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S2. Methods 

 

S2.1. Reagents and buffers 

 

Table S1. List of chemicals and reagents used in the main manuscript.  

Compound Purity Supplier Additional information 
1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) > 99% Avanti Polar 

Lipids$ Dissolved in CHCl3 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-lactosyl 
(18:1 lactosyl PE) 

> 99% Avanti Polar 
Lipids$ 

Dissolved in CHCl3, stored under N2 
at -20 C 

Accutase n/a Sigma-Aldrich#  
Accumax n/a Sigma-Aldrich#  
5,6-Carboxyfluorescein ≥ 95% Sigma-Aldrich#  
CHCl3 ≥ 99% Sigma-Aldrich#  

Cholesterol > 98% Avanti Polar 
Lipids$ 

Dissolved in CHCl3, stored under N2 
at -20 C 

Collagen I solution n/a Sigma-Aldrich# From rat tail 
Dimethyl malonate 98% Sigma-Aldrich#  
DMSO ≥ 99.5% Merck Millipore*  
Dulbecco’s modified Eagle medium n/a Lonza† Phenol red-free 
Fetal bovine serum  n/a Lonza†  

Ganglioside GM1 > 99% Avanti Polar 
Lipids$ 

Dissolved in CHCl3:CH3OH:H2O 
[65:35:8, v:v], stored under N2 

HEPES (Na-salt) ≥ 99.5% Sigma-Aldrich#  
Human recombinant insulin solution ≥ 27 U/mg Sigma-Aldrich#  
Hydrocortisone 21-hemisuccinate n/a Sigma-Aldrich#  
L-glutamine n/a Lonza†  

MeOH ≥ 99.9% Sigma-Aldrich#  
Triton X-100 ≥ 99.95% Sigma-Aldrich#  
NaOH ≥ 99% Sigma-Aldrich#  
NaCl ≥ 99% Sigma-Aldrich#  
Phosphate-buffered saline n/a Fresenius Kabi§  
Penicillin/streptomycin n/a Lonza†  
Roswell Park Memorial Institute 
medium 1640 (RPMI-1640) n/a Lonza† Phenol red-free 

Water Milli-Q Merck Millipore& 18.2 MΩ · cm at 25 °C 
William’s E medium n/a Lonza† Phenol red-free 



* Darmstadt, Germany  
# St. Louis, MO 
† Basel, Switzerland 
$ Alabaster, AL 
§ Bad Homburg, Germany 
& Billerica, MA 
 

 

S2.7. Cellular DCFH2-DA uptake  

 

The bicinchoninic acid (BCA) assay is commonly employed to determine protein content. The reaction 

relies on the reduction of Cu2+ to Cu+ by peptide bonds in the protein, which occurs at stoichiometric 

proportions. The Cu+ subsequently chelates two BCA molecules to form a chromophore that can be 

measured spectrophotometrically [1]. 

To determine the impact of various cell lysis solvents on the extraction efficiency and the BCA 

chromogenic reaction, the BCA assay was performed on albumin as model protein diluted in the 

following cell lysis solutions (all in water): (1) 1 mM boric acid; (2) 1 mM boric acid + 20% (v/v) 

methanol (MeOH); (3) 0.2 M sodium hydroxide (NaOH); (4) 0.2 M NaOH + 20% MeOH; (5) 1 M formic 

acid; (6) 1 M formic acid + 20% MeOH; (7) 0.1% (w/v) sodium dodecyl sulfate (SDS); (8) 0.1% SDS + 

20% MeOH; (9) 0.1% Triton X-100; (10) 0.1% Triton X-100 + 20% MeOH; (11) water; (12) water + 

20% MeOH.  

