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Abstract. For several types of diseases, such as meningitis or oral cancers, the simultaneous diagnosis and mea-
surement of the tumour necrosis factor α (TNF-α) and interleukin-1 β (IL-1β) immune-modulating biomarkers,
with respect to both quality and quantity, are important. For example, although meningitis is generally caused by
bacteria or viruses, the differences between viral and bacterial structures can be problematic for medical doctors
to distinguish, as laboratory data assay techniques for the two are often similar and can overlap; moreover, in such
cases, distinguishing between virial and bacterial structures is especially problematic following the use of antibi-
otics prior to cerebrospinal fluid testing. In this work, we simultaneously evaluated the precision of both TNF-α
and IL-1β for the diagnosis of disease. In this research area, twin electrochemical biosensors have been designed
as strong tools for the wide-spectrum assessment of biomarkers, thereby aiding in the screening, diagnosis, and
monitoring of pathologies and treatment performance. In this research, we present a sensor platform model that
can enable one to detect biomarkers quickly; specifically, this platform can be used to detect TNF-α and IL-
1β in saliva. A two-peptide recognition element was created and designed using the phage display technique.
This element selectively binds TNF-α and IL-1β to an electronics-based metal–oxide–semiconductor field-effect
transistor/electrolyte-gated transistor (MOSFET/GT) bio-detector device and label-free biosensor, allowing for
the rapid, simultaneous detection of both biomarkers. These bio-affinity recognition methods have been success-
fully implemented to realize the experimental twin-model sensor, based on electrolyte-gated transistor (EGT)
and semiconductor field-effect transistor (ZnO-SFET) biosensors, to test for these two disease biomarkers, both
individually and simultaneously, with high performance. In summary, we developed a sensor platform that can
be used for rapid oral cancer signature analysis of biomarkers in multiple bio-fluids of saliva. This system works
by arraying metal–oxide–semiconductor field-effect transistors (MOSFETs), with each targeting a biorecogni-
tion element (BRE) specific to one of these two important biomarkers. This system can also be extended upon
to aid in a wide variety of cancer research applications.
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1 Introduction

1.1 Saliva protein biomarker detection and related
diseases

Biomarkers, which are found in several tissues of our bio-
logical systems, have been applied in medical diagnostics
(Abayomi et al., 2006; Ryu et al., 2015). However, as the
application of one biomarker is not sufficient to detect a dis-
ease, we focus on the detection of multiple biomarkers in this
work, with the aim of diagnosing any type of cancer (Choi et
al., 2010; Zadeh et al., 2015). Because the concentration of
biomarkers in the human body is usually restricted to a nar-
row range, we evaluated two types of biosensor models for
advanced medical diagnosis: one contained an accurate de-
tection biosensor, whereas the other was a low-cost, portable
sensing device (Cunningham and Laing, 2008). Although,
nowadays, due to the use of modern systems that combine
various technologies, most biomarker sensors have decreased
limitations with respect to detection, there are several major
questions that need still to be discussed:

– How do we improve the performance of biomarkers?

– How do we obtain a suitable signal intensity for specific
biomarkers?

– How can the concentration of biomaterials be converted
into changes in the properties of the chemical structure
or microstructure of these compounds?

The detection of protein biomarkers in saliva is usually con-
firmed via enzyme-linked immune sorbent assay (ELISA)
techniques (Gug et al., 2019). Based on this method, the pro-
tein on the ELISA microtiter plate is fixed by direct adsorp-
tion through an antibody that is precoated on the surface.
Detection is accomplished by loading an enzyme-labelled
antibody and observing its interaction with the substrate,
which causes a luminescent signal. Another possible method,
known as western blotting, is based on the immunologi-
cal system and is generally applied in studies in salivary
biomarkers (Hsiao et al., 2018). Liquid chromatography–
tandem mass spectrometry (LC-MS-MS) is another high-
throughput technique for screening the saliva proteome and
has been used by researchers such as Hsiao et al. (2018)
to screen hundreds of peptides in several protein biomark-
ers. Moreover, gel electrophoresis can be used for the anal-
ysis of around 100 biomarker proteins; however, advanced
MS techniques, such as matrix-assisted laser desorption–
ionization time-of-flight mass spectrometry (MALDI-ToF
MS), are sometimes needed. Despite their broad versatility
and quick analysis times, these techniques require an inten-
sive sample pretreatment process prior to any analysis (Hu
et al., 2007; Kipping et al., 2021). Raman and nuclear mag-
netic resonance (NMR; Sarasia et al., 2011; Monajjemi et
al., 2008) spectroscopy are much better methods (compared
with LC-MS-MS) from the perspective of protein profiling;

