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In this research, for the first time, a bio-nanocomposites based highly sensitive and label-free electro-
chemical immunosensor is reported with the aim of endometriosis diagnostics application.
Multiwalled carbon nanotube and magnetite nanoparticle (MWCNT-Fe3O4) was dispersed in chitosan
(CS) to fabricate a bio-nanocomposite to immobilize very monoclonal specific antibody (via cross-
linking using glutaraldehyde) for selective electrochemical immuno-sensing of carbohydrate antigen
19–9 (CA19-9), a potential biomarker for endometriosis diagnostics. Well-characterized Anti-AbsCA19-9/
CS-MWCNT-Fe3O4 immune-electrode fabricated on glassy carbon electrode (GCE) successfully detect
CA 19–9 and exhibited a high sensitivity as (2.55 mA pg�1 cm�1), a detection limit of 0.163 pg mL�1, detec-
tion range from 1.0 pg mL�1 to 100 ng mL�1. Our fabricated electrochemical AbsCA19-9/CS-MWCNT-Fe3O4

immunosensor performed CA19-9 sensing in physiological range and at a very level which suggest it
application for early-stage diagnostics, diseases monitoring, and optimization of therapy. To claim the
clinical application, our sensor was tested using real samples and sensing performance was validated
using enzyme-linked immune-sorbent assay (ELISA). The results of the studies projected AbsCA19-9/CS-
MWCNT-Fe3O4 electrochemical CA19-9 immunosensor as a potential and affordable alternate of conven-
tional techniques like ELISA. We believe that our fabricated sensor can be the plane of a disease’s man-
agement program due to affordable, rapid, label-free, and sensitive detection of a targeted biomarker.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Endometriosis is one of the major frequent gynecological dis-
eases which affects around 150 million women annually. As a con-
sequence, this disease is more prominent during their reproductive
age wherein endometrial tissue growing outside the uterus where
non/semi-invasive based diagnosis is challenging for endometrio-
sis [1]. Moreover, most of the endometriosis is diagnosed at an
advanced stage, resulting in a high possibility of infertility and
increase the rate of endometrial cancer. Generally, the Cancer Anti-
gen 125 (CA125) assay is mostly used for endometriosis patients
that commonly have an abnormally elevated level of CA125 anti-
gen in serum (>35U mL �1) due to progression of the disease [2].
However, CA125 is not a suitable biomarker for endometriosis
due to the lack of sensitivity and specificity. On the other hand,
CA19-9 was also emerged as a potential endometriotic biomarker
due to higher sensitivity and specificity [3–5]. Thus, CA19-9 has
undergone little investigation for biosensor design in the domain
of endometriosis; hence it can stand to be an eminent biomarker
for endometriosis diagnosis. Nowadays, technology is necessary
to develop platforms for highly sensitive and direct measurement
of protein levels in the clinical sample using non/semi- invasive
manner [6]. Several diagnostic techniques are available for the
preparation of immunosensor such an ELISA [7,8], fluorescence
[9], piezoelectric [10–12], surface plasmon resonance [13,14], and
electrochemical techniques [15,16]. Electrochemical immunosen-
sors have newly emerged and gained more attention due to their
advantages such as high sensitivity, miniaturization, low-cost,
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convenience and high compatibility than other techniques
[15,17,18]. An antibody is commonly used as a capture factor in
immunosensor for the detection of antigen. So, proper immobiliza-
tion of antibodies on the surface of the transducer is most signifi-
cant. This necessity is mostly satisfied by controlling the molecular
construction of micro/nanostructured composite [6]. Recently,
multiwalled carbon nanotube (MWCNT) and chitosan (CS) com-
posites have been given more attention in biosensor applications
because of their synergic effects such as high chemical stability
and excellent mechanical strength, along with high cohesive prop-
erty between antibodies and the target analyt [19–22]. Moreover,
CS is a natural, linear polysaccharide polymer; it has been shown
to interact with MWCNTs to form stable dispersions, but it has
shown the poor electroactive property [23–25]. Magnetite
(Fe3O4) materials are widely used in analytical chemistry due to
their attractive chemical and physical properties [26–30]. Also, it
has super-paramagnetic property, biocompatibility, good electro-
catalytic activity, and low toxicity and used as an attention-
grabbing material for the immobilization of biomolecules
[19,20,31,32]. The significant property of Fe3O4 is their facility to
give a good microenvironment for biomolecules such as proteins
to exchange electrons directly with an electrode [1], accordingly
improving the sensitivity of electrochemical biosensors. Intrinsic
enzyme mimetic activity of Fe3O4 like to that natural peroxidase,
and acted as natural peroxidase to oxidize organic substrates has
been proved and developed H2O2 and glucose biosensor by colori-
metric method [33,34]. The CS capping MWCNT-Fe3O4 composite
on the modified GC electrode enhances the stability of the elec-
trode surface and effective immobilization of the antibody. There-
fore, earlier some research efforts were made on CS-MWCNT-Fe3O4

