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A B S T R A C T   

In this work we present the development of an electrochemiluminescence aptasensor based on electrografting 
molybdenum disulphide nanosheets functionalized with diazonium salt (MoS2–N2

+) upon screen-printed elec
trodes of graphene (SPEs GPH) for viral proteins detection. In brief, this aptasensor consists of SPEs GPH elec
trografted with MoS2–N2

+ and modified with a thiolated aptamer, which can specifically recognize the target 
protein analyte. In this case, we have used SARS-CoV-2 spike protein as model protein. Electro
chemiluminescence detection was performed by using the [Ru(bpy)3]2+/TPRA (tripropylamine) system, which 
allows the specific detection of the SARS-CoV-2 spike protein easily and rapidly with a detection limit of 9.74 fg/ 
mL and a linear range from 32.5 fg/mL to 50.0 pg/mL. Moreover, the applicability of the aptasensor has been 
confirmed by the detection of the protein directly in human saliva samples. Comparing our device with a 
traditional saliva antigen test, our aptasensor can detect the spike protein even when the saliva antigen test gives 
a negative result.   

1. Introduction 

Over the past three decades, there have been hundreds of thousands 
of deaths caused by regular outbreaks of viral diseases [1]: severe acute 
respiratory syndrome coronavirus (SARS-CoV) in 2003, influenza A 
virus H1N1 subtype in 2009, Zika virus (ZIKV) in 2014, middle east 
respiratory syndrome coronavirus (MERS-CoV) in 2014, Ebola virus 
(EBOV) in 2014 and severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) in 2019. This last outbreak led to the recent COVID-19 
pandemic. During this pandemic the importance of rapid virus detec
tion has been highlighted, as it minimizes the spread of the virus and, 
therefore, the morbidity and mortality. For this reason, we selected 
SARS-CoV-2 as model virus to perform this work. 

At the beginning of the COVID-19 pandemic, computerized tomog
raphy (CT) scan, and poly-chain reaction (PCR) were very popular, but 
over time, due to the high transmission rate of the disease, the need 

arose for rapid and cheap diagnostic tests with significant sensitivity and 
specificity. In this context, a universal interest in the development of 
biosensors, specifically based on nanomaterials, has emerged for the 
real-time virus detection [2]. 

Biosensors consist of a biological or biomimetic recognition element, 
whose function is to recognize a part of the virus, and a transducer to 
convert said recognition event into a detectable signal. Specifically, 
biorecognition elements could be whole cells, enzymatic reactions, 
products of the patient’s immune response system such as antibodies 
and genetic material from viruses such as DNA and RNA [3]. An 
emerging method to detect SARS-CoV-2 is based on the use of an 
aptamer as recognition element [4]. An aptamer is a single-stranded 
DNA or RNA molecule which can bind to targets by folding into a 3D 
structure [5]. Unlike antibodies, aptamers can be chemically synthe
sized, at lower cost, and modified with high stability and little 
batch-to-batch variation [4,5]. Due to their high affinity and specificity, 
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aptamers have been applicated in the development of therapies and 
diagnostic tools for some pathogens such as bacteria [6–8], parasites [9, 
10], and viruses [4,11,12]. Therefore, taking into account the huge in
terest from the scientific community in the development of new 
SARS-CoV-2 detection tools, several aptasensors has been published for 
the detection of this virus [13–26]. However, there is still a great deal of 
interest in the development of new device with improved performance. 
In fact, none of them are based on the use of the ultrasensitive analytical 
technique called electrochemiluminescence (ECL). 

ECL is a powerful transduction technique [27], which consists of the 
emission of light by excited species through high-energy electron 
transfer reactions. This technique combines the advantages of chem
iluminescence and electrochemical techniques and allows obtaining 
spatially localized signals and controlling the reaction through the 
application of electrode potential. On the other hand, it offers high 
sensitivity because it presents an exceptionally low background signal 
[28]. The combination of this technique with nanomaterials allows the 
achievement of new and improved sensitive detection platforms. Hence, 
the electrode surface modification with nanomaterials (nano
structuration) improves the sensing performance due to it allows the 
enhancement of the electrode surface area, facilitates the biorecognition 
elements immobilization, decreases the non-specific binding sites and 
enhances the electron transfer in catalytic reactions [29]. With this 
purpose, most published works use previously synthesized nano
materials to modify electrodes and develop biosensors rather than “in 
situ” nanomaterials synthesis on the electrode surface. Nevertheless, the 
procedures traditionally used to prepare these electrodes require 
complicated steps, such as coating the electrode surface, drying at 
higher temperatures, and mixing with binders. Among the different 
methods to deposit nanomaterials onto electrode surfaces for biosensor 
fabrication, the drop-casting “manual deposition” method is the most 
extensively used due to its ease and simplicity. However, this method 
usually utilizes binders as dimethylformamide or polyvinyl alcohol, 
among others, with nanomaterials to firmly modify the electrode sur
faces [30] that inevitably blocks catalytic active sites, affects the elec
trolyte diffusion and increases the series resistance, which leads to poor 
reproducibility, low stability, and reduced electrocatalytic activity 
[31–34]. Hence, a nanomaterial deposition method that is stable, facile 
and reproducible is essential to achieve high performance designed 
biosensors [29]. In this sense, the covalent attachment of nanomaterials 
onto the electrode surface can open a new emerging area of improved 
biosensing devices. Even though most air-stable 2D materials are rela
tively inert, many strategies have been developed for their covalent 
modification [35–39]. Particularly, the reactivity of MoS2 depends on its 
polytype, being less reactive the semiconducting (2H–MoS2) than the 
metallic one (1T-MoS2). An optimal approach for chemically modifying 
these materials should be mild, avoiding the introduction of numerous 
defects, while also being versatile to accommodate the attachment of a 
wide variety of functional groups. More specifically, using maleimides 
for the covalent functionalization of MoS2 has been shown as a mild, fast 
and versatile protocol [40–42], where functionalization occurs under 
room temperature, in less than 1 h and in different solvents. Besides, in 
this type of functionalization has been proved that no changes in phase 
are needed (from 2H to 1T) because the modification occurs under mild 
conditions in the semiconducting 2H phase. In those regards, the co
valent functionalization of MoS2 with a maleimide diazonium salt 
(MoS2–N2

