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Electrochemical nanobiosensor for early detection of rheumatoid arthritis 
biomarker: Anti- cyclic citrullinated peptide antibodies based on 
polyaniline (PANI)/MoS2-modified screen-printed electrode with PANI-Au 
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A B S T R A C T   

Anti-cyclic citrullinated peptide (aCCP) antibodies are predictive biomarker tools for early detection of rheu
matoid arthritis. In this study, square wave voltammetry (SWV) electrochemical aCCP immunosensor was 
fabricated using molybdenum disulfide (MoS2) polyaniline (PANI) as the base matrix of the screen-printed 
electrode (SPE) while employing an interfacial polymerized PANI-gold (Au) nanomatrix to entrap the aCCP 
antibodies with higher signal amplification. The modified electrode was characterized morphologically by 
Scanning electron microscopy, Transmission electron microscopy, X-ray photoelectron spectroscopy, Fourier- 
transform–Infrared spectroscopy (FT-IR), UV–vis spectroscopy, X-ray diffraction and electrochemically by 
Electrochemical impedance spectroscopy, Cyclic voltammetry and Square wave voltammetry. The sensor per
formance was investigated in 1X phosphate-buffered saline (PBS) and human serum (10 % HS), where the ob
tained limit of detection values was 0.16 IU/mL (PBS) and 0.22 IU/mL (10 % HS) with logarithmic linearity 
between 0.25 and 1500.0 IU/mL of aCCP. The sensor showed selectivity, storage stability (7.7 % lost after 4 
weeks), repeatability (3.32 % RSD) and reproducibility (3.49 % RSD). The immunosensor was also applied to 
real-time aCCP detection in aCCP-spiked HS.   

1. Introduction 

Rheumatoid arthritis (RA) is a chronic autoimmune disease that 
produces a progressive inflammatory response that leads to severe pain, 
swelling, and stiffness in the joints of hands and feet, followed by 
occurrence of irreversible damage. It has been reported that 1% of the 
world’s population is affected by RA [1–3]. The exact cause for the 
generation of autoimmune antibodies is still unknown, but it is believed 
that the triggering mechanism caused by genetic (HLA-DR1 and 
HLA-DR4) and environmental (smoking and pathogens) factors pro
ducing autoimmune antibodies attack their own cells [4,5]. In brief, 
citrullination of peptides in Type-II collagen and vimentin produces 
citrulline in the place of arginine [6]. Meanwhile, the production of IgM 
Rheumatoid factor (RF) and aCCP antibodies produces immune com
plexes with specific antigens that accumulate at the inflamed joints. 

According to the ACE criteria, RF is the only marker that can be sero
logically tested for the clinical manifestation of RA. However, as RF also 
is found in other types of rheumatic and non-rheumatic diseases, the 
specificity of RF for RA detection is poor. Specifically, if the RF factor 
test yields positive results, a confirmatory aCCP test is required to rule 
out other types of rheumatic disease from RA. Early detection of RA 
indeed plays a vital role in preventing irreversible joint erosion. Almost 
70 % of the people with a positive anti-CCP antibody in their serum have 
a 5-year risk of developing RA; this is plentiful for clinical intervention 
of RA treatment [7]. The impact of anti-rheumatic therapy can be 
assessed by evaluating the level of aCCP along with RF factor [8–10]. 
Furthermore, because of the early presence of aCCP autoantibodies and 
their higher specificity, aCCP antibodies can serve as superior diagnostic 
markers in the early detection of RA. The normal level of aCCP is 
considered to be <20 IU/mL and the cut-off values of aCCP antibody 
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level have been set at 20 IU/mL for RA. 
For the detection of aCCP antibodies, citrullinated vimentin, cit

rullinated a-enolase, and citrullinated fibrinogen can be used as the 
discerning antigens for diagnosing RA. Cyclic citrullinated peptides 
(CCPs) are the most common selective antigens for recognizing aCCP 
antibodies [11,12]. Present day diagnostic techniques for aCCP antibody 
detection include enzyme-linked immunosorbent assay (ELISA) [13,14], 
surface-enhanced Raman scattering [15,16], chemiluminescence anal
ysis [17,18], fluorescence-based analysis [19] and electrochemical 
analysis. ELISA requires extended incubation time, large sample volume 
and the number of intermediate sample preparation steps are more. A 
highly reliable system is required for Surface-enhanced Raman scat
tering based sensing methods and an expensive technique. Chem
iluminescence and fluorescence-based detection methods are expensive, 
limited to a certain application, time-consuming and less compatibility. 
Though conventional analytical methods are available, among the 
aforementioned aCCP detection methods, electroanalytical based 
immunodetection methods require a low volume of sample, higher 
sensitivity, inexpensive technique, no skilled operator required and 
electrochemical sensors can be developed portably [20,21]. These are 
the reasons make electrochemical sensors to be unique and superior to 
other techniques. CCP-coated microtiter plates and horseradish peroxi
dase (HRP)-labeled IgG antibodies are used in ELISA assays to detect 
aCCP antibodies. The commercially developed aCCP ELISA assay kit 
31-K01 (https://eaglebio.com/wp-contentuploads/datapdf/ccp3 
1-k01-anti-ccp-elisa-assay-kit-package-insert.pdf) from Eagle Bio
sciences Inc. provides a non-linear range between 1 and 2000 IU/mL 
with a logarithmic calibration plot. Guerrero et al. developed an elec
trochemical sensor based on neutravidin-functionalized magnetic 
microbeads-modified screen-printed electrode (SPE) for aCCP detection 
in human serum, where a linear dynamic range of 10–1000 IU/mL with 
a limit of detection (LOD) of 2.5 IU/mL for aCCP was reported [11]. An 
increase in the titer concentration of aCCP antibodies can serve as a 
predictive tool for RA and provide therapeutic information about the 
effectiveness of the treatment. Thus, accurate quantification of aCCP 
antibodies in human serum within the desired dynamic range, with a 
higher detection limit, and with precise selectivity toward aCCP anti
bodies should be demonstrated appropriately. 

