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Abstract 

Real-time monitoring of metabolically relevant biochemicals released in minuscule amounts 

is of utmost diagnostic importance. Superoxide anion as a primary member of reactive oxygen 

species, has physiological and pathological effects that depend on its concentration and 

release rate. Here we present fabrication and successfully testing of a highly sensitive 

electrochemical biosensor featuring a three-dimensional macroporous mesh of nanoporous 

gold tailored to measure the dynamics of extracellular superoxide concentration. Wide and 

accessible surface of the mesh combined with high porosity of the thin nanoporous gold 

coating enables capturing the analyte in pico- to nano-molar ranges. The mesh is 

functionalized with cytochrome-c (cyt-c) and incorporated as a working electrode to measure 

the release rate of drug-induced superoxide from C2C12 cells through a porous membrane. 

The device displays a considerably improved superoxide sensitivity of 7.29 nA nM
–1

 cm
–2

 and 

a low level of detection of 70 pM. Such gain is orders of magnitude higher than any similar 

enzyme-based electrochemical superoxide sensor and is attributed to the facile diffusion of 

the analyte through the well-spread nanofeatured gold skin. Superoxide generation rates 

captured from monolayer myoblast cultures containing about 4×10
4
 cells, varied from 1.0 to 
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9.0 nM min
–1

 in a quasi-linear fashion as a function of drug concentration. This work provides 

a platform for development of highly sensitive molecular electrochemical biosensors. 

Keywords: Noninvasive Electrochemical Biosensor, Hierarchical Nanostructure, Reactive 

Oxygen Species, Skeletal Muscle Cells, Superoxide Anion Monitoring 

 

1. Introduction 

Biosensors are useful in numerous applications in medicine, including biomolecular sensing, 

monitoring cellular interactions with their microenvironment, and in assessing free radicals 

such as reactive oxygen and reactive nitrogen species (ROS and RNS) (Calas-Blanchard et al. 

2014; Ingebrandt 2015; Qiu et al. 2014; Zhao et al. 2011). Detection of antioxidants, free 

radicals, and particularly ROS have recently attracted much attention because of their diverse 

physiological and pathological effects (Halliwell 2006). Such contrasting functions of ROS, 

and superoxide as the primary member of the group, makes accurate determination of these 

biospecies an important yet challenging task. 

 In the context of skeletal muscle tissue, extracellular superoxide rises during contractile 

activity and fatigue (Kolbeck et al. 1997; Powers and Jackson 2008; Yavari et al. 2015). Such 

rise is limited within physiologically safe levels and is even known to attenuate during aging 

(Jackson and McArdle 2011). Superoxide at higher levels, along with other members of ROS, 

may trigger muscle tissue malfunctioning and damage (Jackson and McArdle 2011; Matecki 

et al. 2014; Rochard et al. 2000; Sestili et al. 2009). 

 The longer half-life of superoxide compared to other ROS allows it to move within the 

cytoplasmic region targeting various organelles. Nonetheless, unlike H2O2, it is negatively 

charged and rather impermeable through the plasma membrane making it difficult to monitor 

in the extracellular milieu (Murrant and Reid 2001). The uncertainly in the spatiotemporal 

states of superoxide in the literature accompanied by its concurrent scarceness and volatility 
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necessitate design of a sensitive, rapid, and noninvasive biosensor capable of targeting and 

detecting the substance in minuscule amounts and in real-time. 

Variety of techniques have been used to detect superoxide in skeletal muscle tissue (Abdel 

Khalek et al. 2014; Mujahid et al. 2005; Xu et al. 2010), among which the electrochemical 

methods are favorable because of their inherent sensitivity, fast response times, and 

nondestructive nature (Flamm 2014; Manning and McNeil 2011; Szilveszter 2011). The 

physiological concentrations of superoxide are remarkably low, at the nanomolar range, and 

may shrink even further by undergoing an enzymatic disproportionation reaction with 

superoxide dismutase (SOD). To be able to monitor the substance at these conditions, even 

electrochemical biosensors must be placed in a close proximity of the region of interest, 

making them often impractical for safe in vivo operation or to employ at the site of injury 

