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A B S T R A C T   

In this work we propose a new methodology for selective and sensitive pathogen detection based on a 2D layered 
heterostructured biosensing platform. As a proof of concept, we have chosen SARS-CoV-2 virus because the 
availability of new methods to detect this virus is still a great deal of interest. The prepared platform is based on 
the covalent immobilization of molybdenum disulphide functionalized with a diazonium salt (f-MoS2) onto 
graphene screen-printed electrodes (GPH SPE) by electrografting of the diazonium salt. This chemistry-based 
method generates an improved heterostructured biosensing platform for aptamer immobilization and apta
sensor development. Electrochemical impedance spectroscopy (EIS) is used to obtain the signal response of the 
device, proving the ability of the sensor platform to detect the virus. SARS-CoV-2 spike RBD recombinant protein 
(SARS-CoV-2 S1 protein) has been detected and quantified with a low detection limit of 2.10 fg/mL. The 
selectivity of the developed biosensor has been confirmed after detecting the S1 protein even in presence of other 
interfering proteins. Moreover, the ability of the device to detect SARS-CoV-2 S1 protein has been also tested in 
nasopharyngeal swab samples.   

1. Introduction 

The physical stack of different 2D materials is the root of the field of 
van der Waals heterostructures (vdWH) [1]. The most widespread 
method for the synthesis of heterostructures of bidimensional materials 
is the direct growth of one material on top of the other by chemical 
vapor deposition (CVD) or van der Waals epitaxy [2,3]. This method has 
obvious limitations in that the base material has to be stable under the 
synthetic conditions of the top material, and that each heterostructure 
requires optimization of the synthetic parameters. Alternatively, one can 
manually stack one material on top of the other [4]. Both methods are 
strictly limited to one device at a time and to interfacing the 2D mate
rials through van der Waals forces. 

One of the fields where vdWH have shown promise for application is 
in sensing. In particular, MoS2/graphene or MoS2/r-GO heterostructures 
have received a lot of attention, most often as photodetectors [5]. 
Chemical sensing can also be enhanced by the formation of MoS2/
graphene vdWH. To name just a couple of prominent examples, Cho 

et al. described a flexible sensor based on MoS2 interfaced with 
patterned graphene electrodes for the sensing of NO2 at ppm level [6]. 
Meanwhile, Pham et al. built a stack of monolayer MoS2 over graphene 
using physical methods, which resulted in significant n-doping of the 
graphene layer. According to the authors, it is this charge-transfer 
phenomenon in the heterostructure that results in significantly 
improved performance in chemical sensing of toluene, where the 
MoS2/graphene based sensor shows both higher sensitivity and better 
signal-to-noise ratio compared to either of the single component sensors 
(MoS2 or graphene) in the same Field Effect Transistor (FET) configu
ration [7]. 

Some of us recently reported a method to build covalently-linked 
MoS2/graphene heterostructures using a molecular “Velcro” that at
taches on one end to MoS2, using maleimide-thiol chemistry [8,9], and 
on the other end to graphene, using diazonium chemistry [10]. This 
chemistry-based method to build heterostructures allows for precise 
control of the distance and chemical nature of the interface between 
materials, which directly determines their electronic communication 
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and is, therefore, crucial for function [11]. Moreover, the method is 
remarkably simple and robust, with all processes based on simple 
manipulation of suspensions, and the reactions taking place at or near 
room temperature and under ambient atmosphere. These features in 
principle make it a particularly suitable method to benefit from the 
synergy of MoS2/graphene chemical sensors without the need for 
complex nanofabrication technologies. With this in mind, we set out to 
explore the sensing abilities of commercially available graphene elec
trodes after covalent functionalization with MoS2. 

Nowadays, there is great interest in the scientific world in developing 
new alternative methodologies to traditional ones to detect pathogens 
rapidly and efficiently. One of the most studied viruses in recent years is 
SARS-CoV-2, that causes the global pandemic experienced since 2019, 
declared by the World Health Organization (WHO) as COVID-19, a 
respiratory disease with a very high capacity to spread [12]. 
SARS-CoV-2 is a betacoronavirus with high similarity with the 
SARS-CoV, MERS-CoV, and two bath coronary viruses. This virus has a 
spherical structure of single-stranded RNA that encodes five structural 
proteins, including the S or spike protein, which allows the union be
tween the virus membrane and the host respiratory epithelium cells 
[13]. The most widely used methodologies for early detection of the 
virus, known worldwide as PCR (Polymerase Chain Reaction) and an
tigen tests, are based on the detection of the viral genome or the S 
protein, respectively. Despite the high sensitivity of PCR and the low 
cost and short analysis time of antigen tests, the former suffers from long 
analysis times, high cost, and the need of qualified personnel, while the 
latter typically shows relatively low sensitivity [14]. 