 Albumin (fraction V, ≥ 96%, Sigma-Aldrich, St. Louis, MO) was dissolved in water at a 2 

mg/mL stock concentration. A serial titration series was prepared in water, such that the final protein 

concentrations after 4-fold dilution in the cell lysis solution were 500-, 250-, 125-, 62.5-, 31.75-, and 0 

μg/mL. The titration in 0.2 M NaOH was made in incremental steps of 100 μg/mL as exception 

because these standards had already been prepared and were used up during the experiment. The 

BCA assay was performed according to the manufacturer’s instructions in a 96-well plate (Greiner Bio-

One, Kremsmünster, Austria). Absorbance was measured at 540 nm in a plate reader (Synergy HT, 

Biotek Instruments, Winooski, VT).  

 To determine the effect of Triton X-100 concentration on the BCA reaction, the experiments 

were repeated as described above with cell lysis solution containing the following Triton X-100 

concentrations: 5%, 2.5%, 1%, 0.5%, 0.1%, and 0%. Subsequently, protein extraction was performed 

on cultured HepG2 cells to determine which concentration Triton X-100 produced the greatest protein 



yield (n = 3 per Triton X-100 concentration). HepG2 cells were cultured in 24-well plates (Greiner Bio-

One) as described in ‘Cell culture’ in the main text. Next, 300 μL of cell lysis solution was added per 

well, the plate was placed on a rocker for 30 min, and protein content was determined according to the 

standard operating procedure provided by the manufacturer. A standard curve was prepared using 

albumin. Protein concentrations were extrapolated from the linear fit function of the standard curve. 

 All data were processed in Microcal Origin (OriginLab, Northampton, MA) and fitted with a 

linear fit to determine the fit function and the goodness of fit (R2 value). The results are presented in 

Figure S1 and S2. 

 

 

Figure S1. Protein concentration-absorbance plots for the BCA reaction using albumin as model protein and 

different cell lysis buffers, as indicated in the upper left corner. The linear fit function and goodness of fit are 

provided in the bottom right corner. 
 

 



 

Figure S2. (A) Protein concentration-absorbance plots for the BCA reaction using albumin as model protein and 

increasing concentration of Triton X-100, as indicated in the upper left corner. The linear fit function and goodness 

of fit are provided in the bottom right corner. (B) Protein yield in cultured HepG2 cells following protein extraction 

using increasing concentrations of Triton X-100 in the cell lysis solution. Protein was determined with the BCA 

assay.  

 

 In conclusion, NaOH, MeOH, SDS, and Triton X-100 had no effect on the formation of the 

dimeric BCA chromophore. A Triton X-100 concentration of 1% in the cell lysis solution produced the 

greatest protein yield from cultured HepG2 cells. In line with these data, the cell lysis solution was 

composed of 0.1 M NaOH and 1% Triton X-100 for all protein determinations using BCA. 

 

S2.11. Real-time analysis of oxidant formation during in vitro anoxia/reoxygenation in HepG2 

cells 

 



 

Figure S3. Perfusion setup for in vitro anoxia-reoxygenation experiments. Perfusion setup for the real-time 

analysis of oxidant formation during in vitro anoxia/reoxygenation in HepG2 cells. (A) During perfusion and (B) 

during incubation with DCFH2-DA.  

 

 

S3. Results 

 

S3.1. The spectral properties of DCFH2-DA and derivatives are pH-dependent 

 

S3.1.1. Ground state absorption spectra of DCF, DCFH2, and DCFH2-DA  

 



The spectral properties of DCFH2-DA and its derivatives were determined with absorption and 

fluorescence spectroscopy. This is of particular interest when perfoming experiments that require the 

determination of probe concentrations and when studying DCF formation under conditions of varying 

pH. The molecular structures of DCF, DCFH2, and DCFH2-DA and the pKa values are shown in Figure 

1 (main text). The concentration-dependent absorption spectra of DCF and its derivatives in different 

solvents are presented in Figure S4. The absorbance-concentration relationship was linear (R2 ≥ 0.99) 

for all compounds in the 0 - 20-μM concentration range. This, in combination with the fact that no blue 

or red bands appear in the main absorption band with increasing solute concentration, indicates that 

DCF and its derivatives do not form H-type and J-type aggregates (which would affect the 

fluorescence properties), respectively, at these experimentally relevant concentrations. 

