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Abstract

In this work, a portable and disposable screen-printed electrode-based platform for CdS QDs 

electrochemiluminescence (ECL) detection is presented. CdS QDs were synthesized in aqueous 

media and placed on top of carbon electrodes by drop casting. The CdS QDs spherical assemblies 

consisted of nanoparticles about 4 nm diameters and served as ECL sensitizers to enzymatic assays. 

The nanoparticles were characterized by optical techniques, TEM and XPS. Besides, the electrode 

modification process was optimized and further studied by SEM and confocal microscopy. The 

ECL emission from CdS QDs was triggered with H2O2 as cofactor and enzymatic assays were 

employed to modulate the CdS QDs ECL signal by blocking the surface or generating H2O2 in situ. 

Thiol-bearing compounds such as thiocholine generated through the hydrolysis of acetylthiocholine 

by acetylcholinesterase interacted with the surface of CdS QDs thus blocking the ECL. The 

biosensor showed a linear range up to 5 mU mL-1 and a detection limit of 0.73 mU mL-1 for AChE. 

Moreover, the inhibition mechanism of the enzyme was studied by using 1,5-bis-(4-

allyldimethylammonium-phenyl)pentan-3-one dibromide with a detection limit of 79.22 nM. 

Furthermore, the natural production of H2O2 from the oxidation of methanol by the action of 

alcohol oxidase was utilized to carry out the ECL process. This enzymatic assay presented a linear 

range up to 0.5 mg L-1 and a detection limit of 61.46 µg L-1 for methanol. The reported 

methodology shows potential applications for the development of sensitive and easy to hand 

biosensors and was applied to the determination of acetylcholinesterase and methanol in real 

samples. 
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Introduction

Electrochemiluminescence (ECL) is a powerful analytical tool that combines the simplicity of 

electrochemistry with its inherent sensitivity and a wide linear range chemiluminescence method 

[1]. ECL is the process whereby reactive species generated at electrodes undergo high-energy 

electron-transfer reactions to form excited states that emit light [2–6]. ECL is broadly applied in 

analytical chemistry, as well as in mechanism studies, as it provides not only the electrochemical 

information but also the spectrum data simultaneously, which gives very useful insight into the 

complex mechanisms [3]. This technique presents unique advantages such as high sensitivity, 

excellent temporal and spatial controllability, simplified optical setup, low background signal and 

no need of an external light source [4,5]. 

In the past few decades, many novel ECL emitters were synthesized and used in ECL reactions, for 

example luminol and ruthenium complex, etc. [4]. Nanomaterials with different sizes, shapes, 

chemical components and unique properties have been extensively adopted as an alternative for 

biosensing applications [7]. They offer several advantages such as the ability to enhance the 

efficiency of both biological element part and transducer part in many different ways within the 

biosensor platform [8,9]. Compared with conventional molecular emitters, nanomaterials have some 

distinctive merits such as size/surface-trap controlled luminescence and good stability against 

photobleaching. Most noteworthy, semiconductor nanocrystals also known as quantum dots (QDs) 

with unique optical and electrical properties have opened promising fields for new ECL emitters 

[10]. Since the first report on the ECL study of silicon nanoparticles [11], many elemental and 

compound semiconductor QDs have been developed to apply in ECL analytical techniques. Recent 

works indicated that water-soluble QDs were excellent luminescent reagents for ECL systems, 

avoiding using toxic organic solutions and complicated modifying electrode procedures [12,13]. 

Previous works have demonstrated that ECL emission of QDs occurs via surface electron-hole 

recombination and are highly dependent on their surface states which can be tuned with desired 

element ratios and dopants to enhance the efficiency of the process [7,14,15]. The need of new 

formulations and easy and friendly procedures to get more efficient nanomaterials for ECL 

applications aimed to develop outstanding nanomaterials and platforms suitable for biosensors set 

up. 
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In electrochemiluminescence biosensors the light is detected upon ECL reaction at the application 

of a specific potential [4,6]. Highly sensitive photon detection is required and achieved by high 

performance detectors and further development to more sensitive and smaller sensor systems. This 

detection system presents great advantages over other optical techniques such as fluorescence. The 

mechanism doesn’t require an external light source so light scattering and the background signal are 

reduced, reaching higher signal-to-noise ratios and lower limits of detection. Besides, ECL is highly 

localized and time-triggered detection method, since the reaction only takes places at the potential 

application [16]. 