this is due to the simple sample preparation processes re-
quired as well as the fact that Raman scattering is based on
the frequency shift interaction of light with proteins in the
laser radiation. It is notable that the Raman signals need to be
applied via metallic nanostructures before any measurement
takes place, for example, when examining biomarker pro-
tein salivary cytokines with Gold (Au) nanorods to diagnose
bronchial inflammation in asthmatic patients using a surface-
enhanced Raman spectroscopy (SERS) technique (Zamora-
Mendoza et al., 2019). Silver nanoparticles have also been
used, via a SERS technique, to aid in the diagnosis of lung
cancer in patients by analysing salivary biomarker proteins
(Li et al., 2012). A list of barcodes of various biomarker pro-
teins can be extracted for further detection via signal process-
ing enhancement and the use of SERS techniques (Buchan et
al., 2021). Salivary proteins have been related to some lo-
calized and systemic diseases. Recent research has reported
the importance of salivary C-reactive protein (CRP) as a con-
firmatory biomarker of acute myocardial infarction (Patel et
al., 2015; Bellagambi et al., 2021). Cytokines, which are
the main subject of our research work, are largely produced
in the oral cavity and are therefore related to oral patholo-
gies (Kaushik et al., 2011; Costa et al., 2010). Interleukins
(ILs; including IL-1β and IL-6), tumour necrosis factor α
(TNF-α), and matrix metalloproteinases have been identi-
fied widely and applied as important biomarkers for the di-
agnosis of several diseases (Dikova et al., 2021; Asatsuma
et al., 2004). Levels of salivary IL-8 have been discovered
to cause bowel diseases and muscle diseases (Rathnayake
et al., 2013). IL-19 has been confirmed as an indicator of
asthma severity as well as being a potential biomarker for
therapy of this disease (Wang et al., 2017; Xiao et al., 2016).
As complex devices and complicated techniques are not suit-
able for the fast detection of disease, we have designed and
developed a novel twin-biomarker sensor for the rapid testing
and detection of salivary markers in this work. For this pur-
pose, we initially began by analysing and evaluating various
biosensors, such as electronic sensors (Wei et al., 2013), elec-
trochemical sensors (Gug et al., 2019), fluorescent sensors
(Christodoulides et al., 2005), interferometer sensors (Sama-
vati et al., 2021), plasmatic sensors (Guerreiro et al., 2014),
absorbance sensors (Park et al., 2012), and quartz crystal mi-
crobalance sensors (Arif et al., 2015) (Table 1), with respect
to their applications in the detection of protein biomarkers
in saliva. We found that the electrochemical sensor was the
best compromise between low cost and high analytical per-
formance among the existing sensor platforms. In this paper,
we first discuss these two biomarkers comprehensively and
then analyse their properties and structures.

1.2 Tumor necrosis factor α (TNF-α) and interleukin-1 β
(IL-1β)

TNF compounds are cytokines belonging to the TNF fam-
ily, which consists of several transmembrane proteins (Mol-
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laamin et al., 2015, 2011), including a homologous TNF sub-
unit (Liu et al., 2020; Gravallese and Monach, 2015). It was
the first cytokine to be discovered to be an adipocyte, as
secreted by adipose tissue (Sethi and Hotamisligil, 2021).
TNF signalling appears via tumour necrosis factor receptor
1 (TNFR1) and TNFR2 (Heir and Stellwagen, 2020; Gough
and Myles, 2020); although TNFR1 is expressed in most
cells, TNFR2 is primarily restricted to endothelial, epithelial,
and subsets of immune cells (Rolski and Błyszczuk, 2020).
There are two types of TNF-α, including m-TNF-α and s-
TNF-α, with the latter being a soluble form (Qu et al., 2017;
Probert, 2015). The main function of TNF is in the regula-
tion of immune cells, although it also acts as an endogenous
pyrogen and is able to prevent apoptotic cell death via in-
flammation and the inhibition tumour genesis.

2 Electrochemical sensing systems

Due to the perfect properties of electrochemical sensor sys-
tems with respect to protein biomarker detection, these sen-
sor techniques have primarily been used in the study of sali-
vary biomarkers (Kakino et al., 2018; Chu et al., 2013; Ra-
madori and Armbrust, 2001). Moreover, due to their high
efficiency, portability, low cost, and simple operation, elec-
trochemical sensors are able detect saliva proteins with min-
imum time, for example, without adding extra electrolytes
(Dharmalingam and Yamasandhi, 2018). Thus, this work was
based on the electrochemical analyses of saliva samples via
the exploitation of the relatively strong ionic strength of
saliva. The concept roadmap for the electrochemical detec-
tion of protein biomarkers in saliva is depicted in Fig. 1. In
the electrochemical immunoassay, the attached biomarkers,
with the conjugated antibodies as the specific recognition ele-
ments, induce a rapid electrode response via voltage changes,
current changes, or impedance variation. As the aptamers can
basically recognize the probes for protein biomarkers, the
antibodies should preferably be located on the electrodes di-
rectly using nanomaterial (Liang et al., 2008). Aptamers with
high stability can automatically change their size and struc-
ture compared with antibodies (Wandrer et al., 2020; Kanda
et al., 2006). On the other hand, nanobodies are unique com-
pounds of bio-receptors with a high interest with respect to
binding to the electrochemical proteins’ structures in any
type of biosensor (Murao et al., 2000; Kakino et al., 2018).
Nanobodies are small antibodies with a higher affinity for
targets with a higher stability and suitable solubility (due to
their lower dimensions) compared with antibodies (Mani et
al., 2021). Based on these concepts and properties, we de-
signed an artificial antibody using a molecularly imprinted
polymer (MIP) for our electrochemical biosensors.