The main absorption band of oxidized DCF in water (Figure S4A) and HEPES buffer (Figure 

S4B) is structureless and exhibits a maximum (λmax) at 503 nm that is attributable to π→π* transitions 

in the conjugated system. The blue shoulder at ~475 nm, which is unaffected by HEPES or ions (Na+ 

and Cl–), reflects a vibronic transition of the delocalized electrons. The type of solvent exerted a 

significant effect on the electronic and vibronic transitions, as polar H-bond donating and accepting 

solvent (MeOH) induced a bathochromic shift of the main absorption band (λmax = 513 nm) and 

broadened the vibronic transition (Figure S4C). Polar H-bond accepting solvent (DMSO) exacerbated 

these effects (λmax = 535 nm, Figure S4D), which was expected given the energy-lowering effect of 

polar solvents on π→π* transitions. 

Protonation of the Cα, which yields reduced DCF (DCFH2, Figure 1, main text), abrogates the 

electron delocalization over the fluorescein moiety as evidenced by the blue-shifted absorption band in 

all solvents (Figure S4E–H). Consequently, the DCFH2 absorption spectrum adopts the spectral 

features of o-substituted benzoic acid [2]. The primary band in the deep UV region in all solvents 

corresponds to the π→π* transitions in the substituted benzenes and is sensitive to solvent and pH 

effects. The secondary band, which exhibits λmax = 286 nm and 305 nm in the polar H-bond donating 

and accepting solvents, is attributable to an n→π* transition in the 2-chlorophenol moiety given the 

hypsochromic shift of this band when the hydroxyl group is substituted by acetate (DCFH2-DA versus 

DCFH2, Figure S4I–K vs. E–H). Additionally, in water (Figure S4E), HEPES buffer (pH = 6, Figure 

S4F), and MeOH (Figure S4H) the secondary band contains a red shoulder that can be ascribed to 

the additional valence electrons of the phenolate anion that forms at increasing basicity (pKa = 9.2 [3], 

Figure 1, main text). The ionization results in lowering of the n→π* transition energy, as has been 



shown for other substituted phenols such as tert-butylphenol, which undergoes a 15-nm bathochromic 

shift (275→290 nm) upon formation of the tert-butylphenoxide ion. Accordingly, the secondary band of 

DCFH2 is red-shifted (λmax = 305 nm) at pH >> 9.2 (Figure S4G), broadened, and more structureless 

and slightly hyperchromic. The gradual disappearance of the red shoulder in the secondary band of 

DCFH2 with increasing pH has been reported by [4].  

 

 

Figure S4. Absorption spectra and molar extinction coefficients of DCF and DCFH2 in aqueous and organic 

solvent. Concentration-dependent absorption spectra (0 - 20 μM) and molar extinciton coefficients (ε) of (A) DCF 

in water (pH not adjusted), (B) HEPES buffer (pH = 7.4), (C) MeOH, and (D) DMSO. Concentration-dependent 

absorption spectra (0 - 20 μM) and molar extinciton coefficients (ε) of (E) DCFH2 in water, HEPES buffer adjusted 

to (F) pH = 6 or (G) pH = 12, and (H) MeOH. 

 

 



Acetylation of DCFH2 at the phenolic hydroxyl groups (i.e., DCFH2-DA) causes a 

hypsochromatic shift of both the primary and secondary absorption band (Figure S5). Inasmuch as the 

spectral properties of DCFH2-DA are irrelevant for the practical applicability of this redox-sensitive 

fluorogenic probe beyond the determination of solute concentrations in different solvents (discussed 

below), the spectral properties of DCFH2-DA will not be further discussed here.  

 

 
Figure S5. Absorption spectra and molar extinction coefficients of DCFH2-DA in aqueous and organic solvent. 

Concentration-dependent absorption spectra (0 - 20 μM, λ = 220 - 600 nm) and molar extinction coefficients (ε) of 

(A) DCFH2-DA in water, (B) HEPES buffer (pH = 7.4), and (C) MeOH. 

