
Real-time monitoring of superoxide anion radical generation

in response to wounding: in vivo electrochemical study

Ankush Prasad Corresp.,   1, 2  ,  Aditya Kumar  3  ,  Ryo Matsuoka  4  ,  Akemi Takahashi  5  ,  Ryo Fujii  5  ,  Yamato Sugiura  5  , 

Hiroyuki Kikuchi  5  ,  Shigeo Aoyagi  4  ,  Tatsuo Aikawa  6  ,  Takeshi Kondo  6  ,  Makoto Yuasa  6  ,  Pavel Pospíšil  3  , 

Shigenobu Kasai  2, 5 

1 Department of Biophysics, Centre of the Region Haná for Biotechnological and Agricultural Research, Faculty of Science, Palacký University, Olomouc,

Czech Republic
2 Biomedical Engineering Research Center, Tohoku Institute of Technology, Sendai, Japan
3 Department of Biophysics, Centre of the Region Haná for Biotechnological and Agricultural Research, Olomouc, Czech Republic
4 Hokuto Denko Corporation, Tokyo, Japan
5 Graduate Department of Environmental Information Engineering, Tohoku Institute of Technology, Sendai, Japan
6 Department of Pure and Applied Chemistry, Tokyo University of Science, Noda, Chiba, Japan

Corresponding Author: Ankush Prasad

Email address: prasad.ankush@gmail.com

Background: The growth and development of plants is deleteriously affected by various biotic and

abiotic stress factors. Wounding in plants is caused by exposure to environmental stress, mechanical

stress, and via herbivory. Typically, oxidative burst in response to wounding is associated with the

formation of reactive oxygen species, such as the superoxide anion radical (O2
•−), hydrogen peroxide

(H2O2) and singlet oxygen; however, few experimental studies have provided direct evidence of their

detection in plants. Detection of O2
•− formation in plant tissues have been performed by using various

techniques including electron paramagnetic resonance spin-trap spectroscopy, epinephrine-

adrenochrome acceptor methods, staining with dyes such as tetrazolium dye and nitro blue tetrazolium

(NBT), however, kinetic measurements have not been performed. In the current study, we provide

evidence of O2
•− generation and it kinetics in the leaves of spinach (Spinacia oleracea) subjected to

wounding.

Methods: Real-time monitoring of O2
•− generation was performed using catalytic amperometry. Changes

in oxidation current for O2
•−

 was monitored using polymeric iron-porphyrin-based modified carbon

electrodes (φ=1 mm) as working electrode with Ag/AgCl as the reference electrode.

Result: The results obtained show continuous generation of O2
•− for minutes after wounding, followed by

a decline. The exogenous addition of superoxide dismutase, which is known to dismutate O2
•− to H2O2,

significantly suppressed the oxidation current.

Conclusion: Catalytic amperometric measurements were performed using polymeric iron-porphyrin

based modified carbon electrode. It is claimed to be a useful tool and a direct method for real-time

monitoring and precise detection of O2
•− in biological samples. It is claimed to bear a potential for its wide

application in plant research for specific and sensitive detection of O2
•−.
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26 Background: 

27 The growth and development of plants is deleteriously affected by various biotic and abiotic 

28 stress factors. Wounding in plants is caused by exposure to environmental stress, mechanical 

29 stress, and via herbivory. Typically, oxidative burst in response to wounding is associated with 

30 the formation of reactive oxygen species, such as the superoxide anion radical (O2
� −), hydrogen 

31 peroxide (H2O2) and singlet oxygen; however, few experimental studies have provided direct 

32 evidence of their detection in plants. Detection of O2
� − formation in plant tissues have been 

33 performed using various techniques including electron paramagnetic resonance spin-trap 

34 spectroscopy, epinephrine-adrenochrome acceptor methods, staining with dyes such as 

35 tetrazolium dye and nitro blue tetrazolium (NBT), however, kinetic measurements have not been 

36 performed. In the current study, we provide evidence of O2
� − generation and its kinetics in the 

37 leaves of spinach (Spinacia oleracea) subjected to wounding. 