bio-nanocomposite applied to different types of sensing applica-
tion [35–39]. They are simple processes, high sensitivity, and short
detection time, even though these sensors have problems with low
conductivity of the sensing materials and uneven dispersion of
composite in the solvent. To improve the conductivity as well as
dispersion ability, a little amount of PDDA solution in composites
is blended. Moreover, after extensive literature review, it was
found that there is no research article published on detecting of
CA19-9 in endometriosis using an electrochemical biosensor. This
motivates to establishment biosensor for the detection of CA19-9
in endometriosis using a CS-MWCNT-Fe3O4 based electrochemical
sensor.

In this manuscript, for the first time, a label-free electrochemi-
cal immunosensor for CA 19–9 detection is developed with an
effective and efficient endometriosis diagnostics application. A film
of bio-nanocomposite of CS-MWCNT-Fe3O4/GC nanocomposite
was fabricated onto glassy carbon (GCE) to immobilize monoclonal
CA19-9 antibody for the selective capturing of CA19-9 antigen
selectively and at a very low level. Such fabricated CS-MWCNT-
Fe3O4/GC platform provides a microenvironment desired by anti-
body to get immobilize via binding between CS and Fc region using
glutaraldehyde as a cross-linker. Besides, CS supportive antibody
immobilization, Fe3O4 provide stability to chitosan and MWCNT
enhances charge transport between electrolyte-immunocomplex
to bio-nanocomposite to the working electrode during
immunosensing. This electrochemical immunosensor exhibited
variation in magnitude to electrical signal on adding CA-19–9 anti-
gen, recorded using a square wave voltammetry (SWV) technique
in the presence of redox marker [Fe (CN)6]3�/4� solution. The
remarkable sensing outcomes of this sensor mainly high sensitivity
and low limit of detection compared are better than other reported
sensors (Table 1). To claim the clinical application, herein reported
electrochemical CA-19–9 immunosensor was tested in real serum
samples and sensing outcomes were validated using ELISA tech-
niques. Such calibrated and validated CA19-9 immunosensor has
2

the potential to promote for clinical application to achieve, afford-
able endometriosis diagnostics.
2. Experimental section

2.1. Materials

Multi-walled carbon nanotube (MWCNT, �96%), chitosan (CS,
�75%), poly-diallyl dimethylammoniumchloride (PDDA, 20 wt%.
in water), ferric chloride (FeCl3�H2O, �97%), sodium acetate trihy-
drate (NaAc, �99%), cetyltrimethylammonium bromide (CTAB),
ethylene glycol (EG,�99.8%), disodium hydrogen phosphate (Na2-
HPO4, �99%) potassium chloride (KCl, �99%), glutaraldehyde
(Glu, 50 wt% in water), and sodium dihydrogen phosphate (NaH2-
PO4, �99%) were purchased from Sigma Aldrich, India. Bovine
serum albumin (BSA), monoclonal anti-CA19-9 antibody (AbsCA19-
9 or Ab,sc-517448), cancer antigen (CA125), human recombinant
carbohydrate antigen 19–9 (CA 19–9, MBS2011087), carcinoem-
bryonic antigen (CEA), and alpha-fetoprotein (AFP) were bought
from MyBio Source. All solutions were prepared using Millipore
water (Millipore Sigma STMSV00US) or according to the instruc-
tion manual given by the respective company. Antigen and anti-
body noted as Ag and Ab, respectively.

XRD studies were performed, which analyzed the crystalline
structure by PANalytical X’Pert PRO diffractometer using Cu Ka
(k = 1.5417 Å) radiation in the 2h range from 10 to 80�. Again,
the morphology was determined by transmission electron micro-
scopy (TEM; JEOL JEM-2100F) and operated at an acceleration volt-
age of 200 kV. The chemical surface characterization of the
composite was examined by FT-IR spectrometer (CH 1000C, FT/
IR-6600), and the frequency range from 4000 to 400 cm�1. The
spectra were obtained at room temperature with the KBr pellet.
Sonication was done by the ultrasonic cleaner (Aczel). The electro-
chemical analysis was performed on Bio-Logic Science Instrument
(France) with a conventional three-electrode system containing
glassy carbon electrode (GCE) as a working electrode, Ag/AgCl in
0.1 M KCl as a reference electrode, and platinum (Pt) wire as a
counter electrode. The glassy carbon electrode was electrochemi-
cally characterized by CV, EIS, and SWV. The CV (scan rate 0.02
Vs�1) and SWV [pulses height (25 mV), pulses width (50 ms),
and step height (10 mV)] measurements were carried out a poten-
tial between –0.1 and 0.8 V in 5 mM [Fe (CN)6]3–/4–/0.1 M KCl solu-
tion with 0.05 M PBS electrolyte.
2.2. Preparation of CS functionalized MWCNT incorporation of Fe3O4

