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A B S T R A C T   

Early surveillance of oral cancer demands utmost concern owing to its alarming prevalence in the modern world. 
An efficient electrochemical impedimetric immunosensor is fabricated based on bimetallic amino-functionalized 
FeCo metal–organic frameworks uniformly grown on porous nickel foam solid supports (FeCo-MOF/NF) as a 
transducer for the detection of oral squamous cell carcinoma (OSCC). Herein, the interleukin-1 receptor 
antagonist (IL-1RA) antibody is used as a biorecognition element for the first time in the determination of oral 
cancer in real human blood samples using electrochemical impedance spectroscopy (EIS). Furthermore, the 
presence of specific functional groups ensures selectivity and rapid sensitivity against the target analyte IL-1RA 
when compared to the other biomarkers including interleukin-6 (IL-6), interleukin-8 (IL-8), CYFRA 21-1, and so 
on. The immunosensor shows a wide linear dynamic detection range of IL-1RA (10 fg/mL to 10 ng/mL) with a 
limit of detection (LOD) of 7.30 fg/mL in buffer and 7.22 fg/mL in serum conditions and a limit of quantification 
(LOQ) of 22.14 fg/mL in PBS and 21.88 fg/mL in serum. For a real-life demonstration, IL-1RA in human samples 
is detected by the immunosensor for the first time and compared with the gold standard method. The immu
nosensor also displays an excellent correlation with the standard detection of IL-1RA in human samples. Alto
gether, this work demonstrates that the electrochemical immunosensor has a high clinical significance by being a 
promising alternative to conventional approaches.   

1. Introduction 

Oral cancer is the 6th most common dreadful malignancy, a threat
ening peril owing to its high death rate and metastasis [1,2]. Every year, 
oral cancers are estimated to take nearly 128,000 lives, and more than 
75 % of fatalities befall in underdeveloped countries [3]. Apart from 
genetic and environmental factors, it was reported that major causes of 
oral cancers are due to exposure to tobacco, alcohol, and betel quid 
chewing in some communities [4–6]. Among several kinds of oral 

cancers, oral squamous cell carcinoma (OSCC) is the most prevalent [7]. 
Enormous efforts are devoted to its early screening, diagnosis, and 
therapy by advanced clinical technologies. Currently, the gold standard 
approaches to analyze OSCCs are expensive biochemical examinations, 
and invasive tissue biopsy for histological analysis followed by non- 
invasive imaging methods including positron emission tomography 
(PET), computed tomography (CT), magnetic resonance imaging (MRI) 
[8,9]. The major stumbling block in improving a patient’s prognosis is 
the late detection of the disease. Prevailing diagnostic strategies are not 
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efficient to detect the disease at a very early stage. On that account, it is 
highly crucial to develop sensitive and robust techniques for early 
screening that can significantly contribute to the decrease of mortality. 

Biomarkers, the significantly important measurable indicators of 
biological, pathological and physiological processes, provide useful in
formation for the detection and diagnosis of the disease [1]. Monitoring 
the biomarkers including DNA, mRNA, proteins, and enzymes also 
evaluates the pharmacological response to therapy for predicting the 
prognosis of various diseases, especially cancer [10]. The common 
biomarkers for oral cancer present in saliva and blood are IL-6, IL-8, 
CIP2A, CYFRA 21-1, and CD59 [11]. Previously, researchers have 
detected IL-8 expression in human saliva samples using gold 
nanoparticles-reduced graphene oxide composite materials which uti
lize differential pulse voltammetry (DPV) at a detection limit of 72.73 ±
0.18 pg/mL [12]. Another study reports the detection of oral cancer 
using a CD59 antibody immobilized on a L-cysteine self-assemblies on 
Au electrodes [13]. Tan et al have adopted a modified approach from 
traditional DNA biosensors by designing an immobilization-free elec
trochemical method to target DNA species in oral cancer overexpressed 
1 using signal amplification of nicking endonuclease assisted target 
recycling for the detection of oral cancers in saliva [14]. Ma and Wang’s 
group have demonstrated a versatile ratiomateric DNA biosensor for the 
detection of oral cancer by integrating homogeneous exonuclease III- 
assisted target recycling amplification and one-step triggered dual- 
signal output [15]. A portable electronic biosensor based on reduced 
graphene oxide (rGO)/melamine (MEL)/antibodies/BSA was reported 
by Ghosh and co-workers for the rapid diagnosis of CEA and CYFRA 21-1 
in real-life samples [16]. 

For successful prediction of specific cancer, multiple biomarkers 
more than 5 are commonly measured [17]. Hence, the identification of 
new biomarkers may significantly improve the diagnosis and treatment. 
Interleukin 1 receptor antagonist (IL-1RA), an immunosuppressive 
cytokine, is an anti-inflammatory protein that counteracts the biological 
activity of the proinflammatory cytokine, interleukin-1 [18]. Inflam
mation is associated with early tumor development [19]. Previously, it 
was also reported that there were elevated levels of IL-1RA in more 
aggressive OSCCs which can be considered a potential salivary 
biomarker for the early detection of cancer [18]. In addition, elevated 
serum levels of IL-1RA were also found in other ailments including 
rheumatoid arthritis, sepsis, and polymyositis as well as indicating the 
pathogenesis of schizophrenia [20–22]. Very recent research also 
contemplated the role of IL-1RA as a plasma biomarker in relapsing- 
remitting multiple sclerosis [23]. 