(Fujita et al. 2009; Ganesana et al. 2012; Rahman et al. 2012). Ganesana et al. recently 

employed a gold wire cytochrome-c (cyt-c) based sensor and measured the accumulation of 

superoxide in mice brain slices in micro-molar range with a sensitivity of 0.14 nA nM
–1

 cm
–2

  

in culture medium (Ganesana et al. 2012). Fujita et al. used a carbon electrode functionalized 

with a cyt-c-mimic synthetic enzyme to measure superoxide concentrations in the right atria 

of endotoxemin rats (Fujita et al. 2009). They integrated the amperogram over time and 

expressed the sensor response based on the accumulated charge resulting a sensitivity of 0.41 

μC μM
–1

. Recently, Zhu et al. have utilized a porous Pt-Pd construct, decorated with SOD, 

and detected superoxide in living HeLa cells with a sensitivity of 1.27 nA nM
-1

 (Zhu et al. 

2016). Taking into account the importance of ROS levels in physiological and pathological 

contexts, it is of utmost importance to measure these species in lowest possible amounts, 

necessitating devices with orders of magnitude higher sensitivities. 

Sensors can be technically placed farther provided their sensitivity is enhanced by 

increasing the electrode surface area. Making a rough surface is one way to achieve this 

without compromising space. Nanoporous gold (NPG) is a spongy structure comprised of 
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nanoscale pores and ligaments that offer effective surface areas hundreds to thousands of 

times larger than bulk gold films of the same volume. Such a large surface area along with the 

permeable network of nanopores has rendered NPG a desirable construct for the fabrication of 

sensitive chemical sensors (Collinson 2013; Scanlon et al. 2012). 

Recently, we have demonstrated the superior performance of NPG over screen-printed (SP) 

gold electrodes in superoxide biosensing (Banan-Sadeghian et al. 2016). In this study, the 

NPG electrode functionalized with cyt-c displayed 14 times better sensitivity than the 

nonporous counterpart, having the same apparent surface area. Although the thick-film NPG 

offers an electrochemically-active surface area (ESA) a few hundred times wider than the 

nonporous SP electrode, the sensitivity of the NPG-based electrode toward superoxide does 

not scale up accordingly. Only a fraction of the electrode volume at the surface is exposed to 

the surrounding superoxide-containing medium. Nanoscale pores hinder the diffusion of the 

medium or cyt-c well into the bulk of the NPG thick-film. Hence, a large fraction of the 

electrode remains isolated and unmodified. 

Here we present an innovative electrode architecture by wrapping a thin film of mesoporous 

gold over a metallic cellular matrix, thus resolving the coverage and diffusion issues at the 

same time and improving the electrode inherent sensitivity. The hierarchical nanofeatured 

network, referred to as macroporous mesh of nanoporous gold, or simply nanoporous gold 

mesh (NPGM), was assembled on ultralight nickel foam templates. Ni foams are 

commercially available, low density, permeable, but mechanically strong metallic platforms 

with high porosity (75 - 95%). They have a wide range of applications in gas and liquid 

filters, batteries, vibration-absorbing materials, heat exchangers, optics, etc. (Schaedler et al. 

2011; Xia et al. 2015; Xiao et al. 2015) If the macroporous skeleton of the foam is covered by 

a mesoporous gold layer, the resulting network can offer a tremendously large surface area. In 

addition, because such layer is thinner and coarser than thick-film NPG, it allows the sensitive 

enzyme to diffuse and cover a larger fraction of the nanostructure. 
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Presence of Ni as a cytotoxic element, however, hinders application of the mesh as a 

noninvasive biosensor. Hence, the entire Ni constituent of NPGM including the core was 

removed chemically during the dealloying process forming tubular ligaments. The foams 

were first shielded by a layer of Au to provide mechanical support for the NPG skin once the 

Ni core is removed. The golden construct was subsequently modified with cyt-c. Biosensors 

built on cyt-c-modified NPGM, were interfaced with C2C12 myoblasts through a porous 

membrane and used to accurately measure the rate of superoxide release in nM min
–1

 upon 

stimulation. A drastically improved amperometric sensitivity, low limit of detection (LOD), 

and linear dynamic range over similar superoxide-sensitive enzyme-immobilized electrodes 

was attained. Such hierarchical nanofeatured construct can provide numerous implications in 

a broad range of biosensing applications where sensitivity and rapid response matter. 

