFAs) that might 
interfere with the assay. To samples containing up to 1% (w/v) BSA (corresponding to 
150 μM), DTNB was added at a concentration of 1 mM. Absorbance at 405 nm was 
measured using a BMG Fluostar Optima microtitre plate reader (BMG Labtechnologies, 
Offenburg, Germany) and background absorbance was subtracted. DTNB absorbance of 
non-oxidized BSA was linear up to 1% BSA (not shown).  
 
Cell culture and cellular DCF assay 
Adipocytes were used as cell model, since these cells are known to respond to hydrogen 
peroxide [30,31]. 3T3-L1 preadipocytes were cultured in black clear-bottom 96 well 
plates and differentiated as described previously [32]. Adipocytes were used for 
experiments 9-10 days after the onset of differentiation. Cells were incubated for 60 min 
in serum-free DMEM supplemented with 0.2% BSA and for 30 min in Ringer assay 
buffer (see above) containing 0.2% BSA, followed by the measurement of background 
fluorescence at 485 nm excitation and 520 nm emission wavelengths (BMG Fluostar 
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Optima microtitre plate reader; BMG Labtechnologies, Offenburg, Germany) and the 
addition of 5 μM DCFH2-DA. Cells were pretreated with H2O2, rotenone, 1,10-
phenanthroline (PNT), ferric ammonium citrate (FAC), or harman. Before and after the 
cells were incubated for 15 min at 37°C with DCF-DA, they were extensively washed in 
order to remove extracellular stimuli and extracellular DCFH2-DA/DCF, respectively. 
After the final washes, new assay buffer was added to the cells and fluorescence was 
measured again. The increase in fluorescence between the two measurements was 
determined and represented the cellular oxidative stress. 
 
Statistics 
All data are presented as means ± standard deviation. Experiments were repeated at least 
three times. For all 96 well plates, two or three wells were used for each condition. Data 
sets were compared using unpaired two-tailed Student’s t-tests (GraphPad Prism). 
Differences between data sets were considered statistically different when P<0.05. 
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Results 
 
In Fenton chemistry in the absence of cells and proteins, DCF, unlike TBARS, is a 
reporter for hydroxyl radicals but not for hydrogen peroxide 
Using a cell- and protein-free in vitro system, we studied the Fenton reaction in the 
physiological Ringer's saline solution at 37˚C using the ROS-sensitive fluorescent probe 
2',7'-dichlorodihydrofluorescein (DCF; Suppl. Fig. S1). A 30 minute co-incubation of 
H2O2 and ferrous iron (Fe2+) dose-dependently increased DCF fluorescence (Fig. 1A, 
upper left panel). In agreement with data from others, Fe2+ oxidized DCF to a minor 
extent in the absence of H2O2 [19]. Interestingly, at none of the concentrations studied, 
H2O2 increased DCF fluorescence in the absence of iron, indicating that in this system, 
DCF detected hydroxyl radicals but not H2O2. The co-incubation of ferrous iron and 
H2O2 resulted in a reduction in the concentrations of both H2O2 (Fig. 1A, upper right 
panel) and ferrous iron (Fig. 1A, lower left panel), and in the generation of ferric iron 
(Fe3+) (Fig. 1A, lower right panel), providing further evidence for the presence of the 
Fenton reaction in our system and the generation of hydroxyl radicals. 

For the detection of hydroxyl radicals, the measurement of thiobarbituric acid 
(TBA)-reactive 2-deoxy-D-ribose degradation products is frequently being used. We 
compared DCF (Fig. 1B) and TBA-reactive substances (TBARS) methods (Fig. 1C). 
Using the TBARS method, we readily detected hydroxyl radicals (dependent on the 
concentrations of both H2O2 and ferrous iron). However, in the presence of high 
concentrations of H2O2, a significant TBARS signal was also detected in the absence of 
iron, demonstrating that while this method mostly detected hydroxyl radicals, some 
reactivity was also seen towards H2O2 (Fig. 1C and 1D). In co-incubations of Fe2+ and 
H2O2, comparison of Fe2+ and H2O2 dose-response curves revealed that the DCF and 
TBARS methods displayed comparable sensitivity towards the detection of hydroxyl 
radicals (Suppl. Fig. S2A,B). However, variability between triplicate samples was lower 
for the DCF method (i.e. error bars in Fig. 1B and Suppl. Fig. S2A versus Fig. 1C and 
Suppl. Fig. S2B), which was likely due to the lower number of handlings in the DCF 
assay. Another difference between both methods was that, in contrast to the TBARS 
signal, DCF fluorescence still largely increased between 30 and 120 minutes of 
incubation (Suppl. Fig. S2C). As expected, H2O2/Fe2+-induced DCF fluorescence was 
inhibited by metal ion chelator EDTA (ethylenediaminetetraacetic acid), by anti-oxidants 
trolox and buthylhydroxyanisole (BHA) and by hydroxyl scavengers mannitol and 
harman (Fig. 1E).  
 
The iron/hydrogen peroxide-mediated generation of hydroxyl radicals, as measured 
by DCF, requires ferrous iron rather than ferric iron - effects of ascorbate 
Other in vitro systems, not involving DCF, have shown that ascorbate enhances the 
Fenton reaction by reducing ferric iron (Fe3+) into ferrous iron (Fe2+) [33,34]. To examine 
the effect of ascorbate on the DCF-mediated detection of Fenton-generated hydroxyl 
radicals, experiments were performed in which ascorbate was co-incubated with H2O2 
and either Fe2+ or Fe3+ (Fig. 2). However, ascorbate can react directly with H2O2, which 
also leads to the generation of hydroxyl radicals [16]. Our studies demonstrated that 
increases in DCF fluorescence induced by H2O2/ascorbate were only detectable after 
more than 7.5 minutes of incubation while Fe2+/H2O2- and Fe3+/H2O2/ascorbate-generated 
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hydroxyl radicals were already detectable after 5 minutes (Suppl. Fig. S3A). Increases in 
DCF fluorescence due to the ascorbate/H2O2-mediated generation of hydroxyl radicals 
were maximal at 3-10 μM ascorbate, reduced by hydroxyl scavenger mannitol, and 
accompanied by reductions in H2O2 concentrations (Suppl. Fig. S3B-D). 