+) has been proposed to build a 2D covalent heterostructure 
electrode made with graphene and MoS2 nanosheets, as some of us 
previously reported [23]. Briefly, the soft nucleophilic sulfur atoms 
present in the MoS2 surface react with the double bond of maleimide 
compounds, in a “click” type thiol-ene reaction [36,40]. Once it is 
attached to MoS2, the dangling diazonium salt (present in the maleimide 
compound) offers the perfect reacting group for attaching the func
tionalized MoS2 to graphene [43]. 

Hence, the 2D covalent heterostructure electrode made with gra
phene and MoS2 nanosheets can be an interesting alternative to develop 

more stable, facile, and reproducible biosensors. Additionally, as it is 
well-established, the use of nanomaterials improves the analytical per
formance of these devices, so the implementation of this 2D covalent 
heterostructure in the biosensor design allows the possibility of benefit 
the synergy of both nanomaterials [23]. In addition, the 2D hetero
structure can be used as a novel immobilization platform of bio
recognition elements as thiolated molecules can interact with the basal 
plane of MoS2 due to its strong interaction in its reduced (thiol) or 
oxidized (disulfide) form [38,44–47]. Therefore, this platform in com
bination with the outstanding ECL technique results in a promising 
strategy for the sensitive detection of analytes of clinical interest. 

Based on the better performance that a modified electrode built with 
a MoS2/graphene covalent heterostructure can provide in the develop
ment of sensing devices, in this work we present a novel electro
chemiluminescence aptasensor for the detection of viral proteins based 
on this type of modified electrodes. 

2. Material and methods 

2.1. Chemicals 

A synthetic DNA aptamer (SH-Apt) of 51 nucleotides long which 
specifically recognize the receptor-binding domain (RBD) of the SARS- 
CoV-2 spike protein used in this work was purchased from Merk 
(www.merckgroup.com/es-es). This aptamer was modified in the 
5′extreme with an hexalquilthiol (5′–SH–(CH2)6): 

5′–SH–(CH2)6-CAGCACCGACCTTGTGCTTTGGGAGTGCT 
GGTCCAAGGGCGTTAATGGACA-3′ 

Sodium phosphate dibasic dihydrate (Na2HPO4⋅2H2O), sodium 
phosphate monobasic monohydrate (NaH2PO4⋅H2O), sodium chloride 
(NaCl), 1,4-Dithiothreitol (DTT), a NAP-10 column of Sephadex G-25, 
acetonitrile (CH3CN; ACN), tripropylamine (TPrA), bovine serum albu
min (BSA), antigen p53, immunoglobulin G (IgG), human carcinoem
bryonic antigen (CEA) and tris(2,2′-bipyridyl)dichlororuthenium(II) 
hexahydrate ([Ru(bpy)3]Cl2⋅6H2O) were provided by Merck (www. 
merckgroup.com/es-es). SARS-CoV-2 (2019-nCoV) Spike S1-His Re
combinant Protein (S1) (HPLC-verified) (40,591-V08H), Influenza A 
H1N1 (A/California/04/2009) Hemagglutinin/HA Protein (ECD, His 
Tag) (11,055-V08H) and MERS-CoV Spike/S1 Protein (S1 Subunit, aa 
1–725, His Tag) (40,069-V08B1) were provided by Sino Biological 
Europe GmbH (Eschborn, Germany). SARS-CoV-2 (COVID-19) Antigen 
Rapid Test (Saliva) for self-testing fabricated by Hangzhou AllTest 
Biotech Co., Ltd. (REF: ICOV–803H) were purchased from Suministros 
Generales para Laboratorio (SGL; https://sglab.net/). Bulk MoS2 was 
purchased from Sigma Aldrich. N-(4-aminophenyl) maleimide, as a 
precursor for the formation of the diazonium salt, was bought from 
Apollo Scientific. 

2.2. Instrumentation 

Purified water Millipore Milli-Q-System (18.2 MΩ cm) was used in 
all experiments. 

All material and solutions were sterilized in a Nüve OT012 autoclave 
before to be used. 

Electrochemical and electrochemiluminescence (ECL) experiments 
were carried out using Metrohm screen-printed electrodes of graphene 
(DRP-110GPH; SPEs GPH), which integrate a carbon working electrode 
modified with graphene, a silver pseudo-reference electrode and a car
bon auxiliary electrode. 

With the aim of electrochemical characterize the aptasensor, an 
autolab (PGSTAT 30 potentiostat) from Metrohm was used. It was 
controlled with the software package GPES 4.9 or FRA using a screen- 
printed electrode connector (Metrohm). 

The ECL experiments were carried out with a SpectroECL controlled 
with the specific software DropView SPELEC. This instrument has a 
bipotentiostat/galvanostat (±4 V potential range, ±40 mA maximum 
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measurable current). A Metrohm DropSens Si-photodiode cell (DRP- 
ECLPHOTODIODCELL) was employed (spectral response range from 
340 to 1100 nm). In the case of the spectroelectrochemiluminescence 
measurements, they were recorded with a Spectrometer Cell (wave
length range from 340 to 850 nm). 

Atomic Force Microscopy (AFM) images were acquired with a 
Nanotec Electrónica AFM system, in jumping mode (one entire force 
curve is acquired at each measurement point), using silicon cantilevers 
(PPP-FM Nanosensors, 2.8 N/m nominal spring constant and 75 kHz 
resonant frequency in air) in air. WSxM software [48] was used for the 
acquisition and processing of images. 

