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Abstract

Superoxide is a naturally produced reactive oxygen species (ROS) in the human body and is 

involved in many pathological and physiological signaling processes. However, if superoxide 

formation is left unregulated, overproduction can lead to oxidative damage to important 

biomolecules, such as DNA, lipids, and proteins. Superoxide can also lead to the formation of 

peroxynitrite, an extremely hazardous substance, through its reaction with endogenously produced 

nitric oxide. Despite its importance, quantitative information regarding superoxide production is 

difficult to obtain due to its high reactivity and low concentrations in vivo. MitoHE, a fluorescent 

probe that specifically reacts with superoxide, was used in conjunction with microchip 

electrophoresis (ME) and laser-induced fluorescence detection to investigate changes in 

superoxide production by RAW 264.7 macrophage cells following stimulation with phorbol 12-

myristate 13-acetate (PMA). Stimulation was performed in the presence and absence of the 

superoxide dismutase (SOD) inhibitors, diethyldithiocarbamate (DDC) and 2-metoxyestradiol (2-

ME). The addition of these inhibitors resulted in an increase in the amount of superoxide specific 

product (2-OH-MitoE+) from 0.08 ± 0.01 fmol (0.17 ± 0.03 mM) in native cells to 1.26 ± 0.06 
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fmol (2.5 ± 0.1 mM) after PMA treatment. This corresponds to an approximately 15-fold increase 

in intracellular concentration per cell. Furthermore, the addition of 3-morpholino-sydnonimine 

(SIN-1) to the cells during incubation resulted in 0.061 ± 0.006 fmol (0.12 ± 0.01 mM) of 2-OH-

MitoE+ per cell on average. These results demonstrate that indirect superoxide detection coupled 

with the use of SOD inhibitors and a separation method is a viable method to discriminate the 2-

OH-MitoE+ signal from possible interferences.
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Introduction

Reactive oxygen species (ROS), including superoxide (O2
•−) and hydrogen peroxide (H2O2), 

are part of the natural aerobic metabolism of cells and are involved in many physiological 

and pathological processes [1]. The mitochondrion is the main source of ROS in most cells 

[1]. Superoxide is primarily generated during the breakdown of the electron transport chain 

during ATP production [2]. It can then dismutate to hydrogen peroxide and diatomic oxygen 

either naturally or by the action of the intracellular enzyme superoxide dismutase (SOD) [3]. 

Hydrogen peroxide can be further degraded by catalase and glutathione peroxidase to water 

and oxygen. Superoxide generated inside the mitochondria is primarily scavenged by 

manganese SOD (MnSOD–SOD type 2) [1]. Even though superoxide cannot undergo 

passive transport through the mitochondrial membrane, it can cross this membrane via an 
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anion channel (IMAC). Copper zinc SOD (Cu/ZnSOD–SOD type 1), present in 

intermembrane space and cytosol, is responsible for superoxide scavenging in the cytosolic 

compartment [1].

If these cell defense mechanisms fail to regulate ROS production, superoxide will 

accumulate inside the cell and react with proteins, DNA, carbohydrates, lipids, and other 

important biomolecules ultimately leading to cell death [2, 4]. Additionally, superoxide can 

react with other free radical species, such as nitric oxide (NO), to form peroxynitrite 

(ONOO−). Peroxynitrite is an extremely reactive and toxic molecule that has been linked to 

several disease states including cardiovascular, neurodegenerative, and inflammatory 

disorders [3].

In order to better understand the toxicity of excess superoxide production, several strategies 

to measure this molecule in cells have been reported in the literature [5–7]. Experimentally, 

high concentrations of intracellular superoxide can be achieved in immune cells by 

incubating with a stimulant such as phorbol 12-myristate 13-acetate (PMA) [7–9]. PMA 

promotes the phosphorylation of NADPH oxidase by inducing the activation of protein 

kinase C and produces superoxide in the process [7]:

Other methods of superoxide stimulation include the use of zymosan [5, 10, 11] and 

succinate [12].

The detection and quantitation of superoxide can be a complicated task due to its highly 

reactive and unstable nature. Moreover, SODs are ubiquitous, highly abundant in cells (often 

present in concentrations higher than 10 μM), and extremely efficient catalysts for 

superoxide dismutation (rate constant > 109 M−1 s−1) [3]. For this reason, superoxide 

detection is usually performed indirectly using fluorescence probes [6, 12–14], 

chemiluminescence [8, 9], electron spin resonance (ESR) [7], or a spectroscopic Nitro Blue 

tetrazolium reduction assay [15]. Additionally, microsensors have also been developed for 

direct superoxide detection [16]. Flamm et al. proposed the use of a linear–

polyethylenimine-covered gold microelectrode to continuously monitor extracellular 

superoxide production by T-47D human breast carcinoma cells in culture flasks [17]. In a 

separate application, Wilson et al. developed a cytochrome c anchored gold microelectrode 

for in vivo superoxide detection [18]. Among all these methods, fluorescence detection is the 

most popular for the detection of intracellular and extracellular superoxide due to its low 

limits of detection, ability to be used in in vivo assays, and easy integration with separation 

methods for bulk and single cell analysis.