To be able to specifically study the effect of ascorbate on the H2O2/iron-mediated 
generation of hydroxyl radicals, incubation times were set at 7.5 minutes. In contrast to 
Fe2+, Fe3+ did not increase DCF fluorescence in the presence of H2O2 within this time 
frame (Fig 2A). It only increased fluorescence from 40 minutes onwards, which was 
further enhanced by metal chelator EDTA but not by iron chelator DTPA (Suppl. Fig. 
S4). While ascorbate did not affect Fe2+/H2O2-induced DCF fluorescence in the 7.5 
minute incubations, it largely increased DCF fluorescence for the combination of Fe3+ 
and H2O2 (Fig. 2A). DCF signal in control incubations with either Fe2+, Fe3+, or H2O2 
was not increased by ascorbate. We next established ascorbate dose-response curves. In 
the presence of 10 μM Fe2+ and 100 μM H2O2, high concentrations of ascorbate reduced 
DCF fluorescence, likely due to the anti-oxidant action of ascorbate towards hydroxyl 
radicals and/or H2O2 (Fig. 2B, left panel) [35,36]. The combination of 10 μM Fe3+ and 
100 μM H2O2 did not increase DCF fluorescence above background signal unless 3 to 
100 μM ascorbate was present (Fig. 2B, right panel). Also here, higher ascorbate 
concentrations reduced the DCF signal. The intermediate concentrations of ascorbate 
presumably allowed Fe3+ to increase DCF signal via the ascorbate-mediated reduction of 
Fe3+ into Fe2+. To investigate this, 10 μM of either Fe2+ or Fe3+ was incubated for 7.5 min 
with various concentrations of ascorbate, followed by the measurement of Fe2+ and Fe3+ 
levels (Fig. 2C, upper panels). This confirmed that ascorbate at concentrations higher 
than 1 μM had indeed converted part of Fe3+ into Fe2+ (Fig. 2C, upper right panel). When 
co-incubated with Fe2+, ascorbate fully restored Fe2+ levels to 10 μM at the expense of 
Fe3+, suggesting that it protected Fe2+ from auto-oxidation (Fig. 2C, upper left panel). 

The addition of H2O2 to these incubations demonstrated that, due to the Fenton 
reaction, all Fe2+ had been converted into Fe3+ within 7.5 minutes in the absence of 
ascorbate (Fig. 2C, lower left panel). Ascorbate, from 100 μM onwards, fully restored 
Fe2+ levels. For the combination of Fe3+ and H2O2, ascorbate at concentrations higher 
than 100 μM induced the appearance of Fe2+ ions, while reducing Fe3+ levels, indicating 
that ascorbate had reduced part of Fe3+ to Fe2+ (Fig. 2C, lower right panel). At 
intermediate ascorbate levels (1-100 μM), the small amount of Fe2+ that was generated 
from Fe3+ by ascorbate (Fig. 2C, upper right panel) was no longer present if H2O2 was 
added to the incubations (Fig. 2C, lower right panel), due to the rapid Fenton-mediated 
generation of hydroxyl radicals (Fig. 2B, right panel), leading to the oxidation of Fe2+ 
into Fe3+.  

So far, our experiments had failed to demonstrate that ascorbate could increase 
DCF signal in the presence of H2O2 and Fe2+ (Fig. 2A and 2B, left panel). This was 
unexpected, since ascorbate is supposed to recycle Fenton-produced Fe3+ back into Fe2+ 
which could then participate in another Fenton reaction ('redox cycling'), further 
increasing hydroxyl radical levels [3,37]. To investigate this, 10 μM ascorbate and 100 
μM H2O2 were co-incubated with DCF and various concentrations of either Fe2+ or Fe3+ 
(Fig. 2D). This demonstrated that Fe2+/H2O2-mediated hydroxyl radical production, as 
measured by DCF, could indeed be increased by ascorbate, but that this required very low 
Fe2+ levels, between 0.1 and 1 μM, concentrations at which hydroxyl radicals were barely 
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detectable by DCF in the absence of ascorbate (Fig. 2D, left panel). Similar 
concentrations were required for maximum pro-oxidative effects of Fe3+ (Fig. 2D, right 
panel).  
 
DCF auto-amplifies its hydroxyl radical-induced fluorescence 
Paradoxically, our data had shown that while the Fenton reaction had fully depleted 
ferrous iron levels within 7.5 minutes of incubation (Fig 2C, lower left panel), DCF 
signal largely increased between 30 and 120 minutes of incubation (Suppl. Fig. S2C). 
Measuring DCF fluorescence in time for up to 2 hours demonstrated that it steadily 
increased in an Fe2+- and H2O2-dependent fashion (Fig 3A). Further detailed analyses 
demonstrated that fluorescence still largely increased after 2 hours of incubation and that 
at 2 hours of incubation, less than 1% of DCF was oxidized (Suppl. Fig. S5). 
Remarkably, Fe2+/H2O2-induced DCF fluorescence was already significantly increased at 
the initial measurement (figure insert, 0 minutes; see also Suppl. Fig. S3A). This 
indicated that Fenton chemistry was quicker than that we could measure using our 
equipment and that DCF became oxidized by Fe2+/H2O2-generated hydroxyl radicals 
within ~20 seconds at room temperature. In sharp contrast, low level Fe2+-induced DCF 
oxidation in the absence of H2O2 was only measurable after 22 minutes of incubation at 
37°C (not shown). In accordance, in the presence of H2O2, most of the Fe2+ had been 
instantly transformed into Fe3+ (at 0 minutes) and fully converted within 7.5 minutes 
(Fig. 3B). In the absence of H2O2, it took about 2 hours for all Fe2+ to oxidize into Fe3+. 
When replacing Fe2+ by Fe3+ in these experiments, Fe3+ levels remained at 10 μM, both in 
the absence as well as in the presence of H2O2 (data not shown).  

To investigate whether the Fenton reaction was still generating hydroxyl radicals 
after virtually all Fe2+ had been converted into Fe3+, the Fenton reaction was initiated 
with DCF present from the beginning or with DCF added 15 to 60 minutes later on (i.e. 
when there was no more Fe2+) (Fig. 3C). Then the increase in fluorescence from 60 to 
120 minutes was measured. If DCF would not interfere with or participate in any reaction 
other than its proper reporter reaction, then the amount of newly generated radicals and 
thus the increase in DCF fluorescence from 60 to 120 minutes would be similar between 
an incubation in which DCF was added later on ('DCF-2') and its control in which DCF 
was present from the beginning and buffer was added later on ('DCF-1'), irrespective of 
differences in fluorescence at 60 minutes. In sharp contrast, our experiments 
demonstrated that the earlier the DCF was added during the first hour of the incubations, 
the higher the increase in DCF signal during the second hour (DCF-2 signal in Fig. 3D). 
This implied that oxidation of DCF during the first hour was required for the increase of 
its fluorescence during the second hour and thus that oxidized DCF was auto-amplifying 
its own signal. In addition, in incubations in which DCF was present from the beginning, 
increases in DCF fluorescence during the second hour were largely inhibited by hydroxyl 
scavenger mannitol when added at 0 minutes but not at 60 minutes (Fig. 3E). Similar 
results were obtained when 1.5 mM EDTA was added instead of mannitol (Fig. 3F). In 
case both DCF and catalase were present at the initiation of the Fenton reaction, H2O2 
was depleted within 30 minutes, but DCF fluorescence continued to increase steadily up 
to 120 minutes (Fig. 3G). Of note, the increase in DCF signal during the second hour in 
the presence of catalase largely exceeded the increase in DCF fluorescence in incubations 
in which Fe2+ but not H2O2 was present at the beginning of the incubation (grey line in 
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Fig. 3G). In the absence of auto-amplification, these increases would have been identical. 
Together, these data (Fig. 3E-G) demonstrated that during the second hour, oxidized DCF 
auto-amplified its fluorescence in the absence of Fenton chemistry. DCF auto-
amplification appeared to involve a ROS-associated oxidative process since the powerful 
anti-oxidant dimethylthiourea instantaneously abolished all increases in DCF 
fluorescence when added at any time after initiation of the Fenton reaction, though 25 μM 
trolox was only effective at reducing DCF fluorescence when added at the beginning of 
the Fenton reaction, but not after 60 minutes (not shown). Irrespective of the way DCF 
auto-amplified its own fluorescence, it did not affect Fe2+, Fe3+, and H2O2 levels during 
the incubations (data not shown). 
 
