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Abstract
Neonatal sepsis is a prime cause of neonatal deaths across the globe. Presently, various medical tests and biodevices are 
available in neonatal care. These diagnosis platforms possess several limitations such as being highly expensive, time-
consuming, or requiring skilled professionals for operation. These limitations can be overcome through biosensor develop-
ment. This work discusses the assembling of an electrochemical sensing platform that is designed to detect the level of tumor 
necrosis factor-alpha (TNF-α). The sensing platform was moderated with nanomaterials molybdenum disulfide nanosheets 
(MoS2NSs) and silicon dioxide-modified iron oxide nanoparticles (Fe3O4@SiO2NPs). The integration of nanomaterials helps 
in accomplishing the improved characteristics of the biosensor in terms of conductivity, selectivity, and sensitivity. Further, 
the molecularly imprinted polymer (MIP) approach was incorporated for sensing the presence of TNF-α on the surface of the 
working electrode. The electrochemical response of the electrode was recorded at different conditions. A broad concentra-
tion range was selected to optimize the biosensor from 0.01 pM to 100 nM. The sensitivity of the biosensor was higher and 
it exhibits a lower detection limit (0.01 pM).

Keywords  Electrochemical biosensor · Molecularly imprinted polymer · Tumor necrosis factor-alpha (TNF-α) · Neonatal 
sepsis

Abbreviations
TNF-α	� Tumor necrosis factor-alpha
EOS	� Early-onset sepsis
MoS2NSs	� Molybdenum disulfide nanosheets
Fe3O4@SiO2NPs	� Silicon dioxide-modified iron oxide 

nanoparticles
DPV	� Differential pulse voltammetry
MIPtemplate	� Molecularly imprinted polymer with 

template

LOS	� Late-onset sepsis
SPE	� Screen-printed electrode
HCl	� Hydrochloric acid
DW	� Distilled water
Fe3O4	� Iron oxide
NIP	� Non-imprinted polymer
SWV	� Square wave voltammetry
BET	� Brunauer–Emmett–Teller
CV	� Cyclic voltammetry
LOD	� Limit of detection

Introduction

Neonatal sepsis is a systemic condition occurring in the 
presence of fungi, viruses, or bacteria in the bloodstream of 
neonates and resulting in significant morbidity and mortal-
ity (Shane et al. 2017). Based on the age of onset, it can be 
represented into two types such as early-onset sepsis (EOS) 
and late-onset sepsis (LOS). Detection of neonatal sepsis is 
challenging due to uncertain symptoms as they are similar 
to normal infection (Chauhan et al. 2017b; Balayan et al. 
2020). The traditional method incorporated for neonatal 

 *	 Ramesh Chandra 
	 acbrdu@hotmail.com

 *	 Utkarsh Jain 
	 ujain@amity.edu; karshjain@gmail.com

1	 Amity Institute of Nanotechnology (AINT), Amity 
University Uttar Pradesh (AUUP), Sector‑125, 
Noida 201313, India

2	 Amity Institute of Biotechnology (AIB), Amity University 
Uttar Pradesh (AUUP), Sector‑125, Noida 201313, India

3	 Drug Discovery and Development Laboratory, Department 
of Chemistry, University of Delhi, Delhi 110007, India

4	 Institute of Nanomedical Sciences (INMS), University 
of Delhi, Delhi 110007, India

http://orcid.org/0000-0003-3901-0153
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-021-03083-1&domain=pdf


	 3 Biotech (2022) 12:37

1 3

37  Page 2 of 13

sepsis detection is the isolation of the pathogens from the 
body fluids, but this method has limitations such as produc-
ing results after a long time, requiring experts for operating, 
and is expensive. The delay in the detection of sepsis leads 
to organ dysfunction and causes death (Wynn et al. 2014). 
Recently, the development of biosensors is emerging in the 
biomedical field. These biosensors can facilitate in over-
coming the constraints of the traditional methods as they 
produce rapid results; they are highly sensitive and specific, 
possess low cost for development, and no professionally 
trained user is needed for the operation. These biosensors 
can be developed into home-based devices or point-of-care 
devices. Hence, this work is a representation of a sensing 
platform that is assembled for determining tumor necrosis 
factor-alpha (TNF-α), a biomarker for neonatal sepsis on the 
surface of a screen-printed electrode (SPE). Several reported 
biosensors are based on multiple principles for TNF-α level 
identification as described in Table 1; however, they are less 
sensitive, time-consuming, and require a large sample vol-
ume. On the other side, this developed biosensor is highly 
sensitive, and a very little sample volume is required for 
experimentation and the platform produces rapid results.