SEM and EDAX (Energy-dispersive X-ray analysis) images have been 
taken with FEI instrument (VERIOS 460). 

Fourier-transform infrared spectroscopy with attenuated total 
reflection (FT-ATR-IR) was performed in a Bruker ALPHA FT-IR 
spectrometer. 

The thermogravimetric analysis (TGA) was carried out by a TGA 
Q500 equipment, supplied by TA instruments, in air at a rate of 10 ◦C 
(from 100 to 800 ◦C), after an equilibrium isotherm at 50 ◦C for 15 min. 

Raman measurements were carried out using a Bruker Senterra II 
confocal Raman microscope (Bruker Optic, Ettlingen, Germany, reso
lution 3–5 cm− 1) using 50× objective with an aperture of 0.75; 532 nm 
laser excitation and 2 mW. 

2.3. Procedures 

2.3.1. Synthesis of molybdenum disulphide functionalized with diazonium 
salt (MoS2–N2

+) 
First, MoS2 was exfoliated by liquid phase exfoliation (LPE) in N- 

Methyl-2-pyrrolidone (NMP), as reported by Pérez and co-workers [40]. 
Briefly, a 1 mg/mL suspension was sonicated using an ultrasonic probe 
for 1 h, at 35 % of amplitude. Then, centrifuged for 30 min at 5000 rpm 
and supernatant was filtered using PTFE membrane filters (0.45 μm). 
Exfoliated material was finally redispersed in acetonitrile (ACN) and 
washed several times under ACN and isopropanol (i-PrOH), obtaining 
the exfoliated pristine material (p-MoS2). 

The general procedure to obtain the functionalized material was also 
reported by Pérez and co-workers in previous works. Briefly, N-(4- 
diazophenyl) maleimide was firstly synthesized [43] and then solubi
lized into a 0.4 mg/mL p-MoS2 suspension, under inert atmosphere. This 
mixture was stirred overnight at room temperature protected from light. 
Then, this suspension was filtered and washed with ACN, obtaining the 
functionalized material, MoS2–N2

+. 

2.3.2. 1 mg/mL MoS2–N2
+ solution preparation 

1 mg/mL MoS2–N2
+ dispersion was prepared just before to be used for 

the electrografting process. For that, 3 mg of the synthesized MoS2–N2
+

was suspended in 3 mL of ACN. Finally, the suspension was sonicated for 
15 min. 

2.3.3. Thiolated aptamer, BSA, and Spike protein solutions preparation 
A 10.0 μM stock solution of the thiolated aptamer (SH-Apt) was 

prepared following the protocol for thiol-modified oligonucleotide 
reduction using 1,4-Dithiothreitol (DTT) and a NAP-10 column of 
Sephadex G-25. 

0.1 % bovine serum albumin (BSA) solution was prepared just prior 
to be used. For this purpose, 10 mg of BSA was dissolved in 10 mL of 10 
mM PB 0.4 M NaCl pH 7.0 (PBS). The obtained solution was subsequent 
filtered with a 0.45 μm nylon syringe filters. 

Spike protein standard (stored at – 80 ◦C) was reconstituted at final 
concentration of 0.25 mg/mL. This solution was used for preparing a 1 
ng/mL Spike protein stock (stored at – 20 ◦C) in PBS, which was pre
pared once a month. The diluted solutions of different concentrations of 
Spike protein used in this work were prepared from the 1 ng/mL stock in 
PBS just prior to be used. 

2.3.4. ECL signal of [Ru(bpy)3]2+/TPrA system 
ECL signals on SPE GPH or SPE GPH/MoS2–N2

+ were obtained by 
depositing 60.0 μL of a 7 mM [Ru(bpy)3]2+ solution with different 
concentrations of TPrA in 0.1 M PB pH 7.4. Then, a cyclic potential scan 
from 0.00 V to 1.90 V at 0.01 V/s was applied, obtaining electrochemical 
and ECL signals, both being registered at the same time. 

2.3.5. Biosensor electrochemical characterization 
Electrochemical impedance spectroscopy (EIS) and cyclic voltam

metry (CV) techniques were used to characterize the different biosensor 
development steps. Both CV and EIS measurements were acquired in 10 
mM Fe(CN)6

3− and 10 mM Fe(CN)6
4− (as redox probe) in 0.1 M PB pH 7. 

Cyclic voltammograms were performed from − 1.0 to 1.2 V (2 scans) 
at 100 mV/s. EIS was registered applying the following conditions: 0.12 
V in the frequency range from 100 kHz to 0.01 Hz with 10 mV ampli
tude. The obtained EIS data were represented in a Nyquist plot (-Z’’ vs. 
Z’) and fitted to a Randles equivalent circuit that consists of the charge 
transfer resistance (Rct), solution resistance (Rs), a Warburg impedance 
element (ZW) and a constant phase element (CPE) that models the non- 
ideal behavior of the double layer capacitance. 

2.3.6. Spike protein aptasensor development 

2.3.6.1. Electrografting of MoS2–N2
+ on SPEs GPH surface. SPE GPH were 

summitted to an electrografting process with molybdenum disulphide 
functionalized with diazonium salt (MoS2–N2

+) by applying 15 consec
utive scans from − 1.5 V to 1.0 V at 0.1 V/s in 1 mg/mL MoS2–N2

+ so
lution in ACN saturated with N2. The process was performed in an 
electrochemical cell with reflux of water to avoid evaporation of ACN, 
obtaining the platform denoted as SPE GPH/MoS2–N2

+. 

2.3.6.2. Thiolated aptamer immobilization upon SPE GPH/MoS2–N2
+

surface. MoS2–N2
+/SPE GPH electrodes were dropcasted with 10.0 μL of 

10.0 μM of thiolated aptamer (SH-Apt) and were kept at room temper
ature for 24 h (SH-Apt/MoS2–N2

+/SPE GPH). 

