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HIGHLIGHTS

GRAPHICAL ABSTRACT

e PEDOT:PSS and nanostructured iron
oxide modified conducting paper
sensor has been reported for cancer
biomarker detection.

o The electrical conductivity of the pa-
per electrode has been enhanced by
two orders of magnitude after treat-
ment with DMSO.

o It exhibits high sensitivity of 10.2 pA
ng 'mL cm 2 in the detection range
of 4-25 ngmL~! for CEA detection.

eIt may be a promising alternative
over the expensive conventional
electrodes (ITO, gold and glassy
carbon).
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We report results of the studies relating to the fabrication of a label-free, flexible, light weight and
disposable conducting paper based immunosensing platform comprising of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) and nanostructured iron oxide (nFe;O3@PEDOT:PSS)
nanocomposite for detection of carcinoembryonic antigen (CEA), a cancer biomarker. The effect of
various solvents such as sorbitol, ethanol, propanol, n-methyl-2-pyrrolidone (NMP) and dimethyl sulf-
oxide (DMSO) on the electrical conductivity of Whatman filter paper (WP) modified with nFe,O3@PE-
DOT:PSS/WP was investigated. The electrical conductivity of the PEDOT:PSS/WP electrode was found to
be enhanced by two orders of magnitude (from 6.8x 104 to 1.92 x 102 Scm™') after its treatment with
DMSO. Further, nFe;03 doped PEDOT:PSS/WP electrode exhibited the electrical conductivity as
2.4 x 1072 Scm™ L. Besides this, the incorporation of iron oxide nanoparticles (nFe,03) into PEDOT:PSS/
WP resulted in improved electrochemical performance and signal stability. This nFe;O3@PEDOT:PSS/WP
based platform was used for immobilization of the anti-carcinoembronic antigen (anti-CEA) protein for
quantitative estimation of cancer biomarker (CEA). The results of electrochemical response studies
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revealed that this conducting paper based immunoelectrode had a sensitivity of 10.2 uAng’lmLcm’

2in

the physiological range (4—25 ngmL~!) and shelf life of 34 days. Further, the proposed immunoelectrode
was validated with conventional ELISA for the detection of CEA in serum samples of cancer patients.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Paper has been used for a large number of quantitative analysis
since ancient times. However, the qualitative or semi-quantitative
results obtained using traditional paper-based detection methods
have been reported to have limited applications [1,2]. This has been
attributed to the fact that these detection methods are often
dependant on the visual observations. With advancement in tech-
niques and exploration of different materials, paper has recently
been re-discovered as a sensor substrate which provides a platform
for the development of paper based analytical devices [3,4]. In this
context, fabrication of the conducting paper based biosensors has
recently aroused much interest. Numerous materials such as metals
[5], metal oxides [6], carbon nanomaterials [7,8], and conducting
polymers [9,10] can be employed for fabrication of the conducting
paper. Incorporation of inorganic materials such as metal and metal
oxide into paper may result in improved electrical performance.
However, complex processing, limited flexibility and high material
cost have led to limited applications towards the fabrication of
flexible conducting paper. The preparation of carbon nanomaterials
necessitates tedious fabrication steps and these are known to be
insoluble in most solvents making it difficult to prepare uniform
films over large areas. In this context, conducting polymers are
getting increased attention towards the fabrication of conducting
paper as these offer good conductivity, solution processability,
mechanical flexibility and are low cost [11]. Conducting polymers
have conjugated m-electrons in their backbone structure and
overlapping of their partially filled molecular orbitals permits the
formation of delocalized molecular wave function. This allows
electrons to move freely throughout the lattice [12] leading to
improved electronic and optical properties [13]. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
conducting polymer has been found to be a suitable candidate for
fabrication of conducting paper owing to its uniform coating on
paper while retaining the flexibility and stability [11]. Besides this,
it manifests relatively high conductivity, improved electrochemical
and thermal stabilities, greater transparency and good quality films
can be easily coated onto desired substrates by conventional solu-
tion processing methods [14—18].