In this research, specific peptides have been synthesized
for TNF-α and 1L-1β with no use of biomolecular probes,
and enzymatic reactions involving the hydrolysis of the tar-
get and subsequent activation of redox probes have been

suggested as novel strategy for TNF-α and IL-6 detection.
Moreover, functional chemical groups from several nanoma-
terial surfaces have been used in order to recognize the target
protein in the presence of activating agents. These selected
biomolecular probes and functional chemical groups have
basically been used to modify the electrode of our sensor.
We used a mix of several electrochemical sensors, including
amperometric sensors, voltammetric sensors, electrochemi-
cal impedance spectroscopy (EIS), and electrochemical ca-
pacitance sensors (Torrente-Rodríguez et al., 2016). In po-
tentiometric techniques, the electrochemical potential mea-
sured between two electrodes varies in the analyte over one
of the electrodes (Pires et al., 2011). Electrolyte-gated tran-
sistors (EGTs) are widely used in special protein detection
and have a mechanism based on metal–oxide–semiconductor
field-effect transistors (MOSFETs; Burtscher et al., 2021;
Gualandi et al., 2019). The difference between MOSFET and
EGT methods depends on the material type used: the former
uses a dielectric material for the gate, whereas the latter uses
an electrolyte as the gate.

3 Experimental and molecular modelling details

We have investigated an electronics-based (MOSFET/EGT)
label-free biosensor that provides rapid detection of TNF-
α and 1L-1β in saliva. The biorecognition elements (BREs)
that bind TNF-α and 1L-1β were selected using a phage dis-
play technique (detailed in Sect. 3.1.1) and confirmed via
both binding kinetics and docking software and molecular
mechanic modelling. We used this powerful tool to isolate
specific peptide/antibody binders against the target of inter-
est. Consequently, using this technique, we are able to deter-
mine the tumour antigens based on protein–DNA interactions
using DNA libraries with randomized segments.

3.1 Phage display

3.1.1 Phage display library against TNF-α and 1L-1β

An enzyme-linked immune-sorbent assay (ELISA) mi-
crotiter plate was coated with 80 µ of 0.2 mg mL−1 human
TNF-α (Gen-Script Corporation, Piscataway, USA). It was
also coated with 100 µ of 0.5 mg mL−1 human interleukin-
β (1L-1β) (Gen-Script Corporation, Piscataway, USA). A
total of 0.2 M NaHCO3 buffer was added to each mixture
at pH= 7.4. The plates then underwent a 20 h incubation at
5 °C in a humid chamber. After 2 h incubation at 5 °C in a hu-
mid chamber, the solution was mixed slowly (over 4 h) with
serum albumin (6 mg mL−1), 0.2 M NaHCO3 (pH= 7.4),
and NaN3= 0.05 %) and washed with tris-buffered saline
(TBS), 60 mM tris-HCl, and 200 mM NaCl using the Phage
Display Peptide Library containing 2× 1010 phages in 150 µ
of TBS-T 0.2 % (PhD-C7C, New England Biolabs Inc.,
Westburg B. X., Leusden, the Netherlands). After rinsing,
TNF-α- and 1L-1β-bound phages were eluted with 0.5 M
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Figure 1. Graphical illustration of the electrochemical detection of protein biomarkers in saliva.

glycine-HCl buffer (pH= 2.5) and then complemented with
0.1 % bovine serum albumin (BSA); following this stage,
they were neutralized with 1 M tris-HCl buffer (pH= 8.1).
Amplified phages were obtained at 5 °C in a specific solution
containing 25 % polyethylene glycol and 2.0 M NaCl. The
phage mixture was added to a TBS buffer (100 mM tris-HCl
and 200 mM NaCl at pH= 7.4). Escherichia coli was grown
on a plate containing isopropyl-β-D-thiogalactoside (IPTG;
ICN Biomedical Inc., Germany) and 5-bromo-4-chloro-3-
indolyl β-D-galactopyranoside (Xgal; Sigma-Aldrich, Ger-
many). To determine the sequences of selected phage clones,
the Sanger method was used, in which nucleotide DNA
chains terminate (Sambrook et al., 1989).

