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ABSTRACT: Online detection and accurate quantification of
superoxide anions released from skeletal muscle tissue is
important in both physiological and pathological contexts.
Above certain physiologically redundant levels, superoxides may
exert toxic effects. Here we present design, fabrication, and
successful testing of a highly sensitive electrochemical super-
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very large surface-to-volume ratio of the NPG network. The Time (s) Drug dosage (M)

average values of superoxide sensitivity and analytical limit of

detection (LOD) were 1.90 + 0.492 nA nM ™' cm™ and 3.7 nM, respectively. The sensor was employed to measure the rates of
superoxide release from C2C12 myoblasts and differentiated myotubes upon stimulation with an endogenous superoxide-
producing drug. To account for the issue of sensor-to-sensor sensitivity variations, each sensor was individually calibrated prior to
measurements of biologically released superoxides. For the drug concentrations studied, C2C12 superoxide generation rates
varied from 0.03 to 0.2 pM min~" cell™!, within the range of superoxide release rates from normally contracting to fatiguing
skeletal muscle tissue. Electrochemically obtained results were validated using a fluorescent superoxide probe. Compared to other
destructive methods, the NPG-based electrochemical biosensor provides unique advantages in tissue engineering because of its
higher sensitivity and the ability to measure the levels of biologically released superoxides in real-time.
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targeting various organelles.” Nevertheless, they are rather
impermeable through the plasma membrane (sarcolemma in
particular),”'°""* making them difficult to detect in the
extracellular milieu. Both the scarceness and the volatility of
superoxides make it difficult to localize and measure them in
small amounts that survive and are liberated.

Various techniques have been employed to evaluate skeletal
muscle superox1'des;13_15 however, electrochemical methods
are preferred because they are nondestructive, easy to
implement, and sensitive in comparison, and they can provide
real-time data without disturbing the cellular equilibrium.'®"”
Electrochemical biosensors incorporate superoxide-sensitive
enzymes such as cytochrome-c (cyt-c) or a superoxide
scavenger, superoxide dismutase (SOD) deposited directly
onto the electrode or often anchored to the electrode via self-
assembled monolayers (SAMs). Chen et al. carried out a
comprehensive study on the performance of electrochemical
superoxide sensors built on cyt-c immobilized onto a number of
alkanethiol SAMs.” They showed that gold electrodes function-
alized with cyt-c using dithiobis(succinimidyl)propionate
(DTSP) as a linker offer the best balance between sensitivity
and specificity. The Au/DTSP/cyt-c bioelectrode displayed a
sensitivity of 0.41 nA nM™' cm ™ and a low level of detection of
73 nM for superoxide in phosphate buffer. Later, Ganesana et
al. functionalized a gold wire with cyt-c and measured the
accumulation of superoxides in mouse brain slices in micro-
molar range with a sensitivity of 0.14 nA nM~' cm™ in culture
medium."" Recently, Flamm et al. developed a cyt-c-based
electrochemical microsensor capable of detecting the release of
superoxides from T-47D human breast carcinoma cell line
upon stimulation. The sensitivity of their device was 0.22 nA
oM~ em™2"®

Although these results are promising, the fatal effects of
superoxide level changes in the cellular environment necessitate
further improvement of the sensitivity of superoxide biosensors.
Electrodes with immobilized cyt-c, although specific to
superoxides and resistant to fouling, suffer from a reduced
sensitivity.” A high sensitivity is particularly desirable when the
signal to be identified is weak and a low limit of detection
(LOD) is required. Measuring the dynamics of superoxide
release from skeletal muscle tissues is an apt example. There has
been a general lack of reports on accurate measurements of
instantaneous superoxide production rates from monolayer cell
cultures and skeletal muscle cells in particular, since such rates
range from picomolar to nanomolar per minute."”

