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11 Abstract

12 Designing stable and sensitive luminol-based electrochemiluminescence (ECL) 

13 analytical platform in the neutral condition has attracted a lot of attention. Here, gold 

14 nanoparticle functionalized cobalt-nickel phosphate three-dimensional nano-ice 

15 creams (Au@Co3Ni3(PO4)4 NICs) are successfully prepared via electrostatic 

16 interaction. Generally, cobalt-nickel phosphate nano-ice creams Co3Ni3(PO4)4 NICs 

17 are synthesized via mild hydrothermal method and functionalized via 

18 polyethyleneimine (PEI). Then Au NPs are adsorbed on the surface of Co3Ni3(PO4)4 

19 NIC via Au-N weak interaction to fabricate Au@Co3Ni3(PO4)4 NICs. Owing to the 

20 important roles of Au@Co3Ni3(PO4)4 in exhibiting excellent electrocatalytic activity, 
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2

21 as well as preventing the deposition of negatively charged oxidation product induced 

22 electrode passivation, luminol in the nanohybrids (LH-Au@Co3Ni3(PO4)4) gives 

23 strong and stable ECL intensity in the neutral condition. Moreover, the ECL emission 

24 of luminol is obviously quenched based on the resonance energy transfer (RET) 

25 between luminol as donor and cytochrome c as accepter. Hence, a sensitive ECL 

26 biosensor is successfully fabricated for the quantitative determination of Cyt c in cell 

27 lysates and exhibits wide linear ranges of 1.0 ×  10−4 – 0.5 ×  10-5 and 0.5 ×  

28 10-5 – 1.0 ×  10 − 8 M, as well as a low detection limit of 2.48 nM. This novel 

29 sensing strategy will broaden the application of transition metal (Co, Ni) phosphates 

30 in bioassay.

31 Keywords: functionalized cobalt-nickel phosphate, electrocatalytic activity, signal 

32 stabilization, neutral condition, cytochrome c, cell lysates

33 1. Introduction

34 Apoptosis, the programmed cell death, is closely associated with degenerative 

35 disorders (excessive apoptosis), autoimmune disorders and cancers (inadequate 

36 apoptosis)1-2. The intrinsic apoptotic progress can be monitored via detecting the 

37 release of cytochrome c (Cyt c) from mitochondrial1, 3-5. Therefore, quantitative 

38 determination of Cyt c in cell lysates plays role key for the diagnosis of early stage 

39 apoptotic cells. Many efficient methods containing fluorescence6, surface enhanced 

40 raman scattering (SERS)7, mass spectrometry8, electrochemical9 and 

41 chemiluminescence10, are developed for the determination of Cyt c. However, these 

42 proposed methods possess the disadvantages of low sensitivity, complex test step, 
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43 expensive equipment. Electrochemiluminescence (ECL) has drawn great attention for 

44 Cyt c detection attributed to the merits of low background noise, high sensitivity, 

45 rapidness and easy controllability11-14. Owing to the strong emission, low cost, and 

46 low oxidation potential, luminol becomes the most widely applied ECL luminophor 

47 15-17. However, most of the ECL studies on luminol and its analogues have been 

48 limited to strong alkaline solution. Up to now, much effort has been made to improve 

49 the ECL emission of luminol in the neutral condition, such as using novel 

50 nanomaterial as coreaction accelerator, improving the load capacity of luminol, and 

51 searching a new coreaction 18-21. It has always been annoying that neither individual 

52 luminol nor the functionalized luminol can maintain a strong and stable ECL signal 

53 under continuous scanning conditions. In addition, we find that the ECL stability of 

54 luminol significantly decreases with increasing applied potential, which may be 

55 attributed to the electrode passivation caused by electrochemically degraded of 

56 luminol under high applied potential. Interestingly, the electrode passivation problem 

57 can be resolved via functionalizing luminophor using nanomaterials 22.

58 Transition metal (Co, Ni) phosphates, emerging nanomaterials, have attracted 

59 tremendous interest in the areas of enzyme-free glucose sensors, energy storage and 

60 supercapacitors 23-26 due to their outstanding electrocatalytic activity and high stability. 