Recently, numerous studies have focused on the use of biosensors as 
an alternative to traditional methodologies due to their simplicity, low 
cost, selectivity, and sensitivity. One of the main advantages of these 
devices is the possibility of studying all types of analytes, from DNA or 
RNA sequences to antibodies or even proteins. In this context, several 
works based on the development of DNA biosensors for the detection of 
the SARS-CoV-2 ORF1ab or RdRp sequences, and aptasensors for spike 
protein detection have been reported [15–19]. The latest is one of the 
most attractive strategies and an area to be exploited. In the aptamer 
biosensors or aptasensors, the biological recognition element is an 
aptamer, a short single-strand oligonucleotide with high stability, that 
acts as a biorecognition element when it is bonded to the specific target 
molecule (proteins such as SARS-CoV-2 spike protein) with high selec
tivity. In these devices, the detection of a specific molecule is based on 
the biorecognition reaction between the target molecule and the specific 
aptamer. Among the different methods to obtain the signal response, 
electrochemistry has proven to be very useful for the detection of vi
ruses, as well as having numerous advantages such as simplicity, fast 
response, low cost, high sensitivity, and miniaturization capacity. In 
particular, electrochemical impedance spectroscopy (EIS) is one of the 
used electrochemical techniques due to its simplicity, its capacity for 
interfacial analysis in biorecognition reactions, label-free detection, and 
the fact that it is a steady-state technique. The impedance of a modified 
electrode is obtained when a potential disturbance is applied in a spe
cific frequency range, by measuring the current intensity [20]. 

Although some electrochemical biosensors for pathogen detection 
are reported as a competitive alternative to classical methodologies, 
some aspect of these devices can be improved, such as sensitivity or 
stability. In this sense, recently nanomaterials and heterostructures are 
included in the fabrication of biosensors, and numerous investigations 
are focused on this area. In contrast, the use of nanostructures can 
produce non-specific adsorptions and weak binding events between the 
transducer and the nanomaterial, resulting in low stability and repro
ducibility. To overcome these drawbacks, different immobilization of 
the nanostructures by strong interactions as covalent bonding are 
developed. In this context, we propose the use of molybdenum disul
phide functionalized with a diazonium salt (f-MoS2) to nanostructure 
the electrode by covalent binding as an electrochemical platform to 
further immobilize the recognition agent. The presence of the diazonium 

functional group allows the covalent bonding of f-MoS2 on the electrode 
surface by the electrografting of f-MoS2 on GPH SPE, which is achieved 
by applying a potential that involves the reduction of the diazonium salt 
and the formation of a free radical capable of reacting with the graphene 
on the electrode surface [21], but also generates a new heterostructure 
that serves as an efficient platform for the aptamer immobilization, an 
essential step on the biosensor development. The signal response of the 
final device is based on the detection of the recognition reaction be
tween the S1 protein of the SARS-CoV-2 virus, and the aptamer con
ducted by Electrochemical Impedance Spectroscopy (EIS). 

2. Material and methods 

2.1. Reagents, solutions, and apparatus 

2.1.1. Reagents 
Monobasic sodium phosphate, dibasic sodium phosphate, sodium 

chloride, acetonitrile, potassium ferrocyanide, potassium ferricyanide, 
bovine serum albumin, RBD SARS-CoV-2 aptamer thiolated sequence, 
and other interferents proteins (HER 2, IgG, CEA and p53) shown in  
Table 1, were supplied by Merck (https://www.merckgroup.com/). 
Interferent 1 (HER2) was purchased as an ELISA kit (Human ErbB2/ 
HER2 DuoSet ELISA DY1129B) by R&D Systems Europe, Ltd. SARS-CoV- 
2 RBD recombinant spike protein (SARS-CoV-2 S1 protein) was pur
chased from Sino Biological Europe GmbH (Eschborn, Germany). Bulk 
MoS2 was purchased by Sigma Aldrich. N-(4-aminophenyl) maleimide 
as a precursor for the formation of the diazonium salt was bought from 
Apollo Scientific. 

2.1.2. Solutions 

2.1.2.1. f-MoS2 solution for the electrografting process. 1 mg/mL f-MoS2 
dispersion for electrografting process was prepared by suspending 3 mg 
of f-MoS2 in 3 mL of acetonitrile (CH3CN) and sonicated for 15 min. 

2.1.2.2. Bovine Serum Albumin (BSA) 0.1 % solution. The 0.1 % BSA 
solution was prepared by dissolving 10 mg of BSA in 10 mL of phosphate 
buffer 10 mM and NaCl 0.4 M of pH 7.0 (PBS). Then, it was filtered with 
a 0.45 µm filter. 

2.1.2.3. Thiolated RBD SARS-CoV-2 aptamer solution. A 10 µM solution 
of thiolated RBD SARS-CoV-2 aptamer was prepared using 10 mM buffer 
phosphate pH 7.0 as solvent after a pre-treatment with dithiothreitol 
(DTT) and purification by elution through a NAP-10 column of Sephadex 
G-25 (following manufacturer instructions). 

2.1.2.4. SARS-CoV-2 S1 protein solution. The stock S1 protein solution 
of 1 ng/mL was prepared from the stock SARS-CoV-2 S1 protein solution 
of 0.25 mg/mL (stored at a temperature of − 80 ◦C) and using 10 mM 
PBS as solvent. Then, the solutions of different concentrations were 
prepared from the 1 ng/mL stock and stored at a temperature of − 20 ◦C. 

2.1.3. Apparatus 
Electrochemical measurements (CV and EIS) were performed with an 

Autolab/PGSTAT 10 potentiostat from EcoChemie with GPES 4.9 and 
the FRA software. As interface a screen-printed connector was used and 
as transducers graphene screen-printed electrodes (DRP-110GPH) were 
used, both supplied by Methrom DropSens. All the electrochemical 
studies were performed on a homemade electrochemical cell. 

The thermogravimetric analysis (TGA) performed to ensure the 
correct functionalization of the f-MoS2 was carried out by a TGA Q500 
equipment, supplied by TGA instruments. 