 

2. Experimental 

2.1. Synthesis and characterization of electrodes  

NPG films about 1 m-thick were deposited at the center of screen-printed DropSens strips 

(DropSens, Spain) as reported earlier (Banan-Sadeghian et al. 2016). NPGM constructs were 

prepared using commercially available ultralight macroporous Ni foams as templates. The 

foams (~ 0.04 g cm
-2

 and 1.0 mm in thickness) purchased from Sumitomo Electric Industries, 

Ltd., were first treated in an HCl solution (1.0 M) for 10 minutes under sonication to remove 

the native oxide layer and then rinsed with deionized water. Cleaned samples were immersed 

in an aqueous solution containing KAu(CN)2 (20 mM), ethylenediaminetetraacetic acid 

tetrasodium salt (EDTA∙4Na) (80 mM), triammonium citrate (60 mM), Na3PO4 (20 mM) and 

sodium dodecyl sulfate (0.5 mM, pH = 4) at 50 °C for 12h to substitute the nickel layer at the 

surface with gold (Yuko et al. 1999). The resulting macroporous Ni/Au (core/shell) sheet was 

then electroplated with Au18Ag82 in a similar fashion to deposition of NPG films, except the 

electroplating solution was not stirred. Finally, the macroporous Ni/Au/AuAg mesh was 
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subjected to concentrated HNO3 (79 wt%) for 12h at room temperature to dealloy the AuAg 

film and remove the residual Ni. In order to remove the residues of HNO3, both NPG and 

NPGM electrodes were thoroughly rinsed with deionized water and stored. 

2.2. Miscellaneous experimental procedures 

NPG- and NPGM-based electrodes were characterized and then functionalized for 

superoxide detection. Details of such procedures, along with those of various other 

experiments (cell culture, electrochemical measurement setup, viability analysis, and 

signal-to-noise (SNR) calculations) are presented in the supplementary information. 

 

3. Results and discussion 

3.1. NPGM Superoxide Electrode; Fabrication and Calibration 

The performance of NPGM as a working electrode was evaluated and compared to the 

earlier reported SP and NPG-covered flat electrode variants. Fig. 1 represents the strategy for 

the electrochemical detection of superoxide by oxidation at gold electrodes, regardless of the 

electrode shape and morphology. As illustrated in Fig. 1(a), cyt-c is tethered to gold using a 

SAM of an alkanethiol covalent binder, DTSSP. The disulfide bond acts as an anchor to the 

Au surface forming an Au-S dative bond, while the activated N-hydroxysulfosuccinimide 

(Sulfo-NHS) end group grabs the Lysine residues of cyt-c (Hermanson 2013). To prevent 

direct contact with cyt-c, C2C12 cell cultures were interfaced with the electrode through a 

porous polyester membrane (Fig. 1(b)). 
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Fig. 1. Electrochemical detection of extracellular superoxide. (a) Sensing mechanism by 

oxidation and direct electron transfer between the redox protein (Cyt-c) and the electrode. 

Fe
3+

 located at the center of the heme group is reduced by an approaching superoxide radical 

molecule which is in turn reoxidized at the positively biased electrode. (b) Cells cultured on a 

porous membrane are interfaced with the functionalized electrode. WE, CE, and RE denote 

the working and counter electrodes (Au), and the reference electrode (Ag).  

A few micron deep into the crust of the Ni foams, was modified through a displacement 

reaction that substitutes nickel with gold. The purpose of creating such overlay of gold is to 

mechanically support the thinner NPG coating once the Ni core is removed for 

biocompatibility reasons. Samples of the macroporous mesh with gold cladding, were 

subjected to electrochemical deposition of an Ag82Au18 layer that was rendered into NPG 

through dealloying. The Ni constituent was entirely etched along with Ag during the 

dealloying process leaving behind a Ni-free tubular golden scaffold with a mesoporous gold 

sheath. Fig. 2(a,b) show scanning electron microscopy (SEM) images of the final NPGM 

product focused on a few ligaments and a cross-sectional view of one of the tubular ligaments 

respectively. The inset in Fig. 2(b) reveals the bilayer configuration of the mesh, where the 

inner dense Au shell and the outer NPG layer are discernable. Fig. 2(c) illustrates the 

fabrication process steps schematically. 