Progressive development of nanotechnology ushers in new prospects 
for electrochemical sensors. Specifically, electroanalysis of biomarker 
detection using differential pulse voltammetry, SWV, and chro
noamperometry can be an appropriate solution for clinical diagnosis 
[11,22–24]. The development of a nanostructured matrix to increase the 
loading capacity of analytes and to amplify the electrochemical signal 
plays a vital role in the enhancement of detection sensitivity. A wide 
range of nanomaterials have been used in the construction of immuno
sensors to amplify their electrochemical performance, including 
metal-based nanomaterials and conductive polymers [25–28]. On one 
hand, under the conductive polymer category, polyaniline (PANI) is a 
widely studied nanostructured matrix because of its durability and 
because nanoparticles can be easily incorporated into the PANI matrix. 
On the other hand, Au nanoparticles (Au NPs) have gained much 
attention for developing electrochemical sensing base matrices and 
signal amplifiers because of their high conductivity and biocompati
bility in the sensitive electrochemical detection of biological molecules 
[29–31]. 2D transition metal dichalcogenide sheets are widely 
employed to enhance the electrocatalytic activity of the sensing plat
form because of their high conductivity, inherent electrochemical ac
tivity, and simple synthesis procedure [32]. Specifically, MoS2 possesses 
excellent conductivity and functionalization of MoS2 with conductive 
polymers could be an inevitable approach as it allows for a great 
improvement in the solubility of MoS2 [33,34]. 

In this report, carbon-based microvolume operating SPE was utilized 
as a base electrode. Initially, the SPE surface was modified with MoS2 
ink, owing to its high electrocatalytic activity. A fine PANI layer was 
electrodeposited on MoS2/SPE to enhance the conductivity and cohesive 

behavior of the electrode, which can prevent the electrode material from 
being leached off. Furthermore, upon immobilization of the recognition 
element (CCP) through N-(3-dimethylaminopropyl)-N-ethyl
carbodiimide hydrochloride and N-hydroxysulfosuccinimide (EDC- 
NHS) chemistry, PANI was able to form a stable amide bond with CCP 
because of its amine group (Scheme 2). Subsequently, the PANI 
nanowire-Au NP nanomatrix, which was used as a nanomatrix probe for 
entrapping aCCP antibodies with higher loading capacity through 
physical adsorption and electrostatic interaction between Au NPs and 
aCCP antibodies (Scheme 1b). The CV and EIS results suggest the 
importance of PANI-Au nanomatrix and the SPE surface modification 
with MoS2/PANI in microvolume operating aCCP sensor. The schematic 
representation of the SPE electrode at major stages of the surface 
modification is shown in Scheme 1a and supplementary movie. 

2. Experimental 

2.1. Reagents and apparatus 

Refer supplementary information (S1) for reagents and apparatus 
section. 

2.2. Synthesis of Au-PANI nanomatrix 

The interfacial polymerization method of synthesis was employed to 
produce the PANI-Au nanocomposite. By introducing an aqueous solu
tion containing 3 mM HAuCl4 in 0.1 M HCl into 0.5 M aniline in toluene 
(organic phase), the interfacial polymerization process was initiated and 
PANI nanofibers were formed slowly in the aqueous phase of the solu
tion. At the same time, Au NPs were also synthesized and incorporated 
into the PANI nanofibers during the polymerization process [35]. The 
prepared PANI-Au solution was centrifuged at room temperature and 
diffused three times through Milli-Q water for purification. The purified 
PANI-Au solution was stored at 4 ◦C until further use. 

2.3. Preparation of PANI-Au-aCCP 

To construct a standard calibration curve, the fabricated immuno
sensor was calibrated with seven different concentrations of aCCP; the 
calibration standards were denoted in IU/mL, as per the World Health 
Organization standard reference for RA. 5.0 μL of the prepared PANI-Au 
nanoprobe was mixed with aCCP under shaking conditions for 1 h, 
followed by addition of 0.5 % BSA to block the remaining active sites on 
the PANI-Au nanoprobe. PANI-Au-aCCP was then incubated at 4 ◦C for 1 
h. 