 

 

S3.1.2. Molar extinction coefficients of DCF, DCFH2, and DCFH2-DA 

 

The molar extinction coefficient of DCFH2-DA and its derivatives was determined so as to enable the 

measurement of solute concentrations in the most relevant solvents in terms of solubility and in vitro 

application. The measured ε-values are presented in Figures S4 and S5. Moreover, the molar 

extinciton coefficient of DCFH2 is useful for the simple yet accurate determination of the deacetylation 

efficacy and product yield following preparation from DCFH2-DA. Given the high molar absorptivity of 

DCF, which translates to a lower limit of detection in absorbance-based methods relative to 

compounds with a lower molar extinciton coefficient, the molar extinciton coefficient of DCF can also 

be employed for the quantitation of intracellular DCF concentrations to determine cellular uptake or as 

a measure of oxidative stress.  

 

S3.1.3. Changes in pH affect the ground state absorption spectrum of DCFH2 

 

With respect to practical applications, the effects of pH on the spectral properties of the chromophore 

and fluorophore can have considerable implications on the accuracy of the measurements. The pH of 



the probe-based standard solution should therefore always be synchronized with the pH of the probe-

containing sample when performing quantitative analysis. In Figure S4F and G it was shown that the 

ground state absorption spectrum of DCFH2 in HEPES buffer was affected by solvent pH, which was 

also reported for DCFH2 in PBS solution [4].   

Figure S6A shows that pH-dependent effects on the absorption spectrum of DCFH2 also apply 

in non-buffered aqueous solvent, but that these effects are mainly confined to the primary absoption 

band in the pH = 1 – 10 range. The n→π* transition of the chlorophenol moiety that gives rise to the 

secondary absorption band is not markedly amenable to pH-related changes in this range. At pH < 

pKa of the benzoic acid moiety (Figure 1, main text), the peak at 212 nm that is normally present at pH 

= 4 - 10 is relatively indiscriminate and the bands exhibit a red shoulder at 220 nm. Following 

deprotonation of the benzoic acid (pH ≥ 4), a well-defined peak appears at 212 nm that increases in 

intensity with pH, at least up to pH = 8 (i.e., second pKa of DCFH2). Also, the red 220-nm shoulder 

exhibits a bathochromic shift to 230 nm. At pH ≥ 11, where DCFH2 is in fully deprotonated state, the 

primary peak undergoes a significant positional shift to 230 nm, indicative of lowering of the π→π* 

transition energy in the substituted benzenes. More importantly, the secondary band undergoes a 18-

nm bathochromic shift to 305 nm at pH ≥ 11, although the amplitude at 287 nm does not change 

considerably.  

From a practical point of view, the secondary absorption band that peaks at 287 nm is most 

important for the determination of DCFH2 concentration in solvent systems when using the Beer-

Lambert law. The primary band is subject to much spectral interference from competing 

chromophores, including some buffer solutes. In the most important pH range, i.e., pH = 4 - 10, the 

secondary band can be used at 287 nm for spectrophotometric DCFH2 assays without suffering from 

pH effects or other (chromatic) interferences. In biological or proteinaceous samples, however, 

spectrophotometric analysis/quantitation may be impossible due to the presence of amino acids with 

similar spectral properties (e.g., tryptophan and tyrosine residues [5]).  

 



 

Figure S6. pH-dependent spectral properties of DCFH2 and DCF in water. (A) pH-dependent absorption spectra 

(pH = 1 - 12, λ = 200 - 400 nm) of 20 μM DCFH2 in water (adjusted with 37% HCl or 10 M NaOH). pH-dependent 

(pH = 4 - 8) (B) absorption (λ = 200 - 600 nm), (C) fluorescence excitation (λ = 200 - 525 nm at 545 nm emission), 

(D) and fluorescence emission spectra (λ = 525 - 650 nm at 480 nm excitation) of 20 μM DCF in water (adjusted 

with 37% HCl or 10 M NaOH). 