61 Obviously, it’s a good choice utilizing transition metal phosphates to functionalize 

62 luminol. Nevertheless, the immobilization for the luminol on cobalt-nickel phosphate 

63 (Co3Ni3(PO4)4) nano-composites is a challenge. Gold nanoparticles functionalized 

64 cobalt-nickel phosphate (Au@Co3Ni3(PO4)4) provides possibility for the loading of 
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65 luminol. Herein, three-dimensional (3D) cobalt-nickel phosphate nano-ice creams 

66 provide larger surface for the immobilization of luminol and at the same time catalyze 

67 the oxidation of BNQDs (co-reactant) into intermediate (BNQDs-NH+•), thus leading 

68 to the enhancement of luminol-BNQDs system ECL emission. For another, 

69 Co3Ni3(PO4)4 nanomaterial with abundant of negatively charged prevents the 

70 deposition of oxidation products by electrostatic repulsion, which can effectively slow 

71 down electrode passivation27. Boron nitride quantum dots (BNQDs), 

72 zero-dimensional nanomaterial, have aroused widespread research interest due to 

73 unique surface properties such as the quantum confinement, edge effects, and defect 

74 centers28-29. Recently, BNQDs with unique structures or functional groups can serve 

75 as efficient coreactants with the analogous enhancement mechanism of small 

76 molecules30-31. For example, Wang et al. have reported that BNQDs with rich amino 

77 functional groups can be used as efficient coreactants for boosting ECL intensity of 

78 luminol32.

79 In this work, Au@Co3Ni3(PO4)4 NICs is firstly prepared via a brief method. 

80 Interestingly, a stable and strong ECL emission can be obtained in the neutral 

81 condition using Au@Co3Ni3(PO4)4 NICs modified luminol as signal probe. 

82 Simultaneously, ECL signals of luminol decrease as various concentration of Cyt c is 

83 added into detection solution owing to the resonance energy transfer (RET) between 

84 luminol and Cyt c. On the basis of above facts, a sensitive, selective and label-free 

85 ECL biosensor has been fabricated for the detection of Cyt c. In this strategy, 

86 Co3Ni3(PO4)4 NICs is synthesized via mild hydrothermal method and functionalized 
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87 by PEI. Then Au NPs are adsorbed on the surface of Co3Ni3(PO4)4 NIC via 

88 electrostatic interaction. Finally, Au@Co3Ni3(PO4)4 NICs functionalized luminol 

89 (LH-Au@Co3Ni3(PO4)4 NICs) are prepared successfully through a facile Au-N Weak 

90 interaction (Scheme 1A). Moreover, this work would offer a new insight into the 

91 knowledge of Transition metal phosphates, which is beneficial for its further 

92 application.

93

94 Scheme 1. (A) The illustration of synthetic process of LH-Au@Co3Ni3(PO4)4 

95 composite. (B) The schematic representation of the stable and enhanced ECL 

96 emission of LH-Au@Co3Ni3(PO4)4 nanohybrid–coreactant system for Cyt c detection.

97 2. Experimental Section

98 2.1. Preparation of Co3Ni3(PO4)4 NICs

99 The Co3Ni3(PO4)4 NICs were synthesized through a facile hydrothermal method 

100 with some variations according to the literature reported previously 23. Briefly, Nickel 

101 acetate (0.5 g), cobalt acetate (0.5 g), and sodium pyrophosphate (0.5 g) were 

102 dispersed in 10 mL of distilled water. Then the mixture stirred for 30 min and reacted 
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103 at 160 °C for 8 h. Finally, the product (yield is 79.7%) was washed by ultrapure water 

104 and ethanol three times and vacuum dried at 40 °C for 12 h.