Conventional protein assays such as enzyme-linked immunosorbent 
assays (ELISAs), gel electrophoresis, mass spectrometry, and fluorescent 
assays are relatively laborious and time-consuming despite their sensi
tivity and commercial availability. Furthermore, these techniques have 
limitations such as high equipment costs and the requirement of highly 
skilled personnel [12,24]. Therefore, to improve the therapeutic effi
ciency, it is essential to develop a rapid, ultrasensitive, and dependable 
electrochemical device for the detection of biomarker proteins in the 
early stage of oral cancer that can decrease mortality. Compared to the 
conventional methods for cancer detection, the advantages of electro
chemical biosensors include high sensitivity, enhanced selectivity, 
noninvasive or mildly invasive, and also unhindered by other factors like 
optical interferences and sample turbidity [11,25,26]. Yet, a sensitive 
and reliable electrochemical sensor can only be designed by selecting a 
highly electrically conductive, robust, and biocompatible bioreceptor- 
transducer matrix. 

The emergence of a unique class of porous crystalline materials, 
metal–organic frameworks (MOFs), also known as porous coordination 
polymers or inorganic–organic hybrid materials, has demonstrated its 
potential in numerous areas of research [27]. MOFs consist of metal or 
metal-cluster secondary building units with polydentate organic 
bridging ligands [28]. Owing to their large surface area, high pore 
volume, and presence of tailored –NH2 and –COOH groups, MOFs are 

considered to be an exceptional material for the immobilization of 
protein and other biomolecules [27,29]. Recently MOFs are highly 
explored as sensitive electrode materials for the trace analysis of bio
logical compounds [30]. Amino-functionalized MOFs have also been 
reported as highly sensitive and selective fluorescent sensors for DNA 
[31]. However, poor electron transfer ability and unsteadiness in water 
are their inherent drawbacks. Hence, MOFs are less explored for elec
trochemical applications [28]. A significant approach to enhance the use 
of MOF in sensing applications is to integrate MOF with other tailor- 
made guest molecules or electrically conducting nanomaterials 
[32–34]. Introducing bimetallic components in the nodes or secondary 
building units of metal–organic frameworks could create excessive 
synergistic effects between the metals [35]. Coupling nonprecious 
transition metals like Fe and Co into MOFs is known to exert excellent 
catalytic activities by generating defects and supporting the main cata
lytic sites of Fe through the conductive networks provided by Co 
[36,37]. 

Nickel foam (NF) is an exceptionally unique, interconnected network 
of porous three-dimensional (3D) material with high surface area and 
electrical conductivity [38]. There is a wide exploration of NF as a 
conducting solid substructure to enhance the electrochemical perfor
mance of the electrode materials [39,40]. Very recently, Fan and group 
have fabricated a self-supported binder free glucose sensor using CuO/ 
ZIF-8@NF electrodes [41]. Three dimensional impedimetric immuno
sensor based on NF along with Au nanoparticles were reported for the 
detection of sulphate reducing bacteria [42]. Zhang et al. have 
demonstrated a non-enzymatic detection of glucose using porous 
NiMn2O4 nanosheet arrays on NF [43]. The abundant porosity of NF 
guarantees effective interaction amongst the surface of the conducting 
materials and electrolytes by boosting the electroactive species and also 
decreasing the “dead volume” produced by the conducting additives and 
polymer binders [44,45]. In this context, growing metal–organic 
frameworks on NF can be considered an efficient way to enhance the 
electrochemical behavior of electrode materials. 

Based on the above-discussed theoretical facts, we have developed a 
novel electrochemical immunosensor consisting of bimetallic FeCo 
metal–organic frameworks (FeCo-MOF) supported on porous NF (FeCo- 
MOF/NF) substrates as a transducer material and interleukin-1 receptor 
antagonist (IL-1RA) as the target for diagnosis of oral cancer using 
human blood samples. For a healthy adult, the concentrations of IL-1RA 
range from 100 to 400 pg/mL, whereas patients with oral cancers have 
been found to have levels exceeding this limit [18,20]. The working 
electrode, FeCo-MOF/NF was generated by the in-situ hydrothermal 
synthesis of Fe and Co metal precursors (FeCl2⋅4H2O and Co 
(NO3)2⋅6H2O), 2-aminoterephthalic acid (H2BDC-NH2), and NF. In the 
hydrothermal synthesis method, through liquid-phase crystallization 
and under high pressure, the composition of the single crystals or ma
terials can be regulated with maximum yield and minimal loss. More
over, this in-situ hydrothermal process is an easy one-step synthesis 
method that covers synthesis and coating in a single step. It avoids 
complicated multistep synthesis and different coating procedures. Long- 
time heating is adapted after several trials with different temperatures 
and reaction times to achieve uniform growth of the material on the 
nickel foam. Considering this, the in-situ hydrothermal process ensures a 
smooth and uniform deposition of the bimetallic MOF in every pore of 
the nickel foam thereby increasing its immunosensing performance. The 
synergy between MOFs and NF allows the working electrode to display 
rapid response, ultrahigh sensitivity, and selectivity owing to the high 
surface area, improved electron transfer, and high affinity towards 
biomolecules. The immobilization of anti-IL-1RA antibodies on the 
working electrode was facilitated via the covalent binding of carboxylic 
groups and amine groups on the surface of FeCo-MOF/NF. The immu
nosensor was well characterized by the physicochemical methods 
including the X-ray diffraction technique (XRD), X-ray photoelectron 
spectroscopy (XPS), scanning electron microscopy (SEM), and trans
mission electron microscope (TEM). The changes in the stepwise 
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modification, and antibody immobilization during electrode fabrication 
were studied by electrochemical methods. The electrochemical perfor
mance of the fabricated immunosensor towards the detection of various 
concentrations of the target analyte, IL-1RA was successfully demon
strated using electrochemical impedance spectroscopy (EIS). The pro
posed immunosensor also displayed excellent sensitivity and selectivity 
in the broad linear range of concentrations. To the best of our knowl
edge, the present strategy of using hierarchical 3D FeCo-MOF/NF as an 
electrochemical immunosensor is the first report for utilizing human 
plasma IL-1RA for the detection of oral cancer in clinical samples. This 
study provides a new clinically relevant platform for the detection of 
various disease biomarkers. 