(a)
Cells seeded on 
porous membrane

RE
WE

CE

(b)

Heme

Cyt-c (Fe3+) + O2
●─  →  Cyt-c (Fe2+) + O2

Cyt-c (Fe2+)  →  Cyt-c (Fe3+) + e─Au
DTSSP

NPGM functionalized 

with cyt-c
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Fig. 2. Fabrication process steps of NPGM. (a,b) SEM micrographs showing the bilayer 

structure of the tubular ligaments. (c) Schematic view of the cross-section of a ligament 

showing the fabrication steps leading to the final NPGM construct. 

 

  Fig. 3(a-c) show the physical appearance of the SP and NPG-covered flat electrode 

surfaces and the NPGM. ESAs were estimated from the voltammograms (Fig. 3(d,e)) and 

presented in Fig. 3(f). Noticeably, the flat NPG film retains the largest ESA, or equivalently 

the roughest surface, with NPGM coming second. This is indeed because the NPG film 

deposited onto the flat SP electrode is noticeably thicker than the same mesoporous layer 

formed on the macroporous mesh. Although the electrodeposition and dealloying methods 

were similar for both platforms, the Au/Ag electroplating solution was magnetically stirred in 

the former, causing a substantially higher deposition rate. As Ni is highly cytotoxic (Kane et 

al. 2009), it is imperative that no trace of Ni subsequently remain on the NPGM electrodes. 
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The energy-dispersive x-ray spectroscopy (EDS) spectrum of the macroporous mesh captured 

after the Ni-to-Au displacement reaction and the spectrum recorded after the deposition of 

NPG followed by Ni removal are shown in Fig. 3(g). It is clear that the peaks associated to Ni 

are disappeared in the final NPGM product, making it a suitable and biologically safe 

substrate to interface with living cells. 

 

Fig. 3. Electrode surface appearance and characteristics. (a-c) Optical microscopy images 

taken from the surface. (d,e) Cyclic voltammograms captured for the purpose of ESA 

calculations. (f) ESA values. The ESA of the Ni mesh after shielding with Au (Au/Ni mesh) is 

given for comparison reasons. No sensors were built on such structure. Error bars represent 
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standard deviation (n = 3). (g) EDS data showing the surface composition of the macroporous 

mesh after Au displacement reaction (top) and after NPG deposition followed by Ni removal 

(bottom). Traces of Ni, still discernable after the displacement process, are completely 

vanished in the final product. 

 

 

The surface morphology of three different gold structures incorporated as the electrodes are 

displayed in the SEM micrographs of Fig. 4(a-c). The TEM and SEM snapshots at the insets 

of Fig. 4(b) and Fig. 4(c) show nanoscale textures of the NPG film deposited on a SP 

electrode, and the NPG film deposited on the gold mesh respectively. Pore sizes are 

independent from the film thickness, though closely related to the dealloying conditions. The 

prolonged, for up to 12h, and harsh dealloying process in concentrated nitric acid amplifies 

surface-diffusion of gold atoms (Ding et al. 2004; Erlebacher et al. 2001). This subsequently 

gives rise to the coarser porous structure of the NPG layer deposited on the macroporous 

mesh. Such dealloying condition was chosen to simultaneously remove Ag and Ni. 

Before use, all biosensors were individually subjected to xanthine/xanthine oxidase (XOD) 

enzymatic reaction for calibration. At steady-state the net concentration of superoxide, [SO], 

becomes proportional to the square root of enzyme activity, [XOD]
1/2

 (Tammeveski et al. 

1998). Fig. 4(d) shows the calibration curves extracted from amperograms recorded from a 

sample sensor of each type. Sample calibration amperograms are shown in Fig. S2. The 

devices were operated in saturated xanthine solution while aliquots of XOD containing known 

amounts of the enzyme were added sequentially. The amplitude of the currents after attaining 

steady-state were plotted against the corresponding [SO] value. Sensor gain or sensitivity, S, 

is defined as the slope of the aforementioned curves and is expressed in nA nM
–1