DCF detects hydrogen peroxide and hydroxyl radicals in the presence of BSA or 
other proteins  
Since proteins are naturally present in biological systems, the effect of model protein 
bovine serum albumin (BSA) on H2O2/hydroxyl radical detection by DCF was 
investigated. In sharp contrast to incubations without BSA, the presence of 0.2% BSA 
permitted H2O2 to largely increase DCF fluorescence (Fig. 4A). The fluorescence 
induced by a 30 minute incubation of 5 μM DCF with 100 μM H2O2 and 0.2% BSA 
corresponded to 0.7% of the maximum H2O2-induced DCF fluorescence (Suppl. Fig. 
S6A), demonstrating that the relatively low concentration of DCF was not a rate-limiting 
factor. Higher concentrations of DCF increased H2O2-induced DCF fluorescence without 
changing this percentage (Suppl. Fig. S6A-C). The BSA-induced increase in DCF 
fluorescence was not due to an effect of BSA on H2O2 levels during the incubations (Fig. 
4B). Hydrogen peroxide concentration-dependent increases in DCF fluorescence were 
analyzed at a low and high concentration of BSA and demonstrated that for both 
concentrations, H2O2 dose-response curves were biphasic and perfectly linear up to 1 μM 
with a detection limit of 100 nM (Suppl. Fig. S7). 

Remarkably, the kinetics of DCF fluorescence in H2O2/BSA/DCF incubations 
were rather logarithmic, in contrast to the kinetics of hydroxyl radical-induced DCF 
fluorescence in BSA-free incubations which were exponential (Fig. 4C, left panel). The 
difference in kinetics was even more evident when these data were expressed as increases 
in fluorescence during 15 minute intervals (Fig. 4C, right panel). Moreover, it 
demonstrated that the H2O2/BSA/DCF reaction took mostly place within the first 60 
minutes of incubation. This was confirmed by experiments in which DCF was added 
directly when H2O2 and BSA were combined or 60 minutes later, because in case the 
DCF was added later, the increase in DCF fluorescence was largely reduced (Fig. 4D). 
Interestingly, the increase in DCF fluorescence during the second hour was independent 
of whether DCF was present from the beginning ('DCF-1') or added after 60 minutes 
('DCF-2'), providing evidence for the absence of signal auto-amplification in H2O2/BSA-
induced DCF fluorescence. Absence of auto-amplification was also evident from 
incubations in which catalase was included (Fig. 4E). Upon catalase-induced depletion of 
H2O2 (at ~30 minutes), further increases in DCF fluorescence in H2O2 incubations were 
strongly reduced and no longer different from increases in control incubations without 
H2O2. 

The presence of BSA did not prevent Fenton chemistry and still allowed DCF to 
react with hydroxyl radicals, since the effect of the combination of Fe2+ and H2O2 on 
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DCF was more pronounced than the sum of the effects of the compounds applied 
separately (Fig. 5A,B). While 1 μM Fe2+ and 10 μM H2O2 together induced twice the 
amount of DCF fluorescence compared with the sum of fluorescence induced by H2O2 
and Fe2+ separately (Fig. 5A), the combination of 10 μM Fe2+ and 100 μM H2O2 induced 
twelve times more fluorescence (Fig. 5B). Our studies demonstrated that Fe2+/H2O2- but 
not H2O2-induced DCF signal in BSA-containing Ringer's solution was sensitive to 
EDTA, mannitol, and harman, while both signals were reduced by trolox and BHA, 
confirming that in the presence of BSA, DCF was capable of detecting both H2O2 and 
hydroxyl radicals (Fig. 5C). Surprisingly, the kinetics of hydroxyl radical-induced DCF 
fluorescence in the presence of BSA resembled the kinetics of H2O2/BSA-induced DCF 
fluorescence and not those of hydroxyl radical-induced fluorescence in the absence of 
BSA (Fig. 5D). Remarkably, the presence of 0.2% BSA increased DCF fluorescence 
~10-fold in 2 hour 10 μM Fe2+/100 μM H2O2 incubations, when compared with similar 
incubations without BSA, but paradoxically reduced maximum hydroxyl radical-induced 
DCF fluorescence ~3-fold (Suppl. Fig. S8 vs Suppl. Fig. S5). In contrast to incubations 
without BSA (Fig. 3D), the addition of DCF 60 minutes after combining H2O2, Fe2+, and 
BSA ('DCF-2') did not change the increase in fluorescence during the second hour of 
incubation, compared with incubations in which DCF was added at the initiation of the 
Fenton reaction ('DCF-1', Fig. 5E). Also in favor of absence of auto-amplification in 
hydroxyl radical/BSA-induced DCF fluorescence was that in the presence of BSA, the 
addition of catalase at the initiation of the Fenton reaction resulted in a depletion of H2O2 
and an absence of further increases in DCF fluorescence after 30 minutes of incubation 
(Fig. 5F). 

Further investigation demonstrated that BSA gradually enhanced H2O2-induced 
DCF fluorescence up to the maximum concentration of BSA tested (i.e. 1%), while 
maximum DCF signals for Fe2+ and Fe2+/H2O2 were obtained at 0.01% BSA, followed by 
significantly lower DCF signals at higher concentrations of BSA (Fig. 6A). The decrease 
at higher BSA concentrations could possibly be due to the scavenging of ROS by BSA, 
affecting the molecular structure of BSA (Suppl. Fig. S9) and resulting in less ROS 
available for the oxidation of DCF. BSA from different sources all had a positive effect 
on the detection of H2O2 and hydroxyl radicals by DCF (Fig. 6B, left and right panel, 
respectively and Suppl. Fig. S10). Remarkably, for each batch of BSA, the concentration 
of BSA that displayed the maximum effect on H2O2 signal was different from the 
concentration that maximally increased hydroxyl radical signal. Moreover, between 
batches, the concentrations of BSA that induced the highest effects on H2O2/hydroxyl 
radical signals were also distinct, as was the magnitude of the BSA effects. Out of the 
five batches of BSA tested, the three that had been prepared by heat shock, in particular 
batch I, had the highest effect on H2O2-induced DCF fluorescence (relative to 
background fluorescence) as compared with the two batches that had been prepared using 
cold ethanol (Fig. 6B, left panel and Suppl. Fig. S10). Hydroxyl-specific DCF signal was 
particularly boosted by heat shock BSA batch I at low concentrations and by the two cold 
ethanol BSA batches at high concentrations (Fig. 6B, right panel and Suppl. Fig. S10). 