2. Experimental section 

2.1. Materials 

The chemical compounds and reagents used in the study were of 
analytical grade, purchased commercially and used as received without 
further purification. Commercial nickel foam, iron (II) chloride tetra
hydrate (FeCl2⋅4H2O), cobalt (II) nitrate hexahydrate (Co(NO3)2⋅6H2O), 
2-aminoterephthalic acid (H2BDC-NH2, greater than 98 wt%) N, N- 
dimethylformamide (DMF, 99.5 wt%), ethanol (EtOH, 99.7 %), 2-N- 
morpholinoethanesulfonic acid (MES buffer), 1-ethyl-3-(3-dimethyl 
aminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), po
tassium ferrocyanide (K4[(FeCN)6]), potassium ferricyanide 
(K3[(FeCN)6]), and hexamine ruthenium (III) chloride ([Ru(NH3)]Cl3) 
were obtained from Sigma-Aldrich/Merck. Human interleukin-receptor 
antagonist (IL-1RA) antibody and recombinant human IL-1RA protein 
were procured from Abcam. Stock solutions of Ab-IL-1RA and Ag-IL-1RA 
were always freshly prepared in phosphate-buffered saline solution 
(PBS), pH 7.4. All experiments were conducted at room temperature 
except as mentioned. 

2.2. Fabrication of FeCo-MOF supported on NF electrodes by 
hydrothermal method 

Commercial NF was sliced into pieces of size 3 × 3 cm. The impu
rities on the NF surface were completely removed by ultrasonication in 
hydrochloric acid (3 M) for 15 min. In the following step, the acid- 
treated NF was thoroughly washed with DI water and ethanol. After 
drying in the oven NF was used for further experiments. The growth of 
FeCo-MOF nanoarrays on porous NF (labeled as FeCo-MOF/NF) was 
completed by hydrothermal reaction. The procedure is briefly described 
here. Typically, a clear solution of FeCl2⋅4H2O (0.148 g, 18.6 mM), and 
Co(NO3)2⋅6H2O (0.218 g, 18.8 mM,) was prepared in dissolving in DMF/ 
ethanol mixture (40 mL). Then H2BDC-NH2 (0.271 g, 37.4 mM) was 
added and continuously stirred until complete dissolution. The resultant 
solution was carefully transferred into a slantingly placed NF containing 
Teflon-lined autoclave. A stepwise heating procedure was given for the 
reaction. Firstly, the stepwise elevation of temperature was attained 
from 0 ◦C to 120 ◦C in 4 h. Then the hydrothermal reaction was 
continued at 120 ◦C for 15 h followed by a slow and stepwise cooling for 
another 12 h. As generated FeCo-MOF/NF was collected into separate 
containers for washing and subjected to ultrasonication in ethanol and 
allowed to dry in a vacuum oven at 80 ◦C. The samples were subjected to 
structural characterizations including SEM, XRD, TEM, FTIR, and XPS. 

2.3. Fabrication of FeCo-MOF/NF electrode with IL-1RA antibody 

Biofunctionalization of FeCo-MOF/NF electrodes with IL-1RA anti
bodies was performed by incubating with fresh solutions of EDC (200 
mM, 50 µL), NHS (50 mM, 50 µL) (1:1 v/v in MES buffer) and IL-1RA 
antibody (0.1 mg/mL, 100 µL,) solution for 4 ◦C for 1 h. The working 

areas of FeCo-MOF/NF electrode were dipped inside the solutions and 
incubated at 4 ◦C under mild shaking for another 1 h. The resulting IL- 
1RA antibody-coated FeCo-MOF/NF (FeCo-MOF/NF-IL-1RAAb) was 
rinsed with Tween 20-PBS solution (0.01 % Tween 20, pH 7.4) to 
eliminate the unbound molecules. Subsequently, the non-specific anti
body sites of the FeCo-MOF/NF-IL-1RAAb electrodes were blocked by 
incubating with bovine serum albumin (BSA) (0.25 µg/mL, 50 µL) in 
phosphate-buffered solution (PBS) for 24 h at 4 ◦C. The bio
functionalized FeCo-MOF/NF-IL-1RAAb-BSA was then refrigerated at 
4 ◦C for future use. 

2.4. Collection of human plasma samples 

Human plasma samples were obtained from four healthy controls, 
four oral pre-cancer patients, and four oral cancer patients from Kaoh
siung Medical University Hospital, Kaohsiung, Taiwan (ROC). All sam
ples were collected under the protocol approved by the Institutional 
Review Board (R. No. IRB KMUHIRB-E (1)-20190009) with written 
consent from the participants. All the samples were collected, processed, 
and studied under the same criteria. The collected samples were stored 
in sterilized tubes at − 80 ◦C for future purposes. 

2.5. Analysis of human samples 

For the electrochemical analysis of human samples, different work
ing concentrations were prepared by diluting 100 µL of human plasma 
with PBS without carrier protein and incubated at 37 ◦C for 15 min to 
facilitate the specific interactions. The IL-1RA in human samples was 
also analyzed by standard ELISA procedure. 