2.3.6.3. Blocking with BSA. 10.0 μL of 0.1 % BSA (blocker agent) in PBS 
were added to SH-Apt/MoS2–N2

+/SPE GPH electrodes for 30 min for 
blocking non-specific absorptions [49], obtaining the platform Block
er/SH-Apt/MoS2–N2

+/SPE GPH. After that, it was washed with Milli-Q 
water to remove any unabsorbed material. 

2.3.6.4. Incubation with Spike protein. Finally, Blocker/SH-Apt/ 
MoS2–N2

+/SPE GPH electrodes were incubated in humid chamber during 
1 h at 37 ◦C with 10.0 μL of the analyte protein (Spike) and, finally, 
washed with Milli-Q water. 

2.3.6.5. Electrochemiluminescence detection. ECL emission was obtained 
by applying a cyclic potential scan from 0.00 V to 1.90 V at 0.01 V/s in 
60.0 μL of 7 mM [Ru(bpy)3]2+ and 500 μM TPrA in 0.1 M PB pH 7.4. The 
produced ECL signal and cyclic voltammogram were registered at the 
same time. Finally, the ECL aptasensor response were normalized with 
the blank (Blocker/SH-Apt/MoS2–N2

+/SPE GPH) as a percentage: 

Normalized ECL (%)=
(ECL signal − blank ECL signal)

blank ECL signal
⋅100 

The blank signal is recorded by performing at least 3 different bio
sensors per day. These measurements are carried out with independent 
sensors/electrodes prepared exclusively for this purpose. Table 1SI 
shows blank signals of different electrodes from different days. 

2.3.6.6. Spike protein detection in spiked untreated human saliva samples. 
To study the matrix effect and to corroborate the biosensor applicability, 
untreated human saliva samples spiked with Spike protein was used. 
These samples were prepared by using untreated saliva sample of a 
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volunteer, which was spiked with Spike protein (from 0.10 to 50.00 pg/ 
mL). After that, this solution (10.0 μL) was incubated in humid chamber 
(1 h at 37 ◦C) on Blocker/SH-Apt/MoS2–N2

+/SPE GPH electrodes and 
washed with Milli-Q water to remove unabsorbed material. The ECL 
detection was performed as is described above. Finally, the Spike protein 
concentration was calculated using the normalized ECL signal of the 
spiked human saliva sample. 

3. Results and discussion 

In this work we present a new electrochemiluminiscence aptasensor 
for the early diagnose of viral diseases, based on 2D MoS2 functionalized 
with a diazonium salt and graphene electrodes, whose development 
steps are depicted in Scheme 1. Firstly, a screen-printed electrode of 
graphene (SPE GPH) was submitted to an electrografting process of 
molybdenum disulphide nanosheets functionalized with diazonium salt 
(MoS2–N2

+), obtaining a 2D heterostructure formed by graphene and 
MoS2 nanosheets covalently linked (step 1). Upon this surface 
(MoS2–N2

+/SPE GPH), the thiolated aptamer (SH-Apt) is immobilized 
(SH-Apt/MoS2–N2

+/SPE GPH) (step 2) onto the basal plane of MoS2 due 
to its strong interaction in its reduced (thiol) or oxidized (disulfide) form 
[38,44–47]. Next, the non-specific sites of the surface were blocked (step 
3) with bovine serum albumin or BSA (blocker). Then, the resulting 
surface (Blocker/SH-Apt/MoS2–N2

+/SPE GPH) was subsequently incu
bated with the analyte (in this case, SARS-CoV-2 spike protein), reaching 
the final platform Spike/Blocker/SH-Apt/MoS2–N2

+/SPE GPH (step 4). 
Finally, the selective aptamer-protein binding is detected by measuring 
the changes of the anodic ECL signal of [Ru(bpy)3]2+ and tripropyl
amine (TPrA) before and after incubation with the analyte (step 5). 

Based on Scheme 1 depicted above, the first step was the synthesis 
and characterization of the nanomaterials used. 

3.1. Synthesis and characterization of MoS2–N2
+

The synthesis and functionalization of the different materials 
employed (from diazonium salt to MoS2–N2

+) is described in the exper
imental section, and more detailed in a previously published work [43]. 

For the characterization of the new batches (both pristine and 
functionalized, p-MoS2 and MoS2–N2

+ respectively), thermogravimetric 
analysis (TGA) was performed to ensure the correct functionalization, 
(see Fig. 1SI). The quantification of the functionalization degree for 
MoS2–N2

+ was achieved by analysing TGA profiles of both species, where 
a weight loss difference of 8 % was found, corresponding to the mole
cules of diazonium maleimide attached to the MoS2. Furthermore, 
Fourier-transform infrared spectroscopy with attenuated total reflection 
(FT-ATR-IR) was performed to support the TGA results. It was possible to 
observe the stretching band of the carbonyl of the succinamide at 1709 

cm− 1 and a new band related to the C–S bond arose at 690 cm− 1. Be
sides, the C–H bending of the alkene disappears after the reaction be
tween the maleimide and p-MoS2. 

3.2. Aptasensor development 

3.2.1. Electrografting process of MoS2–N2
+

The second step in the aptasensor development was the electro
grafting of molybdenum disulphide nanosheets functionalized with 
diazonium salt (MoS2–N2

+) on graphene screen-printed electrodes (SPE 
GPH), as was mentioned before and depicted in Scheme 1. The elec
trografting process was performed applying 15 consecutive scans of 
cyclic potential to the MoS2–N2

+ suspension. In this way, the diazonium 
salt is reduced and the aryl radical is formed, allowing the covalent bond 
formation between MoS2–N2

+ and graphene of the SPE GPH surface. The 
result is a 2D heterostructure formed by graphene and MoS2 nanosheets 
covalently linked, as we previously described [23]. During this elec
trografting process, a non-electroactive layer is formed with the covalent 
anchoring of the diazonium salt upon the electrode surface, producing a 
hinder in the electron transfer and, therefore, a decrease in the current is 
observed with the number of scans [50] (see Fig. 2SI). 