ECL devices display great potential for miniaturization because of its few hardware requirements. 

The power source can be supplied with a battery [17], the electrodes can be design at a microscale 

size[18] and the light sensors could be integrated via small photodiodes [19]. This combined with 

the advances in miniaturization systems could fulfil the current need of portable instruments for fast 

analytical determination in situ. Usually ECL devices are controlled by an external potentiostat or 

an amperometric unit that establishes potential differences or electric current to the electrodes. The 

photon detector utilized will depend on the practical requirements of the final system. When no size 

restriction is applied, a good solution is the use of a photomultiplier tube (PMT) which presents a 

high sensitivity towards low amounts of photons, but they need very high voltage supply (up to 

thousands of volts) for a proper performance [20,21]. Moreover, the large dimension of these 

detectors makes then inadequate for portable instruments. Another technique for light detection is 

the use of a CCD camera [22]. Despite their good sensitivity, the main disadvantage of these 

devices is its complexity in their use and the need of low temperature working conditions to reach a 

good detection limit. On the other hand, photodiodes present features that make them appropriate 

for the design of a portable, miniaturized and handheld devices. Photodiodes have a small size, 

lower power consumption, they present less complex opto-electronic systems and they are cost-

effective [19,23]. 

In order to meet the needs for portability, sensitivity and friendly fabrication process of an ECL 

biosensor, we proposed a CdS QDs QDs screen-printed carbon electrode sensing platform 

combined with a Si-photodiode integrated in an ECL cell for bioanalytical applications. The ECL 

portable device integrated a potentiostat/galvanostat and a Si-photodiode (µSTAT ECL, DropSens). 

Screen-printed carbon electrodes enabled the used of reduced volumes making the system cost-

effective and simpler than conventional three electrode cells. Moreover, the surface modification 

with CdS QDs synthesized in aqueous solutions was carried out by simple but reproducible and 

stable adsorption. The applicability of our new CdS QDs-SPCE ECL portable device was validated 

for the detection of acetylcholinesterase and methanol in real samples. On the one hand, a variety of 
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methods have been developed for acetylcholinesterase determination such as electrometry, pH-stat, 

tintometry, radiometry and colorimetry [24]. These techniques provide sensitive and specific assays, 

but they lack miniaturization and portability. On the other hand, there have been developed several 

methods for the determination of methanol in the last century. The standard techniques include gas 

chromatography, Raman spectroscopy, surface plasmon resonance and refractive index [25–28]. All 

these techniques are highly sensitive, and they are commonly used in routine laboratories. However, 

they usually need specific work conditions and they are not easy to use out of the established 

facilities. 

For the best of our knowledge, it is the first time that this ECL portable device is applied to a 

different system than luminol/[Ru(pby)3]2+ ECL classical reactions. These luminophores are 

commonly used because of their high luminescent efficiency that makes possible the use of less 

sensitive and portable detectors [29,30]. In this work, facile synthesis of CdS QDs was carried out 

to fabricate CdS QDs-SPCE that served as ECL efficient platform with high sensitivity towards 

enzymatic activity of some analytes of interest. 

 

Experimental section 

Chemicals 

Cadmium nitrate (Cd(NO3)2), sodium sulfide (Na2S), hydrogen peroxide, methanol, ethanol, alcohol 

oxidase (AOx) from Hansenula sp., acetylcholinesterase (AChE) from Electrophorus electricus sp., 

glucose oxidase type VII from Aspergillus Niger (GOx), acetylthiocholine chloride (ATCh), 1,5-bis-

(4-allyldimethylammonium-phenyl)pentan-3-one dibromide (BW284c51), human serum (HS) and 

other chemicals were purchased from Sigma-Aldrich. Anhydrous D (+)-glucose was purchased 

from PanReac AppliChem. The alcoholic beverage (vodka) was purchased in local supermarket in 

San Sebastián (Spain). 