TNF-α are proinflammatory chemokines/cytokines that 
are synthesized during infection in the body. It takes about 
2–4 h for the elevation of TNF-α level in the body after 
introduction to inflammation. The properties of TNF-α are 
similar to that of interleukin-6. It has been reported that the 
level of TNF-α is higher in newborns that are infected with 
septic conditions when compared with healthy neonates 
(Sharma et al. 2018). A meta-analysis was carried out with 
23 trials describing the moderate accuracy for the detection 
of both EOS (sensitivity = 66%, specificity = 76%) and LOS 
(sensitivity = 68%, specificity = 89%) in neonates (Lv et al. 
2014).

Recently, nanomaterials play a vital role in the develop-
ment of sensing technology due to their sizes in nanoscale 
properties. The nanosize of particles provides enhanced con-
ductivity, sensitivity, and specificity of the system. Toxicity 

in the biological system can occur due to the specific param-
eter of the nanomaterials such as surface volume, size, lat-
eral dimension, purification, and total numbers of layers. 
These parameters significantly affect the interaction between 
the nanostructure and the biological system. This can lead to 
the same component exhibiting different properties (for anti-
bacterial and cytotoxic mechanisms) based on the varying 
physiochemical parameters (Domi et al. 2020; Fojtů et al. 
2017). The toxic effect of the nanomaterials can be reduced 
after evaluating these parameters carefully.

The fabricated electrochemical biosensor was altered 
with molybdenum disulfide nanosheets (MoS2NSs) and 
silicon dioxide-modified iron oxide nanoparticles (Fe3O4@
SiO2NPs). Recently, due to exceptional chemical and physi-
cal properties, two-dimensional materials are emerging as 
advanced technology materials. They are incorporated in 
device development, because these materials provide a 
higher ratio of surface area and volume, and also they are 
highly sensitive to the analyte. As they have various unique 
properties (flexibility, conductivity, mechanical, and thermal 
strength), they are widely used in the development of min-
iaturized devices (Butler et al. 2013; Lee et al. 2019; Zhao 
et al. 2020; Wen et al. 2018). Further, the MoS2NSs result in 
the generation of more active sites and provide higher charge 
transfer (Zhao et al. 2018; Rawat et al. 2020). Moreover, the 
electrode was modified with Fe3O4@SiO2NPs to enhance 
the conductivity of the working electrode. The iron oxide 
nanoparticles (Fe3O4NPs) are beneficial to provide a micro-
environment that facilitates the direct exchange of electrons 
with an electrode (Chauhan and Pundir, 2012; Chauhan 
et al. 2016, 2017a). Due to several exceptional properties 
of silicon dioxide (SiO2) like good biocompatibility, low 
toxicity makes them an important composite material in the 
biomedical field. It has a stable nature and very simple steps 
are required for the preparation (Korzeniowska et al. 2013; 
Lahcen et al. 2018; Wang et al. 2015; Sun et al. 2017).

Afterward, the electrode was modified with molecularly 
imprinted polymer (MIP) prepared for TNF-α. The MIP 

Table 1   Comparing parameters for developed and reported biosensors

Ab antibody, HRP horseradish peroxidase, TNF-α tumor necrosis factor-alpha, 1-HT 1-hexanthiol, TNF-α-Apt tumor necrosis factor-alpha 
aptamer, AuNPs gold nanoparticles, CoHCF cobalt hexacyanoferrate, SPE screen-printed electrode, CMA 4-carboxymethylaniline, Au gold, 
mAb monoclonal antibody, ISFET ion-sensitive field-effect transistor, MIP molecularly imprinted polymer, Fe3O4@SiO2NPs silicon dioxide-
modified iron oxide nanoparticles, MoS2NSs molybdenum disulfide nanosheets