105 2.2. Amino functionalization of Co3Ni3(PO4)4 NICs

106 The nanomaterial of NH2-Co3Ni3(PO4)4 NICs was obtained according to 

107 previous literature with some modifications33. Generally, 200 mg prepared 

108 Co3Ni3(PO4)4 NICs were dispersed into 20 mL distilled water under ultrasonic, then 

109 10 mL mixture solution with 0.6 M KCl and 2.5 mg·mL-1 PEI was added into above 

110 suspension under stirring. Subsequently, the mixture stirred vigorously at room 

111 temperature for a night, a homogeneous pink solution was achieved. Then, PEI could 

112 be adsorbed onto Co3Ni3(PO4)4 NICs via electrostatic attraction. Finally, the 

113 precipitates were centrifuged and washed three times to remove excessive KCl and 

114 PEI before it was redispersed in 10 mL of distilled water.

115 2.3. Construction of Au@Co3Ni3(PO4)4 NIC nanocomposite with different ratio

116 In this strategy, gold nanoparticles were prepared according to the previous study 

117 34. Au@Co3Ni3(PO4)4 NIC nanocomposites with different ratios were obtained by 

118 adding various volume of 20 mg·mL-1 NH2-Co3Ni3(PO4)4 NIC into 10 mL above Au 

119 NPs colloid. The detailed experimental parameters were presented in Table S2. After 

120 addition of pink Co3Ni3(PO4)4 NICs, the color of mixture solution immediately 

121 changed from wine red into purple gray. Then the mixture stirred vigorously in room 

122 temperature for 6h. Finally, the products were centrifuged and washed three times and 

123 redispersed in 3 mL of distilled water. LH-Au@Co3Ni3(PO4)4 NIC was prepared via a 

124 simple method. Briefly, 1 mL 0.01 M luminol was added into 1 mL above purple gray 
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125 suspension, stirred vigorously at room temperature overnight. The precipitates were 

126 collected, washed several times and redispersed in 2 mL of ultrapure water for use. 

127 BNQDs were obtained through a facile bottom-up hydrothermal route 35.

128 2.4. Cell culture and apoptosis induction

129 Detailed procedure for the culture and apoptosis induction of embryonic kidney 

130 cells (HEK293T) is presented in the supplementary materials.

131 2.4. Preparation of modified electrodes.

132 First, a glassy carbon electrode (GCE, diameter 4 mm) was carefully polished 

133 with 0.05 μm Al2O3 powder, cleaned by brief ultrasonication with deionized water, 

134 ethanol (v:v = 1:1), nitric acid (v:v = 1:1) and distill water. For surface modification, 

135 the prepared LH-Au@Co3Ni3(PO4)4 NIC suspension was sonicated for 10 min. After 

136 that, 3 μL of above suspension was dropped onto the as-prepared GCE and dried in 

137 the air to be used as working electrode. Cyt c sensing measurements were performed 

138 by the MPI-E electrochemiluminescence analyzer in 2.5 mL 0.1 M PBS (pH 7.4) 

139 buffer containing 0.96 mg·mL-1 BNQDs.

140 3. Results and discussion

141 3.1. Characterization of nanomaterials

142 The Co3Ni3(PO4)4 were obtained through a facile hydrothermal method. As 

143 exhibited in Figure 1, the morphology of prepared nanomaterials was investigated via 

144 the scanning electron microscope (SEM). The SEM images in Figure S1A clearly 

145 show that Co3Ni3(PO4)4 exhibited an ice cream-like structure. Owing to the abundant 

146 negative charges at the surfaces, PEI is captured on the Co3Ni3(PO4)4 NIC via 
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147 electrostatic attraction (Figure S2a). At the same time, the zeta potential of 

148 nanomaterials changes from negative to positive (Figure S2b). The morphology of 

149 NH2-Co3Ni3(PO4)4 has no change, and some small nanosheets are observed to be 

150 tightly wrapped around the nano-ice creams (Figure S1B,E). After modification of 

151 PEI, some spheres with an average size of 10 nm (Figure S1D) uniformly distribute 

152 on the surface of nanocomposite due to the electrostatic interaction and the covalent 

153 interaction of Au-N bond (Figure S1C,F). Moreover, the zeta potential of 

154 nanocomposite changes a lot (from 18.7 to 11.9 mV), further demonstrating the 

155 successful synthesis of Au@Co3Ni3(PO4)4 NIC (Figure S2d).