In the present study we utilized the large surface-to-volume
ratio of NPG to achieve an enhanced sensitivity as reported
earlier."”** Moreover, the concept of using enzyme-immobi-
lized NPG films in amgerometric detection schemes has already
been put forward.””** Our NPG-covered electrodes once
functionalized with cyt-c were able to detect and measure small
levels of superoxides, with amplified and less noisy ampero-
grams compared with nonporous gold electrodes having the
same apparent surface area. After calibration, the set of
biosensors were used to measure superoxide generation rates
from stimulated C2C12 myoblast and myotube cultures as a
function of stimuli concentration. A routinely used endogenous
superoxide-producer, phorbol 12-myristate 13-acetate (PMA),
was used as the stimulus.”*~>’

B EXPERIMENTAL SECTION

NPG Synthesis and Characterization. NPG films were
deposited on the working electrodes of screen-printed strips
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(DropSens, Spain) in a similar fashion to earlier works.”®*’ The
working and counter electrodes of the strips were composed of low
temperature sintered gold, while the reference electrode was of silver.
Briefly, an Agg,Au,q layer was electrodeposited and then de-alloyed in
a 1.0 M HNO; solution at room temperature for 20 min to remove the
silver constituent, leaving behind the network of NPG (Figure S1).
NPG-covered electrodes were thoroughly rinsed with deionized water
(18 MQ cm) to remove any traces of nitric acid and stored before
being functionalized for superoxide detection. The electrochemically
active surface areas (ESA) of the working electrodes before NPG
deposition (hereafter referred to as unmodified) and after were
assessed by conducting cyclic voltammetry in 0.5 M H,SO, solution.
In order to obtain the consumed charge, the area of the negative
voltammogram lump corresponding to the reduction of AuO or
Au(OH) to Au, was divided by the scan rate, 50 mV s™*. The double-
layer capacitance charge was then subtracted from the consumed
charge resulting in a value proportional to the ESA. For more details
refer to Figure S2 herein and to the work of Lu et al.*

Cell-Carrying Membranes. C2C12 myoblasts (passage number
less than S) were cultured in a medium comprising Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, USA), 1% penicillin—
streptomycin (PS) (Sigma, USA), 10% fetal bovine serum (Biowest,
Chile), and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (Sigma, USA). At ~70% confluency the cells were
trypsinized and seeded at a density of 10° cells cm™ onto 12-mm-
diameter Corning Transwell porous polyester membranes containing
3-um-wide pores (Sigma, USA). These membranes were detached
from 12-well cell culture inserts. Immediately before seeding, the
membranes were sterilized on each side for 15 min on a clean bench
under UV light, placed in 30-mm-diameter tissue culture dishes, and
soaked in sterile FNC Coating Mix (AthenaES, USA) for 30 s to
enhance cell adhesion. After seeding, the membranes were incubated
(30 min at 37 °C, 5% CO,) so that the cells can settle and attach.
Subsequently, 2 mL of culture medium was added to the cells and they
were cultured for 2 days before performing the measurements. For the
experiments with myotubes, after 2 days of culture the growth medium
was switched to a differentiation DMEM medium containing 2% horse
serum (Gibco, USA), 1% PS, and 20 mM HEPES and retained therein
for 11 days. The differentiation medium was replaced every 2 days.

Electrode Functionalization. Both the unmodified and NPG-
covered electrodes were functionalized as follows. An alkanethiol,
dithiobis(sulfosuccinimidyl propionate) (DTSSP) (Dojindo, Japan)
was used to covalently bond cyt-c (Sigma, USA) to gold. Briefly, the
working electrode areas were drop-coated with 5 yL of DTSSP water-
based solution (50 mM) and left in air flow for 20 min. We observed
that such a high concentration of DTSSP guarantees formation of the
SAM in a short time. It is known that the required immersion time
decreases with concentration of the thiol solution.’’ Before the
samples were completely dried, S L of cyt-c solution (2 mM) in 1X
phosphate-buffered saline (PBS) was dropped on the DTSSP-coated
electrodes. The samples were sealed immediately, and incubated for 2
h at 37 °C to ensure immobilization and activation of the protein. The
samples were then stored at 4 °C until usage no longer than 7 days.