The most common probes used for superoxide detection are based on hydroethidine (HE) 

and its derivatives. MitoSOX red, or MitoHE, is a commercially available mitochondrial 

targeted hydroethidine derivative that has been widely used [2, 19, 20]. As pointed out by 

Zielonka et al., it is important to have a separation step prior to detection of the fluorescent 

product in order to eliminate interferences from other HE derivatives [21]. The reaction of 

HE with superoxide leads to a specific hydroxylated product (2-OH-E+, λex/λem = 475/580 
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nm), but other hydride acceptor molecules present in biological matrices can induce the 

formation of a second, non-specific product, ethidium (E+, λex/λem = 495/590 nm) [22, 23]. 

Analogously, the same behavior can be observed with MitoHE [21]. Therefore, it is 

necessary to separate the two fluorescent products to determine the signal obtained due to 

the reaction with superoxide from that obtained from oxidizing interferences.

An alternative to HE derivatives, 2-chloro-1,3-dibenzothiazolinecyclohexene (DBZTC), has 

been reported to have a higher specificity towards superoxide [24, 25]. This probe was used 

by Li et al. for the detection of superoxide in macrophage cell extract using microchip 

electrophoresis with fluorescence detection [6]. Hydrogen peroxide was detected 

simultaneously using the fluorescent probe bis(p-methylbenzenesulfonyl) 

dichlorofluorescein [6]. Despite the promising results, the impact of DBZTC for these types 

of studies is limited because the probe is not commercially available. Therefore, strategies to 

separate the superoxide-specific product from the non-specific ones generated by MitoHE 

and HE derivatives reactions in biological samples have been developed using high-

performance liquid chromatography (HPLC) [13, 26] and capillary electrophoresis (CE) [12, 

14]. For instance, Xu et al. developed a method for the determination of superoxide in single 

skeletal muscle fibers by individually lysing triphenylphosphonium hydroethine-treated cells 

in a nanowell [14]. Injection and separation were subsequently performed using micellar 

electrokinetic capillary chromatography with laser-induced fluorescence detection (MEKC-

LIF) [14]. Meany et al. also used MEKC-LIF to separate and detect HE products in isolated 

mitochondria following stimulation with succinate [12].

Due to the similarities between ME and CE, electrophoresis methods can usually be 

transferred to the microchip format allowing sub-minute analysis times and high integration 

possibilities [6, 25]. Our group has previously reported the separation of other reactive 

nitrogen and oxygen species, including nitric oxide and nitrite, using ME with fluorescence 

or electrochemical detection [27, 28]. Since superoxide is difficult to detect 

electrochemically, the ability to integrate multiple detection platforms into a single ME 

device could therefore allow for the simultaneous detection of nitric oxide, superoxide, and 

peroxynitrite. Moreover, microfluidic devices are also the most suitable platform to perform 

single cell analysis because it allows for on-line integration of cell sample preparation and 

analysis [27].

The present report focuses on the development of a microchip electrophoresis method with 

LIF detection for the measurement of superoxide production in native (untreated) and PMA-

stimulated RAW 264.7 macrophage cells using MitoHE as the fluorescent probe. 

Differences in intracellular superoxide generation due to the presence of the cytosolic SOD 

inhibitor, diethyldithiocarbamate (DDC), and mitochondrial SOD inhibitor, 2-

metoxyestradiol (2-ME) prior to PMA stimulation versus non-stimulated samples (control) 

are measured with this technique. Finally, changes in intracellular superoxide concentration 

due to incubation of RAW 264.7 cells with a superoxide donor, 3-morpholino-sydnonimine 

(SIN-1), were also investigated.
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Materials and methods

Materials and reagents

All chemical used in this work were of analytical grade and purchased from Sigma (St. 

Louis, MO, USA), unless specified otherwise. MitoSOX Red (MitoHE) was purchased from 

Life Technologies (Carlsbad, CA, USA). Potassium nitrosodisulfonate was purchased as a 

50–75 % pure powder (Sigma). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal 

bovine serum (FBS), L-glutamine, penicillin, and streptomycin were obtained from ATCC 

(Manassas, VA, USA). Polydimethylsiloxane (PDMS) microdevices were prepared from the 

Sylgard 184 Elastomer Kit (Ellsworth Adhesives, Germantown, WI, USA).

