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Abstract: A solid state electrochemiluminescence (ECL) sensor based on  

Ru(bpy)3
2+-encapsulated silica nanoparticles (RuNP) covalently immobilised on a screen 

printed carbon electrode has been developed and characterised. RuNPs were synthesised 

using water-in-oil microemulsion method, amino groups were introduced on their surface, 

and they were characterised by transmission electron microscopy. Aminated RuNPs were 

covalently immobilised on activate screen-printed carbon electrodes to form a solid state 

ECL biosensor. The biosensor surfaces were characterised using electrochemistry and 

scanning electron microscopy, which showed that aminated nanoparticles formed dense 3D 

layers on the electrode surface thus allowing immobilisation of high amount of Ru(bpy)3
2+. 

The developed sensor was used for ECL detection of biogenic polyamines, namely 

spermine, spermidine, cadaverine and putrescine. The sensor exhibited high sensitivity  

and stability. 
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1. Introduction 

Electrogenerated chemiluminescence or electrochemiluminescence (ECL) is an analytical technique 

based on light emission at the surface of an electrode from compounds that have reached the excited 

state via electrochemical reactions [1–4]. 

ECL can be classified as a spectro-electrochemical method. The main advantages of ECL over 

fluorescence are simplicity, as there is no need for an external excitation source as well as low 

background due to the absence of background scattering. Furthermore, ECL has high spatial control of 

electrochemical methods as the reactions take place at the surface of an electrode. 

The most common ECL luminophore is probably the tris(2,2’bipyridyl)ruthenium(II) (Ru(bpy)3
2+), 

which is a red crystalline polypyridyl compound. Although many other transition metal polypyridyl 

complexes generate ECL, the high stability of Ru(bpy)3
2+ in aqueous solutions and in the presence of 

oxygen, its high quantum yield and capability to reach excited state in the reaction with a number of 

important molecules make it a highly exploited ECL luminophore in assays and sensors [5,6].  

ECL of Ru(bpy)3
2+ can be generated through two main mechanisms: (i) ion annihilation ECL is 

generated by reaction of oxidised and reduced form of Ru(bpy)3
2+, and (ii) coreactant ECL, in which 

the coreactant, upon electrochemical oxidation or reduction forms a high energy intermediate capable 

to further react with the luminophore to produce excited states [2,7]. The coreactant type ECL is more 

commonly used due to the simplicity of the system: the signal can be generated in a single oxidation or 

reduction step, while in annihilation generation the rapid generation of both oxidised and reduced 

luminophore species is necessary [2,7]. The low reduction potential of Ru(bpy)3
2+ poses further 

challenges for the generation of reduced species in aqueous solution, which is the required 

environment for any practical ECL applications.  

Ru(bpy)3
2+ and its derivatives have been used as labels in immunoassays and DNA analysis over 

two decades [8,9]. In assays, the ECL signal is typically generated by oxidative coreactant mechanism 

using tripropylamine (TPA) as a coreactant, which is the most widely used coreactant in assays and 

commercial applications [10,11].  

Many important analytes can act as coreactants with Ru(bpy)3
2+, such as proline [12], guanine [13], 

codeine [14], nicotinamide adenine dinucleotide (NADH) [15], hydrogen peroxide [16], thus making 

ECL a very important technique for rapid and simple detection. Often these small molecules lack 

fluorescence, do not absorb in the UV-Vis region, and demonstrate weak electroactivity, which makes 

their detection challenging and derivatisation is frequently necessary. With ECL, the direct, simple and 

rapid detection of non-derivatised molecules is possible.  