38 Methods: 

39 Real-time monitoring of O2
� − generation was performed using catalytic amperometry. Changes 

40 in oxidation current for O2
•−

 was monitored using polymeric iron-porphyrin-based modified 

41 carbon electrodes (φ=1 mm) as working electrode with Ag/AgCl as the reference electrode.

42 Result: 

43 The results obtained show continuous generation of O2
� − for minutes after wounding, followed 

44 by a decline. The exogenous addition of superoxide dismutase, which is known to dismutate O2
� − 

45 to H2O2, significantly suppressed the oxidation current. 

46

47 Conclusion: 
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48 Catalytic amperometric measurements were performed using polymeric iron-porphyrin based 

49 modified carbon electrode. It is claimed to be a useful tool and a direct method for real-time 

50 monitoring and precise detection of O2
� − in biological samples. It is claimed to bear a potential 

51 for its wide application in plant research for specific and sensitive detection of O2
� −. 

52
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71 The formation of reactive oxygen species (ROS) in plants is an unavoidable consequence 

72 of photosynthesis [1-4]. The introduction of molecular oxygen into the environment by 

73 photosynthetic organisms during the evolution of aerobic life is associated with the formation of 

74 ROS [5]. Plants growing in a fluctuating environment are exposed to various biotic stresses such 

75 as bacteria, viruses, fungi, parasites, insects, weeds, etc. and abiotic stresses such as fluctuations 

76 in temperature, salinity, water, radiation, toxic chemicals and mechanical stress which are closely 

77 linked to higher ROS production. The chloroplasts, mitochondria, and peroxisomes are among 

78 the chief organelles involved [6-11]. As a response, ROS, including the superoxide anion radical 

79 (O2
� −), hydroperoxyl radical (HO2

� −), hydrogen peroxide (H2O2), hydroxyl radical (HO�), singlet 

80 oxygen (1O2), peroxyl radical (ROO�), hydroperoxide (ROOH) and alkoxyl radical (RO�), are 

81 produced [12-18].

82 The production of ROS by an oxidative burst is an imperative element of the wound 

83 response in algae, plants, and animals [19]. As a response to wounding, plants release 

84 oligosaccharide cell wall fragments, which play an important role in the signaling cascade that 

85 initiates an intense, localized production of ROS [20-22]. Wounding stimulates the production of 

86 O2
�−, H2O2 and nitric oxide (NO), which can directly attack encroaching pathogens at the site of 

87 the wound [23-25]. In Arabidopsis thaliana leaves measured under ambient light conditions, O2
�− 

88 and H2O2 mainly originate from photosynthetic electron transport, predominantly at the site of 

89 wounding [26]. The role of NADPH oxidase in ROS production, however, was not completely 

90 ruled out. Therefore, the generation of O2
�− and H2O2 can be attributed to the collective effect of 

91 wounding and light stress. O2
�− generation in the root cells of plants in response to wounding has 

92 been studied by electron paramagnetic resonance (EPR) spin-trap spectroscopy and epinephrine-

93 adrenochrome acceptor methods [27]. Tiron (4, 5-dihydroxy-1, 3-benzene-disulfonic acid 
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94 disodium salt) was used, and the tiron semiquinone EPR spectra showed O2
�− generation. The 

95 level of O2
�− production in the roots was measured with epinephrine which, in the presence of 

96 O2
�−, is converted to adrenochrome and can be monitored at 480 nm by a spectrophotometer [28, 

97 29]. In addition to spectroscopy, staining with dye, such as tetrazolium dye and nitro blue 

98 tetrazolium (NBT), has been used to detect the production of O2
� − in situ, with visualization of 

99 O2
�− generation as a purple formazan deposit within leaflet tissues [30]. 

100 Although various methods, such as EPR spin-trapping spectroscopy [31], 

101 chemiluminescence [32], the reduction of NBT [37, 38] and the reduction of the redox protein 