The pH values of solutions were adjusted using 1.5 M sodium hydroxide and 0.1 M 

hydrochloric acid solutions as needed.

Solution preparation

MitoHE stock solution preparation—MitoHE stock solution was prepared as specified 

by the manufacturer. Briefly, 13 μL of dimethyl sulfoxide (DMSO) was added to an 

individual vial containing 50 μg of probe. The vial was vortexed for 15 seconds and then 

centrifuged for 2 min at 7000 rpm, leading to a 5-mM MitoHE stock solution. All 

preparation and handling steps using MitoHE were performed in the dark. All MitoHE stock 

solutions were used in the experiments immediately after preparation.

2-OH-MitoE+ standard preparation—2-OH-MitoE+ standards were prepared by the 

reaction of MitoHE with nitrosodisulfonate anion (NDS) as follows: A 1-mM NDS solution 

was prepared by dissolving potassium nitrosodisulfonate (Fremy’s salt) in a 50-mM borate 

solution (pH = 9.2) containing 1 mM diethylene triamine pentaacetic acid (DTPA). The 

NDS solution used was always fresh, prior to each standard preparation.

The reaction was conducted by mixing the following reagents: 200 μL of 100 mM borate 

buffer (pH = 9.2), 40 μL of 1 mM DTPA, 8 μL of 5 mM MitoHE stock solution, 72 μL of 

nanopure water, and 80 μL of 1 mM NDS solution. The reaction was allowed to proceed for 

2 h in the dark at room temperature. Afterwards, the reaction media containing 2-OH-

MitoE+ standard was simply diluted in ME run buffer and analyzed with the ME-LIF 

system.

Xanthine/xanthine oxidase reaction—The xanthine/xanthine oxidase reaction 

(XA/XO) is a well-established method for in situ superoxide production [16, 29]. MitoHE 

was added to solution containing XA and XO in order to produce 2-OH-MitoE+. The 

reaction was performed in two different vials. The first vial contained 375 μL of 1 mM 

xanthine (XA), 7 μL of 0.5 U mL−1 xanthine oxidase (XO), 6 μL of 5 mM MitoHE stock 

solution, and 612 μL of XO buffer. XO buffer consisted of 0.1 mM 

ethylenediaminetetraacetic acid in 50 mM phosphate buffer (pH = 7.4). The second vial was 

prepared with the same amount of XA, XO, and MitoHE with the addition of 50 μL of 5800 

U mL−1 superoxide dismutase (SOD) and 562 μL of XO buffer. The contents of both vials 

were allowed to react for 3 h in the dark at room temperature, and then the contents of each 

vial was diluted in electrophoresis run buffer prior to analysis.
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Cell culture and stimulation protocol

RAW 264.7 macrophages cells obtained from American Type Culture Collection (ATCC® 

TIB-71™, Manassas, VA, USA) were cultured in DMEM supplemented with 10 % (v/v) 

FBS, L-glutamine (2 mM), penicillin (0.3 mg mL−1), and streptomycin (0.3 mg mL−1). The 

cells were maintained in a humidified environment at 37 °C and 5 % CO2 and cultured in 25 

cm2 polystyrene culture flasks (Fisher Scientific, Waltham, MA, USA). Cells were passaged 

every 2 days to avoid overgrowth. Cells were grown until they reached approximately 50–

60 % confluence and then stimulated.

Stimulation of superoxide production in the macrophage cells was accomplished using 

PMA. PMA was added to healthy cells in a 25-cm2 cell culture flask to obtain a final PMA 

concentration of 3.24 nM and then incubated for 24 h in a humidified environment at 37 °C 

and 5 % CO2. Untreated (native) RAW 264.7 cells from the same population were incubated 

under identical conditions and used as a control for each stimulation experiment. In order to 

increase superoxide detection, cells were treated with 1 mM DDC and 50 μM 2-ME 1 h 

prior to PMA stimulation.

For SIN-1 incubation studies, healthy cells in a 25-cm2 cell culture flask were first treated 

with 1 mM DDC for 1 h in the same environment mentioned above and then incubated with 

50 μM SIN-1 solution under the same conditions for 1 h. An experiment without DDC 

addition was also performed. Native cells (not treated with SIN-1) from the same population 

were also incubated at the same conditions and used as a control.