The nanostructured iron oxide has been predicted to be a
promising immobilization matrix due to its fast electron-transfer
kinetics, strong adsorption capacity, high surface-to-volume ratio,
biocompatibility and non-toxic nature. This nano-structured ma-
terial may offer suitable microenvironment for biomolecules
immobilization leading to improved biosensing characteristics [19].
Moreover, a composite of PEDOT:PSS and nFe,03 may provide
synergistic effect resulting in the development of a flexible, light-
weight, low cost and disposable biosensor. This organic-metal ox-
ide nanohybrid (nFe,03@PEDOT:PSS) modified conducting paper
may facilitate improved conduction of electrons and ionic charge
carriers within the hierarchical structure of cellulose paper.

Cancer is currently a major cause of mortality and medical threat
worldwide. About 14 million new cases and 8.2 million cancer
related deaths were reported in 2012 [20]. Carcinoembryonic an-
tigen (CEA) is an important biomarker that can be correlated with
the on-set of colorectal, ovarian, lung, pancreatic, breast and liver

cancer [21]. According to a WHO report, these cancers are
responsible for more than half of all deaths occurring annually [22].
Therefore, quantification of the CEA level before and after cancer
treatment may facilitate early detection of this dreadful disease.
Many conducting polymer based electrochemical sensors have
been reported in literature for CEA detection. Zhang et al. deposited
polyaniline/polypyrrole-silver dendrites composite on ITO elec-
trode for CEA detection using electrochemiluminescence (ECL)
technique and achieved a linear detection range from 0.001 to 100
ngmL~! in logarithmic scale [23]. Similarly an ECL based sensor was
fabricated using poly(5-formylindole)/reduced graphene oxide
nanocomposite (P5FIn/erGO) and obtained linear range of
0.0001-10 ngmL~! in logarithmic scale [24]. In another work Nie
et al. deposited poly(5-formylindole)/electrochemically reduced
graphene oxide (P5FIn/erGO) and gold nanoparticle composite
onto ITO electrode [25]. The electrochemical response was found to
be linear in the range, 0.0005 to 50 ngmL™'. Zhao et al. reported
glassy carbon electrode for CEA detection using nanocomposite of
electrochemically reduced graphene oxide, gold nanoparticles
(AuNPs) and poly(indole-6-carboxylic acid) [26]. These methods
require additional labelling steps and/or are based on expensive
conventional electrodes (ITO or glassy carbon). Due to low cost,
flexible and disposable nature, conducting paper based electro-
chemical biosensors have been found to have many applications in
smart point-of-care (POC) devices. Kumar et al. fabricated reduced
graphene oxide modified conducting paper for amperometric
detection of CEA [11]. This conducting paper platform had narrow
linear detection range (2—8 ngmL~') and short shelf life (21 days).
We report a facile method for the fabrication of electrochemical
paper biosensor for CEA biomarker detection using iron oxide
nanoparticles decorated PEDOT:PSS. The proposed electrochemical
paper biosensor exhibited efficient linear detection range, high
sensitivity and long term stability.

2. Experimental section
2.1. Materials

PEDOT:PSS (1.3 wt%) and biological reagents [ CEA, anti-CEA,
bovine serum albumin (BSA)] were procured from Sigma Aldrich.
DMSO and Whatman filter paper Grade 1 were purchased from
High Purity Laboratory Chemicals, India and GE healthcare, UK,
respectively. Buffer and desired solutions were prepared using
Milli-Q water, oleic acid capped iron oxide nanoparticles (nFe;03)
were received as a gift.

2.2. Fabrication of electrochemical paper electrode

An optimized amount, 10 mg of nFe,03 was dispersed into 10 mL
of PEDOT:PSS solution via ultrasonication method. Further, What-
man filter paper #1 (WP, 1 cm x 3 cm) was dipped into nFe;03@-
PEDOT:PSS solution for 1 hour followed by drying in hot air oven at
100 °C for 10 min. Thereafter, the dried paper electrode (nFe,03;@-
PEDOT:PSS/WP) was dipped in DMSO solution for about 5 min to
obtain enhanced conductivity of the paper electrode and was oven-
dried at 120°C for 5 min. The DMSO treated nFe,O3@PEDOT:PSS/
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WP electrode was termed as the electrochemical paper (EP)
electrode.