3.1.2 Selection of the peptide sequences through
docking simulation

Peptide sequences were selected via a docking simulation
of 7kpb.pdb as well as 1TNF.pdb and 9ilb.pdb crystallog-
raphy for both the TNF-α and 1L-1β structures (as shown
in Fig. 2). In addition, several monomer subunits were used
for further description. The potential binding sites were cal-
culated and plotted using Acsite software. Docking was per-
formed with the iGEMDOCK algorithms. In the first step,
the interactive maps of the docked molecules were created
using LIGPLOT (Wallace et al., 1995). The docked mini-
mum energies were then analysed in order to find suitable
places where any type of peptide could attach with higher
affinity to the TNFα. Three of the peptides docked exhibited
suitable binding energies, and docking was repeated with an
increased stringency using a reduced cavity size as a receptor.
The reverse complement of the DNA insert was obtained and
then translated to give the amino acid product of the DNA in-
sert (Monajjemi et al., 2014, 2010b) (Table 2). This resulted
in one matching peptide that was again modelled with TNFα
(Protein Data Bank, PDB: 1TNF) and 1L-1β as a template
using the MODELLER software (Sali et al., 1995; Wang et
al., 2002).

Candidate peptides were obtained via phage display, and
two sequences of interest, RTMTQRILIMRQKI for TNF-α

binding and FLSSVRPRIG for 1L-1β binding, referred to as
Peptide 1 and Peptide 2, respectively, were identified. To ac-
curately determine the binding kinetics of the Peptide1-TNF-
α and Peptide2-1L-1β complexes, several concentrations of
TNF-α-binding and 1L-1β-binding peptides were injected
over a streptavidin surface plasmon resonance (SPR) chip
using a Biacore T200 system. Kinetic fits indicate that these
two peptides bind with higher affinity to TNF-α and 1L-1β
biomarkers (Table 3). The dissociation constant KD was cal-
culated using the following formula: KD= kd/ka.

The two aforementioned peptides with the addition of a
negative control peptide (NCP) created by scrambled binding
with sequence TVTADRNQVGTLXLP (Table 3) were used
in this study. In total, we generated an ensemble configura-
tion for Peptide1-TNF-α, Peptide-2-1L-1β, and NCP using
replica exchange molecular dynamics based on Sugita and
Okamoto (1999). The docking of peptides binding with TNF-
α and 1L-1β was accomplished with two steps: (1) using the
PatchDock package and (2) performing rotational and trans-
lational positioning to generate a set of possible complexes.
We observed which two peptides attached to the proper re-
gion of the TNF-α and 1L-1β biomarkers via a combination
of electrostatics, hydrogen bonding, and van der Waals in-
teractions; in the proposed structure of the complex, residue
Ala to Phe and residue Gln to Phe, for Peptide 1 (Table 3
and Fig. 3) and Peptide 2, respectively, are located on the
side of the proper region of the TNF-α and 1L-1β biomark-
ers, permitting correct attachment to the (MOSFETs/EGTs)
surfaces. NCP also binds to the biomarkers for any further
comparison, although at a much lower level compared with
the two biomarkers (Table 4).

Initially, the docking configurations for TNF-α-Peptide-
1 and NCP were scored with the FireDock energy function
(Andrusier et al., 2007). This function considers the atomic
contact energy (ACE), van der Waals interactions, par-
tial electrostatics, hydrogen and disulfide bonds, p-stacking
and aliphatic interactions, and additional terms (Andrusier
et al., 2008). We calculated the Gibbs energies of com-
plexes using molecular dynamics (MDs) simulations with
the CHARMM software. The absolute binding free energy
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Figure 2. (a) The structure of tumour necrosis factor α (TNFα) and its implications for receptor binding; (b) the human TNFα TNFR1
complex bound to a conformational selective antibody; (c) the crystal structure of human IL-β; (d) human interleukin-β (1L-1β). This figure
was plotted using the Chem3D software.

Table 2. Nucleotide and amino acid sequences of positively identified phage clones.

Peptide no. DNA and amino acid sequences

1
Codon sequence AGG-ACG-ATG-ACC-CAA-AGA-CGT-ATT-CTT-ATA-ATG-AGG-CAA-AAA-ATC
Amino acid sequence R-T-M-T-Q-R-R-I-L–I-M-R-Q-K-I

2
Codon sequence TTT-CTT-TCT-AGT-GTC-AGG-CCA-CGC-ATT-GGA
Amino acid sequence F-L-S-S-V-R-P-R-I-G

3
Codon sequence ACA-GTG-ACG-GCT-GAT-CGG-AAT-CAA-GTT-GGC-ACT-CTG-TAG-CTC-CCC
Amino acid sequence T-V-T-A-D-R-N-Q-V-G-T-L-X-L-P

4
Codon sequence CGG-CGT-CCG-CAT-TCG-AGT-CAT-TCT-CAT-GTT-AGT-AGG-TTT-ACG-TCT
Amino acid sequence R-R-P-H-S-S-H-S-H-V-S-R-F-T-S

was calculated using the molecular mechanics Poisson–
Boltzmann surface area (MM-PBSA) methodology (Koll-
man et al., 2000): 1G (binding) =〈Gcomplex

〉− 〈Gprotein
〉−

〈Gpeptide
〉. To prepare a system for MM-PBSA calculations,

the complexes were solvated in a rectangular box of TIP3P
water molecules.