Of the other proteins tested, purified bovine and rabbit IgG, RNase, as well as 
recombinant alcohol dehydrogenase (ADH) significantly enhanced relative H2O2-induced 
DCF fluorescence, albeit at different concentrations (Fig. 6C, left panel and Suppl. Fig. 
S11). In contrast, lysozyme was without effect. Rabbit IgG, RNase and alcohol 
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dehydrogenase also enhanced relative hydroxyl radical-induced DCF fluorescence, in 
contrast to bovine IgG and lysozyme, which increased hydroxyl radical-specific (i.e. 
Fe2+/H2O2-dependent) signal as much as DCF signal in Fe2+ and control incubations (Fig. 
6C, right panel and Suppl. Fig. S11). Taken together, these data suggested that the DCF-
enhancing effects were not limited to BSA and that likely most proteins may enhance the 
sensitivity of DCF for hydrogen peroxide and hydroxyl radicals. 
 
In hydrogen peroxide-treated cells, increases in DCF fluorescence are due to 
intracellular Fenton reaction-generated hydroxyl radicals 
Finally, we investigated whether in living cells DCF could detect hydroxyl radicals and 
whether DCF would be able to detect H2O2 directly, or whether DCF would detect H2O2 
indirectly, via the H2O2- and Fe2+-induced formation of hydroxyl radicals (i.e. Fenton 
reaction) and the reaction of these radicals with DCF (Fig. 7). To this aim, 3T3-L1 
adipocytes were exposed to two distinct forms of oxidative stress: H2O2 and the 
mitochondrial respiratory chain complex I inhibitor rotenone, the latter enhancing 
mitochondrial superoxide production [1] (Fig. 7A). Most of the experiment (Fig. 7A, 
phases 2-4), including the incubation of the cells with DCF (phase 4), was performed in 
the absence of fetal bovine serum (FBS), but in the presence of 0.2% BSA. Exposure of 
the cells to H2O2 increased cellular DCF signal, which was fully abrogated by hydroxyl 
scavenger harman and by the membrane-permeable iron chelator 1,10-phenanthroline 
(PNT), but further enhanced by ferric ammonium chloride (FAC) (Fig. 7B). This 
indicated that the intracellular detection of H2O2 by DCF was indirect and mediated by 
the reaction of DCF with hydroxyl radicals, produced in an H2O2- and iron-dependent 
fashion via the Fenton reaction. In sharp contrast, DCF signal in rotenone-treated cells 
did not change by treating the cells with either harman or PNT, indicating that rotenone-
induced oxidative stress, as measured by DCF, was not mediated by neither H2O2 nor 
hydroxyl radicals (Fig. 7C). 

We next investigated whether in cells hydroxyl radical-induced DCF fluorescence 
was subject to auto-amplification (Fig. 7D-F). To this aim, cells were incubated in the 
absence or presence of H2O2, followed by a 15 minute DCF incubation, extensive washes 
to remove extracellular DCF, and a 60 minute incubation in the absence of H2O2 and 
DCF during which cellular fluorescence was measured. PNT was added at various time 
points (Fig. 7D). This demonstrated that H2O2 increased DCF fluorescence (Fig. 7E) and 
that after the removal of extracellular DCF, cellular fluorescence continued to increase 
(Fig. 7F). PNT abrogated the increases in fluorescence during this time, when included in 
Ringer from the beginning of the H2O2 incubation ('I') and also when added during the 
DCF incubation ('II'). Thus it only took 15 minutes for PNT to fully suppress further 
increases in H2O2-induced fluorescence. Importantly, when added after the removal of 
extracellular DCF ('III'), PNT initially slowed down the increase in fluorescence but had 
no effect on increases in fluorescence signal after 30 minutes (Fig. 7, lower right panel), 
demonstrating DCF fluorescence auto-amplification. When the same experiment was 
performed in the absence of BSA, H2O2-induced fluorescence remained sensitive to 
harman and PNT and cellular DCF fluorescence auto-amplification was still evident 
(Suppl. Fig. S12). Remarkably, absolute DCF fluorscence was largely increased for all 
conditions. Fluorscence signals of cells incubated with 5 μM DCF in the presence of 
BSA resembled those of cells incubated with 0.6 μM DCF in the absence of BSA (Suppl. 
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Fig. S13). However, relative background DCF signal was much lower in cells that had 
been incubated with BSA (Suppl. Fig. S12 and S13). 
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Discussion 
 
Here, we have shown that in a cell-free in vitro system, fluorophore 2',7' 
dichlorofluorescin diacetate (abbreviated in the current study as DCF) can be used for the 
quantitative detection of the oxidative stress induced by the two reactive oxygen species 
hydroxyl radical (˙OH) and hydrogen peroxide (H2O2). In the absence of BSA/protein, 
DCF detects hydroxyl radicals but not H2O2, while in the presence of BSA/protein, DCF 
fluorescence is increased by both H2O2 and hydroxyl radicals. Taken together, DCF 
appears to be a very useful tool in systems where one or both of these two ROS species is 
present. A perfect example is the iron-dependent Fenton reaction, studied here in detail, 
where both H2O2 and hydroxyl radicals are involved. Another example is the iron-
independent reaction of H2O2 with ascorbate, also studied here, and which, like the 
Fenton reaction, also results in the generation of hydroxyl radicals, albeit with different 
kinetics (Suppl. Fig. S3). The current study demonstrates that DCFH2-DA does not need 
to be hydrolyzed into DCFH2 in advance in order to be used as reporter in cell-free 
studies for the detection of hydroxyl radicals and H2O2 and that DCFH2-DA is converted 
rapidly enough into DCFH2 for the efficient detection of these two ROS. Spontaneous 
DCFH2-DA acetate ester hydrolysis [38] is reported to occur at a rate of 20% per hour 
[39], presumably through auto-oxidation [18]. Since these ester bonds appear to be rather 
fragile, their hydrolysis rate may well be further enhanced by ROS. Various other 
chemical entities, including sulfonate, phosphinate, and boronic acid esters, are also 
sensitive to ROS [40-43]. Since in our study hydroxyl radicals and hydrogen peroxide 
(with BSA as catalyst) almost instantaneously increased DCF fluorescence, it is likely 
that DCFH2-DA was rapidly deacetylated into DCFH2, rendering it sensitive to oxidation. 