S. No Biosensor Platform/electrode substrate Limit of detection Detection range References

1 Electrochemical Ab-HRP/TNF-α/1-HT/TNF-α-Apt/
AuNPs/CoHCF/SPE

0.52 pg mL−1 1–100 pg mL−1 Ghalehno et al. (2019)

2 Piezoeletric Quartz crystal microbalance 1.62 pg mL−1 0–4 ng mL−1 Pohanka (2018)
3 Optical Anti-TNF-mAb 0.13 μg mL−1 100–1500 ng mL−1 Rajeev et al. (2018)
4 Electrochemical Anti-TNF-α/CMA/Au electrode 3.1 pg mL−1 1–100 pg mL−1 Bellagambi et al. (2017)
5 Electrochemical ISFET 1 pg mL−1 1–50 pg mL−1 Halima et al. (2021)
6 Electrochemical MIP/Fe3O4@SiO2NPs/MoS2NSs/SPE 0.01 pM 0.01 pM–100 nM This work
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was electrodeposited on the surface of Fe3O4@SiO2NPs/
MoS2NSs/SPE. The MIP is highly selective for the target-
ing biomolecule, they have high stability and require low 
cost for development (Yang et al. 2019). These properties 
allow integration of MIP for the development of electro-
chemical biosensors and they are also incorporated in vari-
ous areas such as environmental, life sciences, and phar-
maceutical (Wang et al. 2018; Li et al. 2018; Lopes et al. 
2017). The electrochemical biosensor was evaluated for 
the determination of TNF-α (a biomarker) concentration 
in the case of neonatal sepsis. The developed biosensor 
can be employed for a dynamic concentration range and 
indicate a lower detection limit (LOD). The biosensor is 
promised to show higher sensitivity and selectivity.

Experimental

Chemicals and equipment

TNF-α was obtained from a US-based company MyBio-
Source. Acetonitrile, methyl methacrylate, and ethylene 
glycol dimethacrylate were obtained from Sigma-Aldrich, 
USA. Ferrous and Ferric chloride anhydrous, azobisisobu-
tyronitrile, hydrochloric acid (HCl), sodium hydroxide, 
potassium ferro and ferricyanide, sulfur, ammonium 
molybdate, hydrazine, ethanol, methanol, ammonia, and 
(3-aminopropyl)triethoxysilane were procured from Sisco 
Research Laboratories Pvt Ltd. (SRL), India. The SPE 
used for the sensor development was acquired from Palm-
Sens Compact Electrochemical Interfaces, The Nether-
lands. To avoid impurities, all the apparatus were cleaned 
with the autoclave process before starting the experiments. 
The chemicals were used in their pure form and all the 
solutions were prepared in distilled water (DW).

Development of molybdenum disulfide nanosheets

The preparation of MoS2NSs was carried out with a hydro-
thermal process. A mixture was prepared in 20 mL DW 
mixed with sulfur (0.435 gm) and ammonium molybdate 
(1.2 gm) in the presence of hydrazine (N2H4.H2) a reduc-
ing agent (12 M, 85%) with continuous stirring (30 min). 
Then the mixture was autoclaved for 40 h at 180 C and 
kept for cooling at atmospheric temperature. The obtained 
product was washed and centrifuged using DW, HCl, and 
ethanol three times to remove unreacted reagents. Finally, 
the product was kept for drying for 30 h (60 ºC) in a vac-
uum chamber (Ye et al. 2014; Singh et al, 2021).