Bulk cell lysate preparation

Following stimulation or SIN-1 incubation, RAW 264.7 cells in their original medium were 

labeled with MitoHE. The stock dye solution was prepared in DMSO. A 6-μL aliquot of 5 

mM MitoHE solution was added to each culture flask and allowed to react for 10 min in the 

dark inside the incubator. Then, the dye-loaded cells were harvested using a cell scraper. The 

cell suspension was transferred to a 15-mL centrifuge tube and centrifuged at 1137 g for 

about 3 min. Before centrifugation, 100 μL of the cell solution was taken out for cell 

counting. The supernatant medium was then removed, leaving only the cell pellet, which 

was washed twice with 1 M phosphate-buffered saline at pH 7.4. Next, the cell pellet was 

lysed in 100 μL of lysing buffer (10 mM borate buffer, 40 mM Tris HCl, and 0.5 % Triton 

X-100 at pH 9.2) and transferred into 500 μL vials. Twenty-five microliters of 10 mg mL−1 

Proteinase K solution was added to the lysate followed by incubation for 45 min at 37 °C. 

Then, 13.5 μL of 10 mg mL−1 of DNase I was loaded into the vials for an additional 20 min. 

In order to remove any turbidity, the lysate solution was sonicated for 30 s and then 

centrifuged for 2 min at 7000 rpm. Lastly, the lysate solution was diluted 10-fold and loaded 

into the sample reservoir of the microchip for ME-LIF analysis.

Cell viability

Cell viability was measured using the Trypan blue exclusion assay and a hemocytometer cell 

count (C-Chip disposable hemocytometer, Bulldog Bio, Inc., Portsmouth, NH, USA). The 

RAW 264.7 cell suspension was diluted using 1:1 to 1:3 ratios (based on cell density) with a 

0.4 % Trypan blue solution. The number of viable cells and cell density was determined 

de Campos et al. Page 6

Anal Bioanal Chem. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



using a 4-mm2 total area hemocytometer. Native RAW cells typically had densities of about 

6 million cells in a 25-cm2 flask prior to passaging.

Microchip fabrication and instrumental setup

The fabrication of the PDMS/glass microfluidic has been previously described by our group 

[27]. First, a SU-8 10 photoresist (Silicon, Inc., Boise, ID, USA) mold containing the 

microdevice design was fabricated using soft photolithography. Second, the PDMS substrate 

was prepared by mixing its pre-polymer and cross-linking agent in a 10:1 w/w ratio. The 

mixture was degassed under vacuum and poured over the SU-8 mold and cured in oven at 

70 °C for 3 h. The cured PDMS device was peeled off the mold, and access reservoirs were 

made using a 3-mm biopsy punch (Harris Uni-core, Ted Pella, Redding, CA, USA). Lastly, 

the PDMS substrate was reversibly sealed against flat borosilicate glass (Precision Glass and 

Optics, Santa Ana, CA, USA) to form the final microdevice with enclosed microchannels in 

which the electrophoresis separations were performed. The present work used a simple “T” 

microchip design with a 5-cm separation channel and 0.75 cm side arms for all experiments. 

The microchannel depth and width dimensions were 15 and 45 μm, respectively.

A dual channel high-voltage power supply (HV Rack, Ultravolt Inc., Ronkonkoma, NY, 

USA) controlled by a homemade Labview program (National Instruments, Austin, TX, 

USA) was used in all experiments. Sample was introduced to the separation channel using a 

1-s gated injection. Both injection and separation were performed using a high-voltage 

power supply in positive polarity mode. For all separations, +2400 and +2200 V were 

applied to the background electrolyte (BGE) and sample reservoir, respectively.

The PDMS/glass hybrid microchip was placed in an inverted microscope (Eclipse Ti-U, 

Nikon Instruments Inc., Melville, NY, USA) for fluorescence detection. A 488-nm diode 

laser (Spectra-Physics, Irvine, CA, USA) was used as the excitation source. Light was 

collected using a photomultiplier tube (Hamamatsu Corporation, Bridgewater, NJ, USA). 

The signal was amplified using a SR570 low noise current preamplifier at 1 μAV−1 (Stanford 

Research Systems, Sunnyvale, CA). Data acquisition and analysis were carried out using a 

D/A converter (National Instruments) and a custom Labview software program.

Prior to analysis, each microdevice was flushed with 0.1 M NaOH for 5 min, followed by a 

10 min flush with electrophoresis BGE. The BGE used in all ME-LIF experiments consisted 

of 10 mM borate (pH = 9.2) and 3.5 mM sodium dodecyl sulfate (SDS). Cleaning runs were 

performed between each bulk cell lysate sample analysis by flushing the system for 30 s 

with electrophoresis BGE only. This setup made it possible to perform several consecutive 

runs for each sample, and it was also possible to easily realign the laser when needed.