Many of our data confirm previous reports that the hydroxyl radical reacts directly 
with DCF, increasing its fluorescence. First, in a protein-free system, H2O2 and Fe2+ 
alone had no effect on DCF, while together (forming the hydroxyl radical according to 
the Fenton reaction) they rapidly increased DCF fluorescence. Moreover, in line with the 
Fenton reaction, H2O2/Fe2+-induced DCF fluorescence was accompanied by a decrease in 
H2O2 concentrations and by the oxidation of Fe2+ into Fe3+. Second, ascorbate reduced 
Fe3+ into Fe2+, enhancing both Fenton chemistry [3,36] and DCF fluorescence. Third, 
hydroxyl scavengers mannitol and harman substantially inhibited the H2O2/Fe2+-induced 
DCF signal. Fourth, in accordance with studies in which other hydroxyl radical detection 
systems were used [36,44], EDTA, but not DTPA, enhanced DCF signal in the presence 
of Fe3+ and H2O2, presumably by increasing iron's reduction potential [1], enabling it to 
be reduced by superoxide [44,45]. Finally, ascorbate is known to react with H2O2, 
independent of the presence of iron ions, leading to the generation of hydroxyl radicals 
[16]. In agreement, in our system ascorbate together with H2O2 increased DCF 
fluorescence in the absence of iron. 

Various methods exist to detect hydroxyl radicals in limited in vitro systems 
(especially used to study Fenton chemistry) as described in Introduction. One of the most 
frequently used methods is the reaction of hydroxyl radicals with 2-deoxy-D-ribose 
followed by the spectrophotometrical measurement of thiobarbituric acid (TBA)-reactive 
2-deoxy-D-ribose degradation products [12,14]. Our experiments with both assays have 
demonstrated that, in the absence of proteins, in contrast to the DCF method, the TBARS 
assay also showed reactivity towards higher concentrations of H2O2. To our opinion, for 
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measuring Fenton-generated hydroxyl radicals, the DCF protein-free assay seemed to be 
more straight-forward and more specific. Moreover, when the Fenton reaction was 
performed in the presence of BSA, we were still able to measure hydroxyl radicals with 
the DCF assay but not with the TBARS method, which was likely due to the precipitation 
of the TBARS signal along with the proteins during sample preparation (not shown). 

Our results show that in a cell-free system DCF can detect H2O2, but only when 
BSA/protein is present. H2O2 was detected in the presence of BSA from five different 
sources, bovine and rabbit immunoglobulin, alcohol dehydrogenase, and RNaseA. For 
lysozyme, only at a high concentration of this protein, H2O2 marginally increased 
absolute DCF fluorescence above background levels. However, when expressed relative 
to background fluorescence (which also increased with lysozyme), this increase was no 
longer significant. How BSA/protein potentiates the detection of H2O2 by DCF is not 
clear at present. It does not allow the detection of H2O2 through an enhancement of the 
hydrolysis of DCFH2-DA into DCFH2, since DCFH2, like DCFH2-DA, is not oxidized by 
H2O2 in the absence of BSA [6,19].   

At first sight, two of our findings suggested that the H2O2-induced DCF 
fluorescence (in the presence of BSA/protein) was not due to a conversion of H2O2 into 
hydroxyl radicals, which then reacted with DCF. First, the EDTA-mediated chelation of 
iron and copper, possibly (or perhaps likely) present at trace amounts in BSA 
preparations [1,46] and in other proteins [47], did not reduce H2O2-induced DCF 
fluorescence. Second, H2O2-induced fluorescence was not affected by hydroxyl 
scavengers harman and mannitol. Nevertheless, we cannot completely exclude the 
possibility that DCF is capable of detecting H2O2 in a BSA/protein-containing solution 
via the formation of hydroxyl radicals. This may be possible through the presence of 
trace amounts of iron and/or copper ions attached to the proteins tested. Concentrations 
varying from 15 to 30 micromol of iron per mmol of commercially available albumin 
have been described, corresponding to 0.5 to 1 μM of iron in a 0.2% albumin solution 
[46]. In this case, H2O2 would locally (site-specifically) generate hydroxyl radicals 
through Fenton chemistry (or Fenton-like chemistry in case of copper [1]) in close 
proximity of the BSA molecule. In addition, it is likely that in a BSA-containing solution, 
the hydrophobic DCF molecule is bound to BSA as well [48]. This would explain the 
reduced fluorescence of cells incubated with DCF in the presence of BSA (Suppl. Fig. 
S12 and S13), since the availability of DCF to the cells might have been limited due to its 
interaction with BSA. Therefore, in cell-free experiments, hydroxyl radicals generated 
within the vicinity of a BSA molecule would instantaneously react with BSA-bound 
DCF, so that hydroxyl scavengers would not be able to trap hydroxyl radicals before their 
reaction with DCF. The incapability of hydroxyl radical scavengers to quench hydroxyl 
radicals that are generated locally due to substrate-bound metal ions and which then react 
with the substrate on the spot has been suggested before for DNA and bacteriophages 
[1,37,49]. Furthermore, EDTA may not be able to chelate the metal ions involved in these 
Fenton(-like) reactions as these ions may be bound to BSA rather tightly [1]. Four metal 
binding sites have been identified within albumin that each bind various metal ions, 
including copper [26,50,51]. Albumin was also found to bind iron [52]. It contains a 
specific iron binding site, for which the exact location within albumin has not been 
established [26] and several additional weaker binding sites, accommodating in total up 
to eight molecules of iron [52]. The binding of iron to albumin may implicate the 
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carboxyl group on the side chains of aspartic and glutamic acid residues and the imidazol 
group of histidine residues, both known to play a general role in the binding of metal 
ions. It may also implicate tyrosine residues, known for their role in iron binding in 
transferrin and lactoferrin. Also our study has demonstrated that albumin tightly binds 
iron. Experiments in which we incubated BSA solutions for 24 hours at 37°C with 1.5 
mM EDTA under continuous stirring in order to remove metal ions bound to BSA proved 
unsuccessful: the 24 hour EDTA incubation did not change the effect of BSA on H2O2-
induced DCF fluorescence, nor did it reduce the even greater increase in DCF 
fluorescence when BSA was preincubated for 1 hour with 2 μM Fe2+ or Fe3+ before the 
addition of EDTA, demonstrating that BSA tightly binds iron ions that cannot be 
extracted by chelating agents whatsoever (data not shown). The incapability of EDTA to 
chelate metal ions that are bound to BSA would also explain why EDTA fully reduced 
hydroxyl radical-specific (H2O2/Fe2+) DCF signal in the absence but not in the presence 
of BSA (Fig. 1E and 5C; percentage of hydroxyl radical-specific DCF signal (excluding 
DCF signal from background and from H2O2 and Fe2+ individually) left with EDTA: 0.1 
± 2.3 vs 17.8 ± 3.6, respectively; P=0.002). 