Preparation of iron oxide nanoparticles

The synthesis of Fe3O4NPs was accomplished by performing 
the reported co-precipitation method (Kang et al. 1996). An 
aqueous solution with 25 mL of DW and 0.85 mL of HCl 
(37%) containing 2.0 gm of ferrous chloride (0.015 M) and 
5.2 gm of ferric chloride (0.03 M) (Fe(II):Fe(III) = 0.5) was 
prepared. The prepared mixture of iron salts under vigor-
ous continuous stirring was dropwise added in a solution 
of sodium hydroxide (250 mL, 1.5 M) at normal tempera-
ture. Further, the mixture was stirred for 30 min for nuclea-
tion reaction when the cationic and alkaline solutions were 
completely added. The reaction was initiated with nitrogen 
purging and maintaining the pH of the solution as 11 and 12. 
A black precipitate was formed that was obtained with cen-
trifugation at 4000 rpm for continuous processing of 15 min. 
Further, the product was washed using DW to remove unre-
acted reagents and salts. The synthesized Fe3O4NPs were 
neutralized using 500 mL HCl (0.01 M) with continuous 
stirring. The Fe3O4NPs were separated at 4000 rpm centrifu-
gation for 15 min and dispersed in DW for further experi-
ments (10 mg/mL) (Sanaeifar et al. 2017).

Preparation of silicon dioxide‑modified iron oxide 
nanoparticles

The Fe3O4NPs were modified with silicon dioxide following 
the modified Stober hydrolysis method. A mixture was pre-
pared in ethanol/DW (w1/w2 = 1:1) with 300 mg Fe3O4NPs 
and stirring it for 15 min. Then a solution of ammonia 
(5 mL) and (3-aminopropyl)triethoxysilane (2 mL) was 
prepared and added into the mixture for 12 h at 50 °C. The 
formed product Fe3O4@SiO2 was separated using magnetic 
beads and further washing the particles with DW and drying 
them under vacuum conditions (Sun et al. 2017).

Synthesis of MIP for TNF‑α

The synthesis of the imprinted polymer was obtained with 
bulk polymerization using methyl methacrylate, ethylene 
glycol dimethacrylate, and TNF-α. A mixture was prepared 
with methyl methacrylate, ethylene glycol dimethacrylate, 
and template in 50 mL of acetonitrile and the sonication of 
this mixture was done for 45 min. After that, the mixture 
was carried out with nitrogen purging for 10 min and adding 
250 mg of azobisisobutyronitrile. Then the tube was sealed 
maintaining inert conditions and kept in a water bath for 
2 days at temperature 45 °C to carry out the polymerization 
process. The MIPtemplate obtained after polymerization was 
dried and crushed into fine powder for surface characteriza-
tions. A mixture of methanol and acetic acid was prepared 
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for washing the white polymer to remove the TNF-α mol-
ecule and then the sample was kept for drying (Yücebaş 
et al. 2020; Jain et al. 2020).

For control experiments, non-imprinted polymer (NIP) 
was synthesized following similar steps. But during NIP syn-
thesis, no biomolecule (template) was used in the process.

Characterization and electrochemical studies 
for the developed biosensor

The microspheres synthesized were optimized using 
Brunauer–Emmett–Teller (BET) to determine the pore diam-
eter and isotherm of the synthesized material. Further, the 
electrode was characterized at each modification stage with 
electrochemical measurements on the potentiostat (Model: 
SP-150, Biologics) in an electrochemical cell consisting of 
three electrodes, reference, auxiliary, and working, dipped in 
a mediator solution for the completion of an electric circuit.

Designing of TNF‑α imprinted electrochemical 
biosensor on SPE

For fabricating the working electrode, the surface of the SPE 
was coated with MoS2NSs. A dispersion was prepared in 
10 mL of DW using 100 mg of MoS2NSs powder obtained 
after synthesis. The sonication was carried out for 1 h for 
proper dispersion. From this prepared solution, 50 μL was 
used for electrodeposition on the surface of SPE. For elec-
trodeposition, cyclic voltammetry (CV) was incorporated 
while applying potential ranging from 0.0 to − 1.0 V for 10 
CV cycles in the presence of an electron mediator solution 
of molarity 5 mM (Singh et al. 2021; Jain et al. 2019).

Furthermore, the surface of the working electrode on 
SPE was coated with Fe3O4@SiO2NPs using CV when 
applying a voltage from − 1.0 to + 1.0 V at a scan rate of 
50 mV/s for ten cycles. A mixture of 100 mg/mL of Fe3O4@
SiO2NPs and DW was prepared for electrodeposition on the 
MoS2NSs-modified electrode. Afterward, synthesized MIP 
microspheres were coated on Fe3O4@SiO2NPs/MoS2NSs/
SPE with CV for 15 cycles applying potential from − 0.2 V 
to + 0.6 V. The SPE was then washed once with DW and 
dried at atmospheric temperature. This modified electrode 
was now used for other optimizations. Scheme 1 shows a 
pictorial representation of steps involved in assembling the 
sensing platform.