Results and discussion

One primary focus of our group has been developing methods using spectrometric and 

electrochemical detection to study biological reactive species, such as nitric oxide and 

peroxynitrite, in vitro. Due to the complexity of biological samples, a separation method is 

needed to isolate the analytes of interest from interferences. In the case of superoxide, the 

combination of a separation method with a fluorescent probe that generates a unique product 
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with superoxide can ensure that a given signal is due only to superoxide production, and not 

other ROS, such as hydrogen peroxide. Therefore, the present study was focused on the 

development of a ME-LIF method that could be used for the detection of superoxide 

produced by native and stimulated RAW 264.7 macrophages cells.

The fluorescent probe used, Mito-HE, has been reported to react with intracellular 

superoxide to produce a 2-hydroxylated product, 2-OH-MitoE+. Once inside a cell, 

MitoSOX can also react with other reactive species, such as peroxynitrite, hydroxyl radical, 

and hydrogen peroxide, but these reactions generate a non-hydroxylated product, MitoE+, 

that can be electrophoretically separated from 2-OH-MitoE+ [21, 23, 30]. Therefore, under 

biological conditions, only superoxide will lead to the formation of 2-OH-MitoE+, which 

gives a fluorescent signal useful for monitoring changes in its concentration (Fig. 1).

Results from standard solutions

Although the reaction of superoxide and MitoHE inside RAW 264.7 cells generates a 

specific product, an alternative approach to obtain 2-OH-MitoE+ outside the biological 

environment has been reported [31]. This involves the reaction of the fluorescent probe with 

nitrosodisulfonate anion (NDS). The previously discussed method was used to generate 2-

OH-MitoE+ standards and the calibration curve [30]. The reaction has a 1:2 stoichiometry 

and should give, under optimal conditions, a total conversion of the fluorescent probe to 2-

OH-MitoE+.

Following the optimization of the reaction and subsequent analysis of the product by ME-

LIF, a calibration curve between 50 and 500 nM was obtained for 2-OH-MitoE+ with a R2 

value of 0.97 (Online Resource 1). Under the reaction conditions specified in the 

experimental section for preparation of the standard, only one peak was observed in the 

electropherogram. Electropherograms containing two peaks were obtained when the reaction 

was performed using a limiting amount of NDS. In this case, the excess unreacted probe 

could autoxidize into the non-specific product MitoE+, which was detected as a less intense 

peak in the electropherogram (Fig. 2).

Peak identification using XA/XO reaction

The identity of the major peak at 18.1 s in standard runs (Fig. 2) was assigned to 2-OH-

MitoE+ based on Fremy’s salt reaction, sample electrophoretic mobility, and also by 

comparison with previously published work [12]. To further verify the identity, the xanthine/

xanthine oxidase (XA/XO) system was employed to generate superoxide in situ which then 

reacted with MitoHE. The conversion of XA to uric acid is catalyzed by XO and the 

generation of superoxide occurs as part of the regeneration of XO into its oxidizing form. 

The amount of superoxide produced is dependent on the concentration of XA, XO, and 

oxygen present in the medium [16]. By making the XA/XO reaction media with and without 

the presence of superoxide dismutase (SOD), we were able to account for the specificity of 

the reaction between superoxide and MitoHE as well as provide a means for peak 

identification.

These reactions were allowed to proceed for 3 h in the dark in open vials to ensure access to 

atmospheric oxygen. The reaction products were then analyzed by the ME-LIF system. The 
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results are shown in Fig. 3. Figure 3a represents the XA/XO reaction media without SOD. In 

this case, two fluorescent products were formed mainly due to the reaction of MitoHE with 

superoxide and hydrogen peroxide. Electropherogram (b) in Fig. 3 shows the data for the 

reaction media containing SOD. In this case, SOD scavenges superoxide from the system 

and the second peak disappears. Therefore, it is possible to conclude that the peak at 21 s is 

indeed due to 2-OH-MitoE+ and is formed from the reaction of MitoHE and superoxide. The 

slight difference in the migration time of the 2-OH-MitoE+ found in these experiments 

compared to the standards can be attributed to the use of a different PDMS microchip and 

small variations in the laser alignment on the separation channel. Moreover, the migration 

order obtained in this experiment was comparable to that obtained during the analysis of the 

previously prepared standards, indicating that the initial peak identifications were correct.

Bulk cell analysis of SIN-1 incubated RAW 264.7 macrophages

Before monitoring superoxide production in RAW 264.7 cells, it was crucial to ensure that 

the method will generate a measurable and reproducible signal in complex matrices such as 

cell lysates. Several factors needed to be taken into account that might influence the ability 

to detect the target analyte by ME-LIF including the experimental setup, the stimulation 

protocol used, the presence of superoxide dismutase, and the reactions between the target 

analyte and biomolecules present in the biological media.