Electrochemical Measurement Setup and Miscellaneous
Quantification Experiments. The electrochemical measurement
scheme is summarized in Figure S3. In addition, various immunostain-
ing and fluorescent staining experiments were performed on cyt-c-
immobilized electrodes and cell-carrying porous membranes for
protein and cell visualization and quantification. Relevant procedures
and results of such experiments are presented in Supporting
Information. In addition, a superoxide specific fluorescent probe
(MitoSOX, ThermoFisher Scientific, USA) was used to back up the
electrochemically obtained results. Myotube-carrying porous mem-
branes were immersed in a 5 yM HEPES-based solution of MitoSOX
and incubated for 10 min at 37 °C. MitoSOX emits red fluorescence
(excitation/emission ~510/580) if oxidized by the superoxides. The
intensity of fluorescence obtained from snapshots photographed from
randomly selected areas of each sample were used as a measure of the
concentration of superoxides.
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Figure 1. SEM micrographs showing the surface microstructure of (a) unmodified and (b) NPG-covered electrodes. (c) TEM image captured from
delaminated NPG film showing the nanostructure of NPG with ligament/pore size of 20—30 nm (false color).

B RESULTS AND DISCUSSION

Biosensor Fabrication, Characterization, And Calibra-
tion. The SEM images in Figure la and b show the surface
structure of the unmodified and NPG-covered electrodes,
respectively. The thickness of the electrodeposited NPG film
was about 4 pm. Figure 2¢ shows a TEM micrograph of an
NPG film flake peeled off the electrode surface. The
nanoporous network of gold with average pore/ligament size
of 20—30 nm is discernible. ESAs of the unmodified and NPG-
covered electrodes were estimated by conducting cyclic
voltammetry on three samples from each type. The voltammo-
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Figure 2. (a) Cyclic voltammograms of an unmodified (blue-solid
curve) and a NPG-covered (gold-dotted curve) electrode. The charge
consumed during the reduction of AuO or Au(OH), is proportional to
the electrode ESA and is obtained by integrating the reduction peak of
the voltammograms. A magnified view of the unmodified electrode
voltammogram is shown at the inset. (b) ESAs of unmodified and
NPG-covered electrodes. The apparent surface area is 0.126 cm? for

both.
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grams recorded from an unmodified and an NPG-covered
electrode are shown in Figure 2a. Clearly the NPG-covered
electrode has an effective surface area about 200 times wider
(Figure 2b). Such an increase in the ESA is expected to result in
an enhanced sensitivity for the NPG-based device.

Regardless of the electrode structure, both electrode types
were functionalized with cyt-c, anchored to gold using a SAM of
DTSSP. The DTSSP SAM attaches to gold via formation of the
disulfide bond, while the activated N-hydroxysuccinimide
(NHS) group at the other end of the molecule is readily
attacked by the lysine residues of cyt-c. A variety of alkanethiols
have been used to tether cyt-c to gold, among which DTSP’
and DTSSP*** appear to be the most suitable linkers. DTSSP
has a higher efficiency for protein binding because of its
stability against water, while DTSP is more prone to hydrolysis
and is not as efficient at binding protein in an aqueous solution.
Homogeneous coverage of cyt-c was examined visually and by
immunostaining experiments (Figure S4).

Upon application of a positive bias the immobilized cyt-c
(Fe™) is reduced to cyt-c (Fe**) by an impinging superoxide
radical. The redox protein is subsequently reoxidized at the
electrode surface producing current that is ideally proportional
to the ambient superoxide concentration.

The biosensors were calibrated using the superoxides
produced from the enzymatic reaction of xanthine and xanthine
oxidase (XOD). It is well established that in saturated xanthine
background superoxides are released with a concentration
proportional to the square root of the enzyme activity, [XOD],
as denoted by

[0, ]=a[XOD]"/? (1)

where [O,°7] is the concentration of superoxides in uM,
[XOD] is in mU mL™’, and the proportionality constant, q, is
3.95 uM mL"? mU™? (For more details see Supporting
Information, page S-5). Such dependence resembles dissocia-
tive absorption of H, into Pd lattice in the H—Pd system, where
the resistance of palladium increases in proportion with the
square root of the ambient hydrogen concentration also known
as Sievert’s law.”