, or in nA 

nM
–1

 cm
–2

 if normalized to the electrode apparent surface area. Note that the apparent surface 

area of the NPGM electrode corresponds to the ESA of the Ni mesh after coating with the 

dense Au layer (before NPG was deposited). 
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Although the NPG-covered electrode exhibits a larger ESA (Fig. 3(f)), the entire volume of 

the porous film is not coated by cyt-c nor exposed to the ambient medium. As illustrated 

schematically in Fig. 4(e), diffusion is limited to a shallow layer at the surface of the 

NPG-coated electrode due to its dense porous structure. Such a superficial coverage also 

blocks rest of the network, reducing its exposure to the analyte to be sensed. Presence of voids 

in the NPGM network however, facilitate a better coverage although the NPG sheath is 

thinner. As a result, a markedly higher sensitivity is furnished. Fig. S3(a-c) display a sample 

amperogram recorded by an NPGM-based biosensor that is processed through wavelet 

denoising for the purpose of SNR calculation. Table I summarizes gain data statistics of 

sensors employing three different types of gold electrodes whether functionalized with cyt-c 

or without any coating (bare gold). As expected, regardless of electrode morphology, 

cyt-c-immobilized gold electrodes exhibited a higher sensitivity than those of bare gold (see 

supplementary information). The NPGM based device stands out for its exceptional gain and 

SNR. In addition, the specificity of the superoxide biosensor was confirmed by using SOD as 

a superoxide scavenger (Fig. S4). 
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Fig. 4. Electrode surface morphology and superoxide sensitivity. SEM micrographs taken 

from the surface of (a) SP, (b) NPG-covered, and (c) NPGM electrode samples. The 

snapshots at the inset of (b) and (c) show the corresponding surface nanostructures. (d) 

Calibration curves of representative sensors were obtained by running the devices in 

xanthine/XOD system. The curve in the inset shows performance of the NPGM electrode at 

low superoxide concentrations (μA vs nM). (e) Schematic illustrations of the NPG-covered 

and NPGM electrodes signifying limited diffusion and coverage of cyt-c and the medium in 

the former (*). 

 

 

The low limit of detection (LOD) for the sensors is defined as the smallest superoxide 

concentration the devices can reliably detect. Estimated LODs were 4.84 nM and 70 pM for 

the NPG and NPGM based biosensors respectively. These values however, correspond to 

superoxide concentrations generated by the lowest possible dose of XOD that could be added 

to the saturated xanthine background (0.3 mU L
–1

). Hence, the actual figures may even be 

smaller. A comparison among the specifications of various reported superoxide 

electrochemical biosensors is presented in Table S-I. All of these devices are functionalized 

with superoxide-sensitive enzymes, cyt-c or SOD, and operate based on the same principle. 

We believe only the work of Rahman et al. has a comparable performance to that of the 

present work (Rahman et al. 2012). They argued that the activity of cyt-c immobilized 

through SAMs of organic molecules decreases in the absence of a biological support. Instead, 

they coimmobilized cyt-c with a lipid onto a conductive polymer (CP) deposited on a gold 

microelectrode (Au/CP/lipid/cyt-c). The high inherent sensitivity of the microelectrode was 

attributed to the increased electron transfer rate of the redox protein at the CP, as well as the 

suitable medium lipid provides for the immobilization of cyt-c. Nevertheless, their Au 

microelectrode was operated in direct contact with rat brain tissue to detect extracellular 

release of the analyte. We foresee if such lipid-embedded compound is applied on the 

massively porous NPGM, in lieu of direct covalently bonded cyt-c, even a higher sensitivity 

can be achieved. 
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Table 1. Superoxide biosensor geometrical specifications and gain statistics 

Electrode type 

Surface area [cm2] Gain [nA nM-1]     

Apparent ESA cyt-c bare Au SNR (dB) LOD [nM] 

SP 0.126 0.172 ± 0.006 0.017 ± 0.003 N/A 12.2 N/A 

NPG-covered 0.126 34.525 ± 2.349 0.240 ± 0.062 0.049 ± 0.001 20.5 4.84 

NPGM 3.43 ± 0.583a 11.249 ± 0.436 25.0 ± 11.3 5.25 ± 0.986 33.2 0.07 

a)
 The apparent surface area of the NPGM structure is equivalent to its ESA prior to deposition of 

NPG. Errors () are given in form of standard deviation of the measured quantities. 

