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Abstract

A simple and efficient technique for voltammetric enzymeless detection of epinephrine
(EP) is proposed. The technique applies hierarchical Ru-based electrodes modified by Au
nano- to micro-sized particles, which were produced with laser-assisted synthesis. The
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were employed to
characterize electrochemical properties of the electrodes. For EP detection, we obtained
two DPV calibration curves that are linear in the range of 0.01-5 µM and 5-500 µM. The
highest sensitivity (46.9 µA µM−1 cm−2) and the lowest detection limit (6.1 nM) are
observed for the first linear range, whereas the estimated sensitivity and limit of detection
for the second linear range are 2.1 µA µM−1 cm−2 and 17.8 nM, respectively. We also
demonstrated that the proposed technique can be used for selective EP determination in
the presence of such common interfering analytes as ascorbic acid and dopamine. The
results of this study can be employed for development of low-cost voltammetric sensor
platforms for non-enzymatic epinephrine detection in a physiological environment.

Introduction 1

Epinephrine (EP or adrenaline) is both a hormone and a neurotransmitter. This 2

compound interacts with receptors of internal organs and blood vessels regulating their 3

functions and participates in the transmission of nerve impulses of the sympathetic 4

nervous system [1]. EP is formed in the adrenal glands and can be considered as one 5

of the hormones that is responsible for the body’s response to stress. EP is involved 6

in many physiological processes, such as increasing heart rate, regulation of blood 7

pressure, enhancement of lipolysis, bronchial dilation, control of the blood sugar level, 8

etc [2]. EP is also a medication that is intensively used in emergency healthcare [3, 4]. 9
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Monitoring and maintaining the EP concentration within the physiological range, which 10

is between a few and tens of nM, is of special importance and any imbalance in the 11

concentration of this compound can lead to several serious diseases such as Parkinson’s 12

disease [5], schizophrenia [6] and Alzheimer’s disease [7]. There are several reasons why 13

detection of biomarkers such as epinephrine is difficult. First, epinephrine, as other 14

representatives of the catecholamines group to which it belongs, is hydrophobic and its 15

concentration in biological fluids, such as blood or urine, is very low [1]. Second, these 16

species are short-lived in the blood [8]. Third, EP is easily oxidized to a highly reactive 17

intermediate, adrenalinchrome, which can form polymers capable of blocking the surface 18

of an electrode [8]. Finally, it is very hard to perform selective electrochemical analysis 19

of EP in the presence of other important bioanalytes such as ascorbic acid and dopamine 20

because of the proximity of their oxidation potentials. 21

Several methods have been proposed for detection of epinephrine (see [8] for review). 22

The voltammetric methods have a number of advantages among others. Thus, the 23

electrochemical approach is very simple, cheap and highly sensitive; moreover, it does 24

not require a long analysis time [1,9]. In turn, voltammetric sensors applied to detect 25

biomolecules can be divided into two types [10,11]. The first type includes sensors, in 26

which enzymes are used as specific elements for the analyte recognition [10]. Despite 27

the good sensitivity and selectivity demonstrated by the enzymatic sensors, they are 28

expensive and difficult to prepare, suffer from low stability and reproducibility, and also 29

they are rather sensitive to temperature and pH. In contrast, the sensors of the second 30

type do not contain enzymes, but employ materials with high electrocatalytic activity; 31

the enzyme-free oxidation of an analyte proceeds directly on the electrode surface [12,13]. 32

The most appropriate materials for enzyme-free sensing of hydrophobic metabolites, 33

including epinephrine, are based on metal-containing structures [14–20]. In this regard, 34

micro- and nanoscale bimetallic structures obtained in various forms such as bimetallic 35

particles, heterophase eutectic alloys and composite materials with pronounced interphase 36

interaction can be considered the most promising [21–26]. Many techniques can be 37

employed to fabricate such bimetallic structures, including direct laser writing [27], 38

chemical vapor deposition [28], inkjet printing [29], laser ablation [30], laser sintering [31] 39

and others [32, 33]. The laser-induced chemical liquid phase deposition of metals 40