156

157 Figure 1. (A and B) TEM images of Au@Co3Ni3(PO4)4 with different magnification 

158 sizes. (C) HR-TEM image of gold nanoparticles. (D) Elemental mapping images of 

159 Au@Co3Ni3(PO4)4.

160 TEM images further reveal the three-dimensional (3D) morphology of 

161 Au@Co3Ni3(PO4)4 NIC. As shown in Figure 1A,B, ice cream-like structure with a 

162 length of 200-300 nm can be observed clearly. A large number of black dots 

163 corresponding to the Au NPs (Figure 1C) are adsorbed onto the surface of nano ice 

164 creams. No agglomeration of the Au NPs is observed, indicating that Au NPs are 

165 tightly anchored to the surface of Co3Ni3(PO4)4 NIC via Au-N bonds. Elemental 
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9

166 mapping demonstrates existence of Au, Co, Ni, P, and O elements and their 

167 homogeneous distribution within Au@Co3Ni3(PO4)4 NIC (Figure 1D).

168

169 Figure 2. (A) XPS survey spectrum of Au@Co3Ni3(PO4)4 and narrow scan spectra of 

170 (B) Au 4f, (C) N 1s, (D) Co 2p, (E) Ni 2p and (F) P 2p, respectively.

171 To identify the valence state of elements above, XPS was carried out (Figure 2). 

172 According to the XPS analysis (Figure 2A−F), the peaks at 83.57 and 87.17 eV are 

173 assigned to Au4f7/2 and Au4f5/2, which is attributed to the spin–orbit splitting of 

174 doublet components36-37. The results are consistent with the previously reported 

175 literature, indicating the presence of Au0 in the nanocomposites. A single peak at 

176 399.67 in N1s spectrum is attributed to amide group, indicating successful amination 

177 of the Co3Ni3(PO4)4 NIC composite38. Co 2p spectrum can be deconvoluted into two 

178 peaks at around 781.59 and 797.72 eV corresponding to Co 2p3/2 and Co 2p1/2
23, 39. 

179 Moreover, two strong shake-up satellite peaks located at 785.29 and 803.27eV are 

180 also observed, which verifies the surface enrichment of Co2+ ions 13, 39.Two major 

181 band energy peaks at 856.50 and 874.22 eV are ascribed to the Ni 2p3/2 and Ni 2p1/2 

182 transitions. Similarly, two satellite peaks (861.90 and 880.10 eV) are also observed in 
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183 the spectrum of Ni 2p, indicating the presence of Ni (II) 23. The peaks located at 

184 133.05 and 133.90 eV are ascribed to the characteristic P 2p3/2 peaks of P (V) 23. 

185 Results above further shows that prepared products are gold functionalized cobalt- 

186 nickel phosphate.

187 3.2. ECL and electrochemical characterization of nanomaterials

188 ECL behaviors of luminol and Au@Co3Ni3(PO4)4 functionalized luminol are 

189 investigated to explore the effect of nanocomposite. Compared with individual 

190 luminol, LH-Au@Co3Ni3(PO4)4 exhibits a brighter ECL emission (Figure 3A, curve 

191 a). The ECL enhancement phenomenon can be attributed to the large surface of 3D 

192 cobalt-nickel phosphate nano-ice creams, which can adsorb abundant Au NPs and 

193 give more attachment sites for luminol (Figure S1C,F). Additionally, electrochemical 

194 characterization was performed to explore the role of Co3Ni3(PO4)4 NIC. As shown in 

195 the Figure 3D, LH-Au@Co3Ni3(PO4)4 gives an more obvious oxidation peak, 

196 indicating that composite may have a great catalytic effect on the oxidation of 

197 BNQDs (co-reactant) and give rise more radical intermediate (BNQDs-NH+•). It 

198 should be noted that Au@Co3Ni3(PO4)4 not only enhance the ECL emission but also 

199 play a role key in the stabilization of the signal. The ECL signals of individual 

200 luminol and Au@Co3Ni3(PO4)4 functionalized luminol are recorded at a potential 

201 range -0.2 - 0.6V (Figure 3B,E). In the absence of Au@Co3Ni3(PO4)4, the ECL 

202 emission gradually decays under continuous potential scans, which may be ascribed to 

203 electrode passivation resulting from accumulation of oxidation product (L-). 