102 cytochrome c [33-35] have been used to detect and monitor O2
�−, each of these methods has 

103 inadequate specificity and sensitivity. EPR spin-trapping spectroscopy is one of the most 

104 sensitive and specific method for ROS detection; however, kinetic measurements are not 

105 possible at the current stage of development. Chemiluminescence, also known as ultra-weak 

106 photon emission, has been widely used recently as a non-invasive method to understand the 

107 involvement of ROS in oxidative radical reactions [36-38]; however, limitations with respect to 

108 the specificity for particular ROS involvement exists [39]. 

109 Integration of metalloporphyrins into electropolymerized polymer electrodes have been 

110 developed rigorously over the last years because these materials are effective electrocatalysts for 

111 chemical as well as photochemical applications [40]. Numerous authors have recently tested the 

112 potential use of electropolymerized metalloporphyrins as new electrode materials for chemical 

113 and biological sensors [41-43]. In our current study, we provide an experimental approach for the 

114 detection of O2
�−

 by polymeric iron-porphyrin-based modified carbon electrode based on the 

115 reaction mechanism presented in Fig. 1A (Yuasa & Oyaizu, 2005). Detection of O2
�− by highly 

116 sensitive and selective polymeric iron-porphyrin-based modified carbon electrodes was tested in  
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117 in vivo leaf sample subjected to wounding. The current study introduces the use of catalytic 

118 amperometric biosensors for the real-time detection of O2
�−.

119

120 MATERIAL AND METHODS

121

122 Spinach leaves 

123 Young spinach (Spinacia oleracea) leaves were washed twice with deionized water and 

124 were dark adapted for 2 hours. For each measurement, a fresh spinach leaf of the approximately 

125 same age was chosen. All experiments were performed at room temperature under dark 

126 conditions to avoid interference from light sources. 

127

128 Material and chemical reagents

129 The 5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EMPO) spin trap and capillary 

130 tubes used for EPR measurements were obtained from Alexis Biochemicals (Lausen, 

131 Switzerland) and Blaubrand intraMARK (Brand, Germany), respectively. The carbon electrodes 

132 (φ=1 mm) were purchased from BAS Inc., ALS Co., Ltd. (Tokyo, Japan). Superoxide dismutase 

133 (SOD), xanthine oxidase and xanthine (X/XO) were purchased from Wako Pure Chemicals 

134 Industries, Ltd. (Osaka, Japan), Sigma-Aldrich chemie Gmbh (Munich, Germany) or Sigma-

135 Aldrich Japan K.K. (Tokyo, Japan).

136

137 Equipment and methods

138 Simultaneous measurements of the oxidation current of O2
•− were performed using a 

139 potentiostat (HA1010mM4S; Hokuto Denko Co., Ltd., Japan). The polymeric iron-porphyrin-
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140 based modified carbon electrodes were positioned 1 mm from the site of injury using a motor-

141 driven XYZ-stage (K101-20MS-M, Suruga Seiki Co., Ltd., Japan) (Fig. 1B). The detection of 

142 O2
•− in the X/XO system was performed by EPR spin-trapping spectroscopy using 25 mM 

143 EMPO in phosphate buffer. 

144

145 Experimental conditions for real-time monitoring of the oxidation current of O2
•−

146 The electrochemical detection of O2
•− was measured using the X/XO system based on the 

147 method described in our recent study [44] (Fig. 2). The subsequent oxidation current for O2
•−

 was 

148 monitored using polymeric iron-porphyrin-based modified carbon electrodes (φ=1 mm) with 

149 Ag/AgCl as the reference electrode.

150 Spinach leaves were fixed on a petri-dish with a diameter of 60 mm using double-sided 

151 adhesive tape. 10 mM Phosphate buffer saline (pH 7.2) (PBS) was gradually added to maintain a 

152 sufficient volume to submerge the whole spinach leaf in PBS. During the measurement, injury 

153 was performed using glass capillary with an inner diameter of about 1.2mm and wall thickness of 

154 200m. (Fig. 1B and DataS1). Mechanical injury and mechanical wounding were performed 

155 close to the site of the electrode. The oxidation current was measured at +0.5 V vs. Ag/AgCl at 

156 room temperature. 