2.4. Construction of PANI/MoS2-modified SPEs 

MoS2 NS (5 mg) was dispersed in 1 mL of isopropyl alcohol; 50 μL of 
Nafion was added to this to enhance the cohesive characteristics of MoS2 
toward the electrode surface. The prepared solution was sonicated using 
a probe at 45 % amplitude for 5 min. About 10 μL of prepared MoS2 ink 
was dropped onto SPE to achieve the preferred catalyst loading of 50 μg 
(≈398.1 μg/cm2) [36]. To enhance the electrochemical performance of 
the MoS2/SPE electroactive matrix, a fine PANI thin film layer was 
electrochemically deposited on MoS2/SPE. Electrochemical polymeri
zation of aniline was carried out in 1 M HCl containing 0.1 M aniline at 
the potential range between -0.4 to 1.0 V for 10 cycles [37]. The redox 
conversion of leucoemeraldine to emeraldine and emeraldine to perni
graniline was identified in the corresponding characteristic peaks at 
potentials of 0.25, 0.54, and 0.92 V (Fig. 1i). Electropolymerized 
PANI-modified MoS2/SPE was washed with running Milli-Q water to 
remove the inactive adsorbed aniline monomer at the electrode surface. 
Since electrosynthesized PANI is a porous material, it possesses a high 
degree of adhesive tendency compared with bare SPE. Thus, it can easily 
be entrapped on MoS2/SPE strongly. Moreover, the electrostatic 
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interaction between the positive charge-containing PANI and the 
negative charge-containing MoS2 nanosheets results in a strong inter
action between MoS2 and the PANI layer. 

2.5. Fabrication of BSA/CCP/PANI/MoS2/SPEs 

Selection of the biological recognition mechanism is crucial in the 
fabrication of a biosensor. Thus, citrulline-containing cyclic filaggrin 
peptide (21-mer) was employed explicitly to recognize the aCCP anti
bodies. EDC-NHS surface chemistry was employed to immobilize CCP 
onto PANI/MoS2/SPE. The carboxyl functional group of the CCP (100 
μg/mL in 1X PBS) was allowed to react with EDC (0.4 M) to form an 
unstable amine-reactive O-acyl isourea ester intermediate under stirring 
for 30 min. When 0.1 M sulfo-NHS was added to the above-synthesized 
solution, NHS attached to the carboxyl group of the CCP and caused the 
formation of a semi-stable active ester intermediate (Scheme 2) [38]. 
Eventually, when the above-prepared solution was dropped on the 
PANI/MoS2/SPE, the amine group in PANI facilitated the formation of a 
stable amide bond with CCP. To avoid exposure of the active sites at the 
PANI/MoS2/SPE, 5.0 μL of 0.5 % bovine serum albumin (BSA) was 
dropped onto CCP/PANI/MoS2/SPE and incubated at 4 ◦C. After incu
bation, the fabricated BSA/CCP/PANI/MoS2/SPE was gently rinsed 

twice with 10 μL of 1X PBS. 

3. Results and discussion 

3.1. Characterization of PANI/MoS2 and PANI-Au 

The scanning electron microscopy (SEM) was employed to confirm 
the structural characterization of the surface-modified SPEs and to study 
the differences in the individual layers of the surface-modified SPEs. 
First, bare SPE contains higher surface roughness because of the nature 
of carbon (Fig. 1a). After MoS2 ink was dropped onto SPE, the presence 
of MoS2 nanosheets was clearly observed in MoS2/SPE, in addition to the 
observation of the sheet-like characteristics of MoS2 (Fig. 1b). The 
electropolymerized PANI layer on MoS2/SPE clear showed a nanowire 
structured PANI in Fig. 1c. A cross-sectional SEM image of PANI/MoS2/ 
SPE distinguished the individual MoS2 nanosheets and the electro
deposited PANI layer (Fig. S3a and b). Fig. 1d shows the Au NP- 
embedded PANI nanowire matrix. Elemental dispersive X-ray and 
elemental mapping analysis confirmed the presence of individual ele
ments such as C, N, Cl, Mo, and S in the PANI/MoS2 sample (Fig. S1a-f), 
and C, N, Cl, and Au in the PANI-Au nanomatrix (Fig. S2a-e). Morpho
logical and structural investigations of the MoS2 nanosheets and the 

Scheme 1. (a) Schematic representation for the fabrication of PANI-Au aCCP/BSA/CCP/PANI/MoS2/SPE for sensitive detection of aCCP, (b) Schematic represen
tation of the interaction between CCP and aCCP antibodies bound PANI-Au nanomatrix (X = Citrulline), (c) Mechanism of aCCP immunosensor in the detection of 
aCCP using Fe(CN)6

3− /4- as a mediator. 
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Scheme 2. Immobilization of CCP through EDC-NHS surface chemistry on PANI/MoS2/SPE.  

Fig. 1. SEM images of (a) bare SPE, (b) MoS2/SPE, (c) PANI/MoS2/SPE, and (d) PANI-Au nanomatrix, (e) TEM image of MoS2, (f) lattice fringe image of MoS2 (the 
inset image displays SAED pattern of MoS2), (g) TEM image of PANI-Au, and (h) HR-TEM image of Au within the PANI nanowire, (i) CV response of electrodeposition 
of PANI from 10 cycles of CV at 50 mV/s scan rate in the presence of 0.1 M aniline in 1 M HCl, (j) XRD pattern of MoS2, PANI, PANI/MoS2, and PANI-Au. 
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PANI-Au nanomatrix were carried out using transmission electron mi
croscopy (TEM) analysis. Fig. 1e shows a very thin sheet-like well- 
crystallized 2D structure of MoS2 nanosheets. In the inset image, the 
hexagonal lattice and characteristic lattice fringes (0.62 nm) confirmed 
the presence of the (002) plane of MoS2 [39,40] (Fig. 1f). A high amount 
of Au NP-loaded PANI nanowires can be seen in Fig. 1g, where the size 
range of the dispersed Au NPs within the PANI nanowire was approxi
mately 6− 14 nm. The presence of large amounts of Au NPs within PANI 
can facilitate the entrapment of large quantities of aCCP antibodies 
through electrostatic interactions. The high resolution (HR)-TEM image 
(Fig. 1h) confirmed the presence of Au NPs with a lattice fringe of 0.24 
nm [41]. 