2.6. Characterization 

Scanning electron microscopy (SEM), Hitachi S-4800, was used to 
analyze the morphology of the nanomaterials. Powder X-ray diffrac
tometer (PXRD), Shimadzu XRD-6000, Japan, was used to characterize 
the crystalline structure and purity of the nanomaterials. High- 
resolution transmission electron microscopy (HRTEM) was conducted 
on JEM-2100 at 200 kV. Fourier-transform infrared spectroscopy (FT- 
IR) was measured in a JASCO FT/IR-460 spectrophotometer in a fre
quency range of 400–4000 cm− 1. 

2.7. Electrochemical measurements 

Electrochemical impedance spectroscopy (EIS) and cyclic voltam
metry (CV) were recorded by an electrochemical analyzer, CH16275D 
electrochemical workstation with a conventional three-electrode sys
tem. A fabricated FeCo-MOF/NF electrode, platinum electrode, and an 
Ag/AgCl electrode were used as the working electrode, counter elec
trode, and reference electrode, respectively. Antibody immobilized 
FeCo-MOF/NF electrode was the working electrode; while platinum 
wire and Ag/AgCl electrode were used as auxiliary and reference elec
trodes, respectively. EIS experiments was carried out using an equimolar 
mixture of K4[(FeCN)6] (10 mM) and K3[(FeCN)6] (10 mM) as the redox 
probe in PBS buffer. The electrochemical reactions were monitored in 
the presence of [Fe (CN)6]3− /4− as the redox couple. CV experiments 
were conducted using [Ru(NH3)6]Cl3 (0.5 mM) and K3[(FeCN)6] (0.5 
mM) as electrolytes. The various steps monitored in impedance mea
surements include the fabrication of the immunosensor, biointerfacing 
the electrode surface with IL-1RA antibody, and IL-1RA antigen detec
tion. The impedance results were represented as Nyquist plots and these 
plots were recorded in a frequency range of 0.1 Hz to 0.1 MHz at a si
nusoidal voltage potential of 0.5 mV. The data is also fitted to an 
equivalent circuit model to extract the charge transfer resistance (Rct). 
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3. Results and discussion 

3.1. Stepwise fabrication of the impedimetric immunosensor 

The bimetallic MOF on Ni Foam was first fabricated by in situ hy
drothermal processes using ferric chloride, cobalt nitrate, and H2BDC- 
NH2. The formation of MOF-coated NF was first confirmed visually by 
their color change from silver to brown. Then, FeCo-MOF/NF bio
electrodes were constructed by a stepwise procedure as illustrated in 
Scheme 1. Initially, the IL-1RA antibody was immobilized covalently on 
FeCo-MOF/NF using EDC-NHS through a condensation reaction be
tween the carboxylic terminal and the amine terminal of the analyte and 
FeCo-MOF/NF. After the specific immobilization of the antibody, the 
non-specific binding of the active sites FeCo-MOF/NF-IL-1RAAb elec
trodes was intercepted with BSA blocking buffer. The impedimetric 
immunosensor was now ready for the detection of IL-1RA antigen. A 
detailed corroboration was achieved by several analytical techniques 
including SEM, TEM, XRD, XPS, FTIR, and EIS. 

3.2. Investigation of structure and morphology of FeCo MOF/NF 
electrodes 

The structural and morphological character of as-synthesized FeCo- 
MOF/NF were investigated using several techniques including SEM, 
TEM, XRD, XPS, and FTIR. The surface topography of the FeCo-MOF/NF 
was analyzed by SEM. The results are depicted in Fig. 1. It revealed the 
presence of high-yield, uniformly aggregated thin nanosheets protrud
ing outwards from the surface of the NF skeleton. The average thickness 
of nanosheets was ~ 34–62 nm. To further characterize the materials 
grown on the NF solid support, a few sheets from the NF surface were 
scratched off by sonication with ethanol and then analyzed by TEM. The 
TEM analysis of FeCo-MOF/NF confirmed that the particles formed on 

the surface have sheet-like structures as shown in Fig. 2. The elemental 
mapping of FeCo-MOF/NF from TEM-EDX analysis (Fig. 2c) clearly 
discerns the presence of homogeneously distributed elements including, 
iron (Fe), cobalt (Co), carbon (C), oxygen (O), and nitrogen (N) on each 
layer of MOF. From this information, it is confirmed that the material 
uniformly grown on the NF skeleton is bimetallic FeCo-MOF. 

FeCo-MOF grown on Ni foam skeleton has high crystallinity as 
confirmed by the powder XRD and the simulated XRD pattern (Fig. 3a). 
A successful immunosensor can only be accomplished by the presence of 
suitable functional groups on the surface of the materials to facilitate 
biorecognition. Hence, to confirm various functional groups, present in 
FeCo-MOF/NF, FTIR analysis was performed. Fig. 3b exhibits the 
characteristic vibrational frequencies of FeCo-MOF/NF. The peaks at 
1410 cm− 1 and 1590 cm− 1 can be imputed to the symmetric and 
asymmetric stretching vibrations of the –COOH. The broad vibrational 
band appearing at 3100 cm− 1 to 3500 cm− 1 specifies the presence of 
symmetrical and asymmetrical stretching vibrations of –NH2 groups 
validating the presence of H2BDC-NH2 as the ligand for the synthesis of 
FeCo-MOF/NF. The vibrational bands below 600 cm− 1 were ascribed to 
the presence of stretching frequencies of metal-oxo bonds including Co- 
O and Fe-O. Thus, the successful fabrication of FeCo-MOF/NF was 
confirmed by FTIR analysis. 