 

 

S3.1.4. Changes in pH affect the absorption spectrum and fluorescence emission and 

excitation spectra of DCF 

 

Unlike DCFH2’s secondary band, the ground state absorption spectrum (Figure S6B) as well as 

fluorescence excitation (Figure S6C) and emission spectra (Figure S6D) of DCF were strongly 

affected by pH, in line with what has been reported previously [6]. With respect to absorption, the 

π→π* transitions in the delocalized system, which give rise to the 502-nm peak at neutral pH, as well 

as the vibronic transitions of the delocalized electrons, which account for the blue shoulder at 475 nm, 

were altered by protonation of the second chlorophenol (pKa = 7.9, Figure 1, main text) that in turn 

reduced the molar absorptivity at 503 nm. At pH = 5 and particularly at pH = 4 (i.e., the pKa of the 

benzoic acid, Figure 1), the primary band underwent a hypsochromic shift of 13 nm and an additional 



blue shoulder appeared at ~430 nm, likely reflecting vibronic transitions of electrons in the benzoic 

acid moiety.  

 Given that the fluorescence emission intensity is generally proportional to the molar extinction 

coefficient at equal excitation light intensity, wavelength, and fluorophore concentration, it was 

expected that DCF’s fluorescence spectra would reflect the trend of the absorption spectra at different 

pH levels. In contrast, protonation of the chlorophenol (pH = 8 → 7) reduced the molar extinction 

coefficient (Figure S6B) but did not affect fluorescence emission intensity (Figure S6D), despite the 

lower excitation spectrum intensity at 480 nm at pH = 7 compared to pH = 8 (Figure S6C). The 

pronounced double peak in the excitation spectrum of the pH = 8 trace disappeared at pH < 8, 

indicating a shift in electronic transition states as a result of hydroxyl group protonation. The Stokes 

shift also became larger at increasing acidity, owing to the blue shifting of the excitation maximum. 

Moreover, the reduction in fluorescence intensity at pH = 5 and 4 was disproportional relative to that at 

pH = 6 (Figure S6D) and the reduction in molar absorbtivity (Figure S6B), suggesting that protonation 

of the benzoic acid reduced the quantum yield of DCF. 

Consequently, the pH sensitivity that affects both DCF ground state absorption spectra and 

fluorescence spectra has a profound effect on the spectroscopic quantitation of oxidative stress and 

the formation of radical transients in various media and biological samples. The pH-dependent effects 

were deliberately measured at physiologically relevant alkaline (pH = 8) and acididic (pH = 4 - 6) 

conditions and juxtaposed to neutral pH. Alkaline and acidic pH levels are encountered during 

respiratory and metabolic alkalosis and acidosis (e.g., ischemia-reperfusion in the liver [7,8] and heart 

[9,10]), in cultured cancer cells and tumors in vivo, where intracellular pH is generally more acidic 

[11,12], and in organelles such as lysosomes [13]. Accordingly, the use of DCF for measuring 

oxidative stress or radical transient formation must account for the chemical milieu, especially since 

DCF is water-soluble and hence directly susceptible to shifts in pH.  

Spectrally, the pH dependence should not be taken lightly because differential pH levels 

between experimental groups could skew or invalidate the interpretation of the DCF read outs. For 

example, when employing DCFH2(-DA) in tumor xenografts in comparison to non-cancerous tissue, 

the fluorescence acquired from tumor tissue may yield an underestmation of oxidative stress or radical 

transient formation due to the aforementioned acidity in tumors, which would translate to reduced 

fluorescence (Figure S6D) at equal oxidation rate. These effects could also become manifest in cell 

cultures that vary in their pH, for instance due to differences in cell density, energy metabolism and/or 



oxygenation. Similar principles apply to organs exposed to lactic acidosis, such as in vivo ischemia-

reperfusion models for the heart [14] and liver [15,16]. In these models, the control group typically 

embodies an organ not subjected to ischemia-reperfusion. Due to ischemia-induced metabolic 

acidosis in the DCFH2-laden cells, the ischemia-reperfusion group will likely yield undervalued levels 

of oxidative stress/radical transient formation.  