X-ray diffraction (XRD) analysis was carried out to analyze the 

crystalline phase of the MoS2, PANI, PANI/MoS2, and PANI-Au layers 
(Fig. 1j). The presence of a strong characteristic peak at 14.4◦ for the 
MoS2 nanosheet confirmed good crystallinity of the MoS2 nanosheets; 
the characteristic reflection peak of MoS2 (002) was indexed based on 
the ICDD 77-1716 reference pattern [42]. In the electropolymerized 
PANI sample, a broad peak was observed at 24◦, which represents the 
amorphous characteristics of PANI [43]. The PANI/MoS2 XRD pattern 
displayed characteristic peaks of MoS2 (14.4◦) and PANI (24.0◦). This 
confirms that there was no change in the crystalline phase during the 
electropolymerization of PANI on the MoS2 layer, confirming the exis
tence of PANI and MoS2 in the PANI/MoS2 nanocomposite layer. The 
interfacial polymerized PANI-Au sample showed a broad amorphous 
characteristic peak of PANI at 24.9◦ and based on the ICDD reference 

Fig. 2. XPS (a) full survey spectra of PANI/MoS2 and PANI-Au, the deconvoluted spectrum of PANI/MoS2 (b) Mo 3d, (c) S 2p, (d) N 1s, the deconvoluted spectrum of 
PANI-Au (e) Au 4f and (f) N 1s. 
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pattern no: 00-004-0784, Au (111), Au (200), Au (220), and Au (311) 
characteristic peaks corresponding to Au nanoparticles were observed at 
38.2◦, 44.4◦, 64.7◦, and 77.6◦, respectively, which confirms the 
face-centered cubic structure of Au NPs; the highest peak intensity was 
observed at the Au (111) plane [44,45]. 

The elemental compositions of the PANI/MoS2 and PANI-Au nano
composites were investigated using X-ray photoelectron spectroscopy 
(XPS) analysis. The full survey spectrum shows coexistence of Mo, S, C, 
O, and N in PANI/MoS2 and Au, C, O, and N elements in the PANI-Au 
nanocomposite (Fig. 2a). PANI/MoS2 exhibited the Mo 3d, S 2p, C 1s, 
O 1s, and N 1s spectra; the expanded Mo 3d spectrum region contains S 
2s, Mo 3d5/2, and Mo 3d3/2 (Fig. 2b). The S 2 s spectrum was captured at 
226.7 eV, while the deconvoluted Mo 3d5/2 and Mo 3d3/2 peaks were 
recorded at 229.4 and 232.5 eV, respectively [46]. Deconvolution of the 
S 2p spectrum contains S 2p3/2, S 2p1/2, and S2 peaks at 162.1, 163.3, 
and 164.2 eV, respectively [47] (Fig. 2c). Because of the presence of 
PANI in PANI/MoS2, the C 1s deconvoluted region exhibited C-C/C-H 
and C-N peaks at 284.8 and 286.3 eV, respectively (Fig. S4a), and the N 
1s deconvoluted spectrum displayed the presence of quinoid amine 
structure (-N=) (398.7 eV), benzenoid amine structure (-NH-) (399.6 
eV), and a nitrogen cationic radical (-N+-) (401.5 eV) [48](Fig. 2d). The 
PANI-Au nanocomposite contains Au 4f, C 1s, O 1s, and N 1s electronic 
oxidation states. In (Fig. 2e), the Au 4f deconvolution spectrum contains 
two peaks corresponding to Au 4f7/2 (84.7 eV) and Au 4f5/2 (86.7 eV) 
[49]. The C 1s spectrum of PANI-Au displayed C-C/C-H and C-N peaks at 

285.0 and 286.8 eV, respectively (Fig. S4b). The deconvoluted N 1s 
peaks of PANI-Au could be attributed to the three nitrogen species, 
corresponding to (-N=) (398.6 eV), (-NH-) (399.6 eV), and (-N+-) (401.6 
eV) (Fig. 2f). 

3.2. Electrochemical characterization of the PANI-Au-aCCP/BSA/CCP/ 
PANI/MoS2/SPE immunosensor 

3.2.1. Cyclic voltammetry 
Prior aCCP detection, the electrochemical characteristics of the in

dividual layers of the modified SPEs were investigated using cyclic 
voltammetry (CV) in the presence of 5 mM Fe(CN)6

3− /4- in 0.1 M KCl. As 
can be observed from Fig. 3a, bare SPE generated a lower current (Ipa =

123.6 μA, Ipc = 104.1 μA) response due to its poor electrochemical 
behavior. A depletion of the electrochemical current (Ipa = 41.6 μA, Ipc =

34.0 μA) response was observed after the electrode surface was modified 
with MoS2 ink. This is due to the formation of an electron-blocking layer 
between MoS2/SPE and Fe(CN)6

3− /4- ions at the electrode interface. 
PANI-modified electrodes shown an enhanced current response (Ipa =