In order to monitor 2-OH-MitoE+ signal in the presence of the cell lysate using the proposed 

experimental setup, we first decided to study the electropherograms obtained for RAW 264.7 

cells incubated with SIN-1, a well-known peroxynitrite donor, and the fluorescent probe 

MitoHE before lysis. SIN-1 decomposition to SIN-1C is triggered by the addition of NaOH, 

producing both superoxide and nitric oxide (Online Resource 2) [32, 33]. These two 

molecules can then react with each other to form peroxynitrite. It is possible to monitor the 

production of superoxide by SIN-1 in vitro by adding MitoHE to the mixture and monitoring 

the increase in the 2-OH-MitoE+ peak as the superoxide indicator. Figure 4 shows the use of 

ME-LIF to continuously monitor superoxide production by the SIN-1 reaction in vitro.

From these results, it is possible to observe the increase in 2-OH-MitoE+ concentration over 

time due to continuous superoxide production. The concentration keeps increasing until a 

certain point, after 1750 s, when the signal intensity starts to drop, eventually reaching a 

constant plateau. A possible explanation for this observation is that superoxide levels keep 

increasing until there is an excess of nitric oxide, which is also produced in the reaction. The 

presence of nitric oxide will cause the formation of peroxynitrite, and the amount of free 

superoxide will therefore decrease as peroxynitrite is formed. This hypothesis will be further 

investigated by monitoring peroxynitrite concentration using peroxynitrite-specific 

fluorescent probes, such as HK-Green 3 and HK-Green 4 [34, 35]. For the time being, it is 

important to state that SIN-1 decomposition and superoxide production can be monitored 

using MitoHE.

To reproduce this reaction in vivo, RAW 264.7 cells were incubated with 50 μM SIN-1 for 1 

h with subsequent addition of 7 μM MitoHE and incubation for an additional 10 min. Once 

inside the cellular environment, esterases hydrolyze SIN-1 and trigger its conversion into 

SIN-1C, generating superoxide that will then react with the MitoHE. In the initial 
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experiments, the electropherogram of the cell lysate analysis consisted of a constant 

baseline, with no detectable peak for 2-OH-MitoE+, for both native (Fig. 5a) and SIN-1 

incubated cells (Fig. 5b). It was surmised that this was due to the presence of SOD in the cell 

cytosol. SOD reacts faster with superoxide than MitoHE, causing any native or induced 

superoxide to be immediately converted to hydrogen peroxide and molecular hydrogen. To 

circumvent this problem, RAW 264.7 cells were first treated with DDC, an inhibitor for 

cytosolic SOD prior to the introduction of the SIN-1. Under these conditions, superoxide 

was detected in the electropherogram as seen in Fig. 5c, d.

The peaks in the electropherograms for 2-OH-MitoE+ were integrated, and the areas 

obtained were 0.015 ± 0.001 and 0.055 ± 0.007 for SIN-1 incubated and native RAW 264.7, 

respectively. To estimate the 2-OH-MitoE+ concentration in a single cell, 2-OH-MitoE+ 

concentration for each electropherogram was calculated based on four parameters: the 

external calibration curve (Online Resource 1), the volume of cell lysis buffer, the estimated 

volume of an individual macrophage cell (0.05 pL) [28], and the number of cells present in 

each cell culture flask. Therefore, each SIN-1 incubated cell produced, on average, 0.061 

± 0.006 fmol (0.12 ± 0.01 mM) of 2-OH-MitoE+, while native cells produced 0.23 ± 0.03 

fmol (0.45 ± 0.05 mM) of 2-OH-MitoE+ (both treated with DDC). The results indicate that 

after incubation with SIN-1, the detected amount of superoxide-specific fluorescent probe is 

less than those detected in native (not treated with SIN-1) cells inhibited with DDC. Once 

again, the hypothesis created to explain this behavior is that the reaction between nitric oxide 

and superoxide will be favored over the reaction between superoxide and MitoHE. This is 

primarily due to the faster reaction kinetics of the nitric oxide/superoxide reaction. Notably, 

the experiment demonstrated the importance of using a SOD inhibitor to minimize the loss 

of superoxide through biological pathways. Moreover, the experiment also proved that the 

system can detect the superoxide signal generated in such a complex matrix.

Indirect superoxide detection in PMA stimulated RAW 264.7 macrophage cells

Chronic and acute stimulation protocols were both evaluated for the production of 

superoxide. Bulk cell lysates were analyzed by ME-LIF. Experiments were performed 

without the addition of SOD inhibitors, proteinase K, or DNase I, and the cell pellets were 

lysed using electrophoresis BGE, containing SDS. We obtained a different fluorescent image 

for stimulated and control cells (Fig. 6a, b) and an electropherogram with a low intensity 2-

OH-MitoE+ peak for the stimulated cells (Fig. 6c).