3.1.3 RTMTQRILIMRQKI and FLSSVRPRIG peptide
synthesis

Based on the docking simulation, the two proper confor-
mations of the RTMTQRILIMRQKI and FLSSVRPRIG
peptides with the complex system should be sensitized
for use in the bioelectric sensor model. Solid-phase pep-
tide synthesis was performed by converting amino acids to
hydroxybenzotriazole-activated esters by treatment with hy-
droxybenzotriazole (HOBT) and diisopropylcarbodiimide in
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Table 3. Equilibrium dissociation constants for peptide1-TNF-α and peptide2-1L-1β complexes containing docking energies.

Peptide Sequence Complex Ka Kd KD Energy VDW∗ H bond Docking
no. (104 M) (10−10 M) fitness

1 RTMTQRILIMRQKI Peptide1-TNF-α 31.1 0.0199 63.9 −115.5 −102.3 −13.2 −120.66
2 FLSSVRPRIG Peptide2-1L-1β 1.45 2.33 16.06 −118.1 −84.1 −33.6 −119.7
3 TVTADRNQVGTLXLP Scrambled (NCP) No binding No binding No binding – – – –
4 RRPHSSHSHVSRFTS Peptide4-1L-1β 1.55 3.12 71.5 −120.2 −76.4 −31.22 −121.2

∗ VDW: van der Waals interaction.

Figure 3. (a) Optimization and configurations of Peptide 1 including the RTMTQRILIMRQKI amino acid sequence, using CHARMM
software. (b) Peptide 1–TNFα docked using iGEMDOCK software. (c) Amino acids with related energies during interaction with TNF-α.
(d) Optimization and configurations of Peptide 2 including the FLSSVRPRIG amino acid sequence, using CHARMM software. (e) Pep-
tide 2–1L-1β docked using iGEMDOCK software. (f) Amino acids with related energies during interaction with 1L-1β. This figure was
plotted using docking (iGEMDOCK) software.

dimethylformamide (DMF). The subsequent reactions were
accomplished in DMF. After synthesis, side-chain-protecting
groups were removed, and the peptides were cleaved from
the support resin with trifluoroacetic acid. The inhibition of
the cytotoxic effect of TNF-α and 1L-1β by the phages or
the RTMTQRILIMRQKI and FLSSVRPRIG peptides was
assayed using the saliva proteins. Briefly, cells were plated
into microtiter plates (NUNC, Roskilde, Germany) using
Dulbecco’s modified eagle medium (DMEM) and cultured
overnight at 300 K in the presence of 10 % CO2. After re-
moving the supernatant, both 1L-1β and TNF-α were incu-
bated separately with various concentrations of each phage
clone or peptide in complete DMEM supplemented with
3 mg mL−1 actinomycin D-mannitol for 3 h at 300 K in 10 %
CO2; thereafter, the TNF-α-RTMTQRILIMRQKI and 1L-
1β-FLSSVRPRIG from phage mixtures were added to the
two separated cell cultures for overnight incubation at 300 K
in 10 % CO2. After removing the supernatant, absorbance
was measured at 550 nm using a Dynatech MR 5000 mi-
croplate reader (Chantilly, VA, USA). Each concentration of
phage of peptide-TNF-α and peptide-1L-1β mixtures was
tested in triplicate.

3.1.4 MOSFET/EGT sensor development and testing

In our model sensor, MOSFETs were fabricated based on
a zinc oxide field-effect transistor (ZnO-SFET). This offers
various advantages: first, ZnO is suitable for pulsed laser de-
position under ambient conditions, thereby lending itself to
use in a low-cost, portable sensing device that can be em-
ployed everywhere and at any time; second, a ZnO-SFET
can be fabricated using a variety of materials for any type of
packaging, such as flexible and lightweight plastics; third, as
ZnO can be deposited in a suitable situation, it automatically
results in a vertically aligned nanostructure, yielding a semi-
conductor with a wide surface area, which is perfect for ZnO-
SFET sensors. Although various high-performance ZnO-
SFETs have recently been investigated to increase the speed
of electronic models (Bayraktaroglu et al., 2009; Hagen et
al., 2011), our twin-model sensor based on electrolyte-gated
transistors (EGTs) and semiconductor field-effect transistors
(MOSFETs) is a unique device that can be widely used to
detect several special proteins simultaneously (Fig. 4).
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Table 4. Binding free energy 1G and dissociation constants KD.

Binding peptides Negative control

Complexes 1G (kcal mol−1) KD 1G (kcal mol−1) KD

Peptide 1 −12.65 4.5 nM −3.66 9.33
Peptide 2 −11.23 5.7 nM −4.21 8.76
Peptide 4 −10.54 6.32 nM −5.21 7.99

Figure 4. The schematic design of the portable twin biosensor based on simultaneous saliva protein biomarker diagnosis using 1L-1β and
TNF-α.