 

S3.2. The stability of DCFH2-DA and DCFH2 in aqueous solvent and medium is dependent on 

the composition of the solution 

  

DCFH2 and DCFH2-DA were previously shown to be stable in MeOH and DMSO for at least 28 d 

when stored at -20 °C [17]. Similar results were obtained for DCFH2-DA stored in water or HEPES 

buffer at -20 °C (Figure S7). Significant DCF formation was observed when DCFH2-DA was kept at 4 

°C in both solvents, the onset of which was more rapid in HEPES buffer compared to water. This 

difference likely stems from more rapid DCFH2-DA deacetylation at higher pH, i.e., pH = 7.4 for 

HEPES buffer versus pH ≈ 6 for water.  

DCFH2 proved less stable in aqueous solvent compared to DCFH2-DA. Although DCFH2 auto-

oxidation in water was limited at -20 °C, it was considerably higher in samples stored at 4 °C (Figure 

S7A). In contrast, although DCFH2 was less stable in HEPES buffer compared to water at -20 °C, a 

lesser extent of DCF formation was observed in samples dissolved in HEPES buffer at 4 °C after 28 d 

(Figure S7B). However, the latter observation was preceded by higher baseline DCF levels in HEPES 

buffer compared to water (0.164  0.004% and 0.102  0.015% of 20 M DCF, respectively). These 

contradictory findings may stem from the complex interplay between the probe, HEPES, ionic 

strength, temperature, and pH. Although there is insufficient data to draw definitive conclusions about 

these effects, some observations exact close attention due to their practical relevance for the use of 

DCFH2(-DA) in vitro.  

First, the observed difference in DCFH2 stability in HEPES buffer compared to water at -20 °C 

may be attributed to the reduction in freezing point that coincides with increasing osmolarity. 

Consequently, molecular interactions are hampered to a lesser extent in HEPES buffer, an effect that 

likely favors DCFH2 auto-oxidation through enhanced formation of the DCFH semiquinone radical 

(DCFH/DCF–) [4] as well as its subsequent reaction with O2 that results in the formation of DCF and 

O2– [18]. Second, the difference in baseline DCF formation in samples kept at 4 °C most likely results 



from transition metal traces in one or more buffer components [19]. Although the presence of trace 

amounts of transition metals has been described for HEPES [19], no such information was available 

for the HEPES-Na salt used in our experiments (Table S1). Third, the higher extent of overall DCFH2 

auto-oxidation in water compared to HEPES buffer at 4 °C presumably relates to the presence of 

buffer components. HEPES is reactive towards a variety of oxidants, including O2– [20], H2O2 [21], 

OH [20], and Fe2+ [20]. More specifically, peroxynitrite can oxidize the piperazine moiety into an 

amino radical (HEPES+/HEPES) [22] through the generation of downstream radicals in the form of 

OH, NO2, or CO3– [23]. Like DCFH, HEPES reacts with O2 to form O2– and HEPES+, which can 

undergo additional oxidation [22,24]. HEPES generated in solutions containing DCFH2 could 

therefore react with DCFH instead of O2, thereby preventing the formation of DCF as well as O2–. 

However, the reactivity of HEPES towards O2 (k ≈ 109 M-1 s-1 [22]) renders it more likely that the 

excess of HEPES over DCFH2 in this experiment (10 mM HEPES versus 20 M DCFH2) functions as 

an oxidant-scavenging sink that prevents radicals from reacting with DCFH2.  

 

 

 
Figure S7. Stability of DCFH2 and DCFH2-DA in aqueous solvent. Stability of 20 μM DCFH2-DA (blue/green line) 

and DCFH2 (red/orange line) in (A) water and (B) HEPES buffer (10 mM HEPES, 0.88% NaCl, pH = 7.4, 0.292 

osmol/kg) stored at -20 °C (red/blue line) or 4 °C (orange/green line) over a period of 28 d. DCFH2-(DA) (auto-

)oxidation was measured as DCF and plotted as a percentage of a freshly-prepared 20-μM DCF reference 

sample. 

 

 



 

Figure S8. Chemical structure of (A) CF and (B) DCF.  
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