Apparatus 

Fluorescence measurements were performed on a Varioskan Flash microplate reader (Thermo 

Scientific) using black microwell plates at room temperature. The system was controlled by the 

SkanIt Software 2.4.3. RE for Varioskan Flash. Electrochemical and electrochemiluminescence 

measurements were recorded with a potentiostat/galvanostat (±4 V DC potential range, ±40 mA 

maximum measurable current) and Si-photodiode integrated in the ECL cell, combined in one 

portable instrument (DropSens S.L., Spain). The ECL equipment was controlled by the specific 

software DropView 8400. Disposable screen-printed carbon electrodes (SPCEs; DRP-110; 
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DropSens) were employed as the electrode surface throughout this work. Transmission electron 

microscopy (TEM) images were recorded with a JEOL JEM 2100F microscope equipped with a 

high-angle annular dark field (HAADF) detector operating at 120 kV. Scanning electron 

microscopy (SEM) images were recorded with a JEOL JSM-6490LV at 15 kV, running in a point by 

point scanning mode with a dual beam FIB-FEI Helios 450S microscope. Confocal microscopy was 

carried out with a Zeiss Axio Observer epifluorescence microscope. Images were acquired with a 

20x (air, NA 0.8) objective, in reflection mode, using excitation 365nm LED at 48% power and an 

emission filter for DAPI (ex 335/383 and em 420/470nm). AxiocamMR R3 detector was used for 

acquisition, exposure adjust to 2 s. Microscope controlled with Zen blue software v2.3 also used for 

image processing. X-ray photoelectron spectroscopy (XPS) experiments were performed in a 

SPCES Sage HR 100 spectrometer with a non-monochromatic X-ray source (Aluminum Kα line of 

1486.6 eV energy and 253 W) placed perpendicular to the analyzer axis and calibrated using the 

3d5/2 line of Ag with a full width at half maximum (FWHM) of 1.1 eV. 

Methods 

CdS QDs synthesis and CdS QDs-SPCE fabrication 

Varying amounts of Cd(NO3)2 and Na2S were mixed up in tris-HCl 5 mM pH=8 for 5 min at room 

temperature. After that, the fluorescence spectra of the resulting CdS QDs were recorded at 

λexc=280 nm. For the fabrication of the biosensor the SPCEs were pretreated electrochemically by 

cyclic voltammetry (CV) at a potential range from 0 to 0.6 V in tris-HCl 5 mM pH=8 buffer at 50 

mV s-1. Subsequently, a 7 µL drop of CdS QDs was drop casted on the SPCEs and let dry at 37 °C 

during 1 h. Afterwards, CdS QDs-SPCEs were leave at room temperature overnight in dark. At last, 

SPCEs were washed with distilled water, dried under argon atmosphere and stored in the fridge. 

Acetylcholinesterase enzymatic assay 

Different amounts of AChE and ATCh were incubated in citrate-phosphate buffer pH=7.5 at 37 °C 

for 30 min. Next, a 40 µL drop was drop casted on the CdS QDs-SPCEs surface and let react at 

room temperature for 30 min. After that, CdS QDs-SPCEs were washed with buffer and dried under 

argon atmosphere. Finally, ECL measurements were recorded in a 60 µL drop of H2O2 10 mM in 

PBS with voltage scanned between 0 and -1.6 V at 50 mV s-1. 

Inhibition of acetylcholinesterase 

Acetylcholinesterase (5 mU mL-1) was incubated with different concentration of the inhibitor 

BW284c51 in citrate-phosphate buffer pH=7.5 at room temperature for 30 min. Next, a solution of 
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acetylthiocholine chloride (5 µL, 5 mM) was added to the mixture (45 µL) and incubated for 15 min 

at 37 °C. After that, 40 µL drop was drop casted on the CdS QDs-SPCEs surface and let react at 

room temperature for 30 min. Then, CdS QDs-SPCEs were washed with buffer and dried under 

argon atmosphere. Finally, ECL measurements were recorded in a 60 µL drop of H2O2 10 mM in 

PBS with voltage scanned between 0 and -1.6 V at 50 mV s-1. 