3.2.2. ECL behaviour of the [Ru(bpy)3]2+/TPrA system upon the 
electrografted platform 

During the last 20 years, the [Ru(bpy)3]2+/TPrA ECL system has 
been widely employed in the biosensors’ area [51]. However, this is the 
first time that the ECL signal of the [Ru(bpy)3]2+/TPrA system is 
recorded on MoS2–N2

+/SPE GPH. The “oxidative–reduction” coreactant 
ECL pathway mechanism of the [Ru(bpy)3]2+/TPrA system is 
well-known [52,53], which is represented upon our developed electro
grafted platform in Fig. 1A. With the purpose of confirming that the 
same mechanism is occurring upon MoS2–N2

+/SPE GPH, a 3D ECL 
spectrum of the [Ru(bpy)3]2+/TPrA system upon the MoS2–N2

+/SPE 
GPH platform was recorded. In Fig. 1B, an ECL emission peak centered 
at around 625 nm and 1.0 V can be observed. Therefore, the ECL 
emission can be attributed to the electronic transition of the excited state 
of [Ru(bpy)3]2+* to [Ru(bpy)3]2+, due to the fluorescence spectra of the 
[Ru(bpy)3]2+ has a maximum centered at around that wavelength [54]. 
This experiment confirms that “oxidative–reduction” coreactant ECL 
pathway mechanism of the [Ru(bpy)3]2+/TPrA system is also happening 
in our developed platform. 

Once the ECL mechanism is confirmed, we recorded the ECL signal 
(Fig. 1C) of 7 mM [Ru(bpy)3]2+ in absence of TPrA (red line) and with 
different concentrations of this correactant (0 μM (red curve), 50 μM 
(green curve), 100 μM (blue curve), 250 μM (cyan curve), 500 μM 
(purple curve) and 1000 μM (orange curve)) in 0.1 M PB pH 7.4 at 
MoS2–N2

+/SPE GPH. As it is expected, the ECL signal increases with the 

Scheme 1. 2D covalent MoS2 and graphene heterostructure based-aptasensor design.  
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TPrA concentration. So, to decide which concentration of TPrA is the 
most optimal to develop the proposed aptasensor, we determined the 
absolute biorecognition signal (the signal of the entire platform Spike/ 
Blocker/SH-Apt/MoS2–N2

+/SPE GPH minus the blank, which is the 
platform without analyte: Blocker/SH-Apt/MoS2–N2

+/SPE GPH) 
employing the different concentrations of TPrA previously employed. 
The best biorecognition was obtained by using 500 μM of TPrA. 
Therefore, the rest of the experiments was carried out with this opti
mized concentration of TPrA. 

3.2.3. Aptasensor characterization 
Once the MoS2–N2

+ is correctly electrografted upon the SPE GPH 
surface, the thiolated aptamer (SH-Apt) is immobilized (MoS2–N2

+/SPE 
GPH) due to the interaction of thiolated group and MoS2 lattice [38, 
44–47] (see Scheme 1). Then, in order to confirm the successful apta
sensor development and to have a total control of the process in order to 
obtain reproducible results, each step followed in the development as 
well as the final device was deeply characterized by different techniques 
such Atomic Force Microscopy (AFM), Scanning Electron Microscopy 
(SEM) with energy dispersive X-ray spectroscopy analysis (EDAX), 

Fig. 1. (A) ECL mechanism of the [Ru(bpy)3]2+/TPrA system upon the electrografted platform MoS2–N2
+/SPE GPH. (B) 3D ECL spectrum of [Ru(bpy)3]2+/TPrA 

system at MoS2–N2
+/SPE GPH. (C) ECL signals of 7 mM [Ru(bpy)3]2+ with different concentration of TPrA: 0 μM (red curve), 50 μM (green curve), 100 μM (blue 

curve), 250 μM (cyan curve), 500 μM (purple curve) and 1000 μM (orange curve) in 0.1 M PB pH 7.4 (black curve) on MoS2–N2
+/SPE GPH. (D) Biorecognition signal 

of 5.00 pg/mL of Spike protein as a function of the TPrA concentration. 

Fig. 2. AFM images of (A) SPE GPH, (B) MoS2–N2
+/SPE GPH and (C) SH-Apt/MoS2–N2

+/SPE GPH.  
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electrochemical impedance spectroscopy (EIS), X-Ray photoelectron 
spectroscopy (XPS) and Raman spectroscopy. 

Fig. 2 shows the AFM surface characterization, which reveals the 
changes in the topographical height. The graphene flakes of the gra
phene screen-printed electrode (SPE GPH) can be clearly distinguished 
in the three different stages of the aptasensor building. 

These three different stages in the construction of the aptasensor 

(bare SPE GPH, MoS2–N2
+/SPE GPH and SH-Apt/MoS2–N2

+/SPE GPH) 
were also characterized by SEM. Secondary electrons images (Fig. 3A, B, 
3E, 3F, 3I and 3J) are useful for the inspection of the topography of the 
sample’s surface while the backscattered electrons images (Fig. 3C, G 
and 3K) provide differences in the atomic number of materials placed on 
and below the surface of the sample. EDAX images obtained through 
SEM were also recorded (Fig. 3D, H and 3L). Considering this 

Fig. 3. SEM images of (A–D) SPE GPH, (E–H) MoS2–N2
+/SPE GPH and (I–L) SH-Apt/MoS2–N2