Amperometric responses of representative biosensors with
cyt-c-immobilized unmodified and NPG-covered electrodes to
XOD aliquots are presented in Figure 3a. Although current
peaks at the moment enzyme is added, a steady response is
achieved once the superoxide-producing xanthine-XOD re-
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Figure 3. Biosensor calibration steps. (a) Representative amperometric
responses to superoxide produced by sequential addition of XOD
aliquots (in mU mL™" as indicated by arrows) into xanthine solution
after a baseline was achieved at 200 mV vs Ag reference electrode, for
an unmodified electrode (top), and a NPG-covered electrode
(bottom). Red dots designate the steady states. (b) Sievert-like output
characteristics of the devices obtained from the corresponding
amperograms in panel (a). (c) Transfer functions of the representative
biosensors. (d) Average transfer functions (error bars represent the
standard deviation of readouts for n = 12).

action reaches equilibrium. Currents did not decay during the
course of chronoamperometry suggesting there is ample
amount of dissolved oxygen and xanthine in the solution to
sustain the reaction. The sensitivity of the biosensors were
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acquired from the magnitude of the redox current at steady-
state (indicated by red dots in Figure 3a) and the
corresponding [XOD] in the medium. [XOD] is 15 U mL™"
per each uL of the enzyme added to 500 pL of xanthine
solution. As shown in the graphs of Figure 3b, current levels
obtained from the curves of Figure 3a exhibited a linear
dependence upon the square root of enzyme activity,
[XOD]"2 Using eq 1, [0,"] was computed and plotted
against [XOD]I/ 2 in the same graph. Biosensors transfer
functions were extracted from these curves and depicted in
Figure 3c. The transfer functions encompass superoxide
concentration ranges of 15 to 61 nM and S to 61 nM of for
biosensors with unmodified and NPG-covered electrodes,
respectively. Biosensor sensitivity or gain, defined as the slope
of transfer functions divided by the apparent surface area of the
electrodes is expressed in nA nM™' cm™. Through the
aforementioned procedure, all the devices of both kind were
calibrated individually and then interfaced with cells. The
biosensors built on unmodified electrodes had an average
sensitivity of 0.135 + 0.024 nA nM ™ cm™2 while the sensitivity
of the device with NPG-covered electrodes was 1.90 + 0.492
nA nM™' cm™ as determined for 12 sensors of each type.
Average amperometric transfer functions are presented in
Figure 3d. LODs where estimated to be 19.7 nM and 3.7 nM
for the unmodified and NPG based electrodes, respectively. As
shown in Figure 3d, these values, correspond to superoxide
concentrations generated by the lowest possible dose of XOD
that could be reliably added to the saturated xanthine
background (1.5 mU mL™" for the NPG based device and 15
mU mL™! for the unmodified electrode). Hence, the actual
figures may even be smaller. We also calibrated NPG-covered
electrodes without a cyt-c coating in the same manner, the
results of which are presented and discussed in Supporting
Information, page S-S.

The 14-fold increase in the gain, the smaller LOD, and an
overall reduction in reproducibility can possibly be attributed to
the higher electrode volume available for the diffusion of the
analyte. However, the degree of such enhancement does not
match the ESA values obtained by cyclic voltammetry
experiments (Figure 2b). Initially, we suspected imperfect
coverage of cyt-c and pore occlusion to play a part in such
anomalous scaling of sensitivities, as the protein may not have
diffused all the way into the NPG network leaving behind a
portion of the gold unfunctionalized. As illustrated in Figures
SS and S6 such an assumption is confirmed by conducting
cross-sectional SEM observations and energy dispersive X-ray
spectroscopy (EDS) analysis. However, by comparing the
superoxide sensitivities to those of bare NPG electrodes we
concluded that it is the limited diffusion of the analyte through
the pores that hinders obtaining a maximum sensitivity.
Nevertheless, all the electrochemical measurements of bio-
logically generated superoxides were carried using the
biosensors with NPG-covered electrode.

In addition, we calibrated the devices toward H,O, in order
to examine possible interference of the analyte released after
stimulating the cells. In a HEPES background, the hydrogen
peroxide sensitivities acquired from eight devices of each kind
were (1.6 X 107™*) + (1.1 X 107) and (1.29 x 1073) + (4.3 X
107*) nA nM™! ecm™ for the unmodified and the NPG-covered
electrodes, respectively. Peroxide gains happen to fall into the
same range as reported earlier.'” Based on these values the
peroxide-to-superoxide cross sensitivities were 0.120% for the
unmodified, and 0.068% for the NPG-covered set of electrodes.
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Measuring Superoxide Release Rates from Skeletal
Muscle Cells. C2C12 myoblasts were seeded at a density of
10° cells cm™ on porous polyester membranes and were used
after 2 days of culture. These membranes were 10 yM thick and
employed as a spacer between the cells and cyt-c, while allowing
chemicals to pass through. A portion of the superoxides is
inevitably recombined while traversing these membranes;
however, this should not be an issue as we are interested in
the rate of generation, not the absolute superoxide concen-
tration.