Alternatively, BSA and other proteins may bind and alter the three-dimensional 
conformation of the hydrophobic DCF molecule, which possibly may render the 
molecule much more sensitive to oxidative agents. This might even allow H2O2, which is 
much less reactive than the hydroxyl radical, to oxidize DCF and to induce DCF 
fluorescence. This would also explain why background fluorescence increased in the 
presence of protein and why hydroxyl radicals increased DCF fluorescence much more in 
the presence than in the absence of BSA/protein. Nevertheless, why BSA from different 
sources enhanced relative and absolute H2O2- and hydroxyl radical-induced DCF 
fluorescence at different concentrations and to a different extent is unclear at present. 
Moreover, the BSA concentration curves for relative (Fig. 6B) and absolute (Fig. 6A and 
Suppl. Fig. S10) H2O2- and hydroxyl radical-induced DCF fluorescence are mostly bell-
shaped, implying that the underlying mechanisms are multifactorial and that BSA 
displays both enhancing and inhibitory effects on either Fenton chemistry or on the 
detection of hydroxyl radicals by DCF. In addition to the effect of BSA and other 
proteins on the conformation and sensitivity of DCF and the possible contamination with 
metal ions, other factors affecting ROS-induced DCF fluorescence may include 
contaminations with other proteins/peptides, and protein-mediated ROS scavenging 
(Suppl. Fig. S9) [1,26,46,47,53].  

What is remarkable is that the reaction of DCF with H2O2/BSA (i.e. increase of 
fluorescence) was much more efficient shortly after which these three agents were 
combined than later on (Fig. 4C). Moreover, when DCF was added 60 minutes after the 
combination of H2O2 and BSA, the increase in DCF fluorescence was much reduced (Fig. 
4D). This indicated a transient chemical reaction between H2O2 and BSA, from which a 
newly formed molecule was capable of oxidizing DCF. This adds BSA to the current list 
of catalysts, capable of turning DCF into an H2O2-sensitive probe, that includes Fe2+, 
Cu+, ascorbate, cytochrome c, peroxidases, catalase, and hematin [16,24,49,54-58]. Given 
that lysozyme increased absolute DCF fluorescence for all conditions without specifically 
affecting relative H2O2- and hydroxyl radical-induced DCF fluorescence, lysozyme 
happened to be the most inert or neutral of all proteins tested. Therefore, lysozyme may 
be the most useful protein in case the presence of a protein is required when studying 



 17

Fenton chemistry in test tubes using DCF. In contrast, in case DCF is to be used for the 
ultra-sensitive detection of H2O2, then BSA should be included (e.g. BSA-III at a 
concentration of 0.05%; Suppl. Fig. S10K), since this largely enhances the sensitivity of 
DCF for H2O2. Alternatively, a combination of ferrous iron and BSA could be used (e.g. 
BSA-I and BSA-III at 0.01 and 0.2%, respectively; Suppl. Fig. S10D and S10L). 

We show that in cell cultures DCF does not seem to react directly with H2O2, but 
indirectly via the formation of hydroxyl radicals, since H2O2-mediated increases in DCF 
fluorescence within living cells were abrogated upon iron chelation and by incubation of 
the cells with hydroxyl radical scavenger harman. Moreover, in accordance with data 
from others [59], increasing cellular iron levels increased H2O2-induced DCF 
fluorescence. From these data, several conclusions can be drawn. First, within cells 
hydroxyl radicals are readily detected by DCF. Second, DCF detects H2O2 in cells 
through intracellular Fenton chemistry. Third, in cells that have very low levels of redox-
available iron (i.e. iron not bound to ferritin), DCF may not be able to detect H2O2. 
Fourth, H2O2 detection in cells by DCF may be facilitated by preincubating the cells with 
iron. Fifth, H2O2 detection in cells by DCF may be enhanced by iron relocation 
(increasing redox-available iron) and DCF may even report H2O2-induced iron relocation 
rather than H2O2/˙OH-induced DCF oxidation [60]. Sixth, cellular proteins do not 
sensitise DCF (enough) for the direct detection of H2O2 in intact cells (in contrast to BSA 
and other proteins in cell-free experiments). 

Our studies have demonstrated that in a protein-free system, upon oxidation by 
hydroxyl radicals, DCF auto-amplifies its own fluorescence signal. Previously, DCF 
auto-amplification has been attributed to the exposure of DCF to excess of light, leading 
to the subsequent generation of DCF radicals and superoxide [18,61]. In our experiments, 
DCF auto-amplification was not due to the exposure of DCF to light during our 
fluorescence measurements since DCF fluorescence did not change when measurement 
frequencies were decreased or increased (data not shown). Nevertheless, we hypothesize 
that the DCF auto-amplification in our system may be due to the DCF radical. When 
DCF is oxidized by a hydroxyl radical, even in the absence of light, the intermediate DCF 
radical may be formed from the one-electron oxidation of DCF, in between the formation 
of 2',7'-dichlorofluorescein out of 2',7'-dichlorofluorescin [22,62] (Suppl. Fig. S1). This 
radical may lead to the generation of another type of radical (for example superoxide 
[24,62,63]), which somehow propagates DCF oxidation. Such a chain reaction is likely to 
explain the exponential increase in DCF fluorescence induced by hydroxyl radicals in the 
absence of BSA. In contrast, in the presence of BSA, the increase in DCF fluorescence 
induced by either H2O2 or hydroxyl radicals was not exponential but logarithmic. 
Remarkably, in these two cases, there was no auto-amplification. Why hydroxyl radicals 
lead to DCF fluorescence auto-amplification in the absence of BSA but not in the 
presence of BSA is unclear at present. Our results have demonstrated that while Fenton 
chemistry initiated DCF oxidation, it was not involved in the subsequent auto-
amplification process since DCF fluorescence auto-amplification was insensitive to 
hydroxyl scavenger mannitol, metal ion chelator EDTA, and H2O2 depletion by catalase. 
While DCF auto-amplified its fluorescence, it did not participate in Fenton chemistry 
since DCF did not affect Fe2+, Fe3+, and H2O2 concentrations. Of note, the kinetics of the 
relative increases in Fe2+/H2O2-induced DCF signal (compared with basal and Fe2+ 
signals) did not change when DCF concentrations were varied between 0.1 μM (lowest 
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concentration required for the measurement of hydroxyl radicals) and 10 μM (data not 
shown), suggesting that hydroxyl radical-induced DCF fluorescence auto-amplification is 
an intrinsic feature of DCF and not due to the use of high DCF concentrations. This auto-
amplification phenomenon is not necessarily a negative aspect of DCF as it may possibly 
sensitize its detection of ROS. Especially since we have demonstrated DCF fluorescence 
auto-amplification in cells (incubated in BSA-free as well as in BSA-containing Ringer 
solution), it may very well be possible that without its auto-amplification, it would be 
impossible for DCF to detect H2O2-induced cellular oxidative stress, and perhaps even 
oxidative stress induced by other factors as well. DCF fluorescence auto-amplification 
has previously been described for a cell-free in vitro system consisting of DCF, HRP, and 
peroxynitrite [64]. Here, auto-amplification appeared to be driven by the formation of 
H2O2, which is unlikely to be case in our experiments, since in our study ongoing auto-
amplification did not require H2O2. 