Results

Nitrogen adsorption analysis of synthesized MIP 
microspheres for TNF‑α

The nitrogen adsorption was incorporated in the presented 
study to determine the pore size, surface area, and pore vol-
ume of synthesized MIP microspheres. The results observed 
for both MIP and NIP are depicted in Table 2. A large sur-
face area and pore diameter were obtained in the case of MIP 
due to the presence of imprinting structures of TNF-α on 
polymer, and large binding sites were obtained with formed 
cavities on the surface of MIP. The pore sizes of both the 
samples were obtained in a range from 2 to 50 nm; therefore, 
these polymers can be described as mesoporous structures 
(Qi et al. 2017). Figure 1A (i) and (ii) illustrates the graph 
obtained for the pore diameter of MIP and NIP, respectively. 
Figure 1B (i) and (ii) describes the isotherm graph for MIP 
and NIP, respectively; the graph shows the hysteresis loop 
following H-type. A narrow gap was calculated for the MIP 
and NIP loop; hence, the graph follows type-1 isotherm 
characteristics (Adu et al. 2020).

Optimizing deposition of MIP on the working 
electrode

The synthesized MIP was deposited on the electrode surface 
using the CV with different deposition cycles (5, 10, 15, and 
20). Thereafter, the electrode was evaluated with differential 
pulse voltammetry (DPV) to measure the current response 
of the electrode with varying cycles as shown in Fig. 2 (i). 
A bar graph was plotted with peak currents as shown in 
Fig. 2 (ii). The obtained results show that a higher peak 
current (236 μA) was generated in the case when the MIP 
was deposited with 15 CV cycles. Beyond 15 cycles, the 
current decreases due to the generation of higher resistance 
because of the presence of polymer on the surface of the 
working electrode, hence resisting charge flow in the system. 
Therefore, 15 cycles were obtained as the optimized cycles 
for MIP deposition on the working electrode surface.

Evaluating working electrode for different elution 
times to remove TNF‑α molecule

A study was performed to determine the elution time for 
the TNF-α molecule from MIPtemplate (without washed MIP; 
when the template was present) deposited on the surface of 
the modified SPE. A DPV measurement was done to obtain 
the current response of the electrode with varying elution 
time from 2 to 12 min. with an interval of two units. The 
highest current was obtained after 10 min; beyond this, it 
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was observed that the current peak decreases. Hence, for 
further experiments, the elution time of 10 min was selected. 
The DPV measurements of elution time are shown in Fig. 3 
(i). Peak analysis of the DPV measurements is represented 
in the form of a bar graph in Fig. 3 (ii).

Studying electrode modification with cyclic 
voltammetry

The behavior of the analyte is generally revealed by using 
CV. Therefore, to study the modification of the working 

electrode, it was evaluated with CV measurements. Figure 4 
illustrates the response of the electrode when examined with 
CV in a ferro/ferri mediator solution (5 mM). The work-
ing electrode was evaluated when voltage was applied from 
− 1.0 to + 1.0 V at a scan rate of 80 mV/s. The CV response 
was recorded for a bare electrode in the presence of an elec-
tron mediator which shows very low anodic (+ 1.81 mA) 
and cathodic (− 1.63 mA) peaks. After the electrode was 
improved with MoS2NSs, the obtained anodic and cathodic 
peaks increase to + 1.92 mA and − 1.88 mA, respectively. 
This current enhancement was observed because the pres-
ence of MoS2NSs generates large active sites resulting in 
higher electron transfer (Singh et al. 2021). A further modi-
fication was carried out with Fe3O4@SiO2NPs on the modi-
fied SPE surface indicating higher anodic (+ 2.42 mA) and 
cathodic peaks (− 2.17 mA). This enhancement can be due to 
the large surface area that is obtained while coating Fe3O4@
SiO2NPs on the working electrode. Further, the electrode 
was modified using MIPtemplate microspheres synthesized 
for TNF-α. After MIPtemplate modification on an electrode 