157

158 Superoxide anion radical detection using polymeric iron-porphyrin-based modified carbon 

159 electrodes

160 The detection of O2
•− was based on catalytic amperometry using a counter electrode and 

161 working electrode. The counter electrode was a platinum wire (0.25× 40 mm), and the working 

162 electrode (φ1 mm) was a polymeric iron-porphyrin-based modified carbon electrode. Ag/AgCl 
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163 was used as a reference electrode. The polymeric iron-porphyrin-based modified carbon 

164 electrode acted as an O2
•− detection sensor. The polymeric iron-porphyrin-based modified carbon 

165 electrode was prepared by the electropolymerization of 1-methylimidazole-coordinated 

166 mesotetra (3-thienyl) porphyrin ([Fe(im)2(ttp)]Br) (Yuasa & Oyaizu, 2005; Yuasa et al., 2005). 

167 Electropolymerization was performed in a two-chamber three-electrode electrochemical cell by 

168 potential cycling from 0 to +2.0 V vs. Ag/Ag+ with a potential sweep rate of 50 mV s−1. After 

169 rinsing with dichloromethane, the polymeric iron-porphyrin-based modified carbon electrode 

170 was obtained (Yuasa & Oyaizu, 2005; Yuasa et al., 2005). For the basic characterization of the 

171 polymeric iron-porphyrin-based modified carbon electrode, a differential pulse voltammogram of 

172 the electropolymerized [Fe(im)2(ttp)]Br complex was recorded in an aqueous electrolyte solution 

173 containing 10 mM PBS (pH 7.2) using a high-performance potentiostat HZ-7000 (Hokuto Denko 

174 Co., Ltd., Japan) (supplementary data S2).

175

176

177 RESULTS

178 Characterization and sensitivity evaluation of an iron-porphyrin-based modified carbon 

179 electrode

180 The characterization of the polymeric iron-porphyrin-based modified carbon electrode 

181 was performed using a differential pulse voltammogram (DPV) (supplementary data S2). The 

182 polymerized complex was electroactive, with a mean redox potential at -0.25 V for the Fe2+/Fe3+ 

183 couple.

184
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185 Generation of O2
•− in the chemical system and sensitivity evaluation of the polymeric iron-

186 porphyrin-based modified carbon electrode

187 The xanthine/xanthine oxidase system is used for the formation of O2
•− by the reduction 

188 of molecular oxygen [45-47]. To confirm the formation of O2
•− in the chemical system used in 

189 the later experimental procedures, we measured the EMPO-OOH adduct EPR signal 

190 (supplementary data S3: A). The intensity of the EMPO-OOH adduct EPR signal in the control 

191 (xanthine) and chemical system (X/XO) was also measured (supplementary data S3: B). In the 

192 absence of xanthine oxidase, no EMPO-OOH adduct EPR signal was observed, whereas in the 

193 presence of XO, an EMPO-OOH adduct EPR signal was observed (supplementary data S3).

194 To determine the sensitivity of the polymeric iron-porphyrin-based modified carbon 

195 electrode, the response of the exogenous addition of a standard known concentration of O2
•− 

196 generated in situ was measured using X/XO system. A linear increase in oxidation current was 

197 observed with an increase in O2
•− concentration. The calibration curve (Δi vs O2

•−) was found to 

198 be linear in the concentration range of 0.4 to 1.3μM (Fig. 2). This indicates that the sensitivity of 

199 the electrochemical sensor is in the range of M concentration, reflecting changes in the 

200 oxidation current in the order of tens of nA (Fig. 2).