Although the fluorescence signal for stimulated cells can be clearly distinguished from the 

control cell sample, the peak obtained from the cell lysate exhibited very low intensity and it 

is evident from Fig. 6a that not all cells will respond equally to the stimulation. Therefore, in 

order to increase the amount of superoxide produced by cells, the incubation time was 

increased from 12 to 24 h, without compromising cell viability.

Sample preparation was also a determining factor for the signal intensity. Previously, our 

group developed a method for the detection of nitric oxide in Jurkat cells using ME-LIF. In 

these studies, a similar sample preparation method was employed using SDS in the lysing 

buffer and then filtering the lysate with a 3-kDa MWCO PES centrifuge filter [27]. Although 

this method was satisfactory for measurement of nitric oxide with DAF-FM, the use of the 

de Campos et al. Page 10

Anal Bioanal Chem. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



centrifuge filter affected the results for superoxide analysis. This is because 2-OH-MitoE+ 

binds to DNA [21], which causes most of target analyte to be stuck to the PES filter during 

centrifugation. Furthermore, attempts to analyze the lysate sample without centrifugation 

caused an irreproducible EOF and led to easily clogged channels due to the highly viscous 

lysate solution obtained when SDS and cell debris are present. Thus, in order to obtain a less 

viscous lysate capable of being analyzed without a centrifugation step, we decided to switch 

from a lysing solution containing SDS to a 0.5 % Triton X-100 solution in borate buffer.

The migration times for 5 μM 2-OH-MitoE+ standards in the presence of SDS and Triton 

X-100, with the detection point at 4.5 cm down from the T intersection of the simple T 

microchip, were 26.5 and 27.2 s, respectively. The average peak area obtained for standards 

in SDS was 0.24 with a RSD of 10.2 %, while those in Triton X-100 were 0.25 with a RDS 

of 7.2 %. Both results are not statistically different at a 95 % confidence level. Thus, a less 

viscous lysate that can be diluted in electrophoresis BGE prior to injection in the ME-LIF 

system, without drastically altering the analytes electrophoretic properties, was identified. 

Additionally, since the interaction between 2-OH-MitoE+ and DNA will alter the 

electrophoretic mobility and fluorescence yield of the 2-OH-MitoE+, proteinase K, and 

DNase I were employed as part of the sample preparation to break up DNA and eliminate 

this interaction [12].

Another important factor to take into account is the presence of both cytosolic and 

mitochondrial SOD in the macrophage cells. As discussed previously, SOD can scavenge 

superoxide faster than MitoHE, and this will cause a decrease in signal intensity. This way, 

the system would only provide information regarding excess superoxide production instead 

of total superoxide production. In order to minimize the effects of SOD on the analysis, 

cytosolic and mitochondrial SOD inhibitors (DDC and 2-ME, respectively) were added to 

the cells prior to PMA incubation. Thus, the optimized protocol for PMA stimulation was 

achieved.

The electropherograms obtained for stimulated and native RAW 264.7 cells using the 

optimized protocol described above are shown in Fig. 7. 6-Carboxyfluorescein (6-CF) was 

added to the cell lysate samples as an internal standard to ensure injection reproducibility. 

The results show the difference between the concentration of 2-OH-MitoE+ due to the 

reaction with natively present superoxide and PMA-stimulated produced. The average peak 

area, cell count, average number of moles of [2-OH-MitoE+] per cell (n[2-OH-MitoE+]), 

average 2-OH-MitoE+ concentration per cell, and RSD for each electropherogram are 

detailed in Table 1.

These results clearly show that superoxide production increases following chronic PMA 

stimulation represented by the increase in 2-OH-MitoE+ from 0.08 ± 0.01 fmol (0.17 ± 0.03 

mM) in native cells to 1.26 ± 0.06 fmol (2.5 ± 0.1 mM) after PMA treatment. The presence 

of both SOD inhibitors makes it possible to indirectly detect superoxide even in native cells. 

Assuming the cell volume as 0.5 pL, the average 2-OH-MitoE+ concentration per cell was 

15-fold higher in stimulated cells compared to native/control cells, which corresponds to 

increased superoxide production due to the presence of PMA. Moreover, the results obtained 

with both inhibitors for the control cells (Fig. 7b) show that the amount of superoxide that is 
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naturally produced was not detectable without the presence of the inhibitors due to the 

scavenging action of SOD.