(LCLD) [34] used in this study is a representative of the laser-based techniques with 41

the strength and weakness inherent to these techniques [33,35–38]. The strong sides of 42

LCLD approach are: 1) the capability to metallize the dielectric surfaces with a large 43

band gap such as glass or glass-ceramics without additional preparation; 2) the capability 44

to localize the reaction in a small (several tens of microns) volume within the size of 45

the focused laser beam; 3) the capability to deposit conductive metallic and bimetallic 46

materials with a highly developed surface areas, which is especially important to detect 47

a low concentration of analytes; 4) within the LCLD framework, it is possible to carry 48

out the synthesis of micro- and nanostructures from dissolved metal salt continuously, i.e. 49

directly in the reaction mixture and practically without changing its composition during 50

the process. Structures with highly developed surfaces and excellent electrochemical 51

properties that are based on Cu [39], Au [24], Pt [40], Ir [41], Ru [42] and other metals 52

were already obtained using this method. 53

In this study, we applied the LCLD technique to develop a voltammetric sensor based 54

on Ru structures modified by Au nanoparticles (AuNPs) to be used for the enzyme-free 55

determination of EP. The choice of Ru and Au was related to their outstanding electrical 56

and catalytic properties. The highly developed electroactive surface of the Ru-based 57

electrodes fabricated by the LCLD technique was enhanced by Au nanoparticles to 58

provide additional active centers. The performance of the obtained sensor has been 59

evaluated both in the pure phosphate-buffered saline solution and in the presence of 60

such common interfering agents as ascorbic acid and dopamine. 61
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Materials and Methods 62

Laser-induced synthesis of Ru and its modification by Au particles 63

All chemicals used in the current study were purchased from Sigma Aldrich (St. Louis, 64

USA). The layout of the experimental setup can be found elsewhere [24,34, 43]. Briefly, 65

the 532-nm output from a diode-pumped continuous-wave solid-state Nd:YAG laser 66

(Changchun, China) was focused at the interface between the glass window used as 67

the substrate and the plating solution in the experimental cell. The diameter of the 68

focused by a microscope objective (15-mm focus length) laser beam was 10 µm. The 69

cell could be translated in three dimensions by a computer-controlled XYZ motorized 70

platform to ”draw” metallic structures of different shape and size. The small portion 71

of the output light was reflected from the front glass window of the cell and redirected 72

toward a web-camera for monitoring the metal deposition process. 73

The laser-assisted fabrication of Ru-Au composite was performed in two steps. First, 74

we carried out laser-assisted deposition of Ru from DMF (N,N -dimethylformamide) 75

solution of 5 mM Ru3(CO)12 (triruthenium dodecacarbonyl) on the surface of glass at 76

the laser power density of ∼2.3mW/µm2 and at the scanning speed of 5 µm/s. The 77

resulting Ru-based structures (electrodes) were 10 mm in length and ∼145 µm in width. 78

Second, we performed laser-assisted deposition of Au particles from colloidal solution 79

containing Au nanoparticles (see below) on the surface of the fabricated Ru structures 80

at the same scanning speed and at the laser power density of 2.5 ∼mW/µm2. 81

The preparation method of the colloidal solution with Au nanoparticles is described 82

in [44]. The 95 mL of distilled water was poured into a clean conical flask, then 30 83

mL of a 30% solution of HAuCl4 (hydrogen tetrachloroaurate) was added and heated 84

to 95 ◦C. Then 5 mL of a 1% sodium citrate solution was added to the hot HAuCl4 85

solution and heated almost to boiling. After the addition of sodium citrate blue 86

staining appeared, which turned red within a few minutes. The whole process lasted 1-3 87

minutes. According to scanning electron microscopy, the diameter of the nanoparticles 88

was ∼20 nm. Alternatively, we carried out the modification of the fabricated Ru 89

structures by Au structures deposited from DMF solution of 3 mM [(C6H5)3P]AuCl 90