201

202 Real-time monitoring of O2
•− generation during wounding of spinach leaves

203 To validate that there is no interference in the measurement caused by the suspension of 

204 spinach leaf in PBS, the oxidation current was measured in a non-wounded spinach leaf 

205 suspended in PBS as indicated by the arrow, during the real-time measurement (Fig. 3). No 

206 fluctuation in the oxidation current of O2
•− was observed in the non-wounded spinach leaf 

207 suspended in PBS, (Fig. 3), whereas a negligible fluctuation was observed with the exogenous 
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208 addition of SOD (data not shown). These results indicate that these chemical species (PBS and 

209 SOD) do not interfere with the measurements. The kinetics of the production of O2
•− were also 

210 measured in the chemical system containing no spinach leaves and in the presence of SOD (400 

211 U ml-1) indicating no significant fluctuation in oxidation current (supplementary data S4).

212 Real-time monitoring of the oxidation current for O2
•− was performed in spinach leaves 

213 where mechanical injury was stimulated 1 time using glass tube (Fig. 4A) and mechanical 

214 wounding was done multiple times (Fig. 4B). The wounding in spinach leaves was done 1 time 

215 (4A) and multiple times (between 8-10 tims) using a glass capillary with an inner diameter of 

216 about 1.2mm and wall thickness of 200m). The results indicate that the O2
•− production 

217 increased considerably with the dose of mechanical injury (Fig. 4). Furthermore, to visualize the 

218 extent of damage to leaf during mechanical injury induced by glass capillary, photograph of 

219 leaves showing the physiological state have been presented along with kinetics on real-time 

220 monitoring of the oxidation current of O2
•− under experimental condition mentioned in dataset 

221 presented (Data S1). To determine the concentration of O2
•−

 generated in mechanically injured 

222 spinach leaves, the calibration curve was established for various concentrations obtained using 

223 standard X/XO system (Fig. 2). A maximum oxidation current (Δi) of 1.5 nA (at time span, 60 

224 sec) and 7.5 nA (at time span, 300 sec) was observed in mechanically injury made at a minimal 

225 dose (Fig. 4A) and at multiple sites (Fig. 4B). Based on the data obtained and the maximum 

226 oxidation current recorded, the O2
•−

 was calculated and expected production was found to be 

227 about 40 nM (4A) and 200 nM (4B) (Table 1). 

228 In addition, O2
•− generation was also measured in spinach leaves under the effect of 

229 wounding at room temperature in presence of exogenous addition of SOD (Fig. 5). In the 

230 absence of wounding, as observed during the first minute of real-time monitoring, no 

PeerJ reviewing PDF | (2016:09:13600:2:0:NEW 5 Jun 2017)

Manuscript to be reviewed



231 considerable change in the oxidation currents of O2
•− was observed. However, wounding 

232 instantaneously resulted in a fast increase in the oxidation current for O2
•− of approximately 10 

233 nA, followed by a gradual decrease, which continued for more than 10 min. To confirm the 

234 production of O2
•−, the effect of SOD, which leads to the dismutation of O2

•− to H2O2, on the 

235 oxidation current in a wounded spinach leaf was analyzed. The addition of 400 U ml-1 SOD 

236 suppressed the oxidation current for O2
•− from 3.5 nA to 2 nA (Fig. 5). However, complete 

237 suppression of the oxidation current was not observed. The oxidation current, which persisted at 

238 approximately 1 nA for a few minutes, can be attributed to rapid O2
•− diffusion to the electrode 

239 before its conversion to H2O2 or to the limited SOD activity at a fixed concentration. The effect 

240 of SOD (400 U ml-1) added exogenously was also measured at the point of maximum oxidation 

241 current where a comparatively higher suppression was recorded (Fig. 6).