+/SPE GPH.  
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information, the analysis of the bare SPE GPH (Fig. 3A–D) shows the 
surface covered by just graphene flakes since the only element detected 
in the EDAX image is carbon (C). In addition, due to the absence of any 
element different from carbon, no contrast is observed in Fig. 3C and D. 
However, the presence of the MoS2–N2

+ nanosheets can be clearly 
distinguished in Fig. 3G and H (clear gray) from the SPE GPH (dark gray) 
in Fig. 3C and D, since Mo and S present higher atomic numbers than C. 
In this case, the EDAX image (Fig. 3H) also reveals the existence of 
molybdenum (Mo) and sulfur (S) together with carbon (C). These results 
point to SPE GPH nanostructuration with MoS2–N2

+ nanosheets. 
Regarding the immobilization of the thiolated aptamer (Fig. 3I–L), it 
could be easily confirmed by the EDAX image (Fig. 3L) which also shows 
the presence of phosphorus (P) on the surface, corresponding to the 
presence of DNA. 

A further characterization of the biosensing platform was performed 
with CV and EIS using Fe(CN)6

3− /Fe(CN)6
4− as redox probe. The results 

can effectively demonstrate the different modifications of the electrode 
[55]. The cyclic voltammogram (Fig. 3SIA) of Fe(CN)6

3− /Fe(CN)6
4− at the 

bare SPE GPH (red curve) shows the characteristics oxidation and 
reduction peaks of the Fe(CN)6

3− /Fe(CN)6
4− redox couple at 0.35 V and 

− 0.072 V respectively, a peak-to-peak separation (ΔEp) of 422 mV and a 
peak current (Ip) of 330 μA. After carrying out the electrografting pro
cess of MoS2–N2

+ on SPE GPH (green curve), an increase in ΔEp (439 mV) 
and a decrease in Ip (249 μA) are shown, which indicates hindering of 
electron transfer due to the formation of a less-electroactive layer on the 
electrode surface after the formation of a covalent bonding between the 
diazonium salt and the graphene of the electrode. After the electrode 
modification with the thiolated aptamer (blue curve), the ΔEp and the Ip 
increases to 533 mV and decreases to 234 μA respectively, which in
dicates worsening of the electron transfer caused by the electrostatic 
repulsion between the negatively charged aptamer and the negative 
charge of the Fe(CN)6

3− /Fe(CN)6
4− redox couple [56–58]. This confirms 

the aptamer immobilization on the MoS2–N2
+/SPE GPH surface. Finally, 

after surface blocking with the blocker agent (BSA) (purple curve), the 
reduction peak further shifted towards cathodic potentials, while the 
oxidation peak slightly shifted to a more positive potential (ΔEp = 844 
mV) both with significantly lower current density (Ip = 194 μA), 
corroborating the effective blockage of the non-specific binding sites 
upon the electrode surface [57,58]. 

EIS was also registered with the aim of studying the interface prop
erties of each electrode modification step [55]. The Nyquist plots ob
tained are represented in Fig. 3SIB, in which the diameter of each 
semi-circle equals to the electron-transfer resistance (Rct) [55]. The 
Nyquist plots for the bare SPE GPH (red curve) and for the 
MoS2–N2

+/SPE GPH (green curve) show a Rct of 43.95 Ω and 91.21 Ω, 
respectively. Thus, there is a worsening in the charge transfer after the 
formation of a non-electroactive layer during the electrografting pro
cess. After the electrode modification with the thiolated aptamer, as one 
would expect, the semicircle diameter increases reaching a value of 
112.65 Ω (blue curve) due to the electrostatic repulsion between the Fe 
(CN)6

3− /Fe(CN)6
4− redox couple and the also negatively charged aptamer 

layer [56–58], corroborating the successful aptamer immobilization on 
the MoS2–N2

+/SPE GPH. Finally, a further increase in the charge transfer 
resistance up to 139.23 Ω is shown in the purple curve, which corre
sponds to the Blocker/SH-Apt/MoS2–N2

+/SPE GPH electrode. Thus, after 
blocking the electrode surface with BSA, there is a hindering in the 
interfacial electron transfer that confirm the presence of BSA on the 
non-specific binding sites [57,58]. Therefore, CV results correspond to 
those obtained using EIS, corroborating the successful development of 
the aptasensor. 

The XPS spectra of the bare SPE GPH (Fig. 3SIC, red curve) shows the 
C 1s signal from the electrode surface, as it consists of carbon electrodes 
modified with graphene as a carbon-based nanomaterial (www.dro 
psens.com; consulted on April 17, 2023). Once the MoS2–N2

+ is elec
trografted upon that surface (green curve), S 2p signal of the MoS2–N2

+ is 
observed, corroborating the presence of that nanomaterial in the 

electrode surface. Finally, after the aptamer immobilization on 
MoS2–N2

+/SPE GPH platform, the O 1s, N 1s, and P 2s/2p signals can be 
observed (blue curve), which corresponds to the nitrogenous bases of 
the thiolated aptamer sequence [59,60]. Thus, the aptamer immobili
zation is also confirmed. 

Finally, Raman spectroscopy was also employed to confirm that the 
aptasensor has been successfully developed. As can be seen in Fig. 3SID, 
the spectrum of SPE GPH (red curve) presents the characteristics D, G, 
and 2D Raman bands (at 1350, 1581, and 2718 cm− 1, respectively) of 
the carbon present on the electrode surface. However, in the Raman 
spectrum of MoS2–N2

+/SPE GPH (green curve), another two bands 
appear at 380 cm− 1 and 406 cm− 1 that corresponds to the two active 
Raman modes E1

2g and A1g of the molybdenum disulphide. Finally, in the 
SH-Apt/MoS2–N2

+/SPE GPH spectrum (blue curve), some peaks at 1000 
cm− 1 are observed, probably due to the nitrogenous bases of the thio
lated DNA aptamer [60]. 