Alcohol oxidase enzymatic assay 

Varying amounts of AOx and MeOH were incubated in citrate-phosphate buffer pH=7.5 at room 

temperature for 30 min. After that, ECL measurements were recorded in a 60 µL drop of the 

mixture with voltage scanned between 0 and -1.6 V at 50 mV s-1. For ethanol interference studies, a 

mixture of methanol and ethanol was used following the same protocol. 

Quantification of AChE and MeOH in real samples 

Quantification of AChE in human serum and MeOH in vodka were performed by standard addition 

method. Samples of pooled human serum were centrifuged using Amicon Eltra filter with a 3000 

molecular weight cutoff. After filtering, the serum was spiked with varying known concentrations 

of AChE. The respective ACHE concentration in these mixtures was then determined. The dilution 

factor of plasma in the assay was 1:600. Samples of vodka were spiked with known different 

concentrations of methanol. Thus, the corresponding final concentration of methanol in mixtures 

was determined as described above. The dilution factor of samples in the assay was 1:10000. 

 Results and discussion 

Properties and characterization of synthesized CdS QDs 

In this work, CdS QDs were synthesized by direct reaction of Cd(NO3)2 and Na2S in tris-HCl buffer 

at room temperature with no capping agent. The resulting nanoparticles presented a light-yellow 

colour with a maximum absorbance peak at 460 nm and a broad fluorescence peak with a maximum 

at around 700 nm (Figure S1). From the spectral absorption edge, the diameter of CdS QDs could 

be calculated using Henglein’s empirical curve that relates the wavelength of the absorption 

threshold (λem) to the diameter of the CdS QDs structures (2RCdS QDs=0.1 / (0.1338-

0.0002345λem) nm) [31–34]. The mean diameters of the synthesized nanoparticles were calculated 

to be 3.86 nm. TEM and XPS data were further investigated to confirm the CdS QDs structures. 

TEM images from Figure 1 shows the CdS QDs with an average diameter of 3.89 nm, thus in 

agreement with the previous theoretical value. Even though there was no capping agent, sulphur and 

cadmium formed spherical nanoparticles aggregated in a big homogenous net as it has been 
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demonstrated in the literature [15,34–37]. Moreover, XPS analysis was performed to study the 

surface composition and the oxidation state of elements for solid state materials. As can be seen in 

Figure S2, almost all the cadmium and sulphur in the sample are forming Cd-S bonds. We also 

found some signals related to cadmium oxide and sulphur oxide on the surface as result of the easy 

metal oxidation in the air [35,38]. 

Properties and characterization of electrodes 

For the biosensor platform, the CdS QDs synthesized were immobilized by simple adsorption on 

the surface of a screen-printed carbon electrode. The electrodes were first washed in buffer by 

cyclic voltammetry and dried under argon before their modification. Afterwards, a 7 µL drop of 

CdS QDs was placed on top of the working electrode and let dry at 37 °C for 1 h. Finally, they were 

kept overnight in dark at room temperature. The following day, the CdS QDs-SPCE were washed in 

buffer and dried under argon to ensure homogeneity and stored in the fridge for further utilization. 

SEM and confocal microscopy were carried out to characterize the resulting modified electrodes. 

SEM images evidenced the modification on the surface of the working electrode (Figure S3). In the 

images, the nanoparticles were homogeneously distributed all over the working electrode with no 

alteration of the rest electrodes even after the washing step. Carbon ink from the screen-printed 

electrodes is porous and presents a rough surface, enabling the adsorption of the nanoparticles with 

high stability. This approach is the simplest and most straight forward for the modification of the 

electrode surface and has been widely used in electrochemical biosensors [20,39–41]. In addition, 

confocal microscopy was performed to confirm the modification and stability of the modified 

electrodes. In Figure S4 the fluorescence spectroscopy images from three different electrodes are 

displayed: one bare electrode, one electrode with CdS QDs after 1 h of incubation at 37 °C, and the 

same electrode after washing step and stored for one day. The bare electrode didn’t show any 

fluorescence because carbon ink is not fluorescence (Figure S4A). After the CdS QDs deposition, 

the fluorescence signal appeared from all the modified surface of the electrode (Figure S4B). 