(chloro(triphenylphosphine)gold(I)) upon the 532-nm irradiation at the laser power 91

density and at the scanning speed used for the deposition of Ru. 92

Elemental and phase analysis 93

The morphology of the Ru-Au electrode material was investigated using scanning electron 94

microscope Zeiss Supra 40 VP (Oberkochen, Germany). The elemental analysis of this 95

material was accomplished using the energy dispersive X-ray (EDX) analyzer (INCA 96

X-Act, Oxford Instruments, UK). The X-ray diffraction (XRD) analysis of the Ru-Au 97

structures was performed using Bruker D2 Phaser diffractometer equipped with LynxEye 98

detector (Karlsruhe, Germany). The X-ray photoelectron spectroscopy (XPS) data were 99

obtained using a spectrometer Escalab 250Xi (Thermo Fisher Scientific, East Grinstead, 100

UK). 101

Electrochemical studies 102

The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were applied 103

for investigation of the electrochemical properties of the Ru-Au electrode material. This 104

electrode was used as the working electrode in a standard three-electrode electrochemical 105

cell that includes Ag/AgCl electrode and Pt wire as reference and counter electrodes, 106

respectively. The voltammetric data were recorded in phosphate-buffered saline background 107

solution (0.1 M PBS, pH 7.0) at room temperature using Corrtest CS300 potentiostat 108
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(Woham Corrtest Instruments Ltd., China). Cyclic voltammetric measurements were 109

performed vs. Ag/AgCl at a scan rate of 50 mV s−1 between -0.4 and 0.7 V. The 110

selectivity of the fabricated electrode toward EP was investigated using DPV method in 111

a mixture of EP solutions with different concentrations of dopamine (DA) and ascorbic 112

acid (AA) as interfering analytes. 113

Results and discussion 114

We fabricated Ru-based microstructures (electrodes), including bare Ru, Ru-Au and 115

Ru-AuNPs, on the surface of glass using the methodology described in the ”Materials and 116

Methods” section. The morphologies of these electrodes were examined using scanning 117

electron microscopy (SEM) (Figs. 1a-f). According to micrographs shown in Fig. 1a, 118

bare Ru electrode has a porous and well-developed non-planar surface. This result 119

is consistent with those obtained in our recent studies on LCLD syntheses of similar 120

electrode materials [42,43]. Figs. 1b,c demonstrate SEM images of the Ru-Au electrode 121

fabricated using consecutive deposition of Au on the surface of bare Ru upon the 532-nm 122

laser irradiation. This composite material also has a highly developed surface consisting 123

of large NPs, which are covered with particles of smaller diameter (20-80 nm). At smaller 124

magnification we observe larger particles and cracks several microns in size on the surface 125

of the Au-Ru electrode (Fig. 1b, inset). Figs. 1e,f show SEM images of Ru-AuNPs 126

electrode produced by laser-induced modification of the surface of bare Ru with Au 127

particles deposited from the colloidal solution containing AuNPs (Fig. 1d). The surface 128

of Ru electrode modified with Au particles exhibits a hierarchical nature consisting of 129

spherical NPs of small diameter (about 10 nm) and cracks with a width of about 0.5 130

µm that are also filled with NPs of the same or even smaller diameter. It is clear that 131

such structural organization of Ru with AuNPs increases the active surface of bare Ru 132

electrode material to a greater extent compared to results of successive laser-assisted 133

deposition of Ru and Au, which makes Ru-AuNPs electrode the most attractive for our 134

further studies. 135

The EDX studies (Fig. 2a) revealed that the Ru-AuNPs electrode is mainly composed 136

of Ru (65 wt.%) and Au (22 wt.%). The presence of other elements in the EDX spectra, 137

such as carbon, oxygen, magnesium, sodium, potassium and chlorine, can be related to 138