After deeply characterized the aptasensor development, we studied 
the ECL response of the final device. We compared this response to those 
recorded at the different steps followed in the aptasensor development. 
The ECL signals are represented in Fig. 4. As can be seen, there is a high 
ECL response at MoS2–N2

+/SPE GPH (green curve), that dramatically 
increases after aptamer immobilization (SH-Apt/MoS2–N2

+/SPE GPH, 
blue curve) and blocking with BSA (Blocker/SH-Apt/MoS2–N2

+/SPE 
GPH, purple curve). However, the incubation with the Spike protein 
causes a considerably decrease in the aptasensor response. This phe
nomenon can be explained by the formation of the folded conformation 
of the aptamer after the protein biorecognition, which could generate a 
steric hindrance that hinders the access of the [Ru(bpy)3]2+/TPrA sys
tem to the surface of the electrode and, as a result, the electron-transfer 
reaction. Consequently, the specific interaction between the aptamer 
and the analyte leads to a lower ECL signal than the one obtained for the 
blank. This effect was also previously described by our group [54] and 
will be employed to detect the highly specific protein-aptamer 
interaction. 

3.2.4. Analytical performance study of the developed aptasensor 
We studied the aptasensor response to different Spike protein con

centrations, as is described in the experimental section. In order to avoid 
electrode to electrode variations, ECL signals were normalized to the 
signals obtained with blank (Blocker/SH-Apt/MoS2–N2

+/SPE GPH), 
following the next formula and the procedure explained in detail in 

Fig. 4. ECL signals of MoS2–N2
+/SPE GPH (green curve), SH-Apt/MoS2–N2

+/SPE 
GPH (blue curve), Blocker/SH-Apt/MoS2–N2

+/SPE GPH (purple curve) and 
Spike (50.0 pg/mL)/Blocker/SH-Apt/MoS2–N2

+/SPE GPH (black curve) by 
using 7 mM [Ru(bpy)3]2+ with 500 μM TPrA in 0.1 M PB pH 7.4. 
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Experimental section: 

Normalized ECL (%)=
(ECL signal − blank ECL signal)

blank ECL signal
⋅100 

There is a linear relationship between the normalized ECL versus the 
logarithm of the Spike protein concentration (Fig. 5A). Thus, a calibra
tion plot was obtained that fits the equation: Normalized ECL (%) =
(11.5 ± 4.0) – (10.9 ± 1.1)⋅log[Spike] (R2 = 0.9683). The limit of 
detection (LOD = 3⋅Sb⋅m− 1) and quantification (LOQ = 10⋅Sb⋅m− 1) 
(where m is the slope of the calibration plot and Sb is the standard de
viation of the blank signal) were estimated to be 9.74 and 32.5 fg/mL, 
respectively, and the sensitivity 10.9 a.u. log(mL/fg). 

To estimate the reproducibility of the aptasensor, we have quantified 
5.00 pg/mL Spike protein with three different devices prepared in the 
exact same way, obtaining a relative standard deviation of 2.31 %. 

Regarding the storage stability at 4 ◦C of the device, it was also 
evaluated (Fig. 5B). The aptasensor kept a 112.5 % of the initial ECL 
response for 30 days. 

3.2.5. Selectivity study of the developed aptasensor 
To evaluate the selectivity ECL aptasensor, we have tested other 

proteins (IgG, p53 and CEA) as potential interferences. For this purpose, 
we have recorded the ECL response of the aptasensor when it is exposed 
to the analyte (5.00 pg/mL Spike protein) in absence or presence of the 
selected interferences (5.00 pg/mL interference). As can be observed in 
Fig. 5C, all tested proteins do not have any interference on the detection 
of Spike protein, suggesting the great selectivity of the aptasensor even 
in the presence of these potential interferences. 

3.2.6. Comparison between the response of the aptasensor developed and a 
commercial saliva antigen test 

The applicability of the aptasensor was evaluated by applying it to 
the detection of the Spike protein in human saliva. The samples were 
prepared using untreated human saliva spiked with different concen
trations of SARS-CoV-2 Spike protein. In particular, the same tested for 
the calibration plot (from 0.1 to 50.0 pg/mL), as is described in the 
experimental section and represented in Fig. 6A. The normalized ECL 
response of three aptasensors, prepared in the same way, were repre
sented vs the log of Spike protein (Fig. 6A). As can be observed, when 
using saliva as a matrix, a linear trend is again obtained between the 
normalized ECL signal and the logarithm of the concentration, which 
verifies the possibility of applying the biosensor to human saliva samples 
without pretreatment. Furthermore, we have compared the sensitivity of 
our biosensor in the detection of SARS-CoV-2 virus in saliva samples 
versus that of a commercial antigen test for saliva samples. As can be 
seen in Fig. 6B, when the commercial antigen test is applied to human 
saliva samples with protein concentrations of the order of pg/mL, which 
is where the developed biosensor presents its linear range, negative 

results are obtained. Therefore, the commercial antigen test is less sen
sitive than our developed technology since it requires protein concen
trations in the order of ng/mL to obtain positive results for SARS-CoV-2. 

In terms of analysis time and cost, it is worth to note that the total 
time required for the detection of the SARS-CoV-2 virus in human saliva 
samples with the developed aptasensor is slightly longer than with the 
commercial antigen test (1 h versus 20 min), and the cost is also higher 
(8 euros (see budget in Table 2SI) versus 4,10 euros). However, the 
detection limit obtained with the aptasensor is much lower demon
strating the potential utility of this device even when the load viral of the 
disease is low. 

Finally, we have compared the response of the aptasensor described 
in this work with other aptasensors recently reported in the literature for 
the detection of the Spike protein. At this point we would like to high
light that there is no other published aptasensor that uses the ECL 
technique for the transduction of the protein-aptamer biorecognition 
event. As can be seen in Table 1, when comparing the ECL aptasensor 
described in this work with others aptasensors prepared with different 
nanomaterials and transduction modes, we observe that our dispositive 
has a very competitive analytical parameters, with a superior LOD and 
linear range than the most of them. This fact allows us to suggest that the 
use of ECL in combination with the platform MoS2–N2

+/SPE GPH has a 
great potential in the development of novel biosensors for clinical 
diagnosis. 