Subsequently, the fluorescence slightly diminished due to the washing step and the removal of the 

CdS QDs excess on the surface (Figure S4C). The final electrode presented a homogeneous 

fluorescence signal coming from the CdS QDs adsorbed on the carbon surface even after their 

washing and storage in the fridge, thus confirming their stability. 

Electrochemical and electrochemiluminescence behaviors of CdS QDs-SPCE 

The ECL system presented is based on the light emission of the CdS QDs, as they are one of the 

most popular ECL emitters of semiconductor NCs [33,42–45]. This process was carried out in 
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presence of the oxidant H2O2, an important coreactant in cathodic ECL emission [14,15,36,42,46]. 

The proposed mechanism is described as follows. As the electrode potential was scanned to 

negative values, the CdS QDs were reduced to (CdS)•- (eq 1) and the coreactant H2O2 was reduced 

to OH• (eq 2). Then, OH• could react with (CdS)•- producing excited state (CdS)* (eq 3). Finally, 

when (CdS)* decayed back to the ground-state CdS, an intense emission was obtained (eq 4). 

CdS + ne−  → n(CdS)•−                             (1) 

H2O2 +  e−  →  OH− +  OH•                      (2) 

(CdS)•− + OH•  →  (CdS)∗ + OH−         (3) 

(CdS)∗  → CdS +  һν                                    (4) 

Figure 2 shows the EC and ECL behaviors of our CdS QDs-SPCE in PBS containing 10 mM H2O2. 

Three cathodic peaks (P1, P2, P3) and one anodic peak (P4) were found at -0.46, -0.99, -1.29 and -1 

V, respectively. Among them, P1 corresponded to the reduction of dissolved oxygen and P2 is 

assigned to the reduction of H2O2 as it can be seen for bare SPCE in presence of H2O2 [14,47]. P3 

and P4 were attributed to the reduction and oxidation of CdS QDs [14,15,43,45] that only appeared 

in the CdS QDs-SPCE curves (Figure 2 and Figure S5A) and not for the control in bare SPCE 

(Figure S5B). Regarding the ECL curve, one peak was detected when scanning to negative 

potentials corresponding to CdS* emission (Figure 2 and Figure S5A), but not when analyzing the 

bare SPCE (Figure S5B) in presence of H2O2 10 mM. This peak is enhanced when adding H2O2 to 

CdS QDs-SPCE as we can see from the values of Figure 2 and Figure S5A. 

Optimization of ECL working conditions 

In order to achieve the optimal ECL response, the amount of cadmium for CdS QDs formation, the 

deposition volume and incubation temperature, the concentration of H2O2 and the reagent controls 

were carefully studied. In Figure S6 the ECL signals for cadmium calibration curve are presented. 

ECL signal increased with the concentration of cadmium added to a well-known sulphur solution 

(0.5 mM) reaching a plateau at 2 mM. The optimum volume for CdS QDs deposition was set at 7 

µL, considering the working electrode size (4 mm) and the viscosity and surface tension of the CdS 

QDs solution. The incubation temperature for CdS QDs adsorption on the working electrode was 

compared in Figure S7. When incubating at 37 °C, the ECL signal obtained was more than three 

times higher than the one obtained when incubating at room temperature. Moreover, the 

concentration of the coreactant is one of the most important parameters for an optimum ECL signal. 

The ECL intensities from the calibration curve are shown in Figure S8. The ECL signal increased 
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when increasing H2O2 up to 10 mM. After that concentration, the ECL signal decrease because of 

the alteration of the surface due to the oxidant nature of the coreactant. Finally, we tested the ECL 

response of the SPCE modified with CdS QDs, Cd(NO3)2, Na2S and with no modification in 

presence of H2O2 10 mM in PBS (Figure S9). Only CdS QDs-SPCE gave a high ECL signal and no 

significant peak was found for any of the controls. This result confirms the need of both reagents 

and a proper coreactant to yield an ECL signal. 