the substrate material, i.e. glass. The EDX data is supported by the results of the XRD 139

analysis (Fig. 2b). As one can see, the recorded XRD patterns of Ru-AuNPs can be 140

attributed to the corresponding metallic phases, i.e. Ru and Au, as well as the oxide 141

phase attributed to RuO2. The surface of Ru-AuNPs electrode was also investigated 142

using XPS technique (Figs. 2c,d). The presence of Au0 is confirmed by the presence 143

of two asymmetric XPS signals at ∼84.0 eV and ∼87.8 eV in the Au4f region [45] as 144

shown in Fig. 2c. The XPS signal demonstrated in Fig. 2d has two peaks centered at 145

∼280.2 and ∼284.3 eV, which can be associated with metallic Ru0 [46]. 146

To evaluate the electrode with the largest electroactive surface area, corresponding 147

cyclic voltammograms (CVs) were recorded in 0.1 M PBS (pH 7.0) in absence of any 148

analyte. Besides the Ru, Ru-Au, and Ru-AuNPs electrodes, Au and Au-Ru electrodes 149

were considered. Au and Au-Ru electrodes were obtained and characterized in our 150

previous study [24]. The obtained CVs are shown in Fig. 4a. According to Fig. 4a, 151

the largest CV area is observed for the Ru-based electrode modified by Au particles. 152

Thus, the Ru-AuNPs electrode possesses the largest electroactive surface area, and 153

can be considered as the best candidate for further voltammetric studies compared to 154

other synthesized materials. This observation is also consistent with the results of SEM 155

analysis shown in Figs. 1e,f. 156

The voltammetric measurements for different concentrations of EP in 0.1 M PBS 157

were performed with the Ru-AuNPs electrode by scanning the potential from -0.4 V to 158
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Figure 1. (a) SEM images of Ru microstructures (electrode) deposited on glass upon
the 532-nm laser irradiation. (b,c) SEM images of Ru-Au electrode obtained using
consecutive laser deposition of Au on the surface of the fabricated Ru microstructures.
(d) SEM image of AuNPs containing in the colloidal solution prepared as described
in [44]. (e,f) SEM images of Ru-AuNPs electrode obtained via modification of the surface
of the fabricated Ru microstructures by Au particles deposited from the colloidal solution
with AuNPs upon the 532-nm laser irradiation.

0.7 V at the scan rate of 50 mV s−1 (Fig. 4b). Six broad regions can be identified in the 159

recorded cyclic voltammograms: the oxidation regions -0.27 – -0.06 V (I), -0.07 – 0.19 V 160

(II), 0.2 – 0.62 V (III) and the reduction regions 0.64 – 0.32 V (IV), 0.31 – -0.12 V (V), 161

-0.13 – -0.37 V (VI). In order to understand the processes that correspond to each of 162

the redox regions, we referred to the mechanism of the electrochemical EP oxidation 163

proposed earlier (Fig. 3, [1, 47]). According to the proposed mechanism and the results 164

of our previous studies [24, 42], I and II can be attributed to the electrocatalytic EP 165

oxidation process that involves the Ru2+/Ru3+ redox reaction. On the other hand, III 166

may involve such redox reactions as Ru0/Ru3+ and Ru3+/Ru4+ [18, 42]. These electron 167

transfer processes are accompanied by EP oxidation, i.e. oxidation of its two hydroxyl 168

groups with the formation of epinephrinequinone. The region III can be considered as 169

a very broad signal in which two separate peaks can be distinguished. The presence 170

of two peaks centered at ∼0.25 V and ∼0.41 V can be explained by the fact that two 171

hydroxyl groups of EP have different positions relative to other substituents in the 172

benzene ring [24]. Additionally, a signal in the region of oxidation peak at 0.25 V can 173

appear as a result of EP interaction with Au deposited on the surface of Ru electrode [19]. 174