When ECL is used for coreactant detection, it is important to immobilise high concentration of dye 

at the surface of an electrode for maximum sensitivity, as the ECL reaction involves the ruthenium 

complex localised at the surface of an electrode; this means that the electrochemiluminescent layer at 

higher distance from the electrode is wasted. Furthermore, Ru(bpy)3
2+ can effectively be regenerated 

during the ECL generation, thus catalysing the detection itself [7]. The attempts to immobilise the ECL 

luminophore at the surface of an electrode include but are not limited to the use of Nafion as an ion 

exchange matrix for Ru(bpy)3
2+ cation [17,18], synthesis and drop casting of electrochemiluminescent 

metallopolymers on electrodes [19], electropolymerisation of an electrochemiluminescent compound 

on the electrode [20], electrografting of diazotised ruthenium complexes directly on the electrode [21], 
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immobilisation of Ru(bpy)3
2+ on indium tin oxide electrode via citrate-capped gold nanoparticles [22], 

as well as incapsulation of Ru(bpy)3
2+ into ultrathin Langmuir-Shaefer [23] and Langmuir-Blodget [24] 

Nafion films.  

Great efforts have been undertaken to enhance the quantum yield of ECL and to generate brighter 

labels. One of the most promising approaches is encapsulation of Ru(bpy)3
2+ dye into silicate matrix, 

e.g., to effectively form dye encapsulated silica nanoparticles [25,26]. As the Ru(bpy)3
2+ is positively 

charged, it interacts electrostatically with negatively charged silica. Extremely sensitive immunoassay 

detection down to sub pg/mL levels has been reported [27]. 

In this contribution we report on the development of solid state ECL sensors based on the 

immobilisation of Ru(bpy)3
2+ on silica nanoparticles deposited on screen printed carbon electrodes.  

The sensors were tested for the detection of four biogenic polyamines: putrescine (NH2(CH2)4NH2), 

cadaverine (NH2(CH2)5NH2), spermine (NH2(CH2)3NH(CH2)4NH(CH2)3NH2) and spermidine 

(NH2(CH2)4NH(CH2)3NH2). Putrescine and cadaverine are diamines each containing two primary 

amino groups, while spermine and spermidine have two and one secondary amino groups, 

respectively.  

There are two main reasons for the determination of biogenic amines in food: (i) their potential 

toxicity; and (ii) the possibility to use them as food quality markers [28]. Biogenic polyamines are 

good indicators of food ripening or spoilage: during storage of fish, biogenic amines might form due to 

the degradation of proteins and amino acids [28,29]. In particular, the levels of putrescine, cadaverine 

and histamine have been established as good indicators of bacterial spoilage of meat and fish [29]. 

Changes in putrescine and cadaverine levels in saliva are correlated with cell growth and proliferation, 

as well as tumour growth in oral cancer [30]. Putrescine is also used to monitor chemotherapy effect 

on oral cancer cells [30]. The levels of spermine and putrescine in plasma have also been associated 

with chronic renal failure [31]. Thus, effective monitoring of these analytes is important in food and 

health care industries.  

Most commonly biogenic amines are detected using chromatographic methods; pre- or post-column 

derivatisation is frequently performed as polyamines do not contain optically active or fluorescent 

groups. This is both costly and time consuming [28]. Previously, ECL determination of biogenic 

amines with Ru(bpy)3
2+ solution combined with capillary electrophoresis has been reported [32].  

We report solid state ECL biosensor based on covalent immobilisation of Ru(bpy)3
2+-encapsulated 

silica nanoparticles on screen printed carbon surface. The sensors were used for the direct detection of 

biogenic amines, which were shown to act as coreactants in ECL generation.  

2. Experimental Section  

2.1. Chemicals and Materials 

Tetraethoxylortosilicate (TEOS), tris(2,2-bipyridyl)ruthenium(II) hexahydrate (Ru(bpy)3Cl2·6H2O), 

1-hexanol, cyclohexane, sodium tetraborate, spermine, spermidine, cadaverine dihydrochloride, 

putrescine, Triton X-100 (TX-100), 1-ethyl-3-(dimethylaminopropyl)-carbodiimide (EDC),  

(3-aminopropyl)triethoxysilane (APTES), N-Hydroxysuccinimide (NHS) and all usual chemicals were 

obtained from Sigma-Aldrich, Spain. Screen printed carbon electrodes with working electrode 
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diameter 3 mm, were obtained from DropSens, Spain. Aqueous solutions were prepared with Milli-Q 

water Millipore (18 mΩ·cm) and all reagents were used as received. 