The final values for the parameters studied were Cd(NO3)2 2mM, H2O2 10 mM in PBS, 37 °C for 

CdS QDs adsorption and 7 µL CdS QDs volume. If nothing specified, this were the parameters used 

throughout the work. 

ECL sensing application of CdS QDs-SPCE 

The new CdS QDs-SPCE fabricated were employed as ECL sensing platform for biosensing. ECL 

biosensor can be fabricated based on several approaches, such as generation or depletion of 

coreactant catalyst [48,49], modulation of the communication between the electrode and coreactants 

by impedance effect [50] and promotion of electron transfer by compositing nanomaterials with 

ECL emitters [51]. With the previous studies, CdS QDs-SPCE were validated as sensitive ECL 

emitters by using H2O2 as cofactor regarding its good performance and suitability for ECL 

biosensors [52–55]. Taking this into account, we followed two different strategies for their 

application: affinity and direct assays.  

Affinity assays were based on the interaction of the CdS QDs with the analyte of interest and the 

subsequent variation on the ECL intensities. Thiols were selected as model analyte regarding their 

strong interaction with CdS QDs surface [21,33,42,45,56–60]. In the proposed procedure, 

enzymatic assays were defined for the production of thiol-compounds capable of interact with the 

surface of our CdS QDs-SPCE. These thiols could link to the CdS QDs conferring hydrophobic 

properties to the surface and blocking the interaction with the H2O2. Considering this mechanism, 

we could associate the decrease in the ECL intensity with the enzymatic activity. 

For the direct assays we took advantage of the natural enzymatic production of H2O2 of some 

bioassays to conduct the ECL process. This approach enables the direct use of enzymatic H2O2 as it 

can act as a ready-made coreactant for ECL emissions without the introduction of exogenous 

coreactants which makes the system neat, green, and facile [15,46,61,62]. 

Scheme 1 and 2 show the two applications of our modified electrodes. For the affinity assays, we 

used the enzymatic production of thiocholine from acetylthiocholine oxidation of acetylthiocholine 
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taking advantage of our expertise on previous works from the group [59,63,64]. The incubation of 

the enzyme with its substrate leads to the production of thiocholine in solution. Afterwards, CdS 

QDs-SPCE is kept in contact with the thiol solution and let react. After washing the electrodes, ECL 

measurements were carried out and the variation on the ECL intensity was related to the enzymatic 

activity (Scheme 1). For the direct assay, we selected the alcohol oxidase as model enzyme for H2O2 

production [65–67]. Thus, in presence of methanol, this enzyme is able to produce enough amounts 

of the coreactant to yield the ECL process. In this case, the increase on the ECL intensities were 

correlated to the enzymatic activity (Scheme 2). 

Affinity assays: acetylcholine enzymatic assay 

The effect of varying concentrations of ATCh on the response of the present analytical system 

containing fixed amount of AChE (50 mU mL-1) was studied. According to Figure 3A the response 

to increasing concentrations of ATCh is typical for an enzymatic system governed by the Michaelis-

Menten kinetic model. One can notice the linear part of the calibration plot up to 0.05 mM of the 

substrate followed by the plot section approaching asymptotically the maximum response from 0.5 

mM. The apparent Michaelis-Menten constant was calculated by fitting the experimental results to 

the equation ΔECL = ΔECLmax[ATCh] / (KM + [ATCh]). The value of 0.15 ± 0.034 mM 

correlated well with the literature data [59,68,69]. We calculated the LOD for ATCh (S/N=3) of 

26.03 µM. This value was equal or even better than some amperometric procedures [70,71]. For 

subsequent experiments we selected a concentration of ATCh equal to 0.5 mM. Figure 3B shows the 

response of the analytical system to increasing amount of AChE at a fixed concentration of ATCh. 