703.8 μA, Ipc = 609.1 μA) because of a strong interaction between the 
amine functional group of PANI and Fe(CN)6

3− /4-. Because PANI was 
electropolymerized onto MoS2/SPE, the electronegativity of MoS2/SPE 
was completely neutralized, and it can be seen that high current (Ipa =

950.2 μA, Ipc = 838.5 μA) responses were captured for PANI/MoS2/SPE. 
It can be concluded that the synergistic interaction effect between MoS2 

Fig. 3. (a) CV response of bare SPE, MoS2/SPE, PANI/SPE, PANI/MoS2/SPE, CCP/PANI/MoS2/SPE, BSA/CCP/PANI/MoS2/SPE, and PANI-Au-aCCP/BSA/CCP/ 
PANI/MoS2/SPE of different modified layers of SPE at 50 mV/s scan rate in 5 mM Fe(CN)6

3− /4-, (b) bar chart of different modified layers of aCCP immunosensor with 
their corresponding Ipa of CV response, (c) Nyquist plot of different modified layers of SPE: bare SPE, MoS2/SPE, PANI/SPE, PANI/MoS2/SPE, CCP/PANI/MoS2/SPE, 
BSA/CCP/PANI/MoS2/SPE, and PANI-Au-aCCP/BSA/CCP/PANI/MoS2/SPE with a frequency range from 1 Hz to 1 MHz in 0.1 M KCl containing 5 mM Fe(CN)6

3− /4-, 
(d) bar chart of individual layers of aCCP immunosensor with their corresponding Rct values. 
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and PANI caused a large increase in the electrochemical activity of 
PANI/MoS2/SPE. Immobilization of CCP on PANI/MoS2/SPE resulted in 
an insulating layer, which limited electron transfer, leading to an 
extreme decrease in the redox peak current (Ipa = 320.4 μA, Ipc = 208.6 
μA). The remaining non-adsorptive sites of CCP/PANI/MoS2/SPE were 
blocked upon immobilization of 0.5 % BSA; the CV response of BSA/ 
CCP/PANI/MoS2/SPE confirmed the decreased current response (Ipa =

256.8 μA, Ipc = 198.9 μA). Finally, upon addition of PANI-Au-aCCP, 
limited electron transfer (because of the affinity interaction between 
aCCP and CCP) generated a lower current response (Ipa = 216.9 μA, Ipc =

151.7 μA) (Scheme 1c). The importance of the entrapment of aCCP 
within PANI-Au was characterized by the CV response of aCCP/BSA/ 
CCP/PANI/MoS2/SPE, with and without the PANI-Au nanomatrix 
(Fig. S6). A depleted current response (Ipa = 95.8 μA, Ipc = 100.3 μA) was 
observed in the absence of PANI-Au. In contrast, when the aCCP 
antibodies-entrapped PANI-Au nanocomposite was added, enhanced 
current response (Ipa = 216.9 μA, Ipc = 151.7 μA) was observed because 
the high conductivity of the PANI-Au nanocomposite eased the detection 
of aCCP through SWV. The bar chart in Fig. 3b shows the changes in Ipa 
at each level of surface modification of the SPE. The complete results 
suggest that an aCCP immunosensor was developed successfully with a 
PANI-Au nanomatrix for entrapping aCCP antibodies using a BSA/ 
CCPPANI/MoS2 immunodetection platform. 

3.2.2. Electrochemical impedance spectroscopy 
The electrochemical charge transfer resistance (Rct) contributions of 

the specific electrode layers, such as bare SPE, MoS2/SPE, PANI/SPE, 
PANI/MoS2/SPE, CCP/PANI/MoS2/SPE, BSA/CCP/PANI/MoS2/SPE, 

and PANI-Au-aCCP/BSA/CCP/PANI/MoS2/SPE, were characterized 
using EIS Nyquist plots. The frequency was set between 1 Hz and 1 MHz 
and the obtained Nyquist plots were fitted through the best-fitting 
equivalent circuit. Charge transfer characteristics of the electrode sur
face are directed by the bulk solution resistance (Rs), double layer 
capacitance (Cdl) developed by ions at the electrode interface, charge 
transfer resistance (Rct) because of the redox characteristic current flow 
at the electrode-electrolyte interface, and Zw, which depicts the Warburg 
impedance. In Fig. 3c, the semicircle part of the Nyquist plot signifies the 
Rct at the electrode interface and the linear section denotes the diffusion 
of electrons at the electrode surface. After fitting with an appropriate 
equivalent circuit, the obtained Rct values for bare SPE, MoS2/SPE, 
PANI/SPE, and PANI/MoS2/SPE were found to be 159.1, 293.9, 20.6, 
and 15.6 Ω, respectively. As shown in Fig. 3c, bare SPE showed poor 
electrochemical response because of its lower electrochemical activity, 
while MoS2/SPE showed that the electronegative charges accumulated 
at the surface of MoS2/SPE instigated higher Rct. The lowest Rct was that 
of PANI/MoS2/SPE (15.6 Ω), which signifies the high conductivity of the 
PANI/MoS2-modified SPE. Successful immobilization of CCP was 
confirmed by the increased Rct (342.1 Ω). The increased Rct (582.1 Ω) at 
BSA/CCP/PANI/MoS2/SPE confirmed the blocking of unbound CCP 
active sites at CCP/PANI/MoS2/SPE to prevent nonspecific adsorption. 
Eventually, the highest Rct (928.7 Ω) of PANI-Au-aCCP/BSA/CCP/ 
PANI/MoS2/SPE confirmed the interaction between aCCP and CCP, 
leading to the limited blocking of electron transfer at the electrode 
interface. The overall obtained results (Fig. 3d) suggest that the immu
nosensor for aCCP was successfully fabricated. 