2.2. Instrumentation and Methods 

Electrochemical measurements were done by Palmsense potentiostat, the Netherlands, controlled by 

PSTrace software. Cyclic voltammetry was performed on screen-printed electrodes, which 

incorporated silver/silver chloride reference and carbon counter electrodes. The electrodes were 

electrochemically pretreated by cyclic voltammetry by sweeping potential ten times from +0.2 to +1.3 V 

vs. Ag/AgCl reference electrode on the chip at scan rate of 100 mV/s in 0.5 M KOH solution. The ECL 

signal was recorded via an optical fibre connected to the photomultiplier tube Hamamatsu H10682-01 

controlled by a lab-written Labview program, which collected points at the frequency of 10 Hz. 

Nanoparticles were characterised using transmission electron microscope TEM (JEOL JEM–1011), 

while modified surface was characterised using scanning electron microscope—SEM (QUANTA 600) 

and electrochemistry.  

2.3. Nanoparticles Synthesis  

Synthesis of Ru(bpy)3
2+-encapsulated silica nanoparticles (RuNPs) was done according to the 

previously published micro emulsion method [25–27]. The water-in-oil micro emulsion was prepared 

by mixing 1.77 mL of TX-100, 7.5 mL of cyclohexane and 1.8 mL of 1-hexane. Then, 80 µL of 0.1 M 

aqueous solution of Ru(bpy)3
2+ was added into the mixture in the presence of 100 µL TEOS. The 

polymerization reaction was initiated by addition of 60 µL of 28 % NH4OH solution. The reaction was 

allowed to proceed for 2 h in dark. The nanoparticles were precipitated by addition of 20 mL of 

acetone and centrifugation for 15 min at the rotation speed of 4000 rpm. Finally, particles were washed 

several times with absolute ethanol and finally with water to remove any free surfactant or dye and 

allowed to dry at 60 °C in oven.  

2.4. Nanoparticles Surface Modification  

The surface of the nanoparticles was modified to contain amino functional groups. Amino groups 

were introduced by treating 1 mg of nanoparticles with 600 µL of APTES dissolved in 2 mL of ethanol 

for 1 h. Then, nanoparticles were centrifuged at 4000 rpm for 15 min, the supernantant was discarded 

and the particles were subsequently washed three times with ethanol and water and dried at 60 °C in  

an oven. 

2.5. Immobilization  

After the electrochemical pretreatment of the electrodes (Section 2.2), the COOH groups present on 

the electrode surface were converted into the reactive succinimidyl esters by covering the surface for  

30 min with freshly prepared 0.2 M EDC/0.1 M NHS solution prepared in 0.1 M MES buffer, pH 5.0. 

After washing and drying of the electrode surface with nitrogen, a droplet containing 1 mg/mL of 

aminated RuNPs was pipetted onto the surface in order to form a covalent bond between the 

nanoparticle surface amino group and the newly formed succinimidyl ester at the carbon surface. 
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RuNPs were allowed to react for 2 h with the carbon surface groups. The electrodes were then washed 

with water to remove all non-covalently bound particles and free dye, and were dried with nitrogen. At 

the end, the surface of the working electrode was visibly yellow.  

3. Results and Discussion 

3.1. Electrochemical and ECL Behaviour of Biogenic Amines  

First, the ECL efficiency of the biogenic amines was investigated at pH values 7.5 and 9.2, in 0.1 M 

phosphate and 0.05 M tetraborate buffer, respectively. These pH values were chosen as it is known that 

pH strongly influences ECL efficiency. This is because ECL generation typically involves formation 

of high-energy intermediates, which is a strongly pH dependent process [12,33]. Table 1 shows the 

obtained signal to background ratio for the four biogenic polyamines at different pH values. The signal 

corresponds to the ECL signal in the presence of the analyte, and background corresponds to the ECL 

generated in the absence of analyte, in 5 mM Ru(bpy)3
2+ solution.  

Table 1. Comparison of signal to background ratios of 10 µM analyte in the presence of  

5 mM Ru(bpy)3
2+ at pH 7.5 (0.1 M sodium phosphate buffer) and pH 9.2 (0.05 M sodium 

tetraborate buffer).  