The system demonstrated a linear decrease of the ECL signal from 0 to 5 mU mL-1 and reached a 

saturation point at around 50 mU mL-1. The LOD for AChE was found at 0.73 mU mL-1 and it is 

lower than some amperometric [72], fiber-optic [73] and ECL [74] biosensors. 

In order to provide more evidence that the biosensor platform is sensitive to AChE detection, we 

employed the cholinesterase inhibitor 1,5-bis-(4-allyldimethylammonium-phenyl)pentan-3-one 

dibromide (BW284c51), which has a mechanism of toxicity similar to organophosphorus nerve 

agents and is frequently utilized as an analogue of nerve gases [75–77]. This inhibitor has a high 

selectivity for AChE and competes with the enzyme substrate for binding to the active site in an 

reversible manner [77]. Figure 3C represents the ECL signal when pre-incubating the AChE with 

different amounts of BW. We observed that increasing amounts of BW were associated to an 

increase in the ECL signal related to the inhibition of the enzyme and the subsequent diminution in 

the amount of thiols produced. According to S/N = 3, we calculated a detection limit for BW of 

79.22 nM similar to other fiber optic [78] and fluorogenic [63] methods.  
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Moreover, to validate the proposed system we used this method to determine AChE in 

commercially available HS. Different concentrations of the enzyme were added to diluted HS and 

the enzymatic activity was measured as previously described. We plotted the experimental data with 

the concentration of the standard (x-axis) against the ECL signal acquired (y-axis) (Figure 5A). A 

linear regression analysis was performed to calculate the intercept of the calibration curve with the 

x-axis, representing the concentration of AChE in the HS. Taking into consideration the dilution of 

the samples, the concentration of AChE was stablished at 5176 mU mL-1. This value is similar to 

that reported in the literature for human plasma (5675±195 mU mL-1) [59,79]. 

In addition, we also performed control experiments with different thiols to probe the mechanism of 

the presented system. We tested two pair of oxidized and reduced thiol compounds of interest in 

biosensing: cystine/cysteine (CSSC/CSH) and glutathione/oxidized glutathione (GSH/GSSG).  

The interaction with the CdS QDs-SPCE surface was conducted by drop casting a 7 µL of the thiol 

solution on the working electrode for 20 min. After the washing step we measured their ECL 

behaviours in PBS with H2O2 10 mM. Only the reduced forms of the thiols (CSH and GSH) were 

able to interact with the CdS QDs on the outer layer and block the surface against the coreactant, 

thus decreasing the ECL signal (Figure S10). On the other hand, the oxidized form (CSSC and 

GSSG) didn’t affect the ECL intensity of the CdS QDs-SPCE. These experiments confirmed our 

previous hypothesis regarding the selective interaction of our CdS QDs-SPCE surface towards thiol 

groups and its blocking for the interaction with the coreactant, decreasing the ECL signal. 

Alcohol oxidase enzymatic assay 

The influence on the ECL intensity of varying amounts of AOx in the presence of a fixed MeOH 

concentration (0.03 g L-1) is shown in Figure 4A. The ECL intensity increased with increasing 

amounts of enzyme in the range studied. The determination of AOx using methanol as substrate 

demonstrated a LOD of 6.59 ng mL-1 (S/N=3). In Figure 4B is presented the calibration plot of 

varying amount of MeOH and a fixed concentration of AOx (0.05 µg mL-1). The increased amounts 

of MeOH led to an increase in the ECL signal, as more H2O2 is produced in situ. The LOD for 

MeOH was calculated for 61.46 µg L-1 (1.92 µM). This ECL assay showed a better sensitivity than 

classical Raman spectroscopy [26] and amperometric biosensors [80,81]. 

Additionally, we applied this method to the detection of methanol in vodka. It is well known that 

methanol is toxic for humans and its content in alcoholic beverages must be controlled. Vodka was 

chosen as a model alcoholic beverage because of its high consumption, mostly in the Eastern 

European countries [82]. The same procedure of standard additions was performed. Known 
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quantities of methanol were added to vodka samples. By linear regression the amount of methanol 

was calculated as 13 mg L-1 (Figure 5B). This value was within the methanol levels permitted for 

alcohol beverages specified by the regulation (EC) No 110/2008, this value should not exceed 100 

mg L-1. 