To gain a deeper insight into the electronic structure and chemical 
states of FeCo-MOF/NF, XPS analysis was performed. Fig. 4a displays 
the wide scan XPS spectra of FeCo-MOF/NF indicating the clear pres
ence of Ni, Fe, Co, O, C, and N. Needless to say, the characteristic in
formation obtained from the XPS analysis and TEM-EDX mapping is 
undoubtedly consistent with each other. The deconvoluted high- 
resolution spectrum of each element is portrayed in Fig. 4b–f. The 
high-resolution XPS spectrum of Fe 2p displayed two major binding 
energies at 724.69 eV, 711.5 eV, and shakeup satellite peaks at 717–722 
eV representing 2p1/2 and 2p3/2 (Fig. 4b) [46]. The binding energies of 

Scheme 1. Schematic illustration of(a) the synthesis of FeCo-MOF/NF and (b) immunosensor fabrication for clinical detection of IL-1RA.  
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Fig. 1. (a) SEM images of bare porous NF, (b-f) FeCo-MOF grown on NF skeleton (FeCo-MOF/NF) after in situ hydrothermal reactions using precursors, ligands, and 
Ni foam skeleton under different magnification. The markings in f) are the average thickness of FeCo-MOF nanosheets grown on porous NF supports. 

Fig. 2. (a, b) TEM images of a thin section of FeCo-MOF scratched from NF skeleton after in situ hydrothermal reactions using metal precursors, ligands, and NF, (c, 
d) TEM-EDX mapping images and EDX spectra of FeCo-MOF, respectively. Scale bar:100 nm. 

Fig. 3. (a) Powder XRD pattern with the simulated report of FeCo-MOF scratched from Ni foam surface and (b) FTIR images of FeCo-MOF/NF.  
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Co 2p3/2, and 2p1/2 were found at 780.2 and 796.4 eV, respectively 
(Fig. 4c) validating the Co2+ oxidation state [47]. In addition, the C 1s 
spectrum is deconvoluted to three peaks at 283.2, 287.2, and 288.4 eV 
representing C–C, C–O, and C––O bonds, respectively [47]. Corre
spondingly, N 1s exhibited two peaks at 398.3 and 400.0 eV associated 
with the amine and nitrogen, respectively. Oxygen 1s spectrum also 
showed a broad binding energy peak at 530.4 eV. 

3.3. Immunosensor fabrication 

To facilitate the biorecognition of IL-1RA, FeCo-MOF/NF was cova
lently modified with anti-IL-1RA by EDC-NHS coupling. Every layer of 
fabrication, including the successful conjugation of the sensing element 
on FeCo-MOF/NF and antigen recognition, was primarily confirmed by 
a surface analysis using SEM and chemically analyzed by FTIR spec
troscopy. Fig. S2 confirms the morphological alterations on the surface 
of the FeCo-MOF/NF immunosensor after each step of fabrication. A 
typical high magnification SEM image of FeCo-MOF/NF shows the 
presence of fully aggregated sheet-like morphology (Fig. S2a). As the 
antibody was immobilized onto the nickel foam electrodes there is an 
obvious variation in the morphology exposing a flocculant globular 
structure of the proteins on the surface (Fig. S2b). Further, the 
nonspecific adsorption of BSA appeared as a layered hazy structure on 
the surface of the electrodes (Fig. S2c). The IL-1RA antigen-specific 
immune interaction was also confirmed by SEM images in Fig. S2d, by 
the appearance of flocculant coating on the surface. Cross-sectional SEM 
analysis for the determination of the thickness of the immunosensor 
during each step of fabrication including pristine NF, FeCo-MOF/NF, 
FeCo-MOF/NF-IL-1RAAb, FeCo-MOF/NF-IL-1RAAb-BSA, and FeCo- 
MOF/NF-IL-1RAAb-BSA-Ag was also conducted (Fig. S3). The average 
thickness of Ni foam was found to be 0.71 mm. The thickness of FeCo 
MOF/NF deposition over the layer was approximately 6.19 µm. Further, 
each new layer in the fabrication of the immunosensor resulted in an 
increase of the thickness from 7.61 µm to 14.46 µm above Ni foam. 

The information gained from SEM was further chemically validated 
by EDS mapping and FTIR spectroscopy in Figs. S4 and S5, respectively. 
To evaluate the coverage of IL-1RA, EDS elemental analysis of FeCo- 
MOF/NF was performed during every step of fabrication. The results 
displayed in Fig. S4 are EDS mapping images with corresponding 
elemental composition. The results confirmed the presence of carbon, 
oxygen, nitrogen, iron, and cobalt. It is also displayed that after each 
step of immunosensor fabrication, the increase in elemental percentage 

confirmed that overall protein coating has been increased. This confirms 
the successful fabrication of the immunosensor and also provides strong 
evidence for the extensive coverage of IL-1RA over FeCo-MOF/NF 
electrodes. 

Further, the successful covalent immobilization of anti-IL-1RA on 
FeCo-MOF/NF was revealed by the appearance of representative peaks 
for amide C–N stretching (1232 cm− 1), amide N–H (1534 cm− 1), 
amide C–O bond (1628 cm− 1), and amide NH2 stretching 3302 cm− 1 

(Fig. S5). Moreover, the intensity of C–N stretching vibrations (1232 
cm− 1) with every layer of a modification indicates the successful fabri
cation of the bioelectrodes. All these corroborations further encouraged 
to proceed toward the electrochemical studies of the immunosensor for 
the biorecognition of IL-1RA. 