2.3. Antibody immobilization

The monoclonal carcinoembryonic antibodies (anti-CEA) were
immobilized onto EP electrode via physiological adsorption. In this
process 20 pl solution of anti-CEA (1000 pgmL™!) in PBS (pH 7.4)
was drop-cast over the surface (1 x 1 cm?) of EP electrode and
incubated for 6 h. It was then rinsed with PBS to remove any un-
bound antibodies after which the anti-CEA/EP electrode was
treated with 0.1% BSA to block non-specific active sites. In this
process, 20 pl solution of 0.1% BSA was drop-cast over the electrode
surface, was kept undisturbed for 2 h and then rinsed with PBS.
Finally, the BSA/anti-CEA/EP electrode was stored in a refrigerator
at 4 °C when not in use. During electrochemical measurements, the
EP electrode was dipped into the electrochemical cell up to 1 cm.
Therefore the detecting area of EP electrode was 1 x 1cm?. A
schematic of the fabrication electrochemical paper sensor is shown
in Scheme 1.

2.4. Characterization

The prepared nanocomposite (nFe,O3@PEDOT:PSS) was char-
acterized by Tecnai G2 30, ultratwin transmission electron micro-
scopy (TEM) and by Bruker D-8 Advance, X-ray diffraction
spectroscopy (Cu Ka, 1 = 1.5406 A). Conductivity measurements on
the various modified electrochemical papers were done using four
points probe technique containing a low current source, and digital
micro-voltmeter (SES Instruments, India). Surface morphology of
various modified electrochemical papers electrodes was studied by
an SEM (Hitachi S-3700N) and X-ray photoelectron spectroscopy

(XPS, Scientia ESCA 200). The electrochemical studies were per-
formed on an Autolab Potentiostat/Galvanostat (Metrohm, Neth-
erland) using a three electrode system with electrochemical paper
electrode as working electrode, platinum wire as the counter
electrode and silver/silver chloride (Ag/AgCl) as reference electrode
in PBS (50mM, pH 7.0) containing 5mM [Fe(CN)s]*/* redox
species.

3. Results and discussion
3.1. Transmission electron microscopy (TEM)

Fig. 1(a) shows the transmission electron microscopy (TEM)
image of nFe,03 (oleic acid caped) that are nearly spherical in shape
having a particle size of ~10—12 nm. However, a few of these are
non-spherical or elliptical. In the TEM image of nFe;03@PEDOT:PSS
composite (Fig. 1(b)), the clusters of nFe;03 having size of a few
hundred nanometres were visible over the PEDOT: PSS substrate.
However, these were not aggregated (Fig. 1(c)) and were found to
be embedded and encapsulated in PEDOT:PSS polymer matrix. It
appears that oleic acid capped nFe,03 carrying negative charge and
PEDOT being positive moieties resulted in the electrostatic
adsorption of amorphous PEDOT polymer over nFe;03 [27].

3.2. X-ray diffraction (XRD) studies

Fig. 1(d) shows XRD patterns obtained for (i) PEDOT:PSS, (ii)
DMSO treated PEDOT:PSS and (iii) iron oxide nanoparticles doped
PEDOT:PSS powder sample. The X-Ray diffraction pattern of the
PEDOT:PSS showed a broad peak at 26 = 24.70° [28]. This diffrac-
tion peak perhaps arose due to PEDOT thiophene ring (7m-m)
stacking [29]. The DMSO treated PEDOT:PSS showed the peak shift

Dipped n
nFe,O;@PEDOT:PSS for 1
hr and dried in hot air oven
for 10 min at 100° C

Response

—i(50 ngimi) |
—(100 ngim)

e
.0x10*
.0x10™
L 20 40 60 80 100 120

Electrochemical Response

Dipped in DMSO for 5 minutes
and dried in hot air oven for 5
minutes at 120° C

Y
Anti-
CEA

PsS
delPEDOT:PSS
(- BSAABIOMSOiron OxidaPEDOT:PSS

o I
iy
o

Current

‘Y % w0 10

P “
w

Characterization

Scheme 1. Schematic representation of fabrication of electrochemical paper based cancer biosensor.
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Fig. 1. TEM image of (a) nFe,03, (b) nFe,03@PEDOT:PSS composite, (c) enlarge view of nFe,03@PEDOT:PSS composite and (d) XRD pattern of nFe,03@PEDOT:PSS and the inset

showing XRD of (i) PEDOT:PSS and (ii) DMSO treated PEDOT:PSS.