 

3.2. Application of NPGM as a Biosensor, Measuring the Rate of Superoxide Released from 

Skeletal Muscle Cells 

Porous polyester membranes carrying C2C12 myoblasts in confluency, after two days of 

culture, were mounted on cyt-c-functionalized electrodes and then immediately transferred to 

an electrochemical cell where stimulus and measurements were performed. Sample 

amperograms captured by the NPGM-based biosensor corresponding to different stimulus 

concentrations, [PMA], are shown in Fig. S5(a-c). The new device, displayed a significantly 

amplified response, about two orders of magnitude higher than that of earlier NPG-based 

sensor (Banan-Sadeghian et al. 2016). Extracellular superoxide would have needed to diffuse 

through the pores of 10 μM-thick polyester membranes, with a high chance of recombination, 

before reaching the surface of cyt-c coated electrodes. Consequently, in the context of skeletal 

muscle tissue, it is not only clinically relevant but also more reasonable and precise here to 

quantify the rate of generation, [SO]

, instead of the absolute concentration of superoxide 

([SO]). As illustrated in the sample amperogram of Fig. S5(d), these rates were obtained from 

the slope of the current response using 

   1SO 
 S

dt
dI , (1) 

where dI/dt is the slope of the linear regression fit to the amperogram after the current begins 

to ramp.  
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The graph in Fig. 5a shows the recorded [SO]

 values as a function of [PMA]. A fresh 

sensor/membrane set was used for each test and at least five attempts were made to obtain 

each datum. Within the studied range, the rates increased with drug concentration in a 

semi-linear fashion. The degree of such increase was estimated from the slope of the curve as 

d[SO]

 / d[PMA] = 1 nM min

–1
 per μM of PMA. The minimum reproducible rate was in the 

order of 1 nM min
–1

 produced by 0.65μM of PMA. Lower dosages of the drug failed to 

generate any consistent measurable superoxide signal. Remarkably, these rates (1.1 to 8.9 nM 

min
–1

) are not only within the range of physiologically generated superoxide rates, reported 

previously on contractile skeletal muscle bundles, but also match our earlier electrochemical 

measurements  (Banan-Sadeghian et al. 2016; Kobzik et al. 1994; Kolbeck et al. 1997). 

To study and quantify possible adverse effects PMA can cause on the dynamics, 

repeatability, and rate of superoxide bursts, subsequent doses of the same drug were 

administered sequentially, once the response to the previous stimulus had settled. Fig. 5b 

shows the graph of superoxide rates captured when the drug was added sequentially in ~1000 

second intervals. Fig. S6 shows a sample amperogram recorded during such sequential 

stimulation. We noticed that when PMA aliquots were added in cascade to the same sample, 

the degree of superoxide-generation rate upsurge with drug concentration slows down to 40% 

of the respective value obtained when the rates were recorded by adding PMA to fresh cells. 

Finally, it is worth to emphasize that upon administration of PMA, current ramped with a rate 

that was consistently scaled with the drug concentration, allowing us to compute [SO]

. In 

addition, live/dead staining experiments indicated that cell viability was not affected during 

our experiments (Fig. S7). 
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Fig. 5. Superoxide generation rates of C2C12 myoblasts plotted as a function of PMA 

concentration. (a) PMA added to fresh cells/sensors. (b) PMA added sequentially in 1000 

second intervals. Rates were not normalized to the number of cell nuclei. Error bars represent 

standard deviation (n = 5).  

 

4. Conclusion 

A hierarchical three-dimensional network of mesoporous Au with a markedly rough and wide 

surface, was modified with cyt-c and employed to target superoxide anions released from 

skeletal muscle tissue. The device exhibited a considerably amplified response to drug 

induced oxidative burst. Namely, the sensitivity of the biosensor was improved two to three 

orders of magnitude over the earlier reported devices. Other groups have detected superoxide 

levels from immortal cell lines, glioblastoma, etc. using a similar strategy. However, in view 

of the importance of superoxide dynamics in vital organs, such as heart and skeletal system, 

our NPGM based sensor offers a unique advantage in online monitoring of the analyte in 

muscle and muscle-like tissues. Ongoing research is focused on measuring the rate of 

superoxide release from C2C12 cell line subjected to electrical stimulation.   

Appendix A. Supporting material 

Supplementary data associated with this article can be found in the online version at http:// 
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