In conclusion, this ECL aptasensor represents a promising alternative 
tool for the selective detection of viral proteins as SARS-CoV-2 Spike 
protein. However, this methodology has a great versatility and could be 
extrapolated and applied to the diagnosis of other diseases and help 
control potential future outbreaks or pandemics. 

4. Conclusions 

A 2D covalent MoS2/graphene heterostructured platform has been 
successfully applied to the development of an ECL aptasensor for the 
detection of the SARS-CoV-2 Spike protein. Thanks to this new meth
odology, this protein could be detected in a wide linear range (from 32.5 
fg/mL to 50.0 pg/mL) with a low detection limit of 9.74 fg/mL. More
over, this strategy presents high selectivity against other interfering 
proteins and huge applicability, after evaluating it applicability to 
identify the SARS-CoV-2 Spike protein in untreated human saliva sam
ples. In conclusion, the ECL aptasensor developed based on the 2D co
valent MoS2/graphene heterostructure is a novel simple approach with a 
great potential for virus proteins detection. 
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J. Gómez, F. Pariente, E.M. Pérez, T. García-Mendiola, E. Lorenzo, Pathogen 
sensing device based on 2D MoS2/graphene heterostructure, Sensor. Actuator. B 
Chem. 392 (2023) 134105, https://doi.org/10.1016/j.snb.2023.134105. 

[24] Y. Xie, Q. Li, J. Chen, W. Yue, Z. Xia, M. Zeng, Y. He, Y. Zhao, X. Luo, Sensitive 
SERS detection of SARS-CoV-2 spike protein based on Y-shaped-aptasensor and 
AuNPs/COFs composites, Sensor. Actuator. B Chem. 394 (2023) 134470, https:// 
doi.org/10.1016/j.snb.2023.134470. 

[25] G. Moreira, H. Qian, S.P.A. Datta, N. Bliznyuk, J. Carpenter, D. Dean, E. McLamore, 
D. Vanegas, A capacitive laser-induced graphene based aptasensor for SARS-CoV-2 
detection in human saliva, PLoS One 18 (2023) e0290256, https://doi.org/ 
10.1371/journal.pone.0290256. 

[26] Z. Wang, C. Zhang, S. He, D. Xu, An ultrasensitive fluorescence aptasensor for 
SARS-CoV-2 antigen based on hyperbranched rolling circle amplification, Talanta 
255 (2023) 124221, https://doi.org/10.1016/j.talanta.2022.124221. 

[27] R. Luo, D. Zhu, H. Ju, J. Lei, Reticular electrochemiluminescence nanoemitters: 
structural design and enhancement mechanism, Acc. Chem. Res. 56 (2023) 
1920–1930, https://doi.org/10.1021/acs.accounts.3c00145. 

[28] A. Barhoum, Z. Altintas, K.S.S. Devi, R.J. Forster, Electrochemiluminescence 
biosensors for detection of cancer biomarkers in biofluids: principles, 
opportunities, and challenges, Nano Today 50 (2023) 101874, https://doi.org/ 
10.1016/j.nantod.2023.101874. 

[29] R. Ahmad, O.S. Wolfbeis, Y.-B. Hahn, H.N. Alshareef, L. Torsi, K.N. Salama, 
Deposition of nanomaterials: a crucial step in biosensor fabrication, Mater. Today 
Commun. 17 (2018) 289–321, https://doi.org/10.1016/j.mtcomm.2018.09.024. 

[30] A.A. Ibrahim, R. Ahmad, A. Umar, M.S. Al-Assiri, A.E. Al-Salami, R. Kumar, S. 
G. Ansari, S. Baskoutas, Two-dimensional ytterbium oxide nanodisks based 
biosensor for selective detection of urea, Biosens. Bioelectron. 98 (2017) 254–260, 
https://doi.org/10.1016/j.bios.2017.06.015. 

[31] L. Wang, X. Lu, C. Wen, Y. Xie, L. Miao, S. Chen, H. Li, P. Li, Y. Song, One-step 
synthesis of Pt–NiO nanoplate array/reduced graphene oxide nanocomposites for 
nonenzymatic glucose sensing, J Mater Chem A Mater 3 (2015) 608–616, https:// 
doi.org/10.1039/C4TA04724A. 

[32] A.T. Lawal, Progress in utilisation of graphene for electrochemical biosensors, 
Biosens. Bioelectron. 106 (2018) 149–178, https://doi.org/10.1016/j. 
bios.2018.01.030. 

[33] S. Shrivastava, N. Jadon, R. Jain, Next-generation polymer nanocomposite-based 
electrochemical sensors and biosensors: a review, TrAC, Trends Anal. Chem. 82 
(2016) 55–67, https://doi.org/10.1016/j.trac.2016.04.005. 

[34] K. Tian, M. Prestgard, A. Tiwari, A review of recent advances in nonenzymatic 
glucose sensors, Mater. Sci. Eng. C 41 (2014) 100–118, https://doi.org/10.1016/j. 
msec.2014.04.013. 

[35] D. Voiry, A. Goswami, R. Kappera, C. de C.C. e Silva, D. Kaplan, T. Fujita, M. Chen, 
T. Asefa, M. Chhowalla, Covalent functionalization of monolayered transition 
metal dichalcogenides by phase engineering, Nat. Chem. 7 (2015) 45–49, https:// 
doi.org/10.1038/nchem.2108. 

[36] M. Vera-Hidalgo, E. Giovanelli, C. Navío, E.M. Pérez, Mild covalent 
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