Fig. 4. Effect of (a) concentration of CCP, (b) pH, (c) loading volume of PANI-Au, and (d) incubation time on the catalytic current response of the developed aCCP 
immunosensor in the presence of 50.0 IU/mL of aCCP antibodies. 
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3.3. Optimization of the biosensor 

Optimization of the experimental conditions is mandatory to 
enhance the performance of the immunosensor. First, varying concen
trations (25.0–150.0 μg/mL) of CCP were tested against 50.0 IU/mL of 
the aCCP-attached PANI-Au nanomatrix in the developed immuno
sensor. From 25.0–100.0 μg/mL of CCP, the change in catalytic current 
response (ΔI) displayed a gradual increase, the highest ΔI was observed 
at 100.0 μg/mL of CCP, and from 125.0–150.0 μg/mL of CCP, the ΔI 
started to decline (Fig. 4a). Loading of CCP protein over 100 μg/mL at 
the confined electrode surface could be attributed to the aggregation of 
CCP where the blocking of citruline antibody binding site might tend to 
avoid the formation of CCP-aCCP immunocomplex upon the addition of 
PANI-Au-aCCP. Thus, the prohibition of CCP-aCCP immunocomplex 
formation might be ascribed to diminish the electron blocking layer (due 
to immunocomplex) of the confined electrode surface which led to the 
decrement of ΔI [50,51]. Thus, 100.0 μg/mL of CCP was chosen as the 
optimal concentration for the developed detection system. The ΔI of the 
developed aCCP immunosensor in the presence of 50.0 IU/mL of aCCP 
antibodies with PANI-Au at different pH levels (6.0–8.2). The ΔI 
increased gradually between pH 6.0 and 7.0 and attained maximum 
catalytic ΔI response at pH 7.4 (Fig. 4b). The biological activity between 
CCP and aCCP could be maintained with high affinity at near-neutral pH 

(7.4), which can be attributed to a high electrocatalytic current 
response. Thus, pH 7.4 was chosen as the optimal pH for the aCCP 
detection system. As aCCP antibodies could be adsorbed at the PANI-Au 
nanomatrix through electrostatic interactions between the aCCP anti
bodies and PANI-Au, the loading volume of PANI-Au plays a vital role in 
the performance of the detection system. The loading volume of the 
PANI-Au nanocomposite was studied between 0 and 10 μL (Fig. 4c). The 
SWV current response obtained with varying loading volumes of 
PANI-Au (0, 0.5, 2.5, 5.0, 7.5, and 10.0 μL) showed that 0–5.0 μL of 
PANI-Au enhanced the current response, 5.0 μL produced the maximum 
current response, and 7.5–10.0 μL of PANI-Au caused a decline in the 
current response because of steric hindrance at the electrode interface. 
To investigate the effect of incubation time on the electrochemical 
performance of the aCCP immunosensor, the immunosensor was eval
uated in the presence of 50.0 IU/mL of aCCP with PANI-Au at different 
incubation times (0–90 min) (Fig. 4d). An obvious maximum SWV peak 
current change was observed at 60 min 

3.4. SWV response characterization of the PANI-Au-aCCP/BSA/CCP/ 
PANI/MoS2/SPE immunosensor 

Under augmented analytical conditions, the analytical performance 
of the BSA/CCP/PANI/MoS2/SPE immunosensor was investigated using 

Fig. 5. (a) SWV response of BSA/CCP/PANI/MoS2/SPE immunosensor using Au-PANI as a nanomatrix for the detection of different concentration of aCCP (0.25, 5.0. 
25.0, 50.0, 250.0, 500.0, and 1,500.0 IU/mL) and (b) linear relationship between logarithmic concentration of aCCP vs current response obtained from SWV, (c) SWV 
response of 50.0 IU/mL of aCCP on BSA/CCP/PANI/MoS2/SPE immunosensor using Au-PANI as a nanoprobe with interferents such as human serum albumin (HSA; 
10 mg/mL), immunoglobulin M (IgM) RF (500 ng/mL), CRP (1,000 ng/mL), and (d) bar chart of change in current response in the presence and absence of 
interferents. 
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the SWV electroanalytical technique in the presence of 5 mM Fe 
(CN)6