from 260 = 24.70° to 20 = 24.84° which corresponded to the increase
in interchain planar ring stacking and a decrease in intensity was
observed due to rearrangement of the crystalline domain orienta-
tion [30]. It may be noted that PEDOT is known to be highly con-
ducting and is surrounded by non-conducting PSS molecule. After
treatment with DMSO there was perhaps removal of some PSS
chains from the PEDOT:PSS film [31]. That may perhaps cause
conformational change in the PEDOT:PSS polymer structure.
Therefore, the observed change in XRD angle (24.70° to 24.80°)
indicated small conformational change and was not related to any
variation of the PEDOT:PSS polymer structure. XRD of nFe;03;@-
PEDOT:PSS showed a peak shift from 24.7 to 26.1 arising due to
nFe;03 entrapment in the PEDOT:PSS polymer chain. Additional
peaks seen at 26 = 30.65, 35.70, 53.28, 57.43, 63.03 corresponding
tothe(220),(311),(422),(511),(440) planes were well indexed
with the standard XRD pattern of nFe;03 (JCPDS No. 39—-1346) [28].

3.3. Scanning electron microscopy (SEM)

The surface morphology of the electrochemical paper was
examined using a scanning electron microscope (SEM). In Fig. 2(a)
cellulose fibers of Whatman filter paper (WP) were clearly seen and
in Fig. 2(b) PEDOT: PSS was found to be uniformly coated on WP

which had perhaps smoothened the cellulose fiber. The PEDOT: PSS
was largely adsorbed in/on the cellulose fibers network via capil-
lary action. Fig. 2(c) showed small spherical moieties of nFe;03
embedded in the polymer structure of PEDOT: PSS/WP (electro-
chemical paper, EP). Further, shiny appearance on the electro-
chemical paper electrode was observed (Fig. 2(d)) because of the
static charge build-up arising due to non-conducting nature of the
CEA antibodies which supported the immobilization of CEA anti-
bodies. The immobilized antibodies filled up the pores and small
interfiber air spaces of cellulosic network present in the nFe;03/EP.

3.4. Electrical conductivity studies

The electrical conductivity of PEDOT:PSS coated paper
(PEDOT:PSS/WP) was found to be ~6.8 x 10~% Sem~. Further, we
treated the PEDOT:PSS/WP electrode with different solvents and
investigated its electrical conductivity (Table 1). When PEDOT:PSS/
WP electrode was treated with DMSO, its electrical conductivity
was improved greatly (6.8 x 107 to 1.92 x 1072 Scm™!) As a resul,
DMSO treated PEDOT:PSS/WP electrode was chosen for further
studies. The reason for the increase in conductivity after DMSO
treatment was attributed to the charge interaction between PEDOT
and PSS which caused the reorientation of the polymer molecules
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Fig. 2. SEM image of (a) Whatman filter paper (WP) (b) PEDOT: PSS/WP, (c) nFe,O3/PEDOT: PSS/WP (EP), (d) anti-CEA/EP.

Table 1
Effect of various solvents on the electrical conductivity of conducting paper.
S.No. Sample Conductivity (S/cm)
1 PEDOT:PSS coated on paper, CP 6.84 x 1074
2 CP dipped in N-methyl-2-pyrrolidone 69x 1074
3 CP dipped in Sorbitol 13x10 3
4 CP dipped in Propanol 36x10 4
5 CP dipped in Ethanol 9.7 x10 4
6 CP dipped in DMSO, DMSO@CP 1.92x 1072
7 nFe,03/DMSO@CP (electrochemical paper, EP) ~ 2.40 x 1072

enhancing the mobility of charge carriers [30]. DMSO being an
aprotic solvent formed bond with hydrophobic and conducting
PEDOT conjugating polymer and PSS was washed away with
distilled water [31]. The PEDOT:PSS doped with iron oxide nano-
particles after treatment with DMSO (electrochemical paper)
showed electrical conductivity of 2.4 x 1072 Scm~' which was
nearly similar to DMSO treated PEDOT:PSS/WP.