Scheme  1:   Pictorial illustration for stepwise development of an 
electrochemical biosensor for tumor necrosis factor-alpha (TNF-
α). Step 1: Electrodeposition of molybdenum disulfide nanosheets 
(MoS2NSs). Step 2: Deposition of silicon dioxide-modified iron oxide 

nanoparticles (Fe3O4@SiO2NPs). Step 3: Electrocoating of molecu-
larly imprinted polymer (MIP). Step 4: Template removal from poly-
mer and measurement of electrochemical response

Table 2   Brunauer–Emmett–Teller (BET) analysis for molecular 
imprinted polymer (MIP) and non-imprinted polymer (NIP)

Polymer BET surface area 
(m2/g)

Pore volume 
(cm3/g)

Pore 
diameter 
(nm)

MIP 9.991 0.023 3.810
NIP 9.218 0.021 2.225
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surface, the current value decreased to + 2.06 mA for anodic 
peak and − 1.94 mA for cathodic peak. Higher resistance is 
created on the electrode surface that blocks current flow and 
decreases peak current in the system. The template was then 
removed out from the working electrode surface. The elec-
trode response was obtained in electron mediator solution. 
The anodic and cathodic peaks increase to + 2.33 mA and 
− 2.24 mA, respectively. This enhancement was obtained 
due to the removal of the molecule. Besides, higher binding 
efficiency and specificity were obtained.

Optimization of TNF‑α concentrations 
on the developed sensor

The effect of TNF-α concentrations were studied on the surface 
of the modified working SPE using the square wave voltam-
metry (SWV). The biosensor response was studied by differ-
ent TNF-α concentrations within a range of 0.01 pM–100 nM. 
A linear response was observed for biosensor activity and 
TNF-α concentration. Figure 5 (i) shows SWV measurements 

for varying concentrations of TNF-α. The graph pattern was 
obtained showing that with increasing concentrations, the peak 
current value decreases, because at higher concentrations of 
TNF-α the molecules block the active bindings sites and create 
resistance on the electrode surface, leading to lower current 
generation. This study was further confirmed with the elec-
trochemical impedance spectroscopy as shown in Fig. 5 (ii). 
The Nyquist plot shows a decrease in the resistance charge 
transfer value with decreasing concentrations, justifying lower 
resistance generated at lower concentrations of TNF-α. This 
study defines that the developed approach can be adopted for 
the identification of TNF-α at lower concentrations in samples 
due to higher specificity and sensitivity.

Evaluation of the developed biosensor

Scan rate studies for the modified biosensor

A scan rate study was performed for the system to check 
its stability. This experiment helps in studying the reaction 

Fig. 1   Brunauer–Emmett–Teller (BET) analysis for molecularly imprinted polymer (MIP) and non-imprinted polymer (NIP). A Pore size distri-
bution: (i) MIP; (ii) NIP. B Adsorption and desorption graph: (i) MIP; (ii) NIP



3 Biotech (2022) 12:37	

1 3

Page 7 of 13  37

mechanism (oxidation/reduction) of the analyte on an elec-
trode surface that occurred due to the adsorption or diffusion 
process mechanism. The CV response was recorded with an 
increasing scan rate linearly from 20 to 160 mV/s as shown 
in Fig. 6 (i). The voltammogram shows that the increasing 
scan rate leads to increased oxidation and reduction peaks. A 
linear relationship for scan rate (square root) vs peak current 
for oxidation and reduction is given in Fig. 6 (ii).

Evaluation of biosensor with varying pH

The electrode was examined with a solution of different pH 
samples of phosphate buffer from 5.5 to 9 pH with a differ-
ence of 0.5 pH units using the optimized concentration of 
TNF-α (0.01 pM). The SWV was recorded for the pH studies 

as shown in Fig. 7 (i). Taking into consideration the peak 
current of SWV response, a bar graph is plotted as shown 
in Fig. 7 (ii). The highest peak current was obtained with 
pH 7.0; hence, it was selected as the optimum pH for the 
developed biosensor (Yusof et al. 2013).

Determination of optimum temperature for the developed 
biosensor

The electrode was evaluated while differing temperature val-
ues from 5 to 40 °C with a difference at 5 °C unit. Figure 8 
(i) demonstrates the DPV response at different temperatures. 
Further, a bar graph was plotted with peak current versus 
different temperature values as illustrated in Fig. 8 (ii). The 
graph defines that at temperature 25 °C, the electrode gener-
ated maximum peak current and thereafter decreases. There-
fore, for further experimental work 25 °C was chosen as the 

Fig. 2   Deposition cycle: deposition of molecularly imprinted polymer 
(MIP) on electrode surface with different cycles. (i) Differential pulse 
voltammetry (DPV) measurement for varying cycles for MIP deposi-
tion. (ii) Bar graph demonstrates peak current obtained in DPV meas-
urements for varying cycles (5, 10, 15, and 20)

Fig. 3   Elution time: evaluating elution of MIP on electrode surface: 
(i) DPV measurement curve; (ii) representation of peak current at dif-
ferent elution times 2, 4, 6, 8, 10, and 12
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optimum temperature. At higher temperatures, the hydrogen 
bonds present between protein and water molecules break 
down. This leads to the generation of higher resistance on 
the surface and resisting charge flow.

Interference studies for the biosensor

The SWV response of the working electrode was recorded 
with different interfering compounds such as glucose, ace-
tylcholine, cholesterol, uric acid, and ascorbic acid as illus-
trated in Fig. 9 (i). The peak current obtained with SWV 
response was represented in the form of a bar graph in Fig. 9 
(ii). The activity of the biosensor was calculated in % as 
shown in Fig. 9 (iii), with different interfering compounds 
glucose (93.44%), acetylcholine (92.53%), cholesterol 
(91.11%), uric acid (90.2%), and ascorbic acid (88.76%).

Repeatability and storage stability of the fabricated 
sensor

The experiment was repeated on six identically modified 
electrodes and electrochemical measurements were per-
formed. The obtained results are illustrated in Fig. 10. The 
graph represents an average difference calculated with iden-
tical electrodes. The storage stability of the biosensor was 
studied while storing the electrode at 4 °C (dry condition) 
for 3 months. After 6 weeks, a 15% loss in the activity of the 
developed biosensor was observed from its original activity 
(100%).

Analytical performance of the developed sensing 
platform

The concentration range for optimization was obtained 
from 0.01 pM to 100 nM. The LOD of the biosensor was 
observed as 0.01 pM. The calculated response time of 
the developed sensor was less than 3 min. The optimized 
parameters for the present electrochemical biosensor are 
listed in Table 3. Various studies regarding the develop-
ment of sensing platform for TNF-α has been reported in 
Table 1; however, these platforms have several limitations. 
On the other hand, this fabricated biosensor has various 
advantages over the reported sensors such as a wide detec-
tion range, lower LOD, high specificity, rapid detection, 
the low voltage required, less sample volume, and high 
sensitivity.

Fig. 4   Modification of electrode: cyclic voltammetry (CV) measure-
ments for electrode modification at every step: bare screen-printed 
electrode (SPE); MoS2NSs/SPE; Fe3O4@SiO2NPs/MoS2NSs/SPE; 
MIPtemplate/Fe3O4@SiO2NPs /MoS2NSs/SPE; MIP/Fe3O4@SiO2NPs/
MoS2NSs/SPE

Fig. 5   Different concentration studies: (i) square wave voltammetry 
(SWV) measurements for varying concentrations on screen-printed 
electrode in a range from 0.01 pM to 100 nM; (ii) Nyquist plot for 
varying concentrations (0.01 pM, 0.1 pM; 1 pM, 0.01 nM, 0.1 nM, 
1 nM, and 100 nM)
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Discussion

This work demonstrates the assembling of a sensing plat-
form for TNF-α in the case of neonatal sepsis. The platform 
was modified with MoS2NSs and Fe3O4@SiO2NPs, these 
nanostructures provide exceptional properties (large surface 
area, higher conductivity, and catalytic properties). Further-
more, the electrode was modified with an MIP to increase 
the specificity of the sensor. The SPE requires a low poten-
tial for operation, and less sample volume (50–100 μL) is 
needed for the analysis. This prepared biosensor facilitates 
the instant detection of the analyte (TNF-α). For developing 
the present biosensor, no complex steps are involved.

The MIPs were characterized with the BET technique to 
determine the surface area and diameter of the created pores. 
The biosensor operates in a detection range from picomolar 

level to nanomolar providing eminent sensitivity and speci-
ficity. The sensor was evaluated for different parameters 
(temperature, and pH) to determine the optimized condi-
tions. The higher sensor response was obtained at pH 7 and 
25 °C. Therefore, they were chosen as the optimum pH and 
temperature for the fabricated biosensor. There are different 
studies reported for the determination of TNF-α concentra-
tions based on optical, piezoelectric, and electrochemical 
(Ghalehno et al. 2019; Pohanka, 2018; Rajeev et al. 2018; 
Bellagambi et al. 2017; Halima et al. 2021), but there are 
certain restrictions with these studies. This assembled bio-
sensor overcomes the constraints of the reported studies 
while enhancing the conductivity, cost, time, and sensitivity 
of the biosensing platform. This developed biosensor exhib-
its a wide concentration range for detection, higher sensi-
tivity, and a lower LOD that are found better than those in 
earlier reported literature. In the future, it can be developed 

Fig. 6   Scan rate studies: (i) CV measurements for different scan rates 
from 20 to 160 mV/s; (ii) calibration curve for oxidation and reduc-
tion peak versus square root (√) of scan rate

Fig. 7   pH studies: (i) SWV measurement for evaluating electrode 
with different pH solutions within a range from 5.5 to 9.0 with an 
interval of 0.5; (ii) bar graph for peak current obtained with SWV 
measurements with different pH solutions
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into a miniaturized and portable device. This point-of-care 
(POC) device can be used at home for monitoring the health 
of the neonate. It can facilitate the early and rapid detection 
of sepsis in newborns. These kinds of developed biosensors 
have some limitations, such as the synthesis of MIP con-
sumes a long time for preparation and also the extraction of 
molecules from MIP is a time-consuming process.

Conclusion

The presented work describes the development of an electro-
chemical biosensor for the identification of neonatal sepsis 
biomarkers (TNF-α). The biosensor is based on molecular 
imprinting of TNF-α. The sensing platform was modified 
with nanoparticles for better performance of the SPE. The 
electrode was coated with MoS2NSs, creating large active 
sites enhancing the charge transfer on the SPE. Further, the 
surface of the SPE was modified with Fe3O4@SiO2NPs 
providing a large surface area. Furthermore, the electrode 
was moderated with an MIP microsphere synthesized for 
TNF-α. The developed biosensor promised to provide highly 
sensitive and rapid results. The working range of the bio-
sensor was determined from 0.01 pM to 100 nM and the 
rapid results are obtained within 3 min (response time). This 
developed biosensor exhibits a lower LOD of 0.01 pM. This 
developed biosensor can facilitate the early detection of neo-
natal sepsis and can be developed into a point-of-care device 
due to rapid results, lower LOD, and miniaturized size.

Fig. 8   Evaluating electrode with different temperatures: (i) DPV stud-
ies for varying temperature within a range from 5 to 40 °C at an inter-
val of 5 °C; (ii) bar representation for highest current observed with 
DPV studies at different temperatures
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Fig. 9   Interference studies: (i) SWV measurements for different 
interfering compounds such as glucose, acetylcholine, cholesterol, 
uric acid, and ascorbic acid; (ii) peak current obtained with SWV 

measurements for interference compounds; (iii) activity of biosensor 
obtained while adding various interfering compounds

Fig. 10   Repeatability of electrode: evaluating six electrodes devel-
oped with similar conditions for checking the repeatability of data

Table 3   Summarizing the analytical parameters of the fabricated bio-
sensor

S. No Parameter Value

1 Detection limit 0.01 pM
2 Linear range 0.01 pM–100 nM
3 Sample volume 5 µL
4 Response time  < 3 min
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