3− /4- as a redox mediator. The entire analytical investigation was 
carried out in the presence of 40 μL of electrolyte (1X PBS, pH = 7.4). 
After the successive addition of aCCP, the peak current response at 0.37 
V decreased gradually, and the dynamic detection range of aCCP was 
analyzed (Fig. 5a). Variation in the peak current response of the devel
oped sensor showed a linear relationship with the logarithmic concen
tration of aCCP from 0.25 to 1,500.0 IU/mL (Fig. 5b). ΔI represents the 
defined peak current decrement corresponding to aCCP concentration, 
which could be calculated from the following equation: ΔI = Ino aCCP- 
IaCCP, while Ino aCCP is the peak current of the developed immunosensor 
without aCCP and IaCCP corresponds to the peak current observed after 
addition of aCCP. The obtained equation was ΔI(μA) = 4.4713log 
CaCCP(IU/mL)+3.962 (R2 = 0.9974) and the International Union of Pure 
and Applied Chemistry proposed standard method was employed to 
calculate the detection limit of the immunosensor. The LOD equation 
can be expressed as LOD = 3SD/S (SD=standard deviation of 10 blanks 
without aCCP and S = slope of the calibration curve) [52]. Thus, the 
developed aCCP immunosensor detected aCCP antibodies in the loga
rithmic dynamic range of 0.25− 1500 IU/mL with an LOD of 0.16 IU/mL 
(S/N = 3) in 1X PBS. Table S1 represents the higher detection limit and 
the broad range of linearity in the aCCP detection of current study across 
other reported literature. The higher detection limit of the immuno
sensor could be ascribed to the enhanced loading capacity of the aCCP 
antibodies on the PANI-Au nanomatrix. Furthermore, the enhanced 
electrocatalytic activity of the MoS2/PANI SPE electrode base matrix 
caused a significant improvement in the electroanalytical performance 
of the developed sensor. The PANI base matrix was not only responsible 
for the enhanced electroanalytical performance but also aided the 
convenient immobilization of CCP on PANI/MoS2/SPE through stable 
amide bond formation between CCP and PANI via EDC-NHS surface 
chemistry. The obtained experimental results suggest that the PAN
I/MoS2 nanocomposite electrosensing base matrix and PANI-supported 
Au NP nanomatrix are potential candidates for a wide range of analyt
ical dynamic ranges and higher detection limits. 

3.5. Principle of the aCCP immunosensor 

The aCCP immunosensor was developed based on BSA/CCP/PANI/ 
MoS2-modified SPE as a transducer base matrix with the employment of 
a PANI-Au nanocomposite to entrap the aCCP antibodies and enhance 
the electrochemical performance. Because of the presence of immobi
lized CCP on the surface-modified electrode, the CCP-immobilized SPE 
could recognize aCCP antibodies with a higher degree of affinity 
(Scheme 1b). In the absence of aCCP antibodies, a higher SWV response 
was obtained, while in the presence of aCCP antibodies, a reduction in 
the current response was observed with Fe(CN)6

3− /4- as a redox probe. 
For this immunological biosensor, the transducing mechanism was 
defined based on decrement in the SWV current response because of 
formation of the CCP-aCCP immunocomplex, which caused limited 
electron transfer at the electrode interface (Scheme 1b). As the PANI-Au- 
aCCP/BSA/CCP/PANI/MoS2/SPE was completely insulated using 0.5 % 
BSA, the changes in the current response completely relied on the aCCP 
concentration. 

3.6. Practical application of the biosensor 

3.6.1. Interference study 
The interference study of the aCCP immunosensor was established by 

verifying the SWV response of the developed sensor in the presence of 
50.0 IU/mL aCCP antibodies against the specific coexisting proteins in 
the serum samples. Thus, human serum albumin (HSA; 10 mg/mL), 
immunoglobulin M (IgM) RF (100 ng/mL), CRP ab (inflammatory 
antibody) (1,000 ng/mL), and were tested against aCCP (50 IU/mL). 
According to the optimized condition, having interferents added, the 
assay was incubated for 60 min at 4 ◦C and then washed with 40 μL of 1X 

PBS twice then, in the presence of 5 mM Fe(CN)6
3− /4- in 1X PBS (pH =

7.4), SWV study was conducted. Fig. 5c displays the recorded SWV 
response of 50.0 IU/mL of aCCP on BSA/CCP/PANI/MoS2/SPE using 
PANI-Au as a constructed nanomatrix for entrapping aCCP with the 
abovementioned interferents. The bar chart (Fig. 5d) of the SWV 
response revealed that there was no noteworthy deviation in the current 
response (ΔI); in addition, the obtained % relative standard deviation 
(RSD) was 4.67 %, which is less than 5%. The error bar signifies the 
aCCP current response of three independent measurements (n = 3). 
Thus, the developed aCCP immunosensor can detect aCCP antibodies 
with high selectivity. 

3.6.2. Stability and precision 
The storage stability of the developed aCCP immunosensor was 

evaluated by measuring its performance after storage for 4 weeks at 4 
◦C. The study was conducted and the SWV responses were recorded in 
the presence of 50.0 IU/mL of aCCP (Fig. 6a). The sensor retained 92.3 
% of its initial peak current after 4 weeks. Moreover, the calculated % 
RSD of ΔI was 2.92 %, which is less than 5%. Thus, the developed aCCP 
immunosensor can be stored for 21 days (3 weeks) and still produce 
exceptionally efficient results. The reproducibility of aCCP detection 
was carried out in the presence of 50.0 IU/mL of aCCP on the developed 
immunosensor. Fig. 6b displays the obtained SWV response for 50.0 IU/ 
mL of aCCP on five different electrodes; the bar chart depicts the five 
different electrodes and their corresponding ΔI values (Fig. 6c). The 
standard deviation of three different measurements has been denoted as 
error bars (n = 3), while the calculated %RSD of the reproducibility was 
found to be 3.32 %. Repeatability measurements were taken on the same 
electrode for eight different measurements, and the calculated %RSD of 
intra-assay was found to be 3.49 %. 