Biogenic Amine S/N at pH 7.5 S/N pH 9.2 

Spermine 320 85 
Spermidine 355 91 
Putrescine 15 25 
Cadaverine 5 18 

As can be seen from Table 1, spermine and spermidine generate significantly higher ECL signal 

than putrescine and cadaverine. This is expected, as these molecules contain secondary amine groups, 

while putrescine and cadaverine contain both two primary amine groups. Spermine and spermidine 

generated considerably higher ECL signal at pH 7.5, and thus this pH was used for their measurement, 

while putrescine and cadaverine had higher signal at pH 9.2. The difference was most significant for 

cadaverine, which exhibited overall the lowest signal of the four analytes. Neutral pH is generally 

optimal for the detection of secondary and tertiary amines, however, for primary amines high pH 

values are typically required [33]. Unfortunately, high pH value also contributes to the high 

background ECL, as OH. radicals can also act as ECL coreactants. Therefore, pH 9.2 was chosen as a 

higher pH detection buffer to compromise between high ECL signal and low background. 

Next, the electrochemical behaviour of biogenic amines was investigated. In a typical ECL reaction, 

in the presence of Ru(bpy)3
2+, the electrochemical oxidation of the analyte interacts with the oxidation 

of Ru(bpy)3
2+ leading to the enhanced or catalytical current. Figure 1 shows the cyclic voltammograms 

of Ru(bpy)3
2+ measured in tetraborate buffer, pH 9.2, in the absence and presence of putrescine and 

cadaverine. Inset shows cyclic voltammograms of the polyamines in buffer.  
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Figure 1. Cyclic voltammogram of 5 mM Ru(bpy)3
2 solution alone (solid line, marked with b), 

in the presence of 100 μM cadaverine (dashed line, c), and in the presence of  

100 μM putrescine (dotted line, d). Background (grey line, a) corresponds to 0.05 M 

tetraborate buffer, pH 9.2. Inset shows cyclic voltammograms of 100 mM cadaverine 

(dashed line, c) and putrescine (dotted line, d) in tetraborate buffer, pH 9.2 as well as 

buffer background (grey line, a).  

Figure 2 shows the voltammograms of Ru(bpy)3
2+ in phosphate buffer, pH 7.5, in the presence and 

absence of spermine and spermidine and the inset shows cyclic voltammograms of spermine and 

spermidine in the absence of Ru(bpy)3
2+. 

 

Figure 2. Cyclic voltammogram of 5 mM Ru(bpy)3
2 in 100 mM phosphate buffer, pH 7.5 

(solid line, b), in the presence of 10 μM spermine (dotted line, c) and in the presence of  

10 μM spermidine (dashed line, d). Inset shows cyclic voltammograms of 100 mM 

spermine (dotted line, c) and spermidine (dashed line, d) in phosphate buffer, pH 7.5. The 

background (grey line, b) corresponds to 100 mM phosphate buffer, pH 7.5.  
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As can be seen from Figures 1 and 2, the polyamines alone showed very little electrochemical 

activity, with a small, irreversible oxidation peak occurring around 0.9 V vs. an Ag/AgCl reference 

electrode. It is interesting to note that in the presence of the analytes, the voltammetric pattern turns 

from peak-shaped to sigmoidally shaped, accompanied by a concomitant current enhancement, which 

is consistent with an electrocatalytic process [34].  

3.2. Characterisation of Silica Nanoparticles 

The synthesized nanoparticles were characterized by TEM (Figure 3) before and after the surface 

modification and immobilisation on the electrode. As can be seen from Figure 3, the nanoparticles are 

spherical in shape and the size of the particles is on average 103 ± 8 nm. Introduction of the amino 

groups on the surface did not influence the particle size.  

 

Figure 3. TEM image of Ru(bpy)3
2+-encapsulated silica nanoparticles. Figures 3a,b show 

unmodified nanoparticles, while Figures 3c,d show amino-modified nanoparticles. The 

scale bar in images a and d is 500 nm, and in b and c 200 nm.  