For tests on myotubes, myogenesis was induced at day 2 of
culture by switching the medium to a differentiation medium,
after which the membranes were used at day 11 of
differentiation.

HEPES was used for electrochemical measurements because
of its superiority at maintaining physiological pH compared to
other buffers such as PBS, and producing a smaller offset
current. It was imperative to demonstrate that cell viability is
not affected during the experiments mainly because dimethyl
sulfoxide (DMSO) (Sigma, USA) was used as a solvent for
PMA. Earlier studies using PMA as an oxidative burst activator
suggests that the substance may not exert an unrecoverable
toxic effect while the amount of DMSO should be of concern.”®
The concentration of the solvent was kept at or below 0.4%
throughout our study, well below the lethal dose (about 1%).*
We carried out live/dead tagging on myoblast-carrying porous
membranes before and after a 1-h-long electrochemical
experiment during which cells were triggered with 7.8 uM
PMA dissolved in DMSO (0.4%). Results obtained from three
samples indicate that viability was not affected at least after the
test (Figure S7ab).

The presence of myotubes was examined by immunostaining
(Figure S7c). Usually, a fraction of myoblasts fail to convert to
myotubes and remain as single nucleus proliferating cells. In
order to eliminate nonfused proliferating myoblasts we
administered an antiproliferative selective DNA synthesis
inhibitor, Cytosine p-p-arabinofuranoside (Ara-C, Sigma,
USA), at 4.1 uM,** at day 10 of differentiation, or 24 h prior
to the measurements.

Cell cultures were stimulated with different concentrations of
PMA while recording the biosensor response after a baseline
was achieved. Five attempts were made for each PMA
concentration. In a previous work we have shown that
continuous superoxide generation is triggered by the drug
exclusively, and not the DMSO solvent.”> As shown in Figure
4a—c, superoxide generation rates were obtained from the slope
of the amperograms once the current began to ramp up
following administration of drug. These amperograms were
recorded in HEPES background (500 yL) from myoblasts at
day 2 of culture. Generation rates were computed by running
linear regression over the signal during the initial 100 s of the
ramp as indicated on the amperograms. The response of the
same cells to 0.65 uM PMA captured by the unmodified
electrode biosensor (Figure 4d) is clearly weaker and noisier
than the signal acquired by the NPG-covered counterpart
(Figure 4a). Wavelet de-noising method was applied in this
study to extract the desired signal from the noise background.
Power signal-to-noise ratios (SNR) were 20.5 and 12.2 dB for
the NPG-covered and the unmodified electrode biosensors,
respectively. As mentioned earlier, the latter device fails to
capture a sustained and reliable superoxide signal.

Also, due to the difficulty in reproducing protein-
immobilized NPG-covered electrodes there was a relatively
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Figure 4. Instantaneous response of the NPG-covered electrode
biosensor to superoxides generated from C2C12 cells, stimulated by
PMA at (a) 0.65, (b) 3.25, and (c) 7.80 uM concentrations. (d)
Response of the same cells to PMA captured by an unmodified
electrode device.

high variation of gain among the sensors (coefficient of
variation = 25.9%). However, the problem was addressed by
individual sensor calibration.

The rates were assorted based on the concentration of PMA
added to the medium. Figure Sa shows the values recorded
from myoblasts at day 2 of culture, while Figure Sb,c displays
the results obtained from myogenesis-induced cells at day 11 of
differentiation, with and without Ara-C treatment, respectively.

Superoxide generation rates were normalized to the number
of cell nuclei acquired from 10 cell-carrying membranes ((4.14
X 10*) + 4500 cells per membrane). Interestingly, the rates
show a quasi-linear dependence upon drug concentration. In
addition, there was no tangible difference in the measured rates
between the myoblasts and the myogenesis-induced group,
whether treated with Ara-C or not. Since cell counts were
estimated separately, the error in such quantification was not
incorporated in the normalized values.