3.4. Electrochemical analysis 

Aiming to investigate the electrochemical performance of the 
immunosensor, the EIS, a highly sensitive and powerful technique, was 
employed towards recognizing the specific target IL-1RA. In EIS, the 
electron transfer kinetics at every layer of modification of the immu
nosensor was monitored by the change in the real part, charge transfer 
resistance (Rct), of the electrode impedance in a way of graphical rep
resentation known as Nyquist’s plots. As the impedimetric expressions 
consist of two components, real and imaginary, the arc or straight line 
obtained in Nyquist’s plots is the impedance value gained by plotting the 
real part (Z’, in-phase) against the imaginary part (Z’’, out-of-phase) at 
various frequencies. Impedimetric sensors are classified into two types, 
Faradaic and non-Faradaic. Since, the Faradaic mode utilizes electro
chemical redox reactions to produce impedance, in general, for the 
quantitative analysis of biorecognition events Faradaic mode offers 
more versatility. Variations in the Rct are observed when the Faradaic 
mode is hampered by the antibody-antigen interactions catalyzing the 
redox probe. The decrease in the Rct value indicates a rapid rate of 
electron transfer among the electrodes and electrolytes. The experi
mental Rct values obtained from the EIS measurements were fitted with 
Randle’s equivalent circuit model. 

Fig. 5 shows the impedimetric characterization of the layer-by-layer 
fabrication of the immunosensor FeCo-MOF/NF, FeCo-MOF/NF-IL- 
1RAAb, FeCo-MOF/NF-IL-1RAAb-BSA, and FeCo-MOF/NF-IL-1RAAb- 
BSA-Ag electrodes. The impedance spectra were measured based on 
redox reactions of [Fe(CN)6]3− /4− electrolyte and fitted with equivalent 
Randle’s circuit (inset in Fig. 5). The Rct values were found to be 390.7, 

Fig. 4. (a) Full range XPS survey scan of FeCo-MOF/NF, (b-f) deconvoluted high-resolution XPS spectra of Fe 2p, Co 2p, Oo 1s, N 1s, and C 1s, respectively.  
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465.9, 913.3, and 2898 kΩ for FeCo-MOF/NF-IL-1RAAb-BSA-Ag, FeCo- 
MOF/NF-IL-1RAAb-BSA, FeCo-MOF/NF-IL-1RAAb, FeCo-MOF/NF 
electrodes, respectively. Step-wise fabrication of the immunosensor with 
new layers was witnessed with an increase in the charge transfer resis
tance (Rct) value. It can be observed that the Rct value of the FeCo-MOF/ 
NF electrode is very low. The low value of Rct is attributed to the rapid 
diffusion of charge from the redox probe owing to the hindrance-free 
accessibility of the electrode surface. This suggests the appropriateness 
of the FeCo-MOF/NF electrode for further modification. After the co
valent conjugation with the IL-1RA antibody, the Rct value of FeCo- 
MOF/NF-IL-1RAAb was found to be increased. The immobilization of 
antibodies on the surface of the electrode introduced an electrical bar
rier layer that hindered the smooth diffusion of the electrical charge on 
the electrode surface. Further modification of the electrode surface by 
the nonspecific binding of BSA resulted in a noticeably higher imped
ance peak for the FeCo-MOF/NF-IL-1RAAb-BSA electrode apparently 
due to the insulating nature of BSA on the electrolyte and electrode 
surface. The antigen-specific sensing by FeCo-MOF/NF immunosensor 
when exposed to the target protein IL-1RA, displayed a higher Rct value 
as compared with other electrodes, confirming the specificity of the 
immunosensor. 

To investigate the electrochemical properties of the sensor, redox 
probes with different charges were employed to identify the changes in 
the electrode surface exposed to antigens (Fig. S6). The peak current of 
the negatively charged redox mediator, potassium ferricyanide, K3[Fe 
(CN)6] showed minor changes whereas the peak current of the positively 
charged redox probe, hexaammineruthenium(III) chloride, [Ru(NH3)6] 
Cl3 is found to be increased when treated with 10 ng/mL of antigen. 
These results indicate that the response of the sensors resulted from the 
change of the charge at the electrode interface. 

3.5. Quantitative detection of IL-1RA antigen using the proposed 
immunosensor 

One of the main goals of this study is to establish an immunosensor 
with high sensitivity even at low concentrations in human blood sam
ples. Due to the presence of interfering components in blood samples 
that may interfere with the biorecognition, parallel studies were con
ducted in PBS and 10 % serum. The electrochemical performance of 
FeCo-MOF/NF-IL-1RAAb immunosensor was analyzed by detecting 

appropriate concentrations of IL-1RA in a wide range varying from 10 
ng/mL to 10 fg/mL in both buffered and saline solutions. The mea
surements were triplicated under the same conditions. The results of the 
analytical ability of the immunosensor were detected by the variations 
in the charge transfer resistance based on the impedance and displayed 
as Nyquist plots as shown in Fig. 6a and c. 

According to the results obtained from the Nyquist plot, it is evident 
that there is a steady increase in the value Rct towards the higher con
centration of IL-1RA. The increase in the Rct can be attributed to the 
restricted electrostatic interaction between the analyte and electrolyte 
during the biorecognition events of the immunocomplex. Increasing the 
analyte layering resulted in introducing a major kinetic barrier for the 
active charge transfer and facile electrolyte diffusion on the electrode 
surface. Furthermore, the increase in the concentration of the immune 
complex effectively hindered the unrestricted accessibility of the free 
area of the working electrode. FeCo-MOF/NF-IL-RA immunosensor also 
presented a linear response in the determination of the IL-RA analyte 
(Fig. 6b and d) with a coefficient of determination in the linear regres
sion equation, (R2) as 0.9904 and 0.9938 in PBS and serum solutions, 
respectively. Values of Rct and solution resistance Rs are displayed in 
Table S1. 