242

243 DISCUSSION

244 In addition to plants, ROS detections have been performed in model system including 

245 animals. During recent past, Zuo and coworkers presented results on intracellular ROS formation 

246 in single isolated frog myofibers during low PO2 conditions using dihydrofluorescein (Hfluor), a 

247 fluorescein analog of DCFH [48,49]. Cyt c assay was also used to measure O2
•− in contracting 

248 skeletal muscle in pulmonary TNF-α overexpression mice [50, 51]. Several mechanisms for the 

249 generation of ROS involving O2
•− have been suggested. It has been proposed previously that an 

250 NADPH oxidase-like enzyme in the plant plasma membrane is involved in the production of O2
•−, 

251 which is then converted to the more stable H2O2 during the oxidative burst in response to 

252 pathogen attack of plant cells [52, 53]. In skeletal muscle, the major source of ROS especially 

253 extracellular O2
•− formation is via the arachidonic acid metabolism through lipoxygenase (LOX) 
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254 activity [51]. However, in contrast to the view that wound-induced ROS are primarily produced 

255 extracellularly by NADPH oxidase enzymes [54, 55], it has been recently indicated that wound-

256 induced O2
•− and H2O2 originate from photosynthetic electron transport measured at wounded 

257 sites under ambient light conditions [26]. The O2
•− is produced during the electron transport 

258 process by the reduction of molecular oxygen in the chloroplasts and mitochondria. The authors 

259 proposed that O2
•− and H2O2 production is linked to wounding, which is enhanced significantly 

260 under light conditions.

261 A recent report on Pisum sativum seedlings proposes a mechanism responsible for 

262 oxidative burst during wounding. During mechanical wounding, polyunsaturated fatty acids 

263 (PUFA), polyamines, LOX and peroxidases (Prx) are released in the extracellular matrix. Under 

264 these circumstances, LOX is involved in the oxidation of PUFA or polyamines, which induces 

265 diamine oxidases (DAO) to produce H2O2, further leading to O2
•− production catalyzed by Prx 

266 [56]. A diverse range of organisms use Prx to produce O2
•−, e.g., Triticum sativum roots [57], 

267 Castanea sativa and Trichilia seeds [58, 59], liverworts [60], and lichens [61]. Another group of 

268 redox enzyme involved in the wound-induced oxidative burst is DAO [62-65], and cooperation 

269 between DAO and Prx is considered important in the wound response. In addition to DAO and 

270 Prx, LOX not only generates lipid hydroperoxides (LOOH) but can also generate O2
•− via the 

271 oxidation of pyridine nucleotides and therefore considerably contributes to oxidative stress in 

272 cells [66]. Lipid oxidation by LOX is an important part of the wound-response because oxylipins, 

273 the break-down products of lipid peroxides, can act as effective signaling molecules to rapidly 

274 induce transcriptional changes during wounding [67, 68]. Plasma membrane-bound Prx can 

275 utilize PUFA such as linoleic acid released at the wound site for the synthesis of O2
•−. Even if 

276 LOX is not known to be directly involved in O2
•−production, it was suggested that extracellular 
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277 LOX may play an important role by competing with Prx for fatty acids and producing reactive 

278 electrophiles that coordinate signaling responses [53].

279 The electrochemical method with the employment of different modified electrodes have 

280 been successfully standardized and applied for detection of varied ROS including O2
•−  during 

281 the recent past [69-71]. The polymeric iron-porphyrin-based modified carbon electrode is a 

282 useful tool and provides a direct method for real-time monitoring and precise detection of O2
•− in 

283 biological samples in-situ [71]. The kinetic measurement showing the production of O2
•− for a 

284 long range of time (minutes) presented in our study 

285 (https://ecs.confex.com/ecs/229/webprogram/Paper70675.html) have been demonstrated and thus 

286 opens a new area of investigation which have always been difficult to explore using other 

287 available methods such as EPR spin trapping spectroscopy, fluorescence microscopy and other 

288 biochemical methods etc. Thus, the electrode has strong potential for wide application in plant 

289 research for the specific and sensitive detection of O2
•− and the kinetic behavior in real-time. In 

290 addition to points mentioned above, using synthetic porphyrin has an additional advantage. To 

291 date, O2
•− sensors based on naturally derived enzyme (e.g. SOD, Cyt. c) have been developed 

292 [72]. However, enzymes on the sensor are likely to be denatured. In contrast, the porphyrin based 

293 sensor can be used without denaturation. At the same time, the current method is cost effective. 