Membranes carrying myotubes were treated by MitoSOX.
PMA aliquots were added to the dyed cells and fluorescent
snapshots were taken 1 min after the drug was administrated.
Figure Sd shows the amounts of superoxides (not the release
rate) obtained by analyzing the relative brightness of the
fluorescent images, normalized to that of the basal case where
no drug was added. Clearly, superoxide concentration increased
with PMA dosage. Figure Se compares the intensities of
fluorescent snapshots taken from the dyed culture before and
after PMA was added in two concentrations.

Although the degree of superoxide s;)eciﬁcity of cyt-c-based
sensors is scrutinized in the literature,”'” we carried out two
separate tests to show that the amperometric response of the
sensor is mostly due to reduction of the protein by the analyte.
First, we used SOD (Sigma, USA) while the device was
operating in the calibration mode (saturated xanthine—XOD
system).

A bolus of SOD at 1000 U mL™" was able to extinguish most
of the superoxide signal (Figure S8a). Next, we incubated a
myoblast-carrying membrane in a culture medium containing
200 U mL™" of SOD for 1 h and then captured the sensor
response while adding multiple doses of PMA. No superoxide
signal was traced in the amperogram (Figure S8b).
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Figure S. Superoxide generation rates as a function of PMA dosage. Electrochemically measured values using NPG-covered electrode biosensors
from (a) myoblasts, (b) postmyogenesis cells as-cultured, and (c) postmyogenesis cells treated with Ara-C. Rates are normalized to the number of
cell nuclei. (d) Normalized intensities of superoxides extracted from fluorescence snapshots taken 1 min after addition of PMA. (e) Increase in the
fluorescence basal intensity upon application of PMA. Fluorescent images from MitoSOX-dyed (pink) myotubes differentiated on polyester
membranes were snapped 1 min after PMA was added. Encircled areas reveal the relative increase in the brightness caused by the surge of
superoxides. Five measurements were carried out to obtain each data point. The error bars indicate standard deviation. Scale bar is 100 ym.

To put the measurements into physiological perspective,
earlier studies reporting on superoxide generation rates from
similar tissues in vitro where revisited. Kobzik et al, for
instance, showed that resting rat diaphragm bundles reduce cyt-
¢ at a rate of 2.8 pM min~' per mg of muscle.”” This rate is
known to increase about 7-fold to 19 pM min™' mg™' for an
actively contracting muscle (6 contractions per min). Later on
Kolbeck et al. revealed that fatiguing exercise can escalate the
rate of superoxide production of the perfused rat diaphragm
from a virtually negligible value, 10 pM min~', to 0.7 + 0.17
nM min~!, which is a 70-fold increase.” Diisterhoft et al.
quantified mononucleated cells from skeletal muscles of the
adult rat soleus and diaphragm, obtaining a yield of roughly 10°
cells per gram of muscle.”® Assuming that C2C12 cell densities
are comparable (such an assumption is tenable as C2C12 cells
are obtained from the thigh muscle of C3H mice), drug
induced endogenous superoxide generation rates translate to 32
to 200 pM min~' mg~" (Figure Sa). This range is indeed within
the same order recorded from normally contracting to fatiguing
skeletal muscle tissue.

H CONCLUSION

In comparison with a variety of other superoxide radical sensing
methods, the electrochemical technique provides real-time data
without disturbing the cellular metabolism; however, it is
insensitive to minuscule amounts of superoxides released
extracellularly. Thick films of ultraporous nanostructured gold
prove to be a competent substitute for screen-printed
electrodes in biosensing applications where a boost in
sensitivity is required. Here we developed a sensitive superoxide
radical electrochemical biosensor by functionalizing NPG films
with a superoxide sensitive protein. To compensate for sensor-
to-sensor gain variability, each device was calibrated individually
before interfacing with cells. Instantaneous readouts of
extracellular superoxide given off by skeletal muscle cells were
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obtained upon stimulation with an endogenous superoxide
producer. We showed that superoxide generation rates ranging
from 0.032 to 0.200 pM min~" cell™* follow the concentration
of the drug in a quasi-linear manner. These results confirm
earlier reported measurements on a contractile skeletal muscle
bundle. In addition, no tangible difference was observed in
superoxide generation rates between undifferentiated and
differentiated C2C12 cells. A fluorescence probe, MitoSOX,
used to back up the electrochemically measured data,
demonstrated a similar trend in the dependence of superoxide
generation upon drug concentration.
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