The limit of detection (LOD) of the immunosensor was determined 
using the formula: 

LOD =
3.3σ

S
(1) 

and limit of quantification (LOQ) was calculated using the formula: 

LOQ =
10σ

S
(2)  

where ‘σ’ is the standard deviation and ‘S’ is the slope of the curve. On 
account of these parameters, the LOD value of FeCo-MOF/NF-IL-1RA 
immunosensor was obtained as 7.30 fg/mL and 7.22 fg/mL in PBS and 
serum conditions, respectively. The calculated LOQ value for the 
immunosensor was 22.14 fg/mL in PBS and 21.88 fg/mL serum, 
respectively. 

The exceptionally high sensitivity of the IL-1RA immunosensor was 
clearly indicated here when compared to other reported oral cancer 
biomarkers (Table 1). The rapid and ultrahigh sensitivity of the immu
nosensor towards IL-1RA thus assured that the sensor could be utilized 
for the analysis of human blood samples. 

3.6. Selectivity, stability, reusability, and reproducibility of the 
immunosensor 

Prior to the human sample analysis, a dependable immunosensor 
must also be tested for its selectivity, stability, reusability, and repro
ducibility. Human plasma contains numerous other analytes that may 
interfere with the assessment of the biomarker. Therefore, FeCo-MOF/ 
NF-IL-1RAAb BSA bioelectrodes were further analyzed for their speci
ficity toward the biorecognition of IL-1RA antigen. The immunosensor 
was exposed to other oral cancer biomarkers like basic fibroblast growth 
factor (bFGF), interferon-gamma (IFN-γ), granulocyte macrophage- 
colony stimulating factor (GM-CSF), resistin, and urokinase-type plas
minogen activator receptor (uPAR), interleukin-6 (IL-6), interleukin-8 
(IL-8), and CYFRA 21-1. Each of these interferants was exposed to 
FeCo-MOF/NF-IL-1RAAb-BSA bioelectrode with a concentration of 10 
ng/mL and subjected to EIS measurements. The highly specific behavior 
of the proposed immunosensor towards the target analyte, IL-1RA is 
depicted in Fig. 7a. Evidently, the immunosensor FeCo-MOF/IL-1RAAb- 
BSA, revealed minor sensitivity towards other biomarkers when 
compared to IL-1RA antigen. 

The physical, chemical, and mechanical stability of the immuno
sensor were evaluated by exposing it to various conditions including pH 
(acidic, neutral, and basic), temperature (37 ◦C and 4 ◦C), and ultra
sonication. Fig. S7 displays the morphological stability of the 

Fig. 5. Impedimetric characterization of the fabrication of the FeCo-MOF/NF 
immunosensor for IL-1RA detection in 10 mM K3[Fe(CN6)]/K4[Fe(CN6)] by 
EIS. Inset: Equivalent circuit diagram for fitting the impedimetric detection of 
IL-1RA. Rs, Rct, Zw, Q, and Cdl symbolize the solution resistance, charge transfer 
impedance, Warburg impedance, constant phase element, and double-layer 
capacitance, respectively. 
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immunosensor subjected to different conditions including pH = 5 and 10 
solutions, temperature, and ultrasonication. As shown in the high 
magnification SEM images there is no evident perturbation in the 
morphology of FeCo-MOF/NF under acidic and various thermal condi
tions. In contrast, exposing the immunosensor to basic conditions (pH =
10) displayed a slight change in morphology by the formation of 
spherical particles. This slight variation in morphology of FeCo-MOF in 
alkaline solutions may be attributed to the rapid hydrolysis of the MOF 
owing to the partial substitution of Co by OH− ions from the much 
weaker Co-O bonds compared to Fe-O bonds [48]. However, this 
morphological change did not show any interference in the electro
chemical behavior of the immunosensor. The EIS measurements for the 
immunosensor denoted a similar sensitivity for the immunosensor when 
subjected to different conditions of pH and temperature (Fig. S8a and b). 
The stability of the immunosensor was evaluated after exposing the 
sensor to the open air for 6 days under humid conditions (relative hu
midity of 45 %) (Fig. S8c). The sensor was stable for 4 days after being 

coated with the biomolecule. After 4 days there was a decrease in the 
signal and a total loss of signal was observed on the 5th day. FeCo-MOF/ 
NF immunosensor was also exposed to different biological buffers 
including PBS, Tris, and MES. The results are displayed in Fig. S9. As 
seen from the results buffer significantly affected the performance of the 
sensor by changing the EIS output of FeCo-MOF/NF-IL-1RAAb-BSA-Ag 
due to the difference in their pH conditions. 

To ensure the reproducibility of the immunosensor, three different 
batches of identically synthesized electrodes were used to detect three 
concentrations (1 pg/mL, 1 ng/mL, and 10 ng/mL) of IL-1RA antigen. 
The results are displayed in Fig. 7b. The Rct values of the immunosensor 
revealed an identical response to the analyte IL-1RA antigen, suggesting 
that the immunosensor shows excellent reproducibility. The reusability 
of the immunosensor was investigated under optimum conditions 
(Fig. S10). The impedimetric signals started gradually decreasing after 
every reuse. The immunosensor displayed a total loss of signal during 
the 5th cycle displaying only 4.6 % of the initial value. 