More evidence of the mechanism proposed was studied with a different enzymatic system. Glucose 

oxidase was selected because of its ability to produce H2O2 [83]. GOx is able to oxidize glucose in 

presence of oxygen yielding H2O2 that was used to carry out the ECL process. In Figure S11 is 

shown the ECL intensity results of two different GOx concentrations (3.5 and 1.5 mg mL-1) in 

presence of glucose (2 mM) and the controls of individual reagents. ECL was only generated when 

the enzyme and substrate were present in solution and interacted to produce H2O2 that was used as 

ECL cofactor. Increasing amounts of enzyme produced a higher H2O2 concentration that led to an 

increase on the ECL intensity. No significant signal was detected when the reagents were analysed 

separately. With this additional prove of concept we could confirm our second hypothesis: the 

enzymatic production in situ of H2O2 can be used as ECL coreactant for our CdS QDs-SPCE, 

avoiding the use of an external reagent.  

 

Conclusions 

The need of portable, cheap and easy to hand devices for bioanalytical applications promotes the 

development of new strategies for its accomplishment. The present study shows a novel ECL 

platform based on CdS QDs with real bioanalytical applications on the detection of analytes of 

interest. The easy screen-printed electrode modification and the direct, facile and aqueous friendly 

synthesis of the nanoparticles simplifies the fabrication process of the final CdS QDs-SPCE ECL 

platform. Two approaches were carried out to modulate the ECL emission: enzymatic generation of 

thiols to block the CdS QDs surface and the in situ production of the H2O2 cofactor needed to 

produce the ECL signal. First, acetylcholinesterase was employed to release thiocholine that 

interacted with the CdS QDs thus decreasing the ECL signal. The inhibition mechanism of the 

enzyme was demonstrated by using the BW284c51. On the other hand, alcohol oxidase produced 

H2O2 and promoted the ECL signal when increasing the amounts of enzyme and substrate. Both 

strategies were applied to the detection of AChE and MeOH in real samples with successfully 

results. The proposed procedures are uncomplexed, cost effective and highly sensitive. To the best 

of our knowledge, this is the first time that this portable µ-STAT ECL device is employed for the 

direct detection of the CdS QDs ECL emission. 
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Figures and figures caption 

 

Figure 1. TEM images from CdS QDs and size histogram. 

 

Figure 2. Cyclic voltammetry and ECL signals from CdS QDs-SPCE in presence of H2O2 50 mM in 

PBS. 
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Scheme 1. (A) Enzymatic generation of thiocholine and interaction with the CdS QDs modified 

electrode. Blocking of the surface and diminution of the ECL signal. (B) Inhibition of AChE 

through BW inhibitor and increase of the ECL signal. 

 

Scheme 2. Enzymatic generation of H2O2 and ECL performance. 
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Figure 3. Calibration curves of (A) ATCh from 0 to 0.5 mM in presence of AChE 50 mU mL-1, (B) 

AChE from 0 to 50 mU mL-1 in presence of ATCh 0.5 mM and (C) BW from 0 to 1 µM in presence 

of AChE 5 mU mL-1 and ATCh 0.5 mM, measured in PBS with H2O2 10 mM. 

 

 

 

 

Figure 4. Calibration curves of (A) AOx from 0 to 0.05 µg mL-1 in presence of MeOH 0.03 g L-1, 

(B) MeOH from 0 to 500 µg mL-1 in presence of AOx 0.05 µg mL-1, measured in PBS with H2O2 10 

mM. 
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Figure 5. Quantification of (A) AChE in solutions containing different concentrations of added 

standard solution of AChE (from 0 to 5 mU mL-1), ATCh (0.5 mM) and diluted HS; (B) MeOH in 

solutions containing different concentrations of added standard (from 0 to 100 µg L-1), AOx (0.05 

µg mL-1) and diluted vodka. 

 