204 Simultaneously, the oxidation rate of luminol accelerates with increasing of the 
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205 applied potential and negatively charged products rapidly cover the electrode surface 

206 to hamper further electron transfer at the electrode 27. Thus, after increasing the 

207 voltage to 0.8V, the ECL intensity start to rapidly degrade and keep a lower signal 

208 (Figure 3C,F). Herein, Au@Co3Ni3(PO4)4 composites with abundant of negatively 

209 charged (Figure S2) prevent the deposition of oxidation product through electrostatic 

210 repulsion. After functionalizing the nanocomposite, the LH-Au@Co3Ni3(PO4)4 NICs 

211 give more stable and strong signal compared with individual luminol.

212

213 Figure 3. (A) ECL behaviors of LH (a) and LH-Au@Co3Ni3(PO4)4 (b) in 0.1 M PBS 

214 (pH = 7.4) containing 0.96 mg·mL-1 BNQDs. (D) Corresponding CV curves. ECL 

215 emission from individual LH-Au@Co3Ni3(PO4)4 (B, C) and LH (E, F) under 

216 continuous cyclic scans for 11 cycles with different potential window: (B and E) -0.2 

217 to 0.6 V; (C and F) -0.2 to 0.8 V in 0.1 M PBS (pH 7.4). Scan rate: 100 mV·s-1.

218 3.3. Detection principle of Cyt c

219 To explore the detection principle of Cyt c in the ECL system, the ECL and 

220 spectral behaviors were investigated in the presence of coreactant. As shown in the 

221 Figure 4A, LH-Au@Co3Ni3(PO4)4 exhibits a strong ECL emission (about 14000 a.u.). 
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222 In the presence of Cyt c, ECL intensity of nanocomposite obviously decreases (about 

223 6500a.u.), indicating that Cyt c could inhibit ECL signal of luminol. To confirm if 

224 there is resonance energy transfer between Cyt c and luminol, the UV-vis spectrum of 

225 Cyt c and fluorescence spectroscopy of luminol were collected under the excitation of 

226 393 nm. As seen, Cyt c gives an absorption maximum at 408 nm, whereas luminol 

227 exhibits a fluorescence emission at 427 nm. Clearly, there is a significant spectral 

228 overlap, indicating the resonance energy transfer between Cyt c and luminol (Figure 

229 4B). It is based on this resonance energy transfer that the ECL emission of luminol is 

230 significantly weakened. The schematic principle of the ECL inhibition method for Cyt 

231 c detection is shown in Scheme 1B.

232

233 Figure 4. (A) ECL spectra of LH-Au@Co3Ni3(PO4)4 in the absence (a) and presence 

234 (b) of 0.1 mM Cyt c in 0.1 M PBS solution (pH 7.4). (B) The UV-vis absorption 

235 spectrum of Cyt c (a) and the fluorescence emission spectrum of the luminol (b). Scan 

236 rate: 100 mV·s-1.

237 3.4. Optimization of experimental parameters

238 To obtain an excellent property nanomaterial, the ratios of Co and Ni in the 

239 nanomaterial and the concentration of the Co3Ni3(PO4)4 were investigated in this 

240 work (Figure S3A,B). The cobalt-nickel phosphate nano-ice creams with different 
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241 ratios were synthesized through a facile hydrothermal method (the detailed 

242 experimental parameters are listed in Table S1). As seen, the Sample 3 exhibits 

243 (Co:Ni = 5:5) maximum ECL response in pH = 7.4 PBS containing 0.01 M luminol, 

244 indicating 5:5 is the optimal ratio. Owing to the immobilization problem of the 