bio-nanocomposite

First, Fe3O4 NPs were synthesized using a solvothermal reaction
[40]. Then, 1.5 g of FeCl3�6H2O, 1.0 g of CTAB, and 2.0 g of sodium
acetate were added into 40 mL EG, and the mixture was stirred for
30 min at ambient temperature to make a homogenous solution. It
was shifted to a 50 mL Teflon-lined stainless-steel for 12 h at
180 �C. The black precipitate was obtained, separated, and washed
five times with water and ethanol by using an external magnet.
25 mg of MWCNT was dispersed with 10 mL water using ultrason-
ication. 100 mg of Fe3O4 NPs was added into the MWCNT dispersed
solution under stirring for 20 min and chitosan solution (200 mg
chitosan dissolved in 20 mL of 0.2% acetic acid) was mixed drop-
wise. The mixture was stirred for 2 h at room temperature and
the composite was centrifuged and washed three times with dis-
tilled water. The products were dried at 50 �C by vacuum oven.
Furthermore, 1 mg of CS-MWCNT-Fe3O4/GC composite and 10 mL
of PDDA solution (20 wt% PDDA in water) were dispersed in
1 mL of water for the subsequent use of electrochemical sensor.



Table 1
Comparison of different analytical methods for the detection of CA 19–9.

Electrode Method Linear range
(U mL�1)

LOD
(U mL�1)

Refs.

AuPtNCsa DPVi 0.05–50 0.03 [48]
Antibody-AuNp-G-quadruplex/heb CLIAj 0.025–1.00 0.16 [49]
Au@Pd-Gra/Thi-Ab2/HRPd DPV 0.015–150 0.006 [50]
nanoFe3O4@GOe ECLk 0.001–5 0.0005 [51]
TiO2NWs/Au/CdSe@ZnSf PECl 0.01–200 0.0039 [52]
Ag@BSAg ECL 0.0005–150 0.0002 [53]
CeO2/FeOx@mC500h EISm 0.0001–10 0.00001 [54]
MWCNT-Pt-luminol ECL 0.0001–10 0.000046 [55]
Anti-CA19-92/Envision/Au* SVn 0.005–100 0.0003 [56]
CS-MWCNT-Fe3O4* SWV 0.001–100 0.000163 Present work

agold-platinum nanocalliandras, banitibody-AuNp-G-quadruplex/hemin, ccarbon quantum dots/gold nanocomposite, dgold @ palladium-graphene thionine secondary anti-
body/horseradish, emagnetic graphene oxide,fTiO2Nano wires/Au/CdSe@ZnS,gBovine serum albumin, hcerium-ferric oxides nanoparticles embedded within mesoporous
carbon matrix, idifferential pulse voltammetry, jchemiluminescent immunoassays, jfluorescence immunoassay, kelectrochemiluminescence, lphotoelectrochemical
immunoassay, melectrochemical impedance spectroscopy, nstripping voltammetry, * The linear range and LOD both are ng mL�1
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PDDA is repeating units bear an electrolyte group, which dissoci-
ated in water and resulted as charged, and their properties are sim-
ilar to electrolytes and polymers. The PDDA solutions are also
electrically conductive [41]. Prakash et al. developed the uric acid
sensor based on the PDDA electrolytes because of its electro-
conductive nature and electrostatic interaction with charged mole-
cules [42,43]. Therefore, PDDA is used to our electrochemical
biosensor analysis for improving the ionic and electronic conduc-
tivity of sensor materials.
2.3. Fabrication process of CS-MWCNT-Fe3O4 based immune-electrode

In the first step, the GCE was polished with 0.3 mm alumina
powder, cleaned thoroughly with ethanol and Millipore water.
8.0 mL of CS-MWCNT-Fe3O4 composite solution (1.0 mg of the CS-
MWCNT-Fe3O4 dispersed in 1 mL DI water) was dropped on the
GCE surface and then dried at 50 �C. In the second step, the fabri-
cation step of the immunosensor is presented in Scheme 1. Ini-
tially, the composite modified electrodes were dipped into 2% of
Glu aqueous solution for 2 h to activate amino groups on the chi-
tosan composite (CS-MWCNT-Fe3O4). CA19-9 antibody (15 mg of
CA19-9 antibody in 1 mL of 5 mM PBS solution, pH 7.4) was dipped
onto activated chitosan composite via Glu cross-linking. The two
functional –CHO groups of glutaraldehyde react with –NH2 sites
on the chitosan to aid bonding of the antibody to chitosan. Next,
the electrodes were washed with water to remove the excess Glu
molecule.

Then, the modified electrode was incubated with CA19-9 anti-
body solution for 45 min and subsequently washed with 5 mM
PBS (pH 7.4) to remove the excess of CA19-9. Afterward, the mod-
ified electrode was dipped with 1% BSA for 30 min to prevent any
possible remaining active spots against non-specific interaction.
Finally, the fabricated immunosensor was assigned to detect
CA19-9 antigen and this experiment was carried out at 35 �C for
30 min. Scheme 1 has representation of a label-free electrochemi-
cal immunosensor fabrication for the detection of CA 19–9
biomarker.
2.4. Blood sample collection and processing to detect CA19-9 using
immunosensor

This women’s health-related research project was conducted at
the National Institute of Technology, Arunachal Pradesh, India,
which was approved by the Department of Science & Technology
(DST), Science and Engineering Research Board (SERB) team. The
institutional scientific ethical committee was approved [Proposal
Number: NIT (A.P)/R&D/Project/11–12/1/Vol.2/IEC-02, Approval
3

date 27/09/2016] for this study, and the sample was collected from
Pratiksha Hospital, Guwahati, Assam, India. Written consent was
obtained at the time of blood sample collection from the patients
who were selected for the study. Women included in the study
did not receive any medical or hormonal treatment during the last
three months. Moreover, women with a prior history of any gyne-
cological surgery including chocolate cyst, lower pelvic, and
abdominal surgery with other possible causes of pain or pelvic
pathology including pelvic tuberculosis were excluded from the
study. Venous blood samples collation, process, and storage proce-
dures were described previously [44,45].
3. Result and discussion

3.1. Evaluation of CS-MWCNT-Fe3O4 bio-nanocomposites structure

The phase purity and crystalline structure of the Fe3O4 NPs and
CS-MWCNT-Fe3O4 were confirmed by XRD analysis as exposed in
Fig. 1A. The XRD diffraction peaks at 2h = 30.18, 35.67, 43.38,
57.01, and 62.72� may be attributed to the (220), (311), (400),
(511) and (440) crystal planes, which are consistent with mag-
netite Fe3O4 cubic inverse spinel (JCPDS No. 86–1335). This result
indicates the successful formation of Fe3O4 NPs. The XRD analysis
of CS-MWCNT-Fe3O4, shows all characteristic peaks of Fe3O4 have
appeared and the intensity of diffraction peak was slightly
decreased our prepared composite. The results demonstrated that
the Fe3O4 was successfully anchored on the outside of MWCNT-
CS [45].

D ¼ 0:89kja
b2hCoshmax

ð1Þ

where D is denoted as the particle size of theFe3O4 NPs, hmax is
denoted as diffraction angle, kja is denoted as wavelength (Cu
Kakja = 1.54 Å), and b2h is denoted as the full width at half maxi-
mum. The mean particle size of Fe3O4 NPs is 26.9 nm which is con-
sistent with that obtained from TEM image.

FT-IR spectroscopy was used to characterize the interaction
among CS, MWCNT, CS-MWCNT, Fe3O4 NPs, and CS-MWCNT-
Fe3O4 is shown in Fig. 1B. in the FT-IR spectrum of CS, the peaks
at 3500–3300 cm�1 is attributing to AOH and ANH2 group stretch-
ing vibration. The peaks at 1598 cm�1 and 1655 cm�1 are denoting
to the –NH2 and –CONH2 group (types I and II) of the CS [22,29].
The peak at 1318 cm�1 and 1155 cm�1 are indicating to the
stretching vibration of C–N (type amine I). In the FT–IR spectrum
of the MWCNT, which does not appear in characterize peaks
[38]. In the FT–IR spectrum of the MWCNT-CS, the new character-
ize peak is appeared corresponding to CS. This result suggested



Scheme 1. Schematic illustration of step by step fabrication of CS-MWCNT-Fe3O4 immuno-electrode for electrochemical detection of CA19-9 antigen.

Fig. 1. (A) XRD spectrum of Fe3O4 and CS-MWCNT-Fe3O4 bio-nanocomposite, and (B) FT-IR spectrum of MWCNT, Fe3O4, MWCNT-CS, and CS-MWCNT-Fe3O4 bio-
nanocomposites.
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that CS is functionalized on the surface of MWCNT. In the FT-IR
spectrum of the Fe3O4, the peak at 579 cm�1 attributed to Fe–O
is stretching vibration [45]. The absorption peaks of CS-MWCNT-
Fe3O4 composites are parallel to the CS – MWCNT and Fe3O4NPs.

Nitrogen (N2) adsorption experiments were also used to studied
the surface area of materials. Fig. S1 N2 adsorption/desorption iso-
therms for MWCNT, Fe3O4, and CS-MWCNT-Fe3O4 displayed type II
isotherms are shown in Fig. S1. As shown in Fig S1, the surface area
of the MWCNT, Fe3O4, and CS-MWCNT-Fe3O4 was found to be 9.82,
10.29, and 8.79 m2 g�1, indicating after the chitosan modified com-
posite was lower surface area. Chitosan was slightly blocked the
pore size.

The morphology of composite was characterized by TEM tech-
niques. As can be observed in Fig. 2A, the morphology of pristine
MWCNT was an approximately uniform size distribution. As
shown in Fig. 2B, the surface and size morphology of Fe3O4 NPs
are porous structure and even spherical shape with a particle size
of about 100 nm. As seen in Fig. 2C, the MWCNT is equally dis-
persed in the CS solution. Fig. 2D shows the CS-MWCNT-Fe3O4

bio-nanocomposites can be observed as spherical NPs where CS
cross-linking between MWCNT and Fe3O4 NPs. On the other hand,
as-formed CS was coated on the surface of Fe3O4 NPs and increas-
ing the stability of composites.
3.2. Principle of electrochemical immunosensor

The principle of the developed electrochemical immunosensor
is illustrated in Scheme 1. Nanocomposite films of CS-MWCNT/
Fig. 2. TEM image of (A) MWCNT, (B) Fe3O4 NPs, (C) MWCN
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Fe3O4 was used to immobilize antibodies (anti-CA19-9) on elec-
trode via glutaraldehyde and [Fe (CN)6]3-/4- as redox probe., which
increased the loading amount of antibody and facilitated the elec-
tron transfer. The interactions of antibody and antigen was
recorded using square wave voltammetry (SWV) technique. The
redox peak current was decreased when the antigen binds with
antibody. Hence, the amount of CA 19–9 to react with the CA
19–9 antibody would decrease anodic peak currents of the [Fe
(CN)6]3-/4- because of an antigen blocked the electrode surface
and, hindered the electron transfer. The SWV peak current dis-
played a good relationship with the amount of CA 19–9 antigen
was captured by the electrode. By this label-free immunosensor
principle, the calibration plot was constructed between CA 19–9
concentration and the anodic peak current of the SWV.
3.3. Electrochemical characterization of the immunosensor

The CV of fabricated immunosensor on GCE modified surface
was determined by using 0.1 M KCl containing 0.01 M [Fe (CN)6]3-
�/4� (0.05 M PBS, pH 7.4) (Fig. 3A). In Fig. 3A, observed CS-MWCNT-
Fe3O4 modified electrode (curve b) current was increased com-
pared with the bare GCE (curve a), demonstrating that composite
can highly promote the electron transfer ability and enlarge the
electrode surface area. After that CS-MWCNT-Fe3O4/GCE modified
electrode was immersed in 2% of Glu solution, the peak was
decreased (curve c), representing the successful attachment of
Glu on the modified electrode surface. Then, the Anti-CA19-9 anti-
bodies were immobilized on the Glu/CS-MWCNT-Fe3O4 modified
T-CS, and (D) CS-MWCNT-Fe3O4 bio-nanocomposites.



Fig. 3. (A) CVs profile, (B) EIS method (a) bare GCE, (b) CS-MWCNT-Fe3O4/GCE, (c) Glu/CS-MWCNT-Fe3O4/GCE, (d) AbsCA19-9/CS-MWCNT-Fe3O4/GCE, (e) BSA/ AbsCA19-9/CS-
MWCNT-Fe3O4/GCE and (f) ag/BSA/ AbsCA19-9/CS-MWCNT-Fe3O4/GCE, (C) CV performance of Ag/BSA/ AbsCA19-9/Glu/CS-MWCNT-Fe3O4/GCE in 0.05 M PBS containing 0.1 M
[Fe (CN)6]3�/4� and 0.1 M KCl at different scan rates (10–100 mV s�1) and (D) Their corresponding correlation plot of cathodic and anodic peak current versus square root of
scan rate over the modified electrodes: Ipa (mA) = 24.67X-17.03 (R2 = 0.994), Ipc (mA) = -31.02X + 14.33 (R2 = 0.998).
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GCE, the redox peak current was decreased (curve d), which indi-
cates the successful attachment of antibodies molecules on the
Glu/CS-MWCNT-Fe3O4/GCE. After BSA was immobilized on the
AbsCA19-9 modified electrode surface, peak current was decreased
due to the blocking of remaining active sites against non-specific
binding (curve e). Finally, the peak current decreased after CA
19–9 antigen was immobilized on the BSA/AbsCA19-9/Glu/CS-
MWCNT-Fe3O4/GCE electrode surface, because of CA 19–9 on the
electrode hindered the electron transfer (curve f).

Additionally, electrochemical impedance spectroscopy (EIS)
was also recorded at each step to examine the effect of interfacial
state changes of the constructed immunosensor procedures
(Fig. 3B). The semicircle portion reflects the electron-transfer resis-
tance (Ret) of the [Fe (CN)6]3–/4– (redox probe) at the electrode
interfaces. As demonstrated the EIS of the bare GCE displayed a rel-
atively larger semicircle (curve a) could be observed. After CS-
MWCNT-Fe3O4 was drop cast on the GCE, the electron transfers
resistance (Rct) was decreased (curve b) compared with the bare
GCE (curve a). This result proved that CS-MWCNT-Fe3O4 is an
excellent electron transfer and the electric conductivity materials.
Finally, stepwise immobilization of Glu, AbsCA19-9, BSA, and Ag on
the surface of a CS-MWCNT-Fe3O4/GCE, Ret value was increased
(curves c, d, e, and f); the reason is that protein forms a non-
conducting layer successfully binds on the CS-MWCNT-Fe3O4/
GCE bio-nanocomposite surface.

Fig. 3C and Fig. S3A,C (supporting information) represents the
CV results of studies conducted using immuno-electrode in [Fe
6

(CN)6]3–/4– (0.05 M PBS, pH 7.4) at different scan rates (0.01–
0.1 V s�1) were also studied with Ag/BSA/AbsCA19-9/Glu/CS-
MWCNT-Fe3O4/GCE, CS-MWCNT-Fe3O4/GCE and AbsCA19-9/Glu/CS-
MWCNT-Fe3O4/GCE. As a result, the cathodic and anodic peak cur-
rent was gradually increased as a function of increasing scan rate
(v). Fig. 3D and S3B,D (supporting information) show the corre-
sponding correlation plot of cathodic and anodic peak current vs
square root of scan rate suggesting the modified electrode was
diffusion-controlled redox process. The electroactive surface area
of the modified electrodes can be calculated by using the following
equation [46].

Ip ¼ 2:69� 105A� D1=2n3=2Cv1=2 ð2Þ
where Ip, A, and D represents the maximum current (A), electrode
surface area (cm2), and diffusion coefficient, respectively n is the
number of electrons transferred in redox event, C is the concentra-
tion of redox material, and v is the scan rate (V/s). The average sur-
face electroactive area of bare GCE, Fe3O4, MWCNT-CS, CS-MWCNT-
Fe3O4 and Ag/BSA/AbsCA19-9/Glu/CS-MWCNT-Fe3O4 modified GCE
were calculated as 0.072 cm2, 0.095 cm2, 0.53 cm2, 1.14 cm2, and
0.75 cm2, respectively. The result suggests that CS-MWCNT-Fe3O4

modified electrode has a high electroactive surface area, which is
also used by the analytical sensing platform. Then, the Ag modified
electrode was decreased the active surface area due to the non-
conducting antigen (Ag) was blocking the active area, which is con-
firmed Ag was immobilized on the final modification electrode
surface.
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3.4. Optimization of operational parameter for CA19-9 immune-
sensing CA 19–9 antigen

The proposed immunosensor was optimized by different
parameters such as pH, the incubation time of antibody, concentra-
tion of antibody, incubation temperature, and Ag-Ab incubation
time of the BSA/AbsCA19-9/Glu/CS-MWCNT-Fe3O4/GCE electrode
for better performance. The pH was a major impact on the biosen-
sor because it can influence the electrochemical behavior of film
and stability of immobilized antibodies [47]. The immunosensor
was responded at 10 mg mL�1 of CA 19–9 in different pH (6.1,
6.5, 7.0, 7.4, 7.6, and 8.0) containing 0.01 M [Fe (CN)6]3–/4–/0.1 M
KCl solution as shown in Fig. 4A. The pH increases from 6.0 to
7.4 with a slow decrease in the peak current. The peak current
was slightly increased with an increase in pH range from 7.4 to
8.0. These results are demonstrating that the anti-CA19-9 antibody
was denatured in a strongly acidic or alkaline solution Thus
pH = 7.4 was suitable for CA 19–9 immunosensor.

The effect of temperature on the immunosensor performance
was examined at the incubation temperature range from 5 to
40 �C. The result displayed that the suitable temperature for the
Ab-Ag interaction would be 35 �C (Fig. 4E). In high incubation tem-
perature, peak current increased. This result suggests that it may
be due to the denaturation of protein.

Optimization of antibody incubation time and concentration of
antibody immobilized on the Glu/CS-MWCNT-Fe3O4 electrode
surface was recorded by SWV. The Glu/CS-MWCNT-Fe3O4 /GCE
Fig. 4. The effect of a key factor on the CA 19–9 currents of the immunosensor in 0.05 M P
the temperature effect, (B) Ab incubation time, (C) Ab concentrations (0–20 mg), and (E)
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electrode was incubated at 2 mg mL�1 at different times. The peak
current was decreased when the incubation time was increased
from5 to 40min and then remainedunchanged at longer incubation
times (Fig. 4B). The result indicating that the immobilization of anti-
body on the electrode surface has reached the saturation level in
40min. So, 40min of optimal incubation time was selected. Related
to the immobilization of the capture anti-CA19-9 on the electrode
surface, different concentrations of antibody solution were tested
in Fig. 4C. The peak current was decreased with the increasing anti-
body concentration from 2 to 16 mgmL�1. This is due to the success-
ful attachment of anti-CA19-9 antibody that reduces the electron
transfer from the redox solution to the electrode surface. The cur-
rent was constant with the further increasing concentration of anti-
body (Fig. 4D). So, 16 mg mL�1 was used as an optimum
concentration of antibody for CA 19–9 immunosensor. To investi-
gate the optimized incubation time for the formation of antigen
and antibody immuno-complex, the fabricated immunosensor
was incubated for various times in the presence of 10 ng mL�1 CA
19–9 (Fig. 4F). The higher response current was observed in
30 min, after which the incubation time continued to increase, the
current response approximately constant. This result indicates that
30 min was optimum incubation time for antigen and antibody.

3.5. Electrochemical immune-sensing of the CA19-9 antigen

The analytical performance of CA19-9 immunosensorwas exam-
ined under the optimum condition (pH: 7.4, antibody incubation
BS containing 0.01 M [Fe (CN)6]3–/4–/0.1 M KCl: (A) Influence of pH (0.05 M PBS) and
Ag incubation time. All measurements were repeated three times (n = 3).
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time: 40 min, antibody concentration: 16 mg mL�1, incubation tem-
perature: 35 �C, and antigen and antibody binding time: 30). Fig. 5A
displays the SWV curves, the peak current response of the proposed
immunosensor after the Ag–Ab immuno-reaction. It shows the con-
centration range from 0.001 to100 ng mL�1, the peak current
decreased with the increasing concentration of CA 19–9 antigen,
which clearly shows a ‘‘signal off” trend, and this result proofing that
CA 19–9 antigen successfully binds with the CA 19–9 antibody on
the surface of the electrode (Fig. 5A). In Fig. 5B, the linear regression
equation was (Ip0–Ip)/Ip0 = 0.1839 [logCA19-9] + 0.7822, and coeffi-
cient R2 = 0.994. The fabricated immunosensor shows a good linear
range from 0.001 to 100 ng mL�1 (Fig. 5B) with a LOD was
0.163pgmL�1(S/N=3) and the thresholdvalueof less than3ngmL�1

for clinical diagnosis. The analytical parameter of the fabricated
immunosensor has been compared with the recently reported CA
19–9 detection studies as shown in Table 1 [48–56].
3.6. Selectivity, reproducibility and stability of the immuno-sensor

The interference study was evaluated by incubation of different
proteins upon the proposed immunosensor. CA 125, AFP, and CEA
are the main interfering proteins for proposed immunosensor. We
conducted the immunosensor experiment as interfering proteins
(100 ng mL�1) mixed with pure CA 19–9 (10 ng mL�1) solution.
Fig. 6A shows that a clearly higher signal change can be found
for the CA 19–9 than the interfering proteins. Those current
changes were less than 5% without interference proteins suggest-
Fig. 5. (A) The SWV response of the immunosensor after incubating with different concen
19–9 representing the oxidation peak current of [Fe (CN)6]3–/4– as a function of CA 19–9
were linearly correlated; (Ip0–Ip)/Ip0 = 0.1839 [logCA19-9] + 0.7822, and coefficient R2 = 0

Fig. 6. (A) The current response of fabricated immunosensor in the presence of the 10
9 + 100 ng mL�1AFP, 10 ng mL�1 CA 19–9 + 100 ng mL�1CEA, (B) SWV response of corresp
(n = 3)).
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ing a good selectivity of the immunosensor for CA 19–9. To evalu-
ate the reproducibility of the immunosensor, four electrodes were
constructed for the detection of CA 19–9 (10 ng mL�1) under the
optimum conditions (Fig. 6B). The relative standard deviation
(RSD) of the response current signal for immunosensor was around
3.4% revealing good accuracy and reproducibility of the
immunosensor. Furthermore, we obtained that the immunosensor
retained 99% of the original peak current after storage in pH 7.4
PBS at 4 �C for 15 days, this result demonstrating the good self-
storage stability of the proposed immunosensor in Fig. 6C.
3.7. Sensing performance evaluation using real serum samples

The proposed immunosensor was challenged by detecting
serum samples from endometriosis patients. Thus, 5, 10, 15 and
20 ng of recombinant CA19-9 antigen was added into serum blood,
which was measured by SWV (Table 2). After BSA/AbsCA19-9/Glu/
CS-MWCNT-Fe3O4/GCE electrode directly used for the detection
of CA 19–9 antigen from control and endometriosis serum.

The serum samples were diluted by 100-times of PBS (pH 7.4).
The CA19-9 concentration was measured by the proposed method
and compared with ELISA (Fig. 5). As shown in Tables 2 and Table 3,
our proposed immunoassay results displayed parallel with ELISA.
The developed immunosensor showed RSD value of 6.6% and ELISA
method as RSD value of 7.3%. According to these results, the pro-
posed immuno-assay has potential applications for diagnosis of
endometriosis.
trations of CA 19–9 (0 ng mL�1 to 100 ng mL�1), and (B) Calibration curve of the CA
concentration, the peak currents versus the logarithms of CA 19–9 concentrations

.994 (Inset). All measurements were repeated three times (n = 3).

ng mL�1 CA 19–9, 10 ng mL�1 CA 19–9 + 100 ng mL�1 CA 125, 10 ng mL�1CA 19–
onding reproducibility of different electrode, and (C) storage stability (error bar, RSD



Table 2
Electrochemical detection of CA19-9 in human blood samples.

Source Proposed sensor Reference method ELISA

Added
(pg mL�1)

Found
(pg mL�1)

Std. dev.
(n = 3)

Found
(pg mL�1)

Std. dev.
(n = 3)

Human serum samples 5 4.8 0.270 4.7 0.421
10 9.5 0.141 9.3 0.083
15 14.1 0.158 14.5 0.758
20 19.1 0.258 19.5 0.480

Table 3
Electrochemical detection of CA19-9 in endometriosis serum samples (clinical blood).

Source Proposed sensor Reference method ELISA

Found
(ng mL�1)

Std. dev.
(n = 3)

Found
(ng mL�1)

Std. dev.
(n = 3)

Healthy patient 3.5 0.234 3 0.685
Endometriosis patient

(Stage-I)
12 0.990 11 1.717

Endometriosis patient
(Stage-II)

25 1.324 24.5 1.414

Endometriosis patient
(Stage-III)

38 1.167 37 1.740

Endometriosis patient
(Stage-IV)

55 2.112 58 2.178
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4. Conclusion

In summary, this research for the first time reported the fabri-
cation of CS-MWCNT-Fe3O4 bio-nanocomposite based electro-
chemical immunosensor for label-free, selective and sensitive
detection of CA19-9 analyte, a potential biomarker for endometrio-
sis diagnostics application. This novel and efficient CA19-9
immunosensor exhibited a LOD of 0.163 pg mL�1 and a wide detec-
tion range varies from 0.001 to 100 ng mL�1 of CA19-9 concentra-
tion. The observed enhanced and desired sensing performance is
due to the synergism effect of high catalytic activity of Fe3O4 and
the high conductivity of MWCNT with good bio-adsorption of chi-
tosan. This method shows high sensitivity and quick detection of
CA19-9 biomarker. Our developed method for electrochemical
immuno-sensing of CA19-9 is affordable and scalable to the clinical
application if compared with ELISA. To claim the clinical utilization
of this smart sensor, we tested out sensors using real samples, and
outcomes were validated using ELISA. This project bio-
nanocomposites based electrochemical CA19-9 immuno-sensor
for endometriosis diagnostics application, even at point-of-care
application. As salient features, such CA19-9 sensing system is
selective, accurate with precision, display results rapidly, afford-
able, and very importantly easy to fabricate. Towards translational
aspects, we are optimizing possibilities to connect this smart sen-
sor with micro-electronics to developing a portable CA19-9
immuno-sensing system needed for on-site diagnostics
application.
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