In summary, we demonstrate that DCF is an easy and powerful tool for the 
detection of both H2O2 and hydroxyl radicals in in vitro assays. Moreover, the omission 
of proteins from these assays allows the specific detection of hydroxyl radicals, even if 
both ROS are present. In this case, DCF auto-amplifies its own fluorescence after its 
oxidation by hydroxyl radicals. Within cells, despite the presence of proteins, DCF does 
not detect H2O2 directly, but indirectly via the Fenton reaction-mediated conversion of 
H2O2 into hydroxyl radicals, which oxidize DCF.  
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Legends 
 
Figure 1. In a cell- and protein-free Fenton reaction, DCF is a reporter for hydroxyl 
radicals but not for hydrogen peroxide. (A) DCF (5 μM) was incubated for 30 min at 
37ºC with various concentrations of H2O2 and ferrous iron (Fe2+). The relative iron- and 
H2O2-dependent oxidation potential was calculated from the increase in DCF 
fluorescence (A, upper left panel). At the end of the incubation, concentrations of H2O2 
(A, upper right panel), Fe2+ (A, lower left panel), and Fe3+ (A, lower right panel) were 
measured. Remaining H2O2 levels were expressed as percentage of H2O2 levels after 30 
min in the absence of Fe2+. (B,C,D) H2O2- and ferrous iron-induced oxidation was 
analyzed using DCF fluorescence (B) and by measuring thiobarbituric acid (TBA)-
reactive degradation products of 2-deoxy-D-ribose (C). Graph D shows selected data 
from (B) and (C): H2O2-dependent DCF and TBARS signals in the absence of ferrous 
iron, expressed as percentage of maximum signals in B and C. (E) DCF was incubated 
for 30 min at 37ºC in the absence or presence of 100 μM H2O2, 10 μM ferrous iron, 1.5 
mM EDTA, 25 μM trolox, 200 μM butylhydroxyanisol (BHA), 100 mM mannitol, and 2 
mM harman as indicated. Note that higher concentrations of EDTA, trolox, BHA, 
mannitol, and harman did not further reduce DCF fluorescence. *, P<0.05; **, P<0.01, 
***, P<0.001, compared with incubations without ferrous iron (A, top right panel), 
compared with incubations in the absence of H2O2 (A, bottom panels and D), or 
compared with identical control incubations ('ctrl', E). 
 
Figure 2. Iron/H2O2-induced DCF fluorescence in a cell- and protein-free Fenton 
reaction requires ferrous but not ferric iron. Reactions were performed at 37°C and 
lasted 7.5 min. (A) DCF was incubated in the absence or presence of 100 μM H2O2, 10 
μM ascorbate, and 10 μM of ferrous or ferric iron. (B) Various concentrations of 
ascorbate were incubated with 100 μM H2O2 and 10 μM of either ferrous (left panel) or 
ferric iron (right panel). Incubations without iron were included as controls. (C) Various 
concentrations of ascorbate were incubated with 10 μM of either ferrous (left panels) or 
ferric iron (right panels) in the absence (upper panels) or presence of 100 μM H2O2 
(lower panels). Concentrations of ferrous and ferric iron at the end of the incubations 
were determined. (D) Various concentrations of ferrous (left panel) and ferric iron (right 
panel) were incubated with DCF and 100 μM H2O2 in the absence or presence of 10 μM 
ascorbate. Increases in DCF fluorescence were determined. *, P<0.05; **, P<0.01; ***, 
P<0.001, compared with incubations without ascorbate; ns, non-significant. 
 
Figure 3. Hydroxyl radicals induce auto-amplification of DCF fluorescence. (A) 
Ferrous iron was incubated with H2O2 and DCF as indicated. Fluorescence was measured 
every 7.5 min. Insert shows fluorescence for the first 7.5 minutes. (B) In parallel 
incubations, Fe2+ and Fe3+ levels were measured after 0, 7.5, 15, 30, 60, and 120 min. (C) 
Schematic layout of the experiment in which DCF was present at the initiation of the 
Fenton reaction ('DCF-1') or added later on ('DCF-2'). DCF-2 incubations received DCF 
0, 15, 30, or 60 min after initiation of the reaction, while DCF-1 incubations received the 
same volume of buffer. Note that for each DCF-1/DCF-2 couple, the only difference was 
the presence of 5 μM DCF during the first 15, 30, or 60 min of incubation. After the 
additions at these time points, DCF concentration was 5 μM for both. Increases in 
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fluorescence from 60 to 120 min after initiation of the Fenton reaction were measured. 
(D) Incubations in the absence or presence of 10 μM Fe2+ and 100 μM H2O2 were 
performed as described under C. Each panel displays the increases in fluorescence of the 
incubations that received either buffer (DCF-1) or DCF (DCF-2) at each indicated time 
point. Note that fluorescence of 0 μM Fe2+/0 μM H2O2 and 0 μM Fe2+/100 μM H2O2 
incubations increased to maximum 1.0 A.U. (not shown). (E) Incubations were similar to 
those of C and D, except that for all incubations DCF was present from the beginning and 
that 100 mM mannitol (or buffer as control) was added instead of DCF. Fluorescence of 0 
μM Fe2+/0 μM H2O2 and 0 μM Fe2+/100 μM H2O2 incubations increased to maximum 2.0 
A.U. and addition of mannitol at 15 min instead of 60 min resulted in an intermediate 
effect (data not shown). (F) Incubations were similar to those of E, except that 1.5 mM 
EDTA was added instead of mannitol. (G) DCF was incubated with 10 μM Fe2+ and 100 
μM H2O2 in the absence (triangles) or presence of 1 U/ml catalase (squares). DCF 
fluorescence (closed symbols) and H2O2 levels (open symbols) were measured. Grey line 
depicts DCF fluorescence for 10 μM Fe2+ without H2O2 within the same experiment. *, 
P<0.05; **, P<0.01; ***, P<0.001, vs ctrl (A), DCF-1 vs DCF-2 (D), buffer vs 
mannitol/EDTA (E,F), or DCF in absence vs presence of catalase (G).  
 
Figure 4. In the presence of BSA, hydrogen peroxide increases DCF fluorescence. 
(A) DCF was incubated for 30 min with various concentrations of H2O2 in the absence or 
presence of 0.2% BSA. Increases in DCF fluorescence were measured and expressed as 
the amount of fluorescence above background fluorescence at 0 μM H2O2. Insert is a 
close-up of the bottom part of the panel and demonstrates that in the absence of BSA, 
H2O2 does not increase DCF fluorescence. (B) Various concentrations of H2O2 were 
incubated for 15 min at 37ºC with or without 0.2% BSA in the absence of DCF. 
Subsequently, H2O2 concentrations were determined using calibration curves that were 
also prepared with or without BSA. Of note, these calibration curves were virtually 
identical. (C) DCF was incubated for 120 min with the indicated concentrations of H2O2 
in the presence of 0.2% BSA. Fluorescence was measured every 15 min (left panel), 
increases in fluorescence between measurements were calculated (right panel), and both 
were expressed as percentage of fluorescence at 120 min in the presence of 100 μM 
H2O2. Grey lines and symbols demonstrate kinetics of DCF fluorescence for 10 μM 
Fe2+/100 μM H2O2 in the absence of BSA. (D) H2O2 (100 μM) was incubated with 0.2% 
BSA. DCF was present from the beginning ('DCF-1') or added after 1 hr ('DCF-2'), 
similarly as in Fig. 3C, and fluorescence was measured. The dotted line corresponds to 
the DCF signal after 60 min of 'DCF-1' and depicts what was expected for 'DCF-2' at 120 
min if any reaction between H2O2, BSA and/or DCF was dependent on the presence of all 
three components. (E) DCF was incubated with 0.2% BSA in the absence or presence of 
100 μM H2O2 and 1 U/ml catalase and DCF fluorescence was measured at 7.5 min 
intervals (upper panel). For the 100 μM H2O2 incubations, the remaining H2O2 levels 
were determined as well (lower panel). *P<0.05; **P<0.01; ***P<0.001, vs background 
DCF fluorescence at 0 μM H2O2 (A), or DCF in absence vs presence of catalase (E). 
 