Finally, the electropherograms showed in Fig. 7 for stimulated and native RAW 264.7 cell 

samples generated two peaks, the first is due to 2-OH-MitoE+ and the second represents 6-

CF. However, later, it was observed that some samples started to develop a faster migrating 

and less intense additional peak. This peak was caused by the formation of the non-specific 

product MitoE+ (Online Resource 3). Its formation could be due to the reaction of free 

MitoHE with other oxidizing species present in the sample or due to probe auto-oxidation. 

The presence of this interfering peak highlights the importance of using a separation method 

as a method to distinguish the fluorescence signal generated from the superoxide specific 

product from the signal generated by the presence of MitoE+.

Conclusions

The development and evaluation of a ME-LIF method for the indirect detection of 

superoxide in RAW 264.7 macrophage cells using MitoSOX Red as a specific fluorescent 

probe were reported. The separation step is important to eliminate potential fluorescent side 

products and interferences that could provide exaggerated results for superoxide generation. 

The stimulation protocol using PMA in the presence of DDC and 2-ME as SOD inhibitors 

showed an increase of 15-fold in 2-OH-MitoE+ concentration per cell when compared to 

native cells. Cell stimulation and sample preparation protocols were optimized for the 

detection of the product of MitoHE with superoxide. Additionally, the monitoring of SIN-1-

driven superoxide production inside and outside a biological environment by ME-LIF was 

also presented. In the future, the cell heterogeneity observed after PMA stimulation can be 

further evaluated by performing single cell analysis. Other superoxide-specific fluorescent 

probes can be tested using the proposed PMA stimulation protocol to evaluate probe-to-

probe variability. Additional cell lines can also be studied. This method complements our 

previously reported methods for nitric oxide detection using fluorescence and 

electrochemical detection [27, 28] as it allows an effective way to study a second reactive 

species, superoxide, using ME-LIF. The ultimate goal is to develop microanalytical methods 

that are capable of simultaneously monitoring the production of nitric oxide, superoxide, and 

peroxynitrite to better evaluate oxidative damage in different biological conditions at bulk 

and single cell levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Reaction of MitoHE with superoxide and other ROS. Reproduced from Zielonka et al. [30]
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Fig. 2. 
MitoHE reaction with NDS prepared using (a) 3.6 mg of potassium NDS (NDS limited 

reaction) and (b) using 4.0 mg of potassium NDS (stoichiometric amount) from a 67.5 % 

pure Fremy’s salt. Laser alignment at 2.3 cm
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Fig. 3. 
Electropherograms for the injection of XA/XO reaction media + MitoHE with and without 

SOD
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Fig. 4. 
Monitoring of superoxide release during SIN-1 conversion to SIN-1C as a function of time

de Campos et al. Page 18

Anal Bioanal Chem. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Electropherogram obtained for native and SIN-1 incubated RAW 264.7 macrophage cells. 

(a) Native RAW 264.7 macrophage cells, (b) SIN-1 incubated RAW 264.7 macrophage 

cells, (c) native RAW 264.7 macrophage cells in presence of DDC, (d) SIN-1 incubated 

RAW 264.7 macrophage cells in presence of DDC. Detection point = 4.5 cm from T 

intersection; n = 4
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Figure 6a
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Figure 6b

Fig. 6. 
Stimulation optimization. RAW 264.7 macrophage cells were stimulated with 2 ng/mL PMA 

for 12 h and then incubated with 6 μL of 5 mM MitoHE for 10 min. a Fluorescence image of 

stimulated cells and b fluorescence image of native/control cells after stimulation protocol. c 
Electropherogram for (I) stimulated RAW 264.7 in comparison to (II) standard containing 

MitoE and 2-OH-MitoE. Detection point = 2.5 cm from T intersection
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Fig. 7. 
Electropherograms for RAW 264.7 lysate samples. Samples were prepared and diluted by a 

factor of 10 prior to injection. n = 5. a Lysate from 24 h PMA stimulated cells in the 

presence of both DDC and 2-ME. b Lysate from cells incubated with DDC and 2-ME 

without PMA stimulation (native/control)
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Table 1

Results for RAW 264.7 lysate samples: average peak area, cell count, average number of moles of [2-OH-

MitoE+] per cell, average 2-OH-MitoE+ concentration per cell, and RSD

PMA stimulated DDC inhibited + 2-ME Native DDC + 2-ME inhibited

Average peak area 0.086 0.007

Cell count (106) 2.34 4.00

n[2-OH-MitoE+] 1.26 ± 0.06 fmol 0.08 ± 0.01 fmol

[2-OH-MitoE+]/cell 2.5 ± 0.1 mM 0.17 ± 0.03 mM

RSD 4.67 % 15.15 %
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