The XPS studies were carried out to investigate the effect of
DMSO treatment on PEDOT:PSS/WP electrode. The S2p core level
spectra of PEDOT:PSS and DMSO treated PEDOT:PSS showed two
specific peaks(Fig. 3(a)). The S2p peak present at lower binding
energy (163.4 and 165.8 eV) belonged to PEDOT and S2p peak at
higher binding energies (167.4 and 168.8 eV) corresponded to PSS.
The doublet present in each S2p peak was due to spin orbit splitting
(2p3p2 and S 2pq2) [32,33]. Besides this, it was found (Fig. 3(a)), that
the contribution to the peak intensity of S2p from the PEDOT
moiety was significantly increased after the DMSO treatment. This
was due to exclusion of PSS ions upon treatment with DMSO.
Further, the peak intensity ratio of PEDOT/PSS electorde increased
from 0.52 to 0.69 before and after treatment with DMSO solvent,
respectively. This increase was attributed to the increased contri-
bution of the PEDOT component to the signal. Moreover, a shift in
the peak of PEDOT spectra from 165.80 eV to 165.20 eV indicated
that rearrangement in PEDOT structure had occurred.

Fig. 3(b) is the O1s spectra of PEDOT:PSS/WP obtained before
and after its treatment with DMSO. It revealed peaks at around

533.0 and 531.27 eV that were assigned to PEDOT and PSS moieties,
respectively. The peak at 531.27 eV was due to oxygen atoms bound
with the sulfur atoms via double bond in the PSS chain. The peak
obtained at 533.0 eV corresponded to the oxygen atom of PEDOT
chain [32]. The peak intensity due to the PEDOT moietis was found
to be increased after its treatment its with DMSO. The PEDOT/PSS
peak intensity ratio was found to increase from 0.39 to 0.79 after
the DMSO treatment, indicating removal of PSS from the con-
ducting polymer.

3.5. Flexibility study

The flexible nature of electrochemical paper electrode was
investigated by folding of the electrode in —180° to +180° fashion
(Fig. 4(a)) wherein positive and negative angles indicated folding of
the electrode in upward and download direction, respectively. The
result was plotted as relative conductivity [ratio of measured con-
ductivity (o) to the initial conductivity (o,), om/0o] against the
folding angle. Fig. 4(b) shows variation in relative conductivity of
electrochemical paper electrode up to 17% by folding. It can be
concluded that the electrodes were flexible and there was less
variation in conductivity after folding.

3.6. Electrochemical studies

The electrochemical studies of (i) nFe,O3/PEDOT:PSS/WP, (ii)
DMSO treated nFe;03/PEDOT:PSS/WP, [electrochemical paper, EP]
(iii) anti-CEA immobilized over electrochemical paper [anti-CEA/
EP] and (iv) BSA/anti-CEA/EP electrodes were investigated via
chronoamperometric technique at regular interval of 0.1 s at a po-
tential of 2 V (Fig. 5(a)). As shown in the figure, the electrochemical
current of nFe,03/PEDOT:PSS/WP electrode was observed to be
~0.65 mA. However, after treatment with DMSO the electro-
chemical current increased to 1.06 mA. This increase in electro-
chemical current was attributed to the ejection of insulating PSS
ions from nFe,03/PEDOT:PSS/WP electrode surface, resulting in
enhanced permeability of [Fe(CN)6]3'/4' redox couple [31]. After
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Fig. 4. (a) Schematic diagram of electrode folding at different angles. (b) Shows plot of relative conductivity vs. bending angle.

immobilization of anti-CEA onto the EP electrode the electro-
chemical (EC) current was found to be decreased to 0.98 mA. This
decrease in EC could be due to the hindrance in electron transport
at the electrode surface caused by the CEA antibodies. On treatment
of anti-CEA/EP with BSA a decrease in EC current (0.92 mA) was
observed due to insulating nature of BSA which hindered the
electron transport [11].

Electrochemical impedance spectroscopy (EIS) was used to
measure the impedance by applying small amplitude alternating
current [34]. Quantification of the R (charge transfer resistance)
value of the EP electrode was done by analyzing semicircle arc of
the Nyquist plot. Fig. 5 shows the Nyquist plot obtained for (b) iron
oxide nanoparticles decorated PEDOT:PSS/WP (nFe,03/PEDOT:PSS/
WP), (c) DMSO treated nFe,03/PEDOT:PSS/WP, EP electrode and (d)
anti-CEA/EP in 5 mM [Fe(CN)s]>* containing PBS solution at the
biasing potential of 0.03 V and the frequency range from 50 Hz to
100 KHz. It was observed that R¢; value of nFe;03/PEDOT:PSS/WP
(966.39Q, Fig. 5(b)) was found to be decreased on its treatment
with high dielectric solvent DMSO (368.66 Q, Fig. 5(c)) which
diminished the coulomobic interaction between PEDOT and PSS
resulting in ejection of the insulating PSS from the surface of con-
ducting polymer [35]. This PSS ejection enhanced the exposure of
inter-connected PEDOT chains resulting in enhanced [Fe(CN)6]3‘/4'