3.6.3. Real-time analysis in human serum samples 
The sensor was applied to aCCP antibody-spiked human serum 

samples to investigate the real-time application of the developed sensor 
under optimized conditions. The abundance of refitting the equation in 
the real-time analysis is because to eliminate the matrix effect and to 
construct the robust calibration plot which could be the main factor in 
higher specificity towards aCCP antibodies in serum samples. Because of 
the complexity of human serum, the serum sample was diluted to 10 % 
(V/V) with 1X PBS (pH = 7.4) [1,11]. However, before analyzing the 
aCCP antibody-spiked serum samples, the SWV reading of diluted [10 % 
(V/V)] serum was recorded and considered as a blank value. aCCP 
antibody-spiked (0.25, 1.0, 10.0, 100.0, 500.0, 1,000.0, and 1500.0 
IU/mL) serum samples were analyzed under optimized conditions with 
5 mM Fe(CN)6

3− /4- as a redox probe in 1X PBS. The recorded SWV 
readings of serum samples spiked with aCCP antibodies were subtracted 
from the blank value to eliminate the matrix effect of human serum. The 
recorded SWV responses have been plotted in Fig. 7a and it was 
observed that increasing the concentration of aCCP gradually decreased 
the current response at 0.29 V. The principle of the developed immu
nosensor on human serum followed the same mechanism and trend as 
that observed in 1X PBS (Fig. 7a). However, the oxidation potential 
shifted slightly toward the negative side due to the matrix effect in 
human serum. The obtained SWV peak currents were subtracted from 
the peak current of 10 % human serum, the calculated values for which 
have been plotted in Fig. 7b. The linearity equation of log CHS-aCCP vs ΔI 
can be expressed as ΔI (μA) = 2.8695log CHS-aCCP (IU/mL)+2.1503 (R2 

= 0.9944), where the error bar denotes the standard deviation of three 
independent measurements and the calculated LOD of aCCP detection in 
aCCP-spiked human serum was 0.22 IU/mL, with a logarithmic dynamic 
linear range between 0.25− 1500 IU/mL (S/N = 3). Moreover, the dy
namic range of aCCP antibodies detection between 2.5–15000 IU/mL in 
100 % serum would match the actual aCCP antibodies concentration in 
human serum, as the concentration of aCCP increases 1000 folds with 
the progression of chronic inflammation in RA patients. Comparison of 
the aCCP immunosensor performance in 1X PBS and 10 % HS were 
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tabulated in Table 1. Because of the matrix effect in human serum, 
change in the immunosensor performance between 1X PBS and 10 % HS 
was observed. To nullify the matrix effect, refitting of real-time cali
bration plot of 10 % HS was constructed for the accurate measurement 

of aCCP antibodies [1]. 

Fig. 6. (a) Four-week storage (at 4 ◦C) stability study of the developed aCCP immunosensor in the presence of 50.0 IU/mL aCCP, (b) SWV response of five different 
Au-PANI/aCCP/BSA/CCP/BSA/CCP/PANI/MoS2/SPE immunosenosors in the presence of 50.0 IU/mL of anti-CCP and 5 mM Fe(CN)6 

3− /4- as a redox probe and (c) 
bar chart represents SWV current response of five different electrodes. Error bars indicate the standard deviation of three independent measurements (n = 3). 

Fig. 7. (a) SWV response of BSA/CCP/PANI/MoS2/SPE immunosensor using Au-PANI as a nanoprobe for the detection of anti-CCP spiked human serum (0.25, 1.0. 
10.0, 100.0, 500.0, 1000.0, and 1,500.0 IU/mL) and (b) Linear relationship between log CHS-aCCP vs change in current response. 
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4. Conclusion 

In this work, probe-sonicated MoS2 nanosheets containing ink were 
drop-casted on SPE to fabricate the electrode base matrix and a fine layer 
of PANI was electrodeposited on MoS2/SPE. Precise immobilization of 
CCP was performed on PANI/MoS2/SPE using EDC-NHS surface chem
istry. A PANI-Au nanomatrix, was employed to enhance the loading 
amount of aCCP antibodies which improves the sensitivity of the aCCP 
immunosensor. Upon applying the BSA/CCP/PANI/MoS2/SPE-based 
immunosensor, aCCP detection was carried out in 1X PBS with an LOD 
of 0.16 IU/mL and in 10 % human serum 0.22 IU/mL of detection limit 
was observed with a logarithmic dynamic range from 0.25–1500.0 IU/ 
mL. Furthermore, the aCCP immunosensor was able to distinguish aCCP 
from other human serum proteins and showed excellent selectivity 
because of the immobilization of CCP. The aCCP immunosensor could be 
stored at 4oC with limited storage stability for 3 weeks. The total time 
required for aCCP detection was found to be within 2 h, which includes 
the immobilization of CCP and the final addition of PANI-Au-aCCP. The 
developed sensor displays advantages over other reported works, such 
as a simple detection protocol and a smaller sample volume of 10 μL, 
which is 10 times less volume than that required for commercial ELISA 
kits. 
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Table 1 
Performance of aCCP sensor parameters.  

Sensor parameters 1X PBS 10 % HS 

Log linear range (IU/mL) 0.25− 1500 IU/mL 0.25− 1500 IU/mL 
Slope of calibration curve 4.4713 2.8695 
SD of blanks 0.2394 0.2132 
LOD (IU/mL) 0.1607 0.2229  
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