These observations can be a good evidence that an efficient catalysis of EP occurs on 175

the surface of Ru modified with Au particles. We assume that other intermediates, 176

leucoadrenochrome and adrenochrome, are formed at potentials higher than 0.6 V [1,24]. 177

The regions IV, V, and VI were attributed to the reduction processes. The regions 178

IV and VI are related to catalytic reduction of epinephrinequinone to EP on the surface 179

of the metallic and oxide forms of Ru, respectively [48]. In turn, V can be assigned to 180

reduction of epinephrinequinone to EP on the surface of Au [49]. The reversible reaction 181
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Figure 2. (a) EDX spectra and (b) XRD patterns of bare Ru and Ru-AuNPs electrodes.
XPS spectra analysis of Ru-AuNPs electrode: (c) Au4f and (d) Ru3d regions.

between leucoadrenochrome and adrenochrome should occur at potentials lower than 182

-0.3 V [1,24]. 183

Table 1. Comparison of various modified electrodes used for EP sensing.
Modified electrode Linear range (µM) LOD (µM) Reference
Ru-AuNPs 0.01-5 and 5-500 0.0061 and 0.0178 This study
Au-MWCNT-PANI-RuO2 4.9-76.9 0.18 [18]
AuNPs/PDA/AN 1- 1000 0.26 [23]
Au-Ru composite 0.01-10 and 10-1000 0.009 and 0.02 [24]
glassy carbon electrode (GCE) modified by AuNPs 0.05-1000 0.0017 [26]
Nanoporous spongelike Au-Ag films 25-700 5.05 [47]
Au-Pd core-shell nanocrystals 0.001-1000 0.0012 [50]
NiO-rGO hybrid composite 0.05-1000 0.01 [51]
ZrO2/ZnO nanocomposites 0.8-420 0.039 [52]
nanosized copper telluride (nps-CuTe) 5-60 0.018 [53]
nanoporous gold (h-nPG) microneedle 0-850 0.1 [54]
PPY/ZnO/AuNp/ RGO/GCE 0.6-500 0.06 [55]
CP-AuNPs nanocomposite 10-640 1.4 [56]

For quantitative determination of such hydrophobic compound as EP, which is 184

contained in biological fluids in extremely low concentrations, we turned to differential 185

pulse voltammetry (DPV) as one of the most sensitive electrochemical methods. The 186

dependence of DPV current signal on EP concentration is shown in Fig. 4c. According to 187

this figure, the increase of EP concentration leads to a gradual increase of DPV current 188

accompanied by the shift of the peak from 0.26 V to 0.37 V. Fig. 4d shows the calibration 189

curve derived as the dependence of signal intensity at 0.28 V on EP concentration. 190

Two linear ranges are observed on this curve: 0.01-5 µM (R2=0.998) and 5-500 µM 191

(R2=0.999). Measurements in the first linear range exhibit high sensitivity, i.e. we 192

obtained a fast growth of DPV current upon increase of EP concentration. Measurements 193

in the second linear range exhibit much lower sensitivity, which is typically related to 194
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Figure 3. The mechanism of the electrochemical oxidation of EP [47].

the absorption of intermediates at high concentrations of an analyte [57]. The high 195

sensitivity of measurements at low concentrations of EP can be attributed to the highly 196

developed hierarchical structure of the Ru-AuNPs electrode surface. A significantly lower 197

sensitivity of measurements at high EP concentrations may be associated with strong 198

absorption of leucoadrenochrome and/or adrenochrome that are formed as intermediate 199

species (see Fig. 3) during EP oxidation on the surface of the electrode [58]. 200

The sensitivity values calculated for the first and second linear ranges are 46.9 and 201