245 luminol on cobalt-nickel phosphate nanocomposite, Au NPs are selected as 

246 connecting element. Thus, the concentrations of cobalt-nickel phosphate in the 

247 Au@Co3Ni3(PO4)4 nanocomposite are vital factor. Here, Au@Co3Ni3(PO4)4 NIC 

248 nanocomposites with different ratios are obtained by adding various volume (0.5 - 2.5 

249 mL) of Co3Ni3(PO4)4 (Co:Ni = 5:5) into same volume of Au NPs colloid and the ECL 

250 emission achieved a maximum value at 2.0 mL(about 2.86 mg·mL-1). Thus, 2.86 

251 mg·mL-1 is the optimum concentration of Co3Ni3(PO4)4 (Co:Ni = 5:5).

252 After optimizing nanomaterial property, some important influencing parameters 

253 about ECL biosensor are also evaluated. The concentration of BNQDs is a crucial 

254 factor for the ECL system. As shown in the Figure S3C, the ECL emission achieves 

255 the maximum value at 1.00 mg·mL-1. Thus, 1.00 mg·mL-1 is selected as the optimum 

256 concentration of BNQDs in Cyt c detection experiments. The modified volume of 

257 LH-Au@Co3Ni3(PO4)4 is also an important factor for the ECL emission. Hence, the 

258 effect of modified volume is optimized in the range of 1 – 6 μL (Figure S3D). The 

259 ECL intensity gradually increases as the volume increased and achieved plateau at 3 

260 μL. So 3 μL of LH-Au@Co3Ni3(PO4)4 is used for the following experiments. 

261 3.5 Detection of Cyt c with ECL biosensor

262 The concentration-dependent ECL biosensor performance is evaluated in optimal 
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263 condition. Herein, I and I0 are chosen as the ECL intensity of in presence and absence 

264 of Cyt c, and (I0 - I) / I0 is the ECL inhibition efficiency. As shown in Figure 5A, the 

265 ECL emission decreases gradually with increasing concentration of Cyt c. 

266 Simultaneously, A good linear relationship is obtained between the ECL inhibition 

267 efficiency and the logarithm of concentration of Cyt c in the ranges of 1.0 × 10-4 – 0.5 

268 × 10-5 M and 0.5 × 10-5 – 1.0 × 10-8 M (Figure 5B). The homologous linear equation 

269 are (I0 − I) / I0 = 1.262 + 0.187lg c (R2 = 0.9924) and (I0 − I) / I0 = 0.780 + 0.993lg c 

270 (R2 = 0.9920), and the limit of detection is 2.48 nM (S/N = 3). It can be seen that the 

271 fabricated biosensor has much wider detection compared with previous works (Table 

272 S3), suggesting a great potential for quantitative determination of Cyt c using the 

273 biosensor.

274 3.6 Stability and Selectivity of the ECL biosensor

275 Excellent stability is a key indicator for the assessment of biosensor 

276 performance. As illustrated in Figure 5C, the ECL emission is observed under nine 

277 cycles of successive pulse potential. It is obvious that a relative stable ECL emission 

278 has been achieved with the relative standard deviation (RSD) of 2.46 %, indicating 

279 the proposed biosensor has a good stability in Cyt c detection. To further evaluate the 

280 selectivity of the constructed ECL sensor, bovine serum albumin (BSA, 1 mg·mL-1), 

281 glutathione (GSH, 1.0 mM), ascorbic acid (AA, 1.0 mM), glucose (1.0 mM), hemin 

282 (1.0 mM) and FeCl3 (1.0 mM) are selected as possible interferences (Figure 5D). It 

283 can be seen that 0.1 mM Cyt c could trigger significant inhibition of ECL intensity. 

284 However, interference substances with high concentration (about 10 times higher than 
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285 the concentration of Cyt c) have a little inhibition effects. Therefore, prepared ECL 

286 platform has excellent selectivity toward the Cyt c.