3.1.5 Fabrication of nanoscale ZnO semiconductors

Patterned semiconductor nanostructures were integrated with
electrical contacts and isolated using a passivation layer
(Aroonyadet et al., 2015; Fortunato et al., 2012). During
combination with a patterning process, a ZnO-SFET was
fabricated using top-down vapour-phase thin-film deposition.
Basically, ZnO-FET devices have good electrical properties
with field-effect mobility> 15 cm2 V−1 s−1 and an on/off
current ratio from 105 to 108; therefore, they are compati-
ble with high sensing performance (Liu et al., 2018, 2016)
(Fig. 5). Figure 5c exhibits the X-ray diffraction (XRD) pat-
tern of the fabricated SnO2–ZnO composite heterojunction
material. The heterojunction between SnO2 and ZnO in-
creased the performance of a ZnO-SFET gated by SnO2 be-
tween the source (S) and drain (D).

4 Results and discussion

In this work, a range of bio-recognition approaches, includ-
ing enzyme–substrate interactions, antibody–antigen interac-
tions, and nucleic acid hybridization, were studied as biosen-
sors for a specific molecular target (Table 1). Among these
biomarkers, we focused on several compounds on rows 1,

13, 19, and 22 of Table 1 that were related to two types of
antibodies for two targets, including 1L-1β and TNF-α, us-
ing conjugate biomarkers in saliva. These bio-affinity recog-
nition methods have been successfully implemented to real-
ize an experimental twin-model sensor based on electrolyte-
gated transistor (EGT) and semiconductor field-effect tran-
sistor (ZnO-SFETs) biosensors for testing for these two dis-
ease biomarkers, either individually or simultaneously, and
have shown high performance. Using a docking simulation to
examine the effect of different solvents and temperatures on
the stability of a single-walled carbon nanotube (Khaleghian
et al., 2011; Monajjemi et al., 2010a), we developed a nano-
ZnO-SFET biosensing device for the saliva biomarker of our
molecular bio-receptor with high and specific binding affini-
ties for the target of TNF-α on the surface of the SFET. In ad-
dition, a sensor based on electrolyte-gated transistors (EGTs)
was also suitable for 1L-1β and showed high performance.
ZnO-based SFETs were, therefore, generally functionalized
first with a chemical agent to enable covalent immobilization
of the specific bio-receptors on their surface (Fig. 4). In this
regard, we used mercaptopropyltrimethoxysilane (MPTMS),
applied as organosilane families that covalently and easily
bind to ZnO (Fleischhaker et al., 2010). Silanization was
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Figure 5. (a) Field-emission scanning electron microscopy images (at three scales: 1000, 500, and 700 nm) of vertical ZnO nanowires grown
on a reduced graphene/polydimethylsiloxane substrate. (b) Gated ZnO-SFET by SnO2 between the source (S) and drain (D).

Figure 6. The SnO2–ZnO thin-film-based biosensor’s surface func-
tionalization process involves silanization with APTES, reaction
with glutaraldehyde, and covalent antibody conjugation.

carried out in either the vapour or liquid phase using a
90 % / 10 % (v/v) mixture of ethanol /water and the Liu
method (Liu et al., 2013). The amine functional groups of
3-aminopropyltriethoxysilane (APTES) can be bound to glu-
taraldehyde and, consequently, are able to create a covalent
bond with conjugate bio-receptors containing the TNF-α an-
tibody. Meanwhile MPTMS can create a covalent bond with
conjugate bio-receptors containing the 1L-1β antibody. After
fixing the unreacted groups, such as the CHO–SiO2 group,
which are generally blocked, the surface is passive toward
reducing non-specific adsorption events (Fig. 6; Heiney et
al., 2000; Zheng et al., 2005).

In parallel, 1L-1β was injected through the sample port of
the EGT sensor (Fig. 5), and L-1β-bound phages containing
a buffer at pH= 2.5 with 0.1 % BSA were also added. Due
to this fact, the ZnO anchor sequence preferentially bound
to the semiconductor over any other surface on the SFET
array. Figure 7a shows the area in which the morphology
of the SiO2 surface is 100 % flat; however, the ZnO sur-
face morphology changes due to the attachment of the bi-
functional RTMTQRILIMRQKI peptide to the semiconduc-

tor (Fig. 7b). The functionalized ZnO of the ZnO-SFET re-
sults in high efficiency in both the section containing the
gate-to-source voltage (VGS) and that containing the source-
to-drain voltage (VSD) (Fig. 7c).