294 Certain limitations exist; the current polymeric iron-porphyrin-based modified carbon electrodes 

295 are light-sensitive, which might hinder its photo-electrochemical applicability [73]. In the current 

296 study, we present our polymeric iron-porphyrin based modified carbon electrode for application 

297 in real-time monitoring and precise detection of O2
•− in biological system. It is claimed to bear a 

298 potential for its wide application in plant research for specific and sensitive detection of O2
•−. 

299
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300

301 FIGURE LEGENDS

302 Figure 1 Reaction mechanism and experimental setup. (A) Schematic illustration of the reaction 

303 mechanism for the amperometric detection of O2•− using the polymeric iron-porphyrin-based 

304 modified carbon electrode depicting the reduction-oxidation cycle leading to generation of the 

305 oxidation current. (B) Schematic illustration of the experimental setup for the electrochemical 

306 measurements. The stimulation was performed using a glass capillary, and the polymeric iron-

307 porphyrin-based modified carbon electron was positioned at a distance of 1 mm using a motor-

308 driven XYZ microscopic stage. (C) The in vivo generation of O2 •− was measured using a 

309 polymeric iron-porphyrin-based modified carbon electron (working electrode, WE), platinum 

310 wire (counter electrode, CE) and Ag/AgCl (reference electrode, RE).

311 Figure 2: Calibration curve. Changes in oxidation current measured using iron-porphyrin-

312 based modified carbon electrode by exogenous addition of a standard known concentration of 

313 O2
•− generated in situ using X/XO system in the concentration range of 0.4 to 1.3μM.

314 Figure 3: Real-time monitoring of the oxidation current of O2
•−from spinach leaves. The 

315 kinetics of the production of O2
•−were measured using a polymeric iron-porphyrin-based 

316 modified carbon electrode on non-wounded spinach leaves.

317 Figure 4: Real-time monitoring of oxidation current for O2
•−during wounding Kinetics of 

318 the production of O2
•−was measured using polymeric iron porphyrin based modified carbon 

319 electrode during wounding in spinach leaves. The wounding in spinach leaves was done 1 time 

320 (A) and multiple times (B) close to the site of electrode during the measurement and oxidation 

321 current for O2
•−was measured.
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322 Figure 5: Real-time monitoring of the oxidation current of O2
•−during wounding. The 

323 kinetics of the production of O2
•−were measured using a polymeric iron-porphyrin-based 

324 modified carbon electrode during wounding in spinach leaves. The wounding of spinach leaves 

325 was performed during the measurement, and the oxidation current for O2
•−was measured for 

326 approximately 30 min. The effect of SOD on the oxidation current was measured in the presence 

327 of SOD (400 U ml-1) added exogenously during the measurement.

328 Figure 6: Real-time monitoring of oxidation current for O2
•−during wounding. Kinetics of 

329 the production of O2
•−was measured using polymeric iron porphyrin based modified carbon 

330 electrode during wounding in spinach leaves. The wounding in spinach leaves was done during 

331 the measurement and oxidation current for O2
•−was measured for a duration of about 30 min. 

332 Effect of SOD was measured in the presence of SOD (400U ml-1) added exogenously during the 

333 measurement at the point of maximum oxidation current.

334 Table 1: Calculation. Superoxide anion radical (O2
•−) concentration calculated using standard 

335 calibration curve (R2= 0.9918) (Fig. 2). The total change in oxidation current was found to be 1.5 

336 nA (Δi) for minimal dose of injury (Fig. 4A) and 7.5 nA (Δi) for injury at multiple sites (Fig. 4B). 

337 The total O2
•− concentration was found to be equivalent to 40 nM (Fig. 4A) and 200 nM (Fig. 

338 4B) at 60 sec and 300 sec, respectively.