3.3. Characterisation of the Modified Carbon Surface 

Figure 4 shows SEM image of modified carbon surface. As can be seen, nanoparticles are clustered 

together in a tight network forming 3-dimentional structure on the surface and thus allowing 

immobilisation of high amount of Ru(bpy)3
2+ on the electrode surface. 
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Figure 4. SEM image of the RuNPs modified sensor surface. The nanoparticles appeared 

to form 3D structures on the electrode surface, thus allowing for immobilization of a high 

amount of dye. The scale bar is 3 µm (left) and 2 µm (right).  

The electrochemical behaviour of the formed sensor was also investigated. Figure 5 shows the 

cyclic voltammogram recorded with the RuNPs modified electrode in 0.1 M phosphate buffer, pH 7.5. 

A rather broad oxidation peak was detected at 0.880 V vs. Ag/AgCl which corresponds to the  

one-electron oxidation of Ru(bpy)3
2+. The relatively low resolution of this peak from the background is 

related to the fact that Ru(bpy)3
2+ is not directly in contact with the electrode surface, but it is 

incorporated on the silica layer deposited on the electrode. Anyhow this CV confirms that even when 

incorporated in silica, the ruthenium complex is still electroactive.  

 

Figure 5. Cyclic voltammogram of RuNP modified screen-printed carbon electrode 

surface in 0.1 M phosphate buffer, pH 7.5. Conditions: potential was swept at 0.01 mV/s.  

As the silicate layer is porous, small molecules like biogenic amines can easily penetrate into the 

nanoparticles and interact with the oxidised luminophore.  
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3.4. ECL Detection of the Biogenic Amines 

Finally, the sensors were used for detection of biogenic amines. Figure 6 shows the calibration 

curve obtained for spermine and spermidine. Both compounds contain secondary amino groups in 

addition to two primary amino groups and act as highly efficient coreactants, which allowed their 

detection at low nanomolar level.  

 

Figure 6. Calibration curves for spermine (diamonds) and spermidine (triangles), 

measured in 0.1 M phosphate buffer, pH 7.5. Conditions: ECL signal was generated by 

sweeping potential from 0.8 to 1.3 V vs. an Ag/AgCl reference electrode and recorded with 

PMT via an optical fibre. Each measurement was done in triplicate with intermediate washing 

of the sensor.  

Figure 7 shows the calibration curves obtained for cadaverine and putrescine. Although these 

diamines have very similar structure, the only difference being that cadaverine has five carbon atoms 

while putrescine has four, considerably better signal was obtained for putrescine.  

 

Figure 7. Calibration curves for putrescine (quadrates) and cadaverine (diamonds), 

measured in 0.05 M tetraborate buffer, pH 9.2. Conditions: ECL signal was generated by 

sweeping potential from 0.8 to 1.3 V vs. an Ag/AgCl reference electrode and recorded with 

PMT via an optical fibre. The inset shows the calibration plot at low concentrations (≤ 1 μM).  
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The obtained LODs, defined as three times standard deviation of the blank, were 5 nM for spermine 

and spermidine, 90 nM for putrescine and 120 nM for cadaverine. This is an improvement for 

previously reported measurements reported where LOD for spermine and spermidine were reported to 

be 7.6 nM and for cadaverine and putrescine 170 nM [32]. It should be however noted that the 

measurement conditions [32] were considerably different: detection was performed in solution after 

capillary electrophoresis detection, and the detection pH was 11. In our case solid-state sensor was 

used. Simultaneous detection of analytes was not attempted; in the future integration of the ECL sensor 

with a separation method could be envisaged.  

4. Conclusions  

In this contribution we have described fabrication of a solid state ECL sensor, based on covalent 

immobilization of Ru(bpy)3
2+-encapsulated silica nanoparticles on screen printed carbon electrode. The 

sensor was found stable upon multiple washings and measurements. The sensor was used for detection 

of biogenic polyamines (spermine, spermidine, cadaverine and putrescine), which are important 

markers of food quality and spoilage. LOD obtained for spermine and spermidine was 5 nM, for 

putrescine 90 nM and for cadaverine 120 nM. Thus, this sensor is potentially useful as a portable 

biosensor for food and clinical studies, as well as a detector integrated with a separation method, such 

as capillary electrophoresis. 
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