For the characterization of the developed sensing platform by atomic 
force microscopy (AFM) a Dimension Icon system in tapping mode was 
used (Bruker, Germany), using a RTESPA-150 probe (150 kHz; 6 N/m, 
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(Bruker, Germany). The images were analyzed in Gwyddion 2 [22]. 
In the case of scanning electron microscopy (SEM) and energy 

dispersive X-Ray Spectroscopy (EDX), a FESEM Auriga, Carl Zeiss 
scanning electron microscope coupled to an EDX spectrometer was used. 
The characterization was performed at low voltage (2.5 kV) and current 
(10 pA). 

X-ray photoelectron spectroscopy (XPS) was carried out in an 
equipment containing an Axis Supra spectrometer (Kratos Analytical 
LTD., UK) working under ultra-high vacuum conditions (5 ×10–10 mbar 
base pressure). Survey XPS spectra was taken at a pass energy of 80 eV. 

Finally, Raman measurements were carried out using a Bruker Sen
terra confocal Raman microscope (Bruker Optic, Ettlingen, Germany, 
resolution 3–5 cm− 1) under the following parameters: NA objective 
0.75, 50X; 532 nm laser excitation and 2 mW. The images obtained were 
performed on an Olympus microscope with a 50X objective lens. 

2.2. Procedures 

2.2.1. Molybdenum disulphide functionalized with diazonium salt (f-MoS2) 
synthesis 

f-MoS2 was produced by liquid phase exfoliation of bulk MoS2 in N- 
Methyl-2-pyrrolidone (NMP), using an ultrasonic probe (Vibracell 
75115, Bioblock Scientific, 500 W) for one hour, at 35 % of amplitude. 
Black NMP suspension was centrifuged for 30 min at 5000 rpm (2744 g) 
in an Allegra X-15R Beckman Coulter centrifuge (FX6100 rotor, 20ºC), 
and the olive-colored supernatant was filtered with Omnipore 0.45 µm 
PTFE membrane filters. The sample was washed by redispersing the 
material on 20 mL of acetonitrile (CH3CN), with a brief sonication and 
filtering the material again. This redispersion process is repeated for 
acetonitrile and isopropanol (i-PrOH) three times per solvent, and the 
exfoliated pristine material (p-MoS2) was obtained. The general pro
cedure to obtain the functionalized material was carried out by 
dispersing 1 mmol of N-(4-diazophenyl) maleimide into a 0.4 mg/mL p- 
MoS2 dispersion (8 mg of pristine material in 20 mL of dry CH3CN). 
Mixture was stirred for 16 h at room temperature protected from light. 
Finally, the black suspension was filtered and washed with CH3CN, as 
previously described, obtaining the functionalized material, f-MoS2. 

N-(4-diazophenyl) maleimide was synthesized as it was previously 
described [10]. Very briefly, 0.25 mM N-(4-aminophenyl) maleimide 
solution was slowly cannulated into 0.38 mM nitronium tetra
fluoroborate solution, on a Schlenk flask under argon atmosphere, using 
20 mL of dry CH3CN as solvent for each solution. Mixture was stirred for 
1 h at − 40 ºC and after that, it was warmed up to 0 ºC for 2 h. Finally, the 
resulting solution was poured into 500 mL of cool diethyl ether, and the 
precipitate was filtered, washed three times with 50 mL of diethyl ether, 
and dried under vacuum. 

2.3. Aptasensor development 

2.3.1. Electrografting process of f-MoS2 on graphene screen-printed 
electrodes (GPH SPE) 

Graphene screen-printed electrodes (GPH SPE) were nanostructured 
by electrografting process of molybdenum disulphide functionalized 
with diazonium salt (f-MoS2). For this purpose, 15 consecutive scans 
from − 1.5 V to 1.0 V at 100 mV/s in 1 mg/mL f-MoS2 solution in CH3CN 

were applied on GPH SPE electrodes. The process was carried out in an 
ice bath and purged with nitrogen. The resulting platform is denoted in 
the text as GPH SPE/f-MoS2. 

2.4. Aptamer immobilization 

GPH SPE/f-MoS2 platform was modified by drop casting 10 µL of 
10.0 µM thiolated RBD SARS-CoV-2 aptamer (apt-SH) and kept for 24 h 
at room temperature (GPH SPE/f-MoS2/apt-SH). Then, the non-specific 
binding sites of the surface were blocked by adding 10 µL of 0.1 % 
Bovine Serum Albumin (BSA) for 30 min and then the aptasensor 
developed was washed with Milli-Q water. The sensing platform 
developed is named as GPH SPE/f-MoS2/apt-SH/BSA. 