In Fig. 7d, the active ZnO electrode, comprised of ZnO
nanorods, acted to keep each SFET electrically isolated from
its adjacent area. The diced SFET chips (13.5 mm× 4.5 mm)
were incubated in the peptide solution for 10 min and were
then washed and dried several times. We utilized a general
technique, based on Hermanson (2010), to bind BREs to
surfaces via covalent linker chemistry. The anchoring pep-
tide domain is based on the sequence developed by Tom-
czak et al. (2009), which binds to ZnO. The RTMTQRIL-
IMRQKI peptide was added to the TNF-α, and the place-
ment of the alanine end of the Peptide-TNF-α sequence to
the linker was specifically chosen based on computational
modelling methods that showed the importance of the amino
acids on the phenylalanine (Fig. 3). A quick sensor response
was obtained by presenting the peptide SFET to several cer-
tain concentrations of the TNF-α target while also monitor-
ing the source/drain current (ISD), at fixed constant VGS
and VSD values. We rehydrated the peptide SFET in solu-
tion using liquid sensing to ensure the effective binding of
TNF-α. For this purpose, 25 µL of sterile water (Gibco ultra-
pure DNase/RNase-free water, 18.1 M�) was inserted into
the devices, and we monitored the ISD until it was fixed. The
sensor was exposed to a solution containing 15 nM TNF-α
several times (each time for 2 min), and the source/drain cur-
rent was monitored each time. By enhancing concentrations
of TNF-α, a concomitant increase in current appeared; how-
ever, the magnitude of the current increase began to decrease
at higher concentrations due to the saturation of the peptide
binding sites for three solvents (Fig. 8a). By measuring each
quick static response in each of the concentrations, the dif-
ference in current change can be determined for the target
exposure. The quick nature of the TNF-α detection in sterile
water is shown in Fig. 8b (for three solvents), where a cur-
rent increase is immediately seen following the application
of a 9 fM droplet of TNF-α. In addition, the solvent effect
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Figure 7. (a) Optical micrograph of the interdigital electrode ZnO-SFET structure. (b) An atomic force micrograph of the functionalized
peptide SFET containing a mix of SiO2 morphology and ZnO morphology. (c) The peptide SFET dry-state efficiency with modulation of the
VGS and VSD. (d) The binding and dry position efficiency of the ZnO-SFET.

can be seen in these plots (using three colours: green, blue,
and red). In the green plot, pure ethanol has been used, which
has a dielectric constant of around 24.5, and a minimum cur-
rent can be seen at time= 40 s. In the blue plot, using 10 %
water (blue) causes the minimum position to move to around
time= 50 s, whereas using 90 % water (red plot) decreases
this amount to time= 22. This dielectric effect also helps us
to calibrate our sensor based on a solvent and the dielectric
effect.

Before the filtration process and injection of the liquid
(Fig. 4), the sensitivity to Peptide-1-SFET and Peptide-2-
EGT in a saliva matrix was seen in several scanning ranges,
from 0.2 up to 1.2 µM, according to the elution time in the ab-
sorbance chromatogram. Consequently, we selected 0.5 µM
for TNF-α and 0.8 µM for 1L-1β, due to perfect adsorp-
tion at these concentrations (Fig. 9a). After filtration, when
spiked into a 20 µL drop of human saliva, Peptide-1-SFET
and Peptide-2-EGT exhibited significant responses to 20 fM
(2× 10–14) for TNF-α and to 15 fM for 1L-1β (Fig. 9b). As
can be seen from Fig. 9a, the absorbance has a maximum of
3.2 min according to the elution time. In addition, the source
(S) and drain (D) current in Fig. 9b exhibits 15 and 20 fM
sensitivities for Peptide-2-EGT and Peptide-1-SFET, respec-
tively.

In Fig. 10, which displays a drain current (ID) versus
drain-to-source voltage (VSD) plot, the curve at different
gate-to-source voltage (VGS) values for this biosensor has
been plotted at different voltages. As can be seen, by increas-

ing the different voltage from −6 V towards +6 V, the slope
of the drain current changes (red, green, and blue curves).
This changing voltage is an important issue for our fabricated
sensor with respect to detecting TNF-α and 1L-1β.

Moreover, for a more rigorous validation of our method-
ology and to confirm the accuracy of this biosensor, we
used some other sensing platforms, such as electrochemical
biomarker sensors (EBSs) and an SPR-based biomarker sen-
sor. As the mechanism of the SPR sensor is based on elec-
trode charge transfer after the specific binding of biomarkers,
the change in material properties or electronic states of sen-
sors is caused by antigen–antibody specific binding, which
produces different electrical signals at different concentra-
tions (Oh et al., 2004; Lee et al., 2004; Guan et al., 2005).
SPR is an optical physical phenomenon whereby the surface
of a metal generates plasma waves when polarized light re-
flects onto a metal film at a certain angle. When SPR is ap-
plied to the biomarker detection field, the biomarker-specific
binding changes the refractive index of the plasma resonant
material and causes a change in the resonant angle of the
SPR that can be measured to detect the concentration of
biomarker. SPR-based biomarker sensors always have ultra-
high sensitivity and resolution. Figure 11 exhibits our fab-
ricated low-cost SPR biosensor with a plastic optical-fibre
waveguide for the detection of oral cancer in our system con-
taining TNF-α, 1L-1β, and NCP.