2.1 µA µM−1 cm−2, respectively. The detection limits (LOD = 3S/b, where S is the 202

standard deviation from linearity, b is the sensitivity calculated as slope of the calibration 203

curve) for these linear ranges were estimated to be 6.1 and 17.8 nM, respectively. A 204

comparison of electrochemical characteristics of the Ru-AuNPs electrode proposed in 205

this study with the same characteristics of similar modified electrodes used for EP 206

sensing is presented in Tab. ??. Ru-AuNPs sensor demonstrates the linear response 207

range and detection limit that are comparable to those of the best EP sensors. In 208

addition, Ru-AuNPs sensor reveals increased sensitivity (46.9 µA µM−1 cm−2 within 209

the first linear range), while a typical value for sensitivity of detection of EP and many 210

other hydrophobic metabolites is less than 10 µA µM−1 cm−2 [1]. 211

We also employed DVP technique to examine the selectivity of EP detection in 212

the presence of dopamine and ascorbic acid (Fig. 4e). These compounds were selected 213

as interfering substances that commonly coexist with EP in biological fluids and can 214

interfere with its voltammetric determination. DPV responses obtained from the mixture 215

of 0.1 M PBS solution with EP, the 10-fold excess of dopamine, and the 10-fold excess 216

of ascorbic acid exhibits no significant changes as compared to DVP responses obtained 217

from 0.1 M PBS solution containing only EP. Therefore, the fabricated Ru-AuNPs 218

sensor conserve a good selectivity for EP sensing in the presence of such physiologically 219

important interfering substances as dopamine and ascorbic acid. 220

The repeatability of the Ru-AuNPs electrode was evaluated by performing five 221

consecutive DVP measurements for 5 µM EP in 0.1 M PBS using the same electrode. 222

The relative standard deviation (RSD) was estimated to be 0.45 %. The stability of 223

Ru-AuNPs electrode was examined during 30 days, DPV response was recorded for 224

5 µM EP in 0.1 M PBS each ten days. It was observed that more than 98 % of the 225

initial current response was retained after a month (Fig. 4f). The reproducibility of the 226

electrochemical properties was tested with five different Ru-AuNPs electrodes. For this 227

purpose, DPV measurements were performed for 5 µM EP in 0.1 M PBS. The calculated 228

RSD was less than 2.50 %. 229
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Figure 4. (a) CVs of Ru, Au, Au-Ru, Ru-Au and Ru-AuNPs electrodes recorded in 0.1
M PBS. (b) CVs of Ru-AuNPs recorded in 0.1 M PBS with different EP concentrations.
(c) Effect of the EP concentration on the DPV current signals obtained using Ru-AuNPs
electrode. (d) Corresponding calibration curves of the current density against EP
concentration shown in µM. (e) DPV response of Ru-AuNPs in 0.1 M PBS (pH 7.0)
containing pure 5 µM EP, pure 50 µM dopamine (DA), pure 50 µM ascorbic acid (AA)
and their mixture. (f) The stability measurements of one fabricated Ru-AuNPs electrode
carried out in 0.1 M PBS with 5 µM EP during 30 days.

Conclusions 230

In this study, we developed a technique for voltammetric non-enzymatic detection of 231

epinephrine using the Ru-based electrode modified by Au particles. The electrode 232

material was fabricated on the surface of a biologically inert dielectric substrate (glass) 233

using the method of laser-induced metal deposition from solution. The addition of 234

Au significantly increased the electrocatalytic activity of the Ru-based electrode in 235

comparison with pure Ru. The fabricated electrode demonstrated good electrochemical 236

performance appropriate for efficient voltammetric EP sensing. DPV studies showed 237

that the Ru-Au sensor has two linear ranges of EP determination: 0.01-5 µM and 238

5-500 µM. The most promising electrochemical characteristics were found for the first 239

linear range, which demonstrates the highest sensitivity (46.9 µA µM−1 cm−2) and the 240

lowest detection limit (6.1 nM). The sensitivity and the limit of detection for the second 241

linear range were found to be 2.1 µA µM−1 cm−2 and 17.8 nM, respectively. Thus, the 242

proposed approach opens up an opportunity of creating low-cost voltammetric sensor 243

platforms for efficient detection of such hydrophobic metabolites as EP in a physiological 244

environment. 245
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