Figure 5. In the presence of BSA, DCF is a dual reporter for H2O2 and the 
iron/H2O2-induced generation of hydroxyl radicals. (A,B) DCF was incubated with 
0.2% BSA in the absence or presence of either 1 μM ferrous iron and 10 μM H2O2 (A) or 
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10 μM ferrous iron and 100 μM H2O2 (B). Fluorescence was measured at different time 
points. Similar fluorescence units are depicted for panels A and B. Insert in panel B 
shows the same graph but with a continuous y-axis, better visualizing relative differences 
between the four curves. (C) DCF was incubated for 30 min at 37ºC in the absence or 
presence of 100 μM H2O2, 10 μM ferrous iron, 1.5 mM EDTA, 25 μM trolox, 200 μM 
buthylhydroxyanisol (BHA), 100 mM mannitol, and 2 mM harman as indicated. 
Increases in DCF fluorescence were measured. Higher concentrations of EDTA, trolox, 
BHA, mannitol, and harman did not further reduce DCF fluorescence. (D) DCF was 
incubated with 10 μM Fe2+ and 100 μM H2O2 in the absence or presence of 0.2% BSA. 
Fluorescence was measured every 15 min and increases in fluorescence between 
measurements were expressed as percentage of fluorescence at 120 min (as in right panel 
of Fig. 4C). Of note, increases in fluorescence for Fe2+ and H2O2 individually were < 1%. 
(E) Fe2+ and H2O2, at 10 and 100 μM, respectively, were incubated in the presence of 
0.2% BSA. DCF was present at the initiation of the Fenton reaction ('DCF-1') or added 0 
or 60 min after combining H2O2 and Fe2+ ('DCF-2'), similarly as in Fig. 3C. Increases in 
DCF fluorescence were measured from 60 to 120 min. (F) DCF was incubated with 10 
μM Fe2+ and 100 μM H2O2 in the absence (triangles) or presence of 1 U/ml catalase 
(squares). DCF fluorescence (solid symbols) and H2O2 levels (open symbols) were 
measured. Grey line depicts DCF fluorescence for 10 μM Fe2+ without H2O2 within the 
same experiment *, P<0.05; **, P<0.01, ***, P<0.001, vs identical control incubations 
(C), DCF-1 vs DCF-2 (E), or DCF in absence vs presence of catalase (F). 
 
Figure 6. Dose-dependent effects of BSA and other proteins on hydrogen peroxide- 
and hydroxyl radical-induced DCF fluorescence. (A) DCF was incubated for 30 min 
in the absence or presence of 10 μM H2O2, 1 μM ferrous iron, and various concentrations 
of BSA. Insert is a close-up of the bottom left part of the panel, showing DCF signals in 
the absence of BSA (B) BSA from different sources (see Materials and Methods) was 
added, at various concentrations, to 10 μM H2O2 and/or 1 μM ferrous iron. H2O2-induced 
DCF fluorescence (left panel) was expressed as the increase in fluorescence due to H2O2 
(in the absence of iron), relative to background DCF fluorescence (in the absence of H2O2 
and Fe2+). Hydroxyl radical-induced fluorescence (right panel) was expressed as the 
difference in DCF fluorescence between H2O2-specific signals in the presence and 
absence of iron, relative to background DCF fluorescence. Filled symbols correspond to 
BSA prepared by heat shock, while open symbols correspond to BSA prepared using cold 
ethanol (C) Various concentrations of the indicated proteins were added to 10 μM H2O2 
and/or 1 μM ferrous iron. H2O2- (left panel) and hydroxyl-specific DCF signal (right 
panel) was expressed as in (B). For each of the proteins tested, the different 
concentrations (including a control without protein) were analyzed on the same 96 well 
plate. *, P<0.05; **, P<0.01, ***, P<0.001, compared with identical incubations without 
protein. 
 
Figure 7. Within cells, hydrogen peroxide indirectly increases DCF fluorescence via 
the generation of hydroxyl radicals, which is not accompanied by DCF fluorescence 
auto-amplification. (A) 3T3-L1 adipocytes were incubated at 37°C according to the 
depicted schematic diagram and underwent four distinct phases: (1) long-term 23 h 
incubation, (2) 1 h serum (FBS) starvation, (3) 30 min short stimulus incubation, (4) 15 
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min DCF incubation. Fluorescence was measured before and after DCF incubation (after 
cell washes). During phases 2-4, 0.2% BSA was present but no serum. Cells were 
incubated during the indicated phases with combinations of 150 μg/ml FAC, 10 μM PNT, 
500 μM harman, 100 μg/ml rotenone, and 250 μM H2O2 and were extensively washed at 
various time points (arrows). (B) Cells were incubated with or without H2O2 in the 
absence or presence of harman, PNT, and FAC. (C) Cells were incubated with or without 
rotenone in the absence or presence of harman, PNT, and FAC. (D) Serum-starved 
adipocytes were incubated for 90 min in Ringer/BSA that contained 500 μM H2O2 during 
the first 15 min and DCF for the next 15 min. Cells were washed before and after the 
DCF incubation. Cellular fluorescence was measured before the addition of DCF ('a'), 
after the washes that followed the DCF incubation ('b') and during 60 min after the 
removal of DCF ('c'). PNT (10 μM) or vehicle (DMSO) was included from the beginning 
of the H2O2 incubation ('I'), from the incubation of the cells with DCF ('II') or after the 
removal of DCF ('III'). (E) DCF fluorescence measurements at points 'a' and 'b'. (F) 
Fluorescence was measured at 6 min intervals during period 'c', with PNT added at time 
points I, II, or III, and expressed as percentage of H2O2-specific signal in 'b', indicated in 
(E) as '100%' (upper panels). Increases in fluorescence between measurements were 
calculated and expressed as percentage of H2O2-specific signal in 'b' (lower panels). *, 
P<0.05; **, P<0.01; ***, P<0.001; n.s., non-significant. Similar fluorescence units are 
depicted for panels B and C. 
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