It is notable that our fabricated sensor offers numerous ad-
vantages due to its cheap price, accurate measurement, and

J. Sens. Sens. Syst., 13, 245–261, 2024 https://doi.org/10.5194/jsss-13-245-2024



M. Monajjemi et al.: Portable biosensor for simultaneous diagnosis of TNF-α and IL-1β in saliva 255

Figure 8. Increasing concentrations of TNF-α versus time in three solvents (a) without peptide and (b) containing peptide.

Figure 9. (a) Sensitivity of Peptide-1-SFET in a saliva matrix with scanning ranges of 0.2–1.2 µM. (b) A rapid significant response to
20 fM (2× 10–14) is found for TNF-α in water, whereas a significant response to 15 fM is observed for 1L-1β in water, for VGS= 6 V and
VSD= 0.4 V.

Figure 10. A drain current (ID) versus drain-to-source voltage
(VSD) curve at different gate-to-source voltage (VGS) values. Figure 11. SPR-based biomarker sensor.
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portability; moreover, it is suitable for use in many applica-
tions, such as medical diagnosis, drug predication, drug de-
livery (Khalili Hadad et al., 2011; Ghalandari et al., 2011)
and integration in electronic instruments to examine biolog-
ical molecules’ behaviours via a sensing electrode for the
detection of target issues. As a result, this sensor, which is
applied to detect oral cancer, helps us get one step closer to
clinical application. This sensor is a dynamic platform for
biosensing cancer biomarkers using a twin-model electro-
chemical biosensor in the screening, diagnosis, and moni-
toring of pathologies and treatment performance. The main
novelty of this work is an in-depth study of the capability of
a simple sensor platform model that enables one to quickly
detect TNF-α and IL-1β in saliva biomarkers.

5 Future perspectives

Although many biomarker sensors have been developed in
recent years, the performance of commercial sensors applied
in the clinical field has not improved significantly. Consider-
ing modern medical diagnosis requirements (which are men-
tioned in Sect. 1), the development and optimization of prac-
tical commercial sensors is of paramount importance com-
pared with that of laboratory products. We believe that, with
continued advancements in materials science and microfabri-
cation technologies, some practical biomarker sensors could
break through existing bottlenecks, optimize performance,
and achieve breakthroughs with respect to human health in
the future.

6 Conclusion

The field of application for this sensor is rapid detection in
biological fluids, such as saliva and serum, in which sub-
nanomole detection is needed. We exhibited a sensor plat-
form that can be used for the rapid analysis of an oral cancer
signature using biomarkers in multiple bio-fluids of saliva.
This system works by arraying a MOSFET/EGT system,
with each transistor targeting a BRE specific to one of two
important biomarkers. This system can also be extended and
applied to a wide variety of cancer research applications. One
of the major challenges in the development of a twin bioelec-
tronic sensor is the progress of biosensing unit and signal
transducer techniques, which should be considered in detail.
In summary, as the development of modern materials and mi-
crofabrication technologies advance, biomarker sensors and
platforms will not only break through current challenges but
will also exhibit tremendous potential for the early diagnosis
of cancer as well as individualized health monitoring (Mon-
ajjemi et al., 2011). Continuous monitoring using this sensor
is a promising solution for employment in clinical practice
and in the home setting. Using this sensor, patients’ diseases
can be monitored during hospitalization to detect clinical de-
terioration. A modified early-warning score (MEWS), a scor-

ing system incorporating all intermittent measurements and
other observations, is often used to facilitate the detection
of clinical deterioration in nursing wards. Although imple-
mentation of this technology for continuous monitoring in
clinical practice is a complex process, this can be affected by
technical, social, and organizational factors.

Appendix A: Abbreviations

ACE2 Human angiotensin-converting
enzyme 2

CdS-QDs Cadmium sulfide quantum dots
COVID Coronavirus disease
CRP C-reactive protein
DPV Differential pulse voltammetry
EGT Electrolyte-gated transistor
EIS Electrochemical impedance

spectroscopy
EC Electrochemical
EDLT Electrical double-layer transistor
FET Field-effect transistor
g-C3N4 Graphite carbon nitride
HPV Human papillomavirus
HRP Horseradish peroxidase
MERS Middle East respiratory syndrome

coronavirus
MWCNT Multi-walled carbon nanotube
MWCNT-AuNP Multi-walled carbon nanotube

Au nanoparticle
ODAM Human odontogenic

ameloblast-associated protein
PdNP Pd nanoparticle
PEDOT Poly-3,4-ethylenedioxythiophene
PSS Polystyrene sulfonate
RBD Receptor-binding domain
r-GO Reduced graphene oxide
SWV Square wave voltammetry
TMB Tetramethylbenzidine
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