287

288 Figure 5. (A) ECL-time curves of constructed sensor with different Cyt c 

289 concentrations (M): (a) 0, (b) 1.00 × 10-8, (c) 0.50 × 10-7, (d) 1.00 × 10-7, (e) 0.50 

290 ×10-6, (f) 1.00 × 10-6, (g) 0.50 × 10-5, (h) 1.00 × 10-5, (i) 0.25 × 10-4, (j) 0.50 × 10-4 

291 and (k) 1.00 × 10-4. (B) Calibration curves of ECL biosensor. (C) The stability of the 

292 prepared ECL platform under continuous cyclic scans for nine cycles with 0.1 mM Cyt 

293 c. (D) The selectivity of proposed ECL sensor: AA (1.0 mM), Hemin (1.0 mM), FeCl3 

294 (1.0 mM), BSA (1.0 mg·mL-1), Glucose (1.0 mM), GSH (1.0 mM) and Cyt c (0.1 

295 mM)

296 3.7 Analysis of Released Cyt c during apoptosis

297 Considering the good stability and selectivity of the constructed ECL biosensor, 

298 we detect the released Cyt c via standard addition method using this analytical 
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299 platform (Table 1). In this work, human embryonic kidney cells HEK293T are 

300 selected to study the early stage of apoptosis. 25 μL 2 × 106 cell mL-1 apoptosis 

301 supernatant is diluted to 2.5 mL PBS (pH = 7.4) and a certain amount Cyt c (0.5 - 1.4 

302 μM) is spiked into above sample. Concentration of Cyt c is 0.04 μM detected with 

303 proposed biosensor in apoptosis supernatant sample (consistent with the standard 

304 method in the reference2). Moreover, the recovery ranges from 100.10 to 102.22 % 

305 and the precision for three replicate detections of Cyt c is also in a satisfactory range 

306 of 0.53 − 2.52 %, indicating the feasibility and reliability of the proposed method Cyt 

307 c detection in real samples.

308 Table 1 Cyt c detection in HEK293T cells and spiked samples (n = 3) treated with 

309 RIPA buffer

Sample 
number

Spiked

(μM)

Found

(μM)

Recovery

(%, n=3)

RSD

(%, n=3)

1 0 0.04 - 1.13

2 0.50 0.55 102.22 0.92

3 0.90 0.95 101.30 0.53

4 1.40 1.45 100.10 2.52

310 4. Conclusion

311 A novel ECL biosensor was constructed based on gold functionalized 

312 cobalt-nickel phosphate 3D nano-ice cream employed as carrier of luminol for the Cyt 

313 c detection in cell lysates. Herein, cobalt-nickel phosphate 3D nano-ice creams 

314 provide larger surface for the immobilization of luminol and at the same time catalyze 

315 the oxidation of BNQDs (co-reactant) and luminol (luminopher), leading to the 

316 enhancement of luminol-BNQDs system ECL emission. Moreover, Co3Ni3(PO4)4 
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317 nanomaterial with abundant of negatively charged prevents the deposition of 

318 oxidation products by electrostatic repulsion, effectively slowing down electrode 

319 passivation and realizing stabilization of ECL intensity. Therefore, 

320 LH-Au@Co3Ni3(PO4)4 composite exhibited strong and stable ECL activity compared 

321 with individual luminol in neutral condition. Simultaneously, ECL signal of luminol 

322 decreased as various concentration of Cyt c was added into detection solution owing 

323 to the resonance energy transfer (RET) between luminol and Cyt c. The proposed 

324 ECL sensing platform showed a sensitive and selective response to Cyt c, which was 

325 important for early stage detection of apoptosis. Moreover, this work would offer a 

326 new insight into the knowledge of Transition metal phosphates, which was beneficial 

327 for its further application.

328 Supporting Information
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331 Au@Co3Ni3(PO4)4; Optimization of experimental conditions; ECL behavior of 

332 individual BNQDs; ECL signals of LH-Au@Co3Ni3(PO4)4 in PBS buffer with 

333 different pH and ECL intensity of LH-Au@Co3Ni3(PO4)4 with and without BNQDs; 

334 The calculation procedure of the LOD; Experimental parameters for the synthesis of 
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