2.5. Biorecognition reaction and electrochemical detection of SARS-CoV- 
2 S1 protein 

The GPH SPE/f-MoS2/apt-SH/BSA platform was incubated with 10 
µL of different concentrations of SARS-CoV-2 S1 protein (in 10 mM 
phosphate buffer, PBS) solution for 1 h at 37 ◦C in a humidity chamber. 
The signal response was obtained by Cyclic Voltammetry (CV) and 
Electrochemical Impedance Spectroscopy (EIS) immersing the modified 
electrode in a solution of 10 mM K3Fe(CN)6 with 10 mM K4Fe(CN)6 in PB 
0.1 M pH 7.0, and cycling the potential from − 1.0 to 1.2 V (2 scans) at 
100 mV/s for CV, or applying a potential of 0.12 V in a frequency range 
from 100 kHz to 0.01 Hz with a sinusoidal voltage of 10 mV amplitude 
for EIS. To interpretate the results obtained with the EIS measures, 
impedance values (Z) are represented in a Nyquist plot (-Z’’ vs. Z′) and 
adjusted to an equivalent electric circuit (see inset of Fig. 4). This 
equivalent circuit consists of the resistance of the connector (Rs), the 
resistance between the electrolyte and the substances immobilized on 
the surface of the electrode (Rct), a Warburg impedance element that 
represents the diffusion of the redox solution to the electrode (ZW) and a 
constant phase element (the electrode modified) that simulates the non- 
ideal capacitor behaviour (CPE). 

2.6. Detection of SARS-CoV-2 S1 protein in human serum samples 

SARS-CoV-2 S1 protein was determined in human serum samples 
spiked with SARS-CoV-2 S1 protein to study the matrix effect as well as 
to confirm the applicability of the aptasensor. Human serum spiked 
samples were prepared at a final concentration of 100 fg/mL SARS-CoV- 
2 S1 protein using human serum as solvent (supplied by Merck). Sec
ondly, 10.0 µL of this solution were incubated with the heterostructured 
platform (GPH SPE/f-MoS2/apt-SH/BSA) on the electrode surface. Then, 
the recognition reaction described above was carried out. Next, the 
electrodes were washed with water to remove non-adsorbed material 
and the EIS signal was recorded as it is described above. Finally, the 
SARS-CoV-2 S1 protein concentration was calculated from the Rct signal 
average value of three determinations obtained using the calibration 
plot (Rct = 0.756⋅[S1 protein] + 94.0; R=0.987). The recovery was 
calculated considering the concentration founded and the real concen
tration of the spiked human serum. 

Table 1 
Biological reagents used in this work.  

Biological reagents used 

Thiolated RBD SARS-CoV-2 aptamer 5′-SH-C6H12-CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAATGGACA apt-SH 
SARS-CoV-2 spike RBD recombinant protein Analyte S1 
HER2 protein Interferent 1 HER2 
P53 protein Interferent 2 P53 
IgG protein Interferent 3 IgG 
CEA protein Interferent 4 CEA  
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2.6.1. Detection of SARS-CoV-2 S1 protein in nasopharyngeal swab 
samples 

SARS-CoV-2 virus was determined in nasopharyngeal swab samples 
spiked with two different concentrations of SARS-CoV-2 S1 protein 
(40.0 and 60.0 fg/mL) using 100 fg/mL protein stock solution and PBS 
10 mM pH 7.0 as solvent. Then, 10 µL of each sample solution were 
incubated on the surface of the GPH SPE/f-MoS2/apt-SH/BSA platform 
for 1 h at 37 ◦C. After washing the electrodes, the EIS response was 
recorded as described above. With the recalculated Rct values and the 
concentrations obtained after interpolating the impedance on the cali
bration plot (Rct = 0.756⋅[S1 protein] + 94.0; R=0.987) the recovery for 
each concentration was calculated. 

3. Results and discussion 

In this work we developed a new heterostructured biosensing plat
form based on the combination of molybdenum disulphide (2D nano
material) with graphene screen-printed electrodes (GPH SPE), used as 
transducers (high electric conductivity and excellent mechanical prop
erties), to improve the stability, sensitivity, and selectivity of the final 
sensing platform [23,24]. The development of heterostructures based on 
the use of f-MoS2 and diazonium chemistry allow us to control the 
reactivity, conductivity, and stability of modified electrodes, requiring 
simple and affordable methodologies and instrumentation, being a good 
alternative for biosensor development. 

The biosensing device has a broad applicability including detection 
of pathogens. In particular, as case of study due to the current interest in 
the new methodologies for rapid and easy detection of virus we have 
applied our biosensing device to the detection of the S1 protein of the 
SARS-CoV-2 virus. 

3.1. Synthesis and characterization of f-MoS2 

The synthesis of the diazonium salt and functionalization of the 
exfoliated pristine molybdenum disulphide (p-MoS2) to get the final 
molybdenum disulphide functionalized with diazonium salt (f-MoS2) 
material is shown in the experimental section. A more comprehensive 
characterization can be found in bibliography [10]. Routinely, a ther
mogravimetric analysis (TGA) was performed for each new batch of 
p-MoS2 and f-MoS2, to ensure the correct functionalization, (see 

Figure 1SI). The experiments were running out under airflow, using a 
temperature ramp of 10 ºC/min from 100 to 800 ºC. 

3.2. Aptasensor development and characterization 

The 2D Graphene/MoS2 heterostructured biosensing platform is 
developed by nanostructuration of graphene screen-printed electrodes 
(GPH SPEs) with molybdenum disulphide functionalized with diazo
nium salt (f-MoS2), and its further modification with an aptamer (see  
Scheme 1) which specifically recognize the S1 protein of the SARS-CoV- 
2 virus. The recognition reaction is conducted by Electrochemical 
Impedance Spectroscopy (EIS) allowing SARS-CoV-2 virus detection and 
quantification. 

As can be observed in Scheme 1, the first step is electrografting of the 
diazonium salt of f-MoS2 on the graphene electrode. This process allows 
the covalent anchoring of f-MoS2 to the graphene surface. The electro
grafting was carried out applying a potential to the f-MoS2 solution 
which reduces and forms the aryl radical, favouring the covalent 
bonding between the graphene electrode surface and the f-MoS2 (See 
step 1 of Scheme 1). 

It is well known that during the electrografting process of diazonium 
salts in carbon surfaces, the current intensity decreases with the number 
of scans since the electron transfer is hindered, due to the non- 
electroactive layer formed with the covalent anchoring[25] This 
behaviour is observed when the f-MoS2 is electrografted on GPH SPE as 
shown in Fig. 1, confirming the immobilization of the f-MoS2 on the 
electrode surface. 

After electrode nanostructuration with f-MoS2 by electrografting, the 
immobilization of the thiolated RBD SAR-CoV-2 aptamer, a short single- 
strand oligonucleotide modified in the 5′-end with a thiol group (apt- 
SH), was performed due to the ability of this thiolated molecule to 
eliminate the sulphur vacancies of the f-MoS2 layer [26]. Then, the 
heterostructured biosensing platform was characterized by atomic force 
microscopy (AFM), scanning electron microscopy (SEM), energy 
dispersive X-Ray spectroscopy (EDX), X-Ray photoelectron spectroscopy 
(XPS), and Raman spectroscopy. 

The AFM and SEM images (see Fig. 2) show the changes caused in the 
morphology of the electrode after the nanostructuration with f-MoS2 
and the immobilization of the aptamer. Bare GPH SPE (Fig. 2A and 2D) 
shows some layers from the graphene of the surface. After the 

Scheme 1. Scheme followed for the biosensor development for the SARS-CoV-2 S1 protein detection.  
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electrografting of f-MoS2, GPH SPE/f-MoS2 (Fig. 2B and 2E), layers of f- 
MoS2 appear on the graphene. Finally, the immobilization of the 
aptamer, GPH SPE/f-MoS2/apt-SH (Fig. 2C and 2F), increases the sur
face roughness of the electrode. 

The heterostructured biosensing platform development was also 
confirmed by EDX (Fig. 2G-I). The presence of carbon from the graphene 
is observed in all the steps of the fabrication process. After the nano
structuration with f-MoS2, the presence of Mo and S is clear. The 
aptamer immobilization is confirmed by the presence of N, and P from 
the nitrogenous bases of the aptamer sequence. 

In accordance with the EDX data, the XPS spectrum of the bare GPH 
SPE (Fig. 3A, black line) shows the C 1 s signal from the graphene of the 
surface. The electrografting of the f-MoS2 is confirmed by the appear
ance of the S 2p signal (red line) of the f-MoS2. Finally, the aptamer 
immobilization is demonstrated with the O 1 s, N 1 s, and P 2 s/2p 
signals observed (blue line) due to the nitrogenous bases of the aptamer 
[27,28]. 

The Raman spectrum for the bare electrode (black line of Fig. 3B) 
shows the characteristics D, G, and 2D bands of the carbon present on 
the graphene surface at 1350, 1581, and 2718 cm− 1, respectively. Once 
the f-MoS2 is electrografted (red line), the two active Raman modes E 12 g 
and A1 g of the molybdenum disulphide are observed at 380 cm− 1 and 
406 cm− 1. After the aptamer immobilization (blue line), some peaks at 
1000 cm− 1 appear probably due to the nitrogenous bases of the aptamer 
sequence [27]. 

All the results obtained by the different techniques point out a suc
cessful electrografting of the f-MoS2 on the GPH SPE electrode for the 
electrochemical heterostructured biosensing platform development and 
further RBD SARS-CoV-2 aptamer immobilization. 

3.3. SARS-CoV-2 S1 protein detection 

The ability of the biosensing platform developed to detect the SARS- 
CoV-2 S1 protein was studied by Cyclic Voltammetry (CV) and Elec
trochemical Impedance Spectroscopy (EIS). First of all, after the aptamer 
immobilization, the surface of GPH SPE/f-MoS2/apt-SH platform was 
blocked with 0.1 % Bovine Serum Albumin (BSA) to avoid unspecific 
absorptions. Then, different concentrations of the SARS-CoV-2 S1 

protein were incubated with the GPH SPE/f-MoS2/apt-SH/BSA platform 
under the optimal condition of time, temperature, and pH (1 h at 37 ◦C 
using 10 mM of phosphate buffer (PBS) pH 7.0 solution, see experi
mental section). Finally, the biorecognition reaction between the 
aptamer and the SARS-CoV-2 S1 protein was detected electrochemically 
by immersing it in a solution containing 10 mM K3Fe(CN)6 and 
10 mM K4Fe(CN)6 in PB 0.1 M pH 7.0, and recording the Cyclic Vol
tammograms and the Nyquist plot (see Fig. 4). 

The Cyclic Voltammogram (see Fig. 4A) of the bare GPH SPE (black 
line) shows the characteristics oxidation and reduction peaks of the [Fe 
(CN)6]3-/4- redox couple at 0.35 V and − 0.072 V respectively, an ΔEp of 
422 mV and a peak current (Ip) of 330 µA. When the electrode is 
nanostructured with f-MoS2 (red line) the ΔEp increases to 439 mV and 
the Ip decreases to 249 µA, which means a worsening of the electron 
transfer due to the formation of a non-electroactive layer on the elec
trode surface after the covalent bonding between the diazonium salt and 
the graphene of the electrode. After the immobilization of the RBD 
SARS-CoV-2 aptamer (blue line), the ΔEp and the Ip values obtained 
were 533 mV and 234 µA respectively, which again point to a hindering 
in the electron transfer, that comes from the electrostatic repulsion be
tween the negative charge of the [Fe(CN)6]3-/4- redox couple and 
negatively charged aptamer, thus confirming the correct aptamer 
immobilization. Surface blocking with BSA (pink line) results in a 
decrease of Ip to 216 µA, which confirms the correct blockage of the non- 
specific binding sites of the electrode surface. Finally, after the incuba
tion of the aptasensor with 30 fg/mL of SARS-CoV-2 S1 protein (green 
line), an increase of ΔEp to 629 mV and a decrease of Ip to 197 µA are 
observed, due to the steric/conformational restriction of protein mole
cules that hinders the electron transfer. These results can be confirmed 
by EIS technique with the Nyquist plots registered, where the diameter 
of the curve corresponds with the electron-transfer resistance (Rct) as it 
is shown in Fig. 4B. For the bare GPH SPE (black line) a Rct value of 
17,16 Ω is obtained. With the electrografting of f-MoS2 (red line), the Rct 
increases to 31,74 Ω, due to the less-electroactive layer formed that 
hinders the electron transfer. After the aptamer immobilization (blue 
line), the resistance increases again reaching a value of Rct of 51,06 Ω, 
which indicates the electrostatic repulsion with the redox couple that 
hinders the electron transfer, and the correct aptamer immobilization. 
When the surface is blocked with BSA Rct increases up to 91,17 Ω, 
confirming the effective blockage. Finally, when 30 fg/mL of S1 protein 
is incubated with the biosensor, the Rct increases to 121.62 Ω. This result 
corresponds to the impedance in charge transfer generated by the steric/ 
conformational restriction of the protein causing a barrier that hinders 
electronic transfer [29,30]. The above results demonstrate the ability of 
the biosensor to detect the SARS-CoV-2 S1 protein. 

In order to demonstrate the robustness of the proposed device for 
diagnostic purposes, we evaluate the effect of experimental parameters 
such as the ionic strength and the pH of the incubation buffer for a 
concentration of 30 fg/mL of SARS-CoV-2 S1 protein. Figure 6 of SI 
includes the resistances obtained varying the pH (from 6 to 8) 
(Figure 2ASI) and ionic strength (Figure 2BSI). As can be observed, the 
signal is quite similar in all the studies carried out confirming the 
robustness of the platform. 

After verifying the ability of the developed biosensor to detect SARS- 
CoV-2 S1 protein and its robustness, we studied its response to different 
concentrations of SARS-CoV-2 S1 protein from 5.00 fg/mL to 200 fg/mL. 
We observe that on increasing protein concentrations, the resistance 
increases (see Fig. 5A). This phenomenon is also reported by other au
thors [29] and indicates the inhibition effects of spike protein on the 
electron transfer between redox probe and the electrode surface. This 
increase can be attributed to the steric/conformational restriction at the 
electrode surface with the barrier effect of protein molecules, an inhi
bition of electron transfer occurred, and thus an increase in resistance is 
observed [30]. 

The analytical parameters were determined under the optimal 
experimental conditions described above. As it is shown in the 

Fig. 1. Cyclic Voltammograms of the electrografting process of f-MoS2 (10 
cycles, 100 mV/s, from − 1.5 to 1.0 V) on GPH SPE electrodes immersed in 
1 mg/mL f-MoS2 in CH3CN solution. 
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calibration plot of Fig. 5A, there is an increasing linear correlation be
tween the impedance response and the SARS-CoV-2 S1 protein con
centration that fits to the linear equation, Rct = 0.756⋅[S1 protein] 
+94.0 (R=0.987). Values were obtained from the mean of three 
different measurements for each concentration, with a sensitivity of 
0.756 Ω/fg⋅mL− 1. The limit of detection (LOD) and quantification (LOQ) 
obtained (based on three and ten times the standard deviation of the 
probe impedance divided by the slope of the calibration line) were 2.10 
fg/mL and 7.01 fg/mL, respectively. 

To determine the selectivity of the aptasensor, we studied its 
response to 100 fg/mL of SARS-CoV-2 S1 protein in presence of different 
potentially interfering proteins, such as HER2, p53, IgG, and CEA at the 
same concentration (Fig. 5B). The response is not affected by the pres
ence of any protein, confirming its selectivity for SARS-CoV-2 S1 

protein. Moreover, the stability of the aptasensor was assessed, with 
results pointing out that the aptasensor response is stable for two 
months. 

To demonstrate the main role of the electrografted f-MoS2 in the 
sensing device performance, we have developed the same aptasensor but 
using unfunctionalized MoS2 flakes (p-MoS2) directly drop-casted on the 
graphene electrode surface. That is a control experiment where the 
MoS2/Graphene heterostructure is built by physisorption, without the 
covalent linkage. The Rct value obtained at each step of the biosensor 
development (Figure 3SIA) indicates that this new platform shows 
similar results to those obtained when the MoS2 flakes are electro
grafted. However, less sensitivity (Rct = 0.0422⋅[S1 protein] + 43.4) and 
higher detection and quantification limits are achieved, 1.96 pg/mL and 
6.53 pg/mL, respectively. Moreover, when we evaluate a concentration 

Fig. 2. 5 × 5 µm AFM images (A, B, C), SEM (D, E, F) and EDX (G, H, I) of a bare GPH SPE electrode (A, D, G), GPH SPE/f-MoS2 (B, E, H) and GPH SPE/f-MoS2/apt- 
SH (C, F, I). 
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Fig. 3. XPS (A) and Raman (B) spectrum of a bare GPH SPE (black line), GPH SPE/f-MoS2 (red line), and GPH SPE/f-MoS2/apt-SH (blue line).  

Fig. 4. Cyclic Voltammograms (A) and Nyquist plot (B) of each step on the aptasensor development: bare GPH SPE (black line), GPH SPE/f-MoS2 (red line), GPH 
SPE/f-MoS2/apt-SH (blue line), GPH SPE/f-MoS2/apt-SH/BSA (pink line) and GPH SPE/f-MoS2/apt-SH/BSA/S1 30 fg/mL (green line) in 10 mM K3Fe(CN)6 with 
10 mM K4Fe(CN)6 in PB 0.1 M pH 7.0. Scan rate CV: 100 mV/s. EIS conditions: 0.12 V, 100 kHz to 0.01 Hz, and 10 mV amplitude. 

Fig. 5. Nyquist plot and calibration plot (A and inset respectively) of the Rct value signal obtained after the incubation with different concentrations (from 5.00 fg/ 
mL to 200 fg/mL) of SARS-CoV-2 S1 protein. Data are presented as mean ± RSD (n = 3). Bar diagram (B) of the percentage variation of the Rct value signal obtained 
for 100 fg/mL of SARS-CoV-2 protein in presence of other interfering proteins such as HER2, p53, IgG, and CEA, at the same concentration. 
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of 2.10 fg/mL of SARS-CoV-2 S1 protein (minimum concentration 
detectable by the aptasensor obtained by electrografting of the f-MoS2 
platform), the signal cannot be distinguished from the signal of the 
control, so the detection of the SARS-CoV-2 S1 protein cannot be assured 
at this concentration (see Figure 3SIB). These results confirm the 
advantage in sensitivity of using f-MoS2 electrografted on the GPH SPE 
surface instead of the p-MoS2 ones and the relevance of the covalent 
bonding in the heterostructure. 

3.4. SARS-CoV-2 S1 protein determination in spiked human serum 
samples 

SARS-CoV-2 S1 protein was determined in spiked human serum 
samples to study the matrix effect. Based on the biosensor response for 
three independent determinations of a spiked human serum sample 
(final SARS-CoV-2 S1 protein concentration of 100 fg/mL), a recovery of 
106 % and a RSD of 4 % were obtained. This result demonstrates that the 
developed aptasensor can be applied for practical applications and has 
great potential as an alternative to the classical methods of SARS-CoV-2 
detection in human samples. 

3.5. Detection of SARS-CoV-2 S1 protein in nasopharyngeal swab 
samples 

Based on the great interest of having simple methodologies for rapid 
SARS-CoV-2 S1 protein detection and considering the good results ob
tained with the developed biosensor in spiked human serum samples, we 
take a step forward and applied our methodology to detect SARS-CoV-2 
S1 protein in spiked nasopharyngeal swab samples as described in detail 
in experimental section. Differences in the Rct value of the GPH SPE/f- 
MoS2/apt-SH/BSA platform and the GPH SPE/f-MoS2/apt-SH/BSA/PBS 
+ non-doped nasopharyngeal sample were observed due to the matrix 
effect. Considering these differences (ΔRct = 33.81 Ω) we recalculate the 
Rct value measured for each doped sample (40.0 and 60.0 fg/mL). From 
these values and the calibration plot (Rct = 0.756⋅[S1 protein] + 94.0; 
R=0.987), the concentrations of SARS-CoV-2 S1 protein on each sample 
was determined to be 47.96 and 59.51 fg/mL. The recovery obtained 
was 119.90 % and 99.18 %, respectively. Based on the results obtained it 
is confirmed the ability of the device to detect the virus and quantify the 
amount of the SARS-CoV-2 S1 protein using spiked nasopharyngeal 
swab samples. 

Finally, to demonstrate, among others, the advantage of the devel
oped aptasensor to detect a small amount of SARS-CoV-2 S1 protein. We 
have compared the results obtained by our aptasensor with those ob
tained from a commercial antigen test for the same samples. A negative 
response was obtained (see Figure 5SI). 

These results demonstrate once again the high sensitivity and 
applicability of the developed aptasensor and its potential as an alter
native to classical SARS-CoV-2 detection methods. 

Table 2 shows EIS or electrochemical aptasensors and biosensors 
described in the literature to detect SARS-CoV-2 sequences. As can be 
observed, the analytical parameters of the developed biosensor compare 
well with those previously reported in the literature. Moreover, the 
detection limit is comparable or even better, proving that it can be a 
simple, easy, and great practical alternative for detecting SARS-CoV-2 at 
very low concentrations [15,19,31,32]. 

4. Conclusions 

A simple, sensible, and selective nanostructured biosensor based on a 
covalent 2D MoS2/graphene heterostructured platform for pathogen 
detection has been developed. SARS-CoV-2 S1 protein is selected as case 
of study because the availability of new methodologies to detect this 
virus is still a great deal of interest. The SARS-CoV-2 S1 protein of the 
virus is detected by Electrochemical Impedance Spectroscopy (EIS). The 
developed biosensor is able to detect SARS-CoV-2 with a low 

competitive limit of detection of 2.10 fg/mL, and high selectivity against 
other interfering proteins. A recoveries of 119.90 % and 99.18 % were 
obtained after evaluating the applicability of the aptasensor to deter
mine the SARS-CoV-2 in spiked nasopharyngeal swab samples, thus 
confirming its practical application. Covalent modification of the elec
trodes with the f-MoS2 by electrografting leads to raise improvements in 
the developed platform, achieving lower limits of detection and higher 
stability than those obtained in previous studies using p-MoS2 flakes as 
nanomaterial. The heterostructured aptasensor developed can be a 
simple great potential alternative to the classical methods for SARS-CoV- 
2 detection. 
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Table 2 
Comparative with other biosensors for SARS-CoV-2 detection.  

Biosensor Based on Method LOD Reference 

EIS aptasensor (spike 
protein) 

GPH SPE/ 
f-MoS2 

EIS 2.45 
fg/mL 

This work 

EIS aptasensor (spike 
protein) 

AuNPs/ 
SPCE 

EIS 66 pg/ 
mL 

Abrego- 
Martinez et al. 
[31] 

Electrochemical aptasensor 
(spike protein) 

SWCNT- 
SPes 

DPV 7 nM Curti et al.  
[32] 

Photoelectrochemical 
aptasensor (spike protein) 

AuNPs/ 
Yb-TCPP 

PEC 5 pg/ 
µL 

Jiang et al.  
[19] 

Electrochemical DNA 
biosensor (ORF1ab 
sequence) 

MoS2/ 
CSPE 

DPV 1.01 
pM 

Martínez- 
Periñán et al.  
[15]  
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Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.snb.2023.134105. 
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Emilio M. Pérez is Senior Research Professor and Executive Director for Scientific 
Outreach at IMDEA Nanociencia. His research interests are focused in three areas: 1) 

development of new methods for chemical modification of carbon nanotubes; 2) covalent 
and noncovalent chemistry of 2D materials; and 3) supramolecular chemistry at the single- 
molecule level. He is alumnus of the Young Academy of Europe, Member of the Editorial 
Advisory Board of Fullerenes, Nanotubes and Carbon Nanostructures, (Tailor & Francis), 
and Associate Editor at Chemistry Squared. He has received several distinctions, including 
the IUPAC Prize for Young Chemists (2006), the Miguel Catalán Award (2014) and the 
Universidad Complutense de Madrid Foundation Prize for Science and Technology (2010). 

Tania García-Mendiola received her bachelor’s degree in Chemistry and her PhD degree 
from Universidad Autónoma de Madrid in 2003 and 2009, respectively. At present, she is 
associate professor in the Department of Analytical Chemistry and Instrumental Analysis 
at the UAM. Her research interests include the design of new electrochemical sensors and 
DNA biosensors and the use of nanomaterials to improve the analytical properties of the 
developed devices. She is the author/coauthor of more than 41 original research 
publications. 

María Encarnación Lorenzo is currently Full Professor in the Department of Analytical 
Chemistry and Instrumental Analysis at the Universidad Autónoma de Madrid. She 
received her degree in Chemistry in 1978 and her PhD degree in 1985 from the Uni
versidad Autónoma de Madrid. Afterwards, she made a post-doctoral stage at the 
Department of Chemistry at Dublin City University. In 1990 she was visiting scientist 
(NATO Program) to the Department of Chemistry in Cornell University. In 1998 the 
members of the faculty of Tokio University of Agriculture and Technology invited her as 
visiting professor to the Department of Applied Chemistry. Actually, she is member of 
management committee of the Spanish Analytical Chemistry Society. Her research interest 
is the development of sensors and biosensors for the detection of analytes of environ
mental, clinical and food interest. She is the author/coauthor of more than 100 original 
research publications and several book chapters in the area of analytical chemistry. 

E. Enebral-Romero et al.                                                                                                                                                                                                                      


	Pathogen sensing device based on 2D MoS2/graphene heterostructure.
	1 Introduction
	2 Material and methods
	2.1 Reagents, solutions, and apparatus
	2.1.1 Reagents
	2.1.2 Solutions
	2.1.2.1 f-MoS2 solution for the electrografting process
	2.1.2.2 Bovine Serum Albumin (BSA) 0.1 % solution
	2.1.2.3 Thiolated RBD SARS-CoV-2 aptamer solution
	2.1.2.4 SARS-CoV-2 S1 protein solution

	2.1.3 Apparatus

	2.2 Procedures
	2.2.1 Molybdenum disulphide functionalized with diazonium salt (f-MoS2) synthesis

	2.3 Aptasensor development
	2.3.1 Electrografting process of f-MoS2 on graphene screen-printed electrodes (GPH SPE)

	2.4 Aptamer immobilization
	2.5 Biorecognition reaction and electrochemical detection of SARS-CoV-2 S1 protein
	2.6 Detection of SARS-CoV-2 S1 protein in human serum samples
	2.6.1 Detection of SARS-CoV-2 S1 protein in nasopharyngeal swab samples


	3 Results and discussion
	3.1 Synthesis and characterization of f-MoS2
	3.2 Aptasensor development and characterization
	3.3 SARS-CoV-2 S1 protein detection
	3.4 SARS-CoV-2 S1 protein determination in spiked human serum samples
	3.5 Detection of SARS-CoV-2 S1 protein in nasopharyngeal swab samples

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supporting information
	References