339

340 SUPPLEMENTARY DATA

341 Supplementary data S1: Photographs of glass capillary (4 nos.) each with an inner diameter of 

342 about 1.2mm and wall thickness of 200μm used for inducing mechanical injury in spinach leaves. 
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343 II. (A) Photograph of Spinach leaves in the experimental setup. For each measurement, young 

344 spinach leaves of size approximately 8-10mm were chosen. (B) Photographs of petriplate with 

345 Spinach leaves showing the arrangement of electrodes. III. Photographs of Spinach leaves 

346 showing its state after mechanical injury with glass capillary. Injury was made 1 time (A), 5 

347 times (B) and 20 times (C). IV. Kinetics of the production of O2
•− measured using polymeric iron 

348 porphyrin based modified carbon electrode during wounding in spinach leaves (arrow indicates 

349 mechanical wounding). The wounding in spinach leaves was done 20 times close to the site of 

350 electrode during the measurement and oxidation current for O2
•−  was measured.

351

352 Supplementary data S2: DPV for the electropolymerized [Fe(im)2(ttp)]Br complex recorded in 

353 an aqueous electrolyte solution containing phosphate buffer (pH 7.2).

354

355 Supplementary data S3: EMPO-OOH adduct EPR spectra were measured in the presence of 25 

356 mM EMPO, 40 mM phosphate buffer (pH 7.2) in the absence and presence of xanthine (1 mM) 

357 and xanthine oxidase (0.2 U ml-1). Panel (A) shows the spectra measured in the phosphate buffer 

358 only (trace a) and X/XO system (trace b); (B) mean value ±SD, n=3, of the EMPO-OOH adduct 

359 EPR spectra. The intensity of the EPR signal depicted in (B) was evaluated by measuring the 

360 relative height of the central peak of the first derivative of the EPR absorption spectrum.

361

362 Supplementary data S4: Kinetics of the production of O2
•− was measured using polymeric iron 

363 porphyrin based modified carbon electrode in the chemical system (phosphate buffer) in the 

364 presence of SOD (400U ml-1).

365
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Table 1(on next page)

Calculation

Superoxide anion radical (O2
•−) concentration calculated using standard calibration curve

(R2= 0.9918) (Fig. 2). The total change in oxidation current was found to be 1.51 nA (Δi) for

minimal dose of injury (Fig. 4A) and 7.47 nA (Δi) for injury at multiple sites (Fig. 4B). The total

O2
•− concentration was found to be equivalent to 40 nM (Fig. 4A) and 198 nM (Fig. 4B) at 60

sec and 300 sec, respectively.
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    Δi (nA)               1.51             7.47

    Δt (sec)               60               300

   O2
� − (nM)                40                                      198
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Figure 2(on next page)

Calibration curve

Changes in oxidation current measured using iron-porphyrin-based modified carbon

electrode by exogenous addition of a standard known concentration of O2
•− generated in situ

using XAN/XOD system in the concentration range of 0.4 to 1.3μM.
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Figure 3(on next page)

Figure_3.pdf
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Figure 4(on next page)

Real-time monitoring of oxidation current for O2
•−during wounding

Kinetics of the production of O2
•−was measured using polymeric iron porphyrin based

modified carbon electrode during wounding in spinach leaves. The wounding in spinach

leaves was done 1 time (A) and multiple times (B) close to the site of electrode during the

measurement and oxidation current for O2
•−was measured.
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Figure 5(on next page)

Real-time monitoring of the oxidation current of O2
•−during wounding

The kinetics of the production of O2
•−were measured using a polymeric iron-porphyrin-based

modified carbon electrode during wounding in spinach leaves. The wounding of spinach

leaves was performed during the measurement, and the oxidation current for O2
•−was

measured for approximately 30 min. The effect of SOD on the oxidation current was

measured in the presence of SOD (400 U ml-1) added exogenously during the measurement.
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Figure 6(on next page)

Figure_6.pdf
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