Fig. 6. Concentration-dependent EIS analysis of IL-1RA (10 fg/mL to 10 ng/mL) including control (zero-dose) in 10 mM [Fe(CN)6]3− /4− as a redox probe. Nyquist 
plots of concentration-dependent response studies in (a) buffer and (c) serum solutions. (b) and (d) Calibration plot of IL-1RA in the linearity range 10 fg/mL to 10 
ng/mL in buffer and serum solutions, respectively. 

Table 1 
List of previously reported biosensors for oral cancer (CV = cyclic voltammetry, SWV = square wave voltammetry, A = Amperometry).  

S.No. Immunosensor matrix Analyte LOD Method Ref. 

1 Anti-IL8/AuNPs-rGO/ITO IL8 72.4 pg/mL 
(in saliva) 
72.73 pg/mL 
(in buffer) 

DPV [12] 

2 Au/cysteine/anti-CD59 CD59 0.84 fg/mL EIS [13] 
3 Anti-CYFRA-21–1/APTES/ZrO2/ITO CYFRA 21–1 0.08 ng/mL CV [49] 
4 Gold/MCH/signaling probe T1 electrode DNA 0.02 fM  A [50] 

5 Anti-IL6/SWNTs/graphite IL6 0.5 pg/mL 
(in calf serum) 

A [51] 

6 Anti-CEA/MWCNT-PEI/SPE CEA 1 × 10− 12 g/mL SWV  [52] 

7 FeCo-MOF/NF-IL-1RAAb IL-1RA 7.30 fg/mL (buffer) 
7.22 fg/mL 
(serum) 

EIS Present work  
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3.7. Detection of IL-1RA in human blood samples 

In order to demonstrate the potential clinical application of the 
proposed immunosensor, concentrations of IL-1RA in human samples 
were estimated in four healthy controls, four pre-cancer patients, and 
four oral cancer patients. The results were also compared with the gold 
standard enzymatic assay ELISA. The results are displayed in Table 2. As 
shown, there is a reasonable correlation between the concentrations of 
IL-1RA obtained from the proposed immunosensor by the EIS method 
and ELISA. The values of relative standard deviation (RSD) were 
acceptable indicating the potential accuracy of the proposed immuno
sensor. In previous reports, the plasma and salivary levels of IL-1RA 
were elevated in oral cancer patients of Sweden and Saudi Arabia 
respectively, compared to healthy controls [18,53]. However, in this 
study, we did not observe elevated plasma IL-1RA levels in oral pre
cancer and cancer patients (Table 2). Since the etiology in these two 
countries is mostly HPV-related while it is mostly areca nut-related in 
Taiwanese patients, it is possible that different carcinogens may have a 
different effect in promoting IL-1RA expression. Besides, it is encour
aging to notice the ultra-high sensitivity of the impedimetric sensor to 
detect such a low level of IL-1RA that were not detectable by ELISA 
measurements. 

Moreover, considering the potent role of IL-1RA as a biomarker for 
many chronic and progressively fatal disorders, the sensing character
istics of the current immunosensor can also be assured for the detection 
of diseases other than oral cancer with ultra-high sensitivity and speci
ficity even at very low concentrations. In near future, we anticipate to 

perform the biorecognition of IL-1RA with the proposed immunosensor 
from the clinical samples in a more appropriate medium, like saliva or 
tissues. 

4. Conclusions 

This study demonstrates the fabrication of a hierarchically grown 
three-dimensional amino functionalized FeCo-MOF on Ni foam solid 
substrates, FeCo-MOF/NF, for ultrahigh sensitive detection of IL-1RA in 
human samples as a biomarker for oral cancer using electrochemical 
impedance spectroscopy. FeCo-MOF was hydrothermally synthesized in 
the presence of Ni foam and successfully immobilized IL-1RA antibodies 
for the biorecognition of the target analyte. FeCo-MOF/ NF bio
electrodes show high sensitivity and rapid detection with a wide linear 
range of 10 fg/mL to 10 ng/mL. The detection limit was 7.30 fg/mL and 
7.22 fg/mL in buffered and 10 % serum solutions. The limit of quanti
fication (LOQ) of the immunosensor was determined to be 22.14 fg/mL 
in PBS and 21.88 fg/mL in serum. The proposed immunosensor also 
displayed excellent sensitivity toward IL-1RA antigen in human plasma 
samples. Consequently, demonstrating an innovative way of detecting 
disease markers by coupling the impedimetric immunosensor FeCo- 
MOF/NF and antibodies broadens new avenues for sustainable diag
nostic tools in the near future. 
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Table 2 
Analytical results of IL-1RA in human plasma samples from oral cancer and 
precancer patients as well as healthy controls.  

Patient 
No. 

Classification IL-1RA (pg/mL) 
(ELISA) 

RSD 
(%) 

IL-1RA (pg/ 
mL) 
(EIS) 

RSD 
(%) 

1 Normal 2.5  22.32  3.07  5.71 
2 381  2.11  330.71  0.88 
3 2.5  12.38  2.72  19.63 
4 3.8  5.52  70.44  4.01 
5 Pre-cancer undetectable  –  0.001  5.47 
6 2273  0.23  691.81  13.43 
7 2.5  21.16  1.58  16.21 
8 7.5  7.37  6.30  11.95 
9 Cancer 653  2.9  398.10  5.13 
10 undetectable  –  0.95  16.38 
11 undetectable  –  0.09  12.06 
12 undetectable  –  0.19  13.41  
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