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ABSTRACT: Electrochemiluminescence (ECL) is a powerful transduction technique where light emission from a molecular 
species is triggered by an electrochemical reaction. Application to biosensors led to a wide range of electroanalytical methods 
with particular impact in clinical analysis for diagnostic and therapeutic monitoring. Therefore, the quest for increasing the 
sensitivity while maintaining reproducible and easy procedures as brought investigations and innovations in i) electrode 
materials, ii) luminophore and iii) reagents. Particularly, the ECL signal is strongly affected by the electrode material and its 
surface modification during the ECL experiments. Here, we exploit boron-doped diamond (BDD) as electrode material in 
microbeads-based ECL immunoassay to be compared with the approach used in commercial instrumentations. We conducted 
a careful characterization of ECL signals from tris(2,2’-bipyridine)ruthenium(II) (Ru(bpy)32+)/tri-n-propylamine (TPrA) 
system, both in homogeneous (i.e., free diffusing Ru(bpy)32+) and heterogeneous (i.e., Ru(bpy)32+ bound on microbeads). We 
investigated the methods to promote TPrA oxidation, which led to the enhancement of ECL intensity, and the results revealed 
that the BDD surface properties greatly affect the ECL emission, so it does the addition of neutral, cationic or anionic 
surfactants. Our results from homogeneous and heterogeneous microbead-based ECL show opposite outcomes, which have 
practical consequence in ECL optimization. In conclusion, by using Ru(bpy)32+-labelled immunoglobulins bound on 
microbeads, the ECL resulted in an increase of 70% and a double signal-to-noise ratio compared to platinum electrode which 
is actually used in commercial instrumentations for clinical analysis. This research infers that microbead-based ECL 
immunoassays with a higher sensitivity can be realized by BDD.

INTRODUCTION 

The accurate and reproducible quantification of small molecules and biomolecules is nowadays spread through our society, 
with applications in food control, environmental analysis and medicine.1 Among these, electrochemical methods account for 
a wide range of sensing technologies,2 and beside the most famous glucose biosensor,3 a wealth of electrochemical sensors 
face a daily use.4,5 These technologies rely on different electrochemical techniques,6 and in particular, 
electrochemiluminescence (ECL) is prominent in clinical diagnostic and therapeutic monitoring.7-9 
ECL is a technique where an electrochemical reaction induces a light emission from a luminophore as a consequence of a 

high energetic electron transfer.10-12 The electrochemical input combined with the light output give ECL unique features, 

such as very low background signal, a broad dynamic range, rapid measurements in small volumes, combined with spatial 

and temporal resolution of light emission.13 In particular, the spatiotemporal resolution permits to perform ECL imaging on 

cells,14 single entities15-17 and to investigate reaction mechanisms.18-20 

The efforts to increase the ECL emission, to achieve lower limit of detection (LOD), are focused on (i) the electrode 

material,21 (ii) the coreactant,22 and (iii) the luminophore.23,24 In particular, recent examples of a new coreactant18 and 

iridium complexes25 have shown how ECL can benefit from these two approaches. 

Electrode materials do not see an equal effort in the quest for an increased ECL emission, however ECL is primarily 

triggered by an electrochemical reaction where the electrode material plays a crucial role.21,26 Carbonaceous material and 

noble metals are until now the materials of choice, distinguished by the dichotomy between high emission and long-term 

stability.27-29 Carbon-based materials have the advantage of a high current for coreactant oxidation, but poor cycling 



 

stability, making them suitable for disposable applications.30 On the other hand, metal electrodes offer the advantage of 

continuous use,31,32 but suffering from low emission due to surface oxide which hinders the coreactant oxidation.21 

In these two previous examples, the coreactant is the tri-n-propylamine (TPrA),33 which in combination with tris(2,2’-
bipyridine)ruthenium(II) (Ru(bpy)32+) is the only ECL system found in commercial applications, nowadays available in the 
market of clinical diagnostic.30,31 Other coreactants, even if they have been discovered previously than TPrA,34,35 didn’t reach 
such a breakthrough.7 This is ascribed to the favorable combination of energetic and mechanistic reactions involved in ECL 
immunoassay with Ru(bpy)32+ and TPrA.36 
For these reasons, an ideal electrode material should be stable for extended utilization, while retaining a good kinetics for 

the TPrA oxidation. 

Boron-doped diamond (BDD) emerged as a new material for ECL,37 and we recently demonstrated that BDD reaches a far 

superior emission than glassy carbon or platinum electrodes for the Ru(bpy)32+/persulfate system.38 Compared to carbon or 

metal electrodes, BDD has a wider potential window, low capacitive current and high chemical and physical stability39 

which enabled to uncover new ECL systems.40,41 While some researches have been conducted42-45 and also our group has 

been dedicated to apply BDD for ECL,38,40,41,46,47 a thoughtful investigation of the Ru(bpy)32+/TPrA system at BDD is still 

missing. 

Here, we present a careful characterization of the ECL at BDD electrode addressing the question of TPrA oxidation and the 

means to enhance it. Furthermore, we investigated the BDD ability to generate the ECL from magnetic beads labelled with 

ruthenium complexes-antibody conjugate, which mimics exactly bead-based immunoassays, to reach finally an outstanding 

ECL emission that outperforms the current state-of-the-art system. 

EXPERIMENTAL SECTION 

Materials. Tris(2,2’-bipyridyl)ruthenium(II) chloride hexahydrate (Ru(bpy)3Cl2･6H2O, > 98.0%) and trimethyl borate 

(B(OCH3)3, > 98.0%) from Tokyo Chemical Industry (Tokyo, Japan). Potassium dihydrogen phosphate (KH2PO4, ≥ 99.5%), 

dipotassium hydrogen phosphate (K2HPO4, ≥ 99.0%), phosphoric acid (H3PO4, ≥ 85.0%), sodium perchlorate monohydrate 

(NaClO4･H2O, ≥ 98.0%) and dimethyl-sulfoxide (DMSO, Super dehydrated, ≥ 99.0%) from Wako (Osaka, Japan). Tri-n-

propylamine (TPrA, (CH3CH2CH2)3N, ≥ 98.0%), sodium dodecyl sulfate (SDS, CH3(CH2)11OSO3Na, ≥ 99.0%), nonaethylene 

glycol monododecyl ether (C12E9, HO(CH2CH2O)9(CH2)11CH3), trimethyl-tetradecylammonium chloride (TTAC, 

CH3(CH2)13N(CH3)3Cl, ≥ 98.0%), biotinamidohexanoic acid N-hydroxysuccinimide ester (≥ 98%), N,N’-

dicyclohexylcarbodiimide (DCC, ≥ 99.0%), N-hydroxysuccinimide (NHS, 98%) and TWEEN® 20 from Sigma-Aldrich (St. 

Louis, MO). Acetone (CH3COCH3, ≥ 99.5%) and N,N-dimethylformamide (DMF, ≥ 99.5%) from Kanto Chemical (Tokyo, 

Japan). ChromPure Mouse IgG, whole molecule (IgG, Code: 015-000-003, 5.7mg/mL) from Jackson Immuno Research (West 

Grove, PA). Bis(2,2'-bipyridine)-[4-(4'-methyl-2,2'-bipyridin-4-yl)butanoic acid] ruthenium bis(hexafluorophosphate) from 

Cyanagen (Bologna, Italy). Paramagnetic microbeads Dynabeads™ M-280 Streptavidin (diameter 2.8 μm, 10 mg/mL) from 

Thermo Fisher Scientific (Waltham, MA). Spectra-Por® Float-A-Lyzer® G2 from REPLIGEN (Waltham, MA) Filters for 

dialysis. Doubly distilled water with a maximum conductivity of 18.2 MΩ⦁cm was provided by a Simply−Lab water system 

(DIRECT-Q UV3, Millipore, Burlington, MA). All reagents were used without further purification. Throughout the 

experiments phosphate buffer (PB) 0.2 M is used, except otherwise stated. 

Preparation of the BDD Electrodes. BDD films were deposited on silicon (111) wafers (Shinwa Tsusho, Japan) using a 

microwave plasma-assisted chemical vapor deposition (MPCVD) system (CORNES Technologies/ASTeX-5400). Acetone and 

trimethyl borate were used as the carbon and boron sources, respectively, with an atomic ratio of B/C 1% ([B] in BDD ≈ 

2×1021 cm−3). Raman spectra were recorded with an Acton SP2500 (Princeton Instruments) with excitation wavelength of 

532 nm from a green laser diode at ambient temperature, while the surface morphology of the BDD was examined with a 

field emission scanning electron microscope (SEM, JCM-6000, JEOL, Japan) (Figure S1). Also, the boron concentration in the 

BDD electrode was measured by glow discharge optical emission spectrometry (GD-OES, GD-Profiler2, Horiba Ltd., Japan) 

(Figure S1). 

Electrochemistry. Electrochemical measurements were conducted with a potentiostat PGSTAT302N (Metrohm). 

Electrochemical impedance spectroscopy (EIS) was conducted by ModuLab XM ECS (Solartron Analytical, Farnborough, 

U.K.) with an amplitude of 10 mV in the frequency range from 1 MHz to 100 mHz. The PTFE cell is a single-compartment 

with 1% BDD as the working electrode (geometric area 0.75 cm2), a Pt spiral as the counter electrode, and an Ag/AgCl 

(saturated KCl) electrode as the reference electrode. EIS measurements were based on a previously established 

procedure,46 the geometric area for the working electrode was 0.072 cm2. For ECL with paramagnetic microbeads a 

different arrangement was used: the working electrode geometric area was 0.28 cm2 for 1% BDD or Pt, counter was a Pt 

disk electrode (0.072 cm2) and reference was an Ag/AgCl (3 M NaCl) electrode. Generally, Ag/AgCl (saturated KCl) has been 

used for measurements in homogeneous solution (Ru(bpy)32+ and TPrA free to diffuse), while Ag/AgCl (3 M NaCl) in 

heterogeneous assay (Ru(bpy)32+ bound on microbeads). For clarity, the type of reference electrode is reported when 

needed, otherwise potential scale conversion has been used.48 

ECL. The ECL signals were measured with a photomultiplier tube (PMT, Hamamatsu R928) placed at a fixed height from the 

electrochemical cell. Both the electrochemical cell and the PMT were contained inside a dark box. A high-voltage power 



 

socket assembly with a transimpedance amplifier (Hamamatsu C6271) was used to supply 500 V to the PMT, using an 

external trigger connection to the potentiostat DAC module. Light/current/voltage curves were recorded by collecting the 

amplified PMT output signal with the ADC module of the potentiostat. ECL spectra were collected by a SEC2000 Spectra 

system UV-visible spectrophotometer (ALS Co. Ltd., Japan). For all ECL experiments, error bar shows the standard deviation 

(n = 3). 

ECL imaging. This instrumentation was described in detail previously.18 Briefly, the PTFE homemade electrochemical cell 

comprises a 1% BDD working electrode (geometric area 3.5 cm2), Pt wire counter electrode, and Ag/AgCl (3 M KCl) 

reference electrode. ECL images acquisition is based on an epifluorescence microscope from Nikon (Chiyoda, Tokyo, Japan) 

coupled with an ultrasensitive EM-CCD camera (EM-CCD 9100-13 from Hamamatsu, Hamamatsu, Japan) with long-distance 

objectives from Nikon (20 × /0.40 DL13 mm). The EM-CCD camera signal acquisition (integration time 8 s) was triggered 

with by a potentiostat. Electrochemical cell and microscope were enclosed in a dark box to avoid interferences from 

external light. For all ECL imaging experiments, error bar shows the standard deviation (n = 3). 

Working electrodes pretreatment and cleaning. Prior to each measurement, the BDD surface was pretreated to 

guarantee reproducibility: i) cathodic reduction at −3.5 V followed by anodic oxidation at +3.5 V (hereinafter, called AO-

BDD), or ii) anodic oxidation at +3.5 V followed by cathodic reduction at −3.5 V (hereinafter, called CR-BDD), in 0.1 M 

NaClO4 solution for a total fixed charge of 0.15 C cm−2 in each step (Figure S2a). Pt foil (Nilaco Co., Japan) electrode was 

cleaned with a 0.5 μm alumina suspension on cloth tape, then sonicated in double-distilled water for 2 min (2 times), and 

dried with a nitrogen stream. Furthermore, the Pt electrode was cycled in 0.2 M PB (pH 7) between 1.0 V and −0.7 V to 

assure a clean and reproducible electrode surface (Figure S2b). 

Conjugation of ruthenium ECL labels with the immunoglobulin and ECL assay. A detailed procedure, adapted from 

previous reports25,49,50 is available in the Supporting Information (Scheme S1-S3 and Figure S3, S4). Firstly, IgG was reacted 

with biotin to make IgG-biotin. Secondly, bis(2,2'-bipyridine)-[4-(4'-methyl-2,2'-bipyridin-4-yl)butanoic acid] 

ruthenium(II) was activated with EDC/NHS and reacted with IgG-biotin to obtain Ru-IgG-biotin. Finally, Ru-IgG-biotin 

conjugate was loaded on streptavidin magnetic microbeads by biotin-streptavidin interaction to obtain Ru@bead. For the 

ECL measurements, Ru@bead were placed in the electrochemical cell and attracted on the working electrode by means of a 

magnet, then the TPrA solution was added and the ECL triggered by applying a suitable potential. For all ECL assays with 

beads, error bar shows the standard deviation (n = 3). 

RESULTS AND DISCUSSION 

Diamond, a material made entirely of sp3 carbon, is a semiconductor with a very wide band gap (5.47 eV).51 Similar to other 

semi-conductors, (i) doping gives diamond semi-metallic characteristic (above ~1020/cm3)39 for unique applications in 

electrochemistry. Beside doping, the (ii) non-diamond carbon impurity (sp2 carbon), (iii) crystal structure and (iv) surface 

termination affect the electrochemical behavior. 

The doped diamond chosen for the present study is 1% boron in the boron/carbon source, since this percentage will assure 

a metal-like conductivity ([B]~1021/cm3) without the side effect of introducing non-diamond carbon46 (Figure S1). In fact, 

the actual boron concentration in the BDD electrode was 2.06 % ([B] = 3.62 × 1021/cm3) (Figure S1). The diamond structure 

is polycrystalline, albeit single crystals BDD are fabricated, they are suitable for particular applications (e.g., STM tips),52 

moreover the use in electrochemistry is also limited by the complexity to obtain large crystals on a millimeter scale.  

Finally, the termination describes the functionalities bound to the terminal carbon on the surface of the diamond. From the 

MPCVD, owing to the reductive environment by hydrogen plasma, the surface is hydrogen terminated. However, oxygen 

termination can develop by air exposure or after electrochemical use, for a range of oxygen functional groups, such as 

hydroxyls, ethers, and carbonyl53 or quinones.54 Since the electrode materials and their surface state affect greatly the ECL 

response,21 we may expect hydrogen and oxygen terminated BDD to exert this effect, as well. 

We previously established that the surface of BDD can be modified by electrochemical pretreatment by applying anodic or 

cathodic currents which results in anodic oxidation (AO) and cathodic reduction (CR) BDDs, respectively.55,56 The changes of 

surface termination will give two advantages: first, the surface properties can be tuned, and second, after the 

electrochemical measurement the surface can be restored to the initial state. 

ECL at BDD. The effect of AO and CR on the ECL emission at BDD electrode is shown in Figure 1 by cyclic voltammetry (CV) 

measurements. 

 



 

 

Figure 1. ECL intensity and cyclic voltammogram for 10 µM Ru(bpy)32+ and 100 mM TPrA in 0.2 M PB (pH 8.0) on AO-BDD (red) and 
CR-BDD (black) electrodes. Scan rate: 100 mV s-1. 

The ECL shows two better results for CR-BDD compared to AO-BDD, higher intensity and lower onset potential57 of 

emission. This result is a direct consequence of the difference in the kinetics of TPrA oxidation, where a higher current for 

CR-BDD leads to higher ECL intensity that is described by the oxidative-reduction mechanism33 (Scheme 1). 

Scheme 1. Oxidative-reduction ECL mechanism and corresponding physical-chemical parameters.58 Potentials vs 
Ag/AgCl(KCl sat). P1 is the degradation product of TPrA● by oxidation and following hydrolysis. 

TPrAH+ ⇄ TPrA + H+ pKa = 10.459 (1) 

TPrA ⇄ TPrA●+ + e− E0= 0.92 V59 (2) 

TPrA●+ ⇄ TPrA● + H+ t1/2 = 0.7 ms18 (3) 

Ru(bpy)3
2+ ⟶ Ru(bpy)3

3+ + e− E0 = 1.07 V60 (4) 

Ru(bpy)3
3+ + TPrA● ⟶ Ru(bpy)3

2+∗ + P1 ΔG = −0.54 eV     (5) 

Ru(bpy)3
2+∗ ⟶ Ru(bpy)3

2+ + h𝜈 λem = 2.19 eV60 (6) 

The lower onset potential for ECL emission depends on TPrA oxidation as well, although by a different mechanism which 

requires only TPrA oxidation18,61,62 (eqs 1-3) and not the direct Ru(bpy)32+ oxidation at the electrode (eqs 7-9), for an overall 

reaction mechanism as Scheme 2.  

Scheme 2. Main mechanism involved in ECL emission before Ru(bpy)32+ oxidation.58 P1 is the degradation product of 
TPrA● by oxidation and following hydrolysis. 

TPrAH+ ⇄ TPrA + H+ (1) 

TPrA ⇄ TPrA●+ + e− (2) 

TPrA●+ ⇄ TPrA● + H+ (3) 

Ru(bpy)3
2+ + TPrA● ⟶ Ru(bpy)3

+ + P1 ΔG = −0.23 eV     (7) 

Ru(bpy)3
+ + TPrA●+ ⟶ Ru(bpy)3

2+∗ + TPrA      ΔG = −0.16 eV     (8) 

Ru(bpy)3
2+∗ ⟶ Ru(bpy)3

2+ + h𝜈     (9) 

For this reason, it is highly affected by TPrA oxidation rate and we must recall Scheme 2 is the only active mechanism in ECL 

immunoassay (ruthenium complex is typically not free to diffuse, but bound on the immune complex) that highlights the 

importance to achieve a high TPrA oxidation rate. The ECL results observed on the two different BDD surfaces are 

ascribable to the higher content of hydrogen termination in CR-BDD compared to AO-BDD that is responsible for an 

increasing hydrophobicity of the electrode surface.55,56,63 Facilitating the adsorption of the hydrophobic TPrA molecule on 

the electrode surface28,64 leads to higher oxidation currents, and consequently an increased ECL intensity from contribution 

of the mechanism reported in Scheme 1, and lower potential onset from contribution of the mechanism reported in Scheme 

2 before the oxidation potential of Ru(bpy)32+. From ECL spectrum, it is clear that emission is only from Ru(bpy)32+ excited 

state at 610 nm which is observed for all potentials range (Figure S5). 



 

To confirm the role of TPrA oxidation, we measured the apparent heterogeneous rate constant of electron transfer (kET) for 

TPrA at the two electrode surfaces (Figure 2 and S6-S8). AO-BDD and CR-BDD gave values at 0.92 V (k0ET) of 0.0007 cm s−1 

and 0.0075 cm s−1, respectively. These results confirm that the large difference in current oxidation is the direct 

consequence of the rate of kET being one order of magnitude higher for CR-BDD compared to AO-BDD. For comparison, the 

value of k0ET for TPrA oxidation on glassy carbon is 0.6 cm s−1,59 while on carbon nanotubes kET at 1.0 V is 0.026 cm s−1.65 

 

Figure 2. Logarithmic plot of kET for TPrA oxidation at AO-BDD (red) and CR-BDD (black) as function of the applied potential. 

The effect of TPrA oxidation rate is limited in the lower potential range as the values of kET tend to converge from 1.3 V, however 

this difference is substantial to leads in a twofold increase of the ECL emission. Because CR-BDD showed better performance 

than AO-BDD, this surface termination was selected for the following experiments on the Ru(bpy)32+/TPrA system. 

As can be seen from Scheme 1 and Scheme 2, pH of electrolyte (i.e., TPrA acid-base equilibrium) and TPrA concentration are 

of fundamental importance, therefore, these two parameters have been optimized to maximize the ECL emission (Figure 3 

and S9-S10). 

 

Figure 3. Optimization of pH with 100 mM TPrA (red) and TPrA concentration at pH 8 (black) with 10 µM Ru(bpy)32+ in 0.2 M PB. 

The ECL emission increased up to 100 mM TPrA, while above this concentration the value is stable and limited by the 

Ru(bpy)32+ availability. Concerning the pH, an increase shifts the acid-base equilibrium of TPrA (pKa = 10.4) from the 

protonated to neutral form that is the electroactive species leading to ECL increase.33,59 From these two optimizations, we 

opted for 100 mM TPrA and pH 8 for the following investigations. 

 Additionally, the stability of ECL generation on BDD was investigated and compared with that on Pt (Figure S11). As a 

result, we confirmed that BDD can provide more stable ECL emission than Pt can. 

Surfactant addition. For the Ru(bpy)32+/TPrA system, what makes ECL emission to increase, it is the ability by the 

electrode to promote TPrA oxidation reaching high currents, as we demonstrated for AO-BDD and CR-BDD. 

In case of noble metal (e.g., Au, Pt) electrodes, an effective method to accelerate the TPrA oxidation rate is the addition of 

surfactants in solution which adsorb on the electrode surface and increase its hydrophobicity.21,28,64 At the same time, 

surfactants reduce the development of hydrophilic surface oxide layers which hinder the heterogeneous electron transfer. 

We investigated if surfactants can exert a similar effect at BDD electrode. However, there is little knowledge about 

surfactants at BDD electrodes, therefore we chose three different surfactants, namely trimethyl-tetradecylammonium 

chloride (TTAC), sodium dodecyl sulfate (SDS), and nonaethylene glycol monododecyl ether (C12E9) which carry positive, 



 

negative, and no charge, respectively. The ECL response was evaluated for a range of surfactant concentrations near the 

critical micelle concentration (CMC), as this parameter shows sharp response of the surfactant effects on the system under 

investigation66,67 (Figure 4 and S12). 

 

 

Figure 4. CV-ECL response for the addition of surfactants in solution: a) TTAC (4.5 mM), b) SDS (8.2 mM), and c) C12E9 (83 μM); 

concentrations in parenthesis are CMC in water.68 Solution: 10 μM Ru(bpy)32+ and 100 mM TPrA in 0.2 M PB (pH 8.0) at CR-BDD. 

Panel d) shows the integral of ECL intensity as function of surfactant concentration. 

From the results in Figure 4, it is clear that for TTAC and SDS the ECL emission was severely affected with a decrease of 74 

and 82%, respectively. The ECL was stable for C12E9 addition, however it decreased in the range 1-1.5 V and increased in the 

range 2-2.5 V. Unfortunately, for the three surfactants investigated, the enhancement sought did not occur suggesting that in 

the case of BDD electrode, the addition of surfactant resembles the behavior of glassy carbon, which ECL is also affected 

negatively by surfactants.64,69,70 However, focusing on the ECL emission in the case of SDS, the region below 1.0 V showed a 

new peak. This effect of SDS might be related to the electric charge of the head group because a negatively charged molecule 

can adsorb more easily on hydrogen terminated BDD surface, which is slightly positive charged.39 

To investigate the ECL emission behind this peak, a range of SDS concentrations was measured by chronoamperometry at 

0.95 V (Figure 5), which is the peak potential observed in the CV-ECL intensity profile of Figure 4b. 

 
   

Figure 5. Integrated ECL as function of SDS concentration (a). Integrated ECL as function of the applied potential with 0.1 mM SDS 

(b). Solution: 10 μM Ru(bpy)32+ and 100 mM TPrA in 0.2 M PB (pH 8.0) on CR-BDD. 

 

In this case, a positive effect of SDS addition was verified by an ECL emission increase up to 0.1 mM of SDS. The 

chronoamperometry profiles of the ECL intensity showed a sharp increase with enhanced ECL intensity (Figure S13a) that 

indicated a promotion of TPrA oxidation in terms of faster reaction rate. The beneficial role of SDS was also confirmed as 

function of the potential (Figure 5b) with a remarkable increase of ECL at potentials below Ru(bpy)32+ oxidation (i.e., 0.90-

0.95 V) where only TPrA oxidation is involved in the ECL generation as depicted in Scheme 2. Possible oxidation processes 

upon SDS (Figure S13c) and effects on potential shift of Ru(bpy)32+ oxidation by the addition of SDS (Figure S13) have been 

excluded. Taking into account this result, SDS should also enhance the ECL emission in heterogeneous immunoassay 

systems, that is, where Ru(bpy)32+ is immobilized on the immunocomplex at a distance preventing its direct oxidation at the 

electrode, and TPrA oxidation is the only relevant factor that initiates the light emitting process. Beyond 0.1 mM, the ECL 



 

intensity showed a decrease with SDS addition, while the oxidation current leveled at stable values (Figure S13b). Because 

the oxidation current was not affected by SDS concentration above 0.1 mM, we might infer this ECL decrement is associated 

to homogeneous quenching in solution of the Ru(bpy)32+ excited states. This hypothesis is supported and in agreement with 

a previous report on SDS effects on ECL69 and Os(bpy)3
2+ excited stated quenching.71 In conclusion, we can ascribe this trend 

of the ECL emission to two opposite effects induced by SDS addition, i) adsorption on the BDD with increasing hydrophobic 

surface and consequently higher TPrA oxidation rate, and ii) quenching of Ru(bpy)32+ excited states. To be thorough, we 

investigated also the effect of halide ions (i.e., chloride, bromide, and iodine) which have been proposed to enhance the ECL 

emission,28 although this effect was not observed for BDD electrodes (Figure S15).  

ECL Immunoassay. With the promising results of CR-BDD and SDS addition, we tested the efficacy on a real setting to prove 

the usefulness of BDD in ECL analysis. Generally, ECL sandwich immunoassay involves the capture of antibody-antigen 

complex either directly on electrodes or on polystyrene beads with a magnetic core (Figure S16).7,25 BDD adapts better for 

bead-based immunoassay, as the sp3 carbon structure is slightly suitable for bioconjucation, therefore, as a proof of concept, 

we investigated the ECL from magnetic polystyrene beads decorated with an antibody-labelled ruthenium complex 

(Ru@bead) that mimics exactly an ECL immunoassay. 

The ECL emission by ECL imaging and CV from a single Ru@bead on BDD electrode are shown in Figure 6. In addition, ECL 

imaging is also useful to prove that the ruthenium complex is bound on the beads and not free to diffuse in solution (Figure 

S17), as we confirmed from absence of ECL from the supernatant of beads washing solution after ruthenium complex 

loading (Figure S4) which proves we were mimicking exactly an ECL immunoassay. According to the mechanism of Miao et 

al.,61 with reexamination by Zanut et al.,Errore. Il segnalibro non è definito.18 the emission is described by Scheme 2. Only this 

mechanism is available for ECL generation when the ruthenium complex cannot be oxidized at the electrode directly, and it 

is highly dependent on TPrA oxidation rate. For this reason, we examined again both CR-BDD and AO-BDD electrodes as 

changes in the mechanisms can brought a possible paradigm shift in the results. As a matter of fact, with a Ru@bead the 

higher ECL was registered by AO-BDD instead of CR-BDD, in contrast to homogeneous case, where Ru(bpy)32+ is free to 

diffuse in solution (Figure 6c-d). The CV measurements on single Ru@bead confirmed the higher emission for AO-BDD and 

the emission potential beyond 1.0 V is the direct consequence of the dependence on TPrA oxidation rate as the only 

mechanism active in ECL generation (Figure 6e and S17). 

 

 

Figure 6. ECL imaging from 2.8 μm Ru@bead for AO-BDD (a) and CR-BDD (b). The images were obtained by applying a constant 

potential of 1.7 V for 4 s. Scale bar: 10 μm. Comparison of the bead profile lines (c) and integrated ECL (d) for AO-BDD (red) and 

CR-BDD (black). ECL intensity by CV obtained from single Ru@bead (e) at 100 mV s-1 (integration time xyz ms). Solution: 100 mM 

TPrA in 0.2 M PB (pH 7.0). 

To confirm the result of ECL imaging on single bead, the ECL emission from multiple Ru@bead was also investigated which 
provides a more accurate representation of the commercial immunoassay system (Figure 7). The collective Ru@bead 
provided a similar ECL emission behavior to that from a single bead where AO-BDD was superior to CR-BDD in generating 
ECL.  Noteworthy that the negative shift of the ECL onset potential for CR-BDD compared to AO-BDD, still suggesting a faster 
TPrA oxidation rate at low potentials, confirmed by higher current values (Figure S18). 



 

 

Figure 7. ECL intensity by CV (a) and integrated ECL (b) obtained from Ru@bead: multibeads detection by PMT. Solution: 100 

mM TPrA in 0.2 M PB (pH 7.0) on CR-BDD (black) and AO-BDD (red). 

The effect of SDS addition to the Ru(bpy)32+/TPrA system showed a promotion of TPrA oxidation, which led to enhanced 

ECL emission. However, in the heterogeneous ECL system with Ru@bead this effect was not attained, for both AO-BDD and 

CR-BDD (Figure S19).  

Albeit lower SDS concentration were used compared to the homogenous case, the presence of a protein layer on the 

magnetic beads might be responsible for SDS adsorption72,73 and Ru(bpy)32+ excited state quenching. 

Further investigation of the measurement conditions for BDD by using Ru@bead resulted in the optimal pH of 7 (Figure 

S20) and 100 mM TPrA (Figure S21). 

ECL relationship with pH is dictated by two opposite effects: i) pH increase will bring a higher amount of free TPrA available 

for oxidation (i.e., TPrAH+ is not electroactive, pKa = 10.4) leading to higher ECL, as higher concentrations of free TPrA can 

be observed by the increment of anodic current with pH (Figure S20b) meanwhile, ii) higher concentration of hydroxyl ions 

promote the TPrA●+ deprotonation by protons scavenging which leads to lower ECL (Figure S20c). The TPrA●+ 

deprotonation (eq. 3) can be considered as a pseudo first-order reaction in the proton concentration,74 and it is also affected 

by the buffer capacity.75  Concerning the TPrA concentration (Figure S21), obviously an increase generates higher ECL, 

while the decrease can be correlated to the reductive quenching76 of Ru(bpy)32+ excited stated by TPrA in an electron 

transfer reaction similarly to other tertiary amines that can quench the excited state of ruthenium complexes by electron 

transfer.77 

Finally, optimization of the applied potential which generated the higher ECL signal resulted in 2.4 V for AO-BDD and 1.6 for 

CR-BDD (Figure S22). 

Opposing results from free diffusing Ru(bpy)32+ in solution and in the heterogeneous case (i.e., bound on magnetic beads) 

bring out the relative efficiency of the ECL mechanisms.  In our case, the gap in kET for TPrA oxidation tends to fade away 

from 1.3 V (Figure 2) and the current values for TPrA oxidation are similar from 1.4 V, slightly higher for CR-BDD (Figure 

S23), therefore, the amount of oxidized TPrA cannot account for the lower ECL emission of CR-BDD. In addition, we can 

exclude that ECL is generated from background emission (Figure S22). It has been reported that the surface state is 

responsible for large variation of ECL by maintaining a similar current value for TPrA oxidation,78 and this might be 

responsible for this contrasting result on the different surface state of BDD. With all the experimental parameters 

optimized, the ECL at BDD had to be benchmarked to assess the full potential in analytical applications. ECL efficiency is 

usually a parameter used to compare different ECL systems with Ru(bpy)32+ as the reference luminophore.8,10 However, 

reporting the ECL efficiency has recently been questioned with recommendations for measurement methods.79,80 Likely, the 

ECL efficiency is affected by Ru(bpy)32+ and TPrA ratio,80 as different mechanisms take part,59 and we might expect an effect 

by electrode material, as well. To obtain a useful information of ECL from Ru@bead at BDD, we compared the emission 

with Pt electrode which is used in analytical instrumentations with beads conjugates for clinical analysis,9,32 therefore 

holding a technological interest. Moreover, the parameters for ECL are already optimized18,81,82 making the comparison 

straightforward. We only optimized the potential for the utilization in our homemade electrochemical cell to take into 

account the effect of ohmic drop on the applied potential (Figure S24). 

As shown in Figure 8, AO-BDD has a superior ability to produce ECL as the emission reached a value 70% higher than Pt 

(Figure S25). Metal electrodes, such as Pt, are known to develop a layer of metal oxide during potential application that 

suppresses the ECL signal by hindering TPrA oxidation. For this reason, they benefit from addition of surfactants to prevent 

the formation of the surface oxides and enhance the ECL signal.21,28,64,70,83 However, BDD can reach a higher ECL signal 

without surfactant addition, which has been used for Pt in the present case (i.e., C12E9),18 it shows a signal-to-noise ratio for 

AO-BDD that is 2 times higher than Pt (Figure S22 and S24), and noteworthy, by using BDD the amount of TPrA needed was 

lowered from 180 mM to 100 mM with a significant savings of this toxic84 and relatively expensive chemical. For the sake of 

comparison, we included the ECL from Ru@bead at glassy carbon electrode (Figure S26). However, carbon electrodes are 

not suited for long-time application as they best fit disposable device.30,85 



 

 

Figure 8. Integrated ECL of Ru@bead obtained by chronoamperometry for AO-BDD at 2.4 V (red), CR-BDD at 1.6 V (black), and Pt 
at 1.5 V (green). Solutions: 100 mM TPrA in 0.2 M PB (pH 7) for both AO-BDD and CR-BDD electrodes; 180 mM TPrA and 0.1wt% 
C12E9 surfactant in 0.2 M PB (pH 6.9) for Pt electrode. 

Based on the superior ECL emission compared to Pt and the stability of ECL signal, we can infer that BDD could be suited for 

long-term application while providing higher sensitivity in ECL immunoassay, in particular for analyzers based on flow cell 

systems.32 

BDD electrodes are finding their way toward electroanalytical applications,86 and these results can be a step forward for its 

practical application beyond fundamental studies to expand the frontiers of ECL immunoassays and BDD electrodes. 

CONCLUSION 

Here, we investigated the ECL behavior on BDD electrode for the Ru(bpy)32+/TPrA system. The effect of BDD surface, 

namely oxygen terminated and hydrogen terminated, resulted in large variation of the ECL signal with the best result for 

hydrogen terminated BDD, when Ru(bpy)32+ is free to diffuse in solution, according to a higher electron transfer constant for 

TPrA oxidation promoted by BDD surface hydrophobicity. The BDD surface properties have a major contribution in the 

TPrA oxidation, consequently the addition of several surfactants was investigated as an approach to enhance the TPrA 

oxidation on BDD, albeit this approach did not result in a clear ECL enhancement, sodium dodecyl sulfate can be beneficial 

under μM concentration when Ru(bpy)32+ is in solution. The ability of BDD to generate ECL from ruthenium-labelled beads, 

which resembles the ECL immunoassay system for clinical analysis, showed the best results from oxygen terminated 

surface, in opposition to free Ru(bpy)3
2+. With the optimized conditions for the ECL signal, namely surface termination, TPrA 

concentration and pH, the BDD electrode was able to generate a 70% higher ECL intensity and a double signal-to-noise ratio 

than Pt, which is actually the standard electrode in ECL immunoassay analyzer used in clinical diagnostic. This result 

suggests that more sensitive ECL immunoassay could be developed by using BDD electrode. 
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This research investigated the electrochemiluminescence of Ru(bpy)32+/tri-n-propylamine system on boron-doped 

diamond electrodes where the Ru(bpy)32+ is bound on microbeads mimicking an electrochemiluminescence 

immunoassay. By boron-doped diamond electrode the ECL intensity is 70% higher that platinum electrode which is 

currently used in clinical 

 

 

 