redox probe permeability to the surface of EP electrode. After
immobilization of anti-CEA onto EP electrode (anti-CEA/EP), the Rt
value increased to 632.08 Q (Fig. 5(d)) due to presence of insulating
surface for charge transfer [36]. Heterogeneous electron transfer
rate constant (Kc) of the fabricated electrodes was idetermined to
delineate the electron transfer kinetics by using Eq. (1) [37]:

Kee=RT/(n? F2 A Ret [S]) (1)

where R is ideal gas constant, T is room temperature (298 K), F is
Faraday constant (96485 ]), A is electroactive surface area (1 cm?),
[S] is the concentration of redox probe (mol/cm?) and n is the
number of the electrons transferred per molecule of the redox
probe. By using Eq. (1), K¢ value of the nFe,03/PEDOT:PSS/WP and
EP was found to be 5.51 x 10~4and 14.45 x 10>, respectively. Thus,
EP electrode showed increased electron transfer kinetics. The
observed electrochemical properties and the conductivity of EP
electrode are shown in Table 2.

3.7. Electrochemical response studies

The electrochemical response of BSA/anti-CEA/EP electrode was
recorded (Fig. 6(a)) as a function of increasing concentration of CEA
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Table 2

Electrochemical properties of modified paper electrode.
S. No. Electrode Surface Conductivity (Sem™!) Ret Rs Ket
1 PEDOT:PSS on Whatman filter paper [Conducting Paper (CP)] 6.84 x 1074 2.30kQ 2.16 kQ 2.32x107°
2 nFe,05/CP 93x1073 966.39Q 2.12kQ 551 x 1073
3 nFe,03/DMSO@CP (EP) 230 x 102 368.66Q 1.10kQ 1445 x 107°

(2—100 ngmL~!) in 5mM [Fe(CN)s]>/~* containing PBS (50 mM,
pH 7.0) solution using chronoamperometry with an incubation
period of 10 min. The response current was found to be decreased
with increase in the concentration of CEA due to the formation of
electrically insulating layer of antigen-antibody complex onto the
surface of fabricated biosensing electrode that perhaps hindered
the electron transfer via the redox probe, [Fe(CN)g]*7*" at the sur-
face of EP electrode [36]. Fig. 6(b) shows the calibration curve ob-
tained between the CEA concentration and electrochemical
response current. It was observed that the electrochemical current
decreased from 2 to 25 ngmL™~! after which the saturation in cur-
rent response was observed up to 100 ng mL™’. A linear detection
range was obtained for CEA concentration in between 4 and 25
ngmL~! with sensitivity of 10.2 pAng~' mLcm 2. The linear cali-
bration curve obeyed Eq (2).

I(A)=—10.2 pAmLng " x [CEA concentration] + 746 pA;
R?=0.95 (2)

The EP electrode was fabricated without nFe,03 doping (with
similar procedure as discussed in Section 2.2 and 2.3) and elec-
trochemical response studies were conducted (please see sup-
porting information, Figs. S1 and a) as a function of CEA
concentration (2—100 ngmL~!). Fig. S1,b shows the calibration
curve obtained between the CEA concentration and electro-
chemical response current. A linear detection range was obtained
for CEA concentration in between 4 and 50 ngmL~" with sensitivity
of 2.1 pAng 'mLem 2 which is ~4.8 times lower than EP electrode
performance. This confirmed that nFe;03 modified EP sensor pro-
vided improved conduction of electronic and ionic charge carriers
within the hierarchical structure of cellulose paper resulting in
improved sensitivity.

To investigate the cross reactivity of the fabricated electrode
(BSA/EP), the control studies were carried out. In this experiment,
the electrochemical current response was measured against
increasing concentration of the CEA antigen (Fig. 6(c)) for an elec-
trode on which antibodies were not immobilized. No significant
deviation in electrochemical current response was observed.
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Fig. 6. (a) Electrochemical response studies of BSA/anti-CEA/EP electrode obtained as a function of CEA concentration (2—100 ngmL™') using chronoamperometry (b) Calibration
plot between the magnitudes of current recorded and CEA concentration (c) Control study plot.

3.8. Selectivity, reproducibility and stability studies

The selectivity of the fabricated EP bioelectrode (BSA/anti-CEA/
EP) was examined in the presence of cardiac troponin I (cTnl),
endotheline-1 (ET-1) and cytokeratin-19 fragment (CYFRA) con-
centration present in normal human serum are 1 ngmL”, 2—4
pgmL~! and 3.5 ngmL™' respectively [38—40]. We performed
interference studies even at concentration of 2 ngmL~' and
observed (Fig. 7(a)) no significant change in electrochemical cur-
rent. And we did not find any significant change in amperometric
current on addition of higher concentration of CYFRA (4 ngmL™1).
For the reproducibility study, the electrochemical current response
of five different electrodes (BSA/anti-CEA/EP) having same surface
area, fabricated under a similar set of conditions was noted in the
presence of CEA concentration (2 ngmL™!) [Fig. 7(b)]. This elec-
trochemical paper electrode was found to be reproducible after the
relative standard deviation of less than 5% (Mean value =802 pA)
was observed. Further, the experiments were conducted 3-times
for each electrode and the error bars were included accordingly.
Further, the storage stability experiment on conducting paper
biosensor electrode (BSA/anti-CEA/EP) was conducted at an inter-
val of three days (Fig. 7 (c)). It was observed that 90% activity
remained upto 19 days and after 34 days the EP biosensor electrode
retained the activity up to 82% when it was stored at 4°C after
which the electrochemical response current decreased to 75% in

about 37 days. It can be inferred that the fabricated electrode
showed reasonable good stability up to 34 days.

The characteristics of the EP based CEA biosensor were
compared with those reported in literature (Table 3). This com-
prative study clearly revealed that Fe;O3/PEDOT:PSS based con-
ducting paper (EP) showed promising detection range, sensitivity
and improved shelf life as compared to other biosensors for CEA
detection.

Real sample analysis was conducted to investigate the feasibility
of the fabricated EP biosensor electrode (BSA/anti-CEA/EP). The
blood samples of cancer patients were collected and pre-treated at
RGCI&RC (Rajiv Gandhi Cancer Institute & Research Centre), Rohini,
Delhi, India. Prior to conducting the real sample analysis experi-
ments, we obtained the ethical approval from Institutional Ethical
and Biosafety Committee, DTU and Institutional Review Board of
RGCI&RC. The concentration of CEA present in the serum sample of
cancer patients was measured using the VITROS Immunodiagnostic
System. The sensitivity of EP sensor in standard and serum sample
of CEA was found to be ~10.6 pAng 'mLcm~2 and 14 pAn-
¢ 'mLem™2 in the range of 4—20 ngmL~! (Fig. S2). The sllight de-
viation in sensitivity of serum samples was perhaps due to the
presence of other compounds present in serum samples of a per-
son. A reasonable correlation was found between (a) CEA concen-
tration in serum samples of cancer patients and (b) CEA
concentration in standard samples as shown in Table 4.



S. Kumar et al. / Analytica Chimica Acta 1056 (2019) 135—145 143

Relative Standard Deviation = 3.91%
Mean Value = 802 pA

8.0x10™
7.0x10*
z 6.0x10™
£ 5.0x10™ 1
0 -4
£ 4.0x10™
=
O 3.0x10% -
2.0x10™ 1
1.0x10™
0.0 4
1 2 3 4

Electrodes

C

* %
* ok ok oy

1.4x10° 4 a
1.2x10”
< 1 ox10°
= T
= T
g 8.0x10™ -
=3
O 6.ox10™
4.0x10™
2.0x10™
0.0 r
Electrode CTn1 Et-1 CYFRA CEA
Interferents
3 %
1.0x10 L * 5
9.0x10" 4
—~ 8.0x10™
<
4
g 7.0x10
e o
é 6.0x10
5.0x10™ 4
4.0x10™ -
3.0x10% 4
1

4 7 10 13 16 19 22 25 28 31 34 37 40

Days

Fig. 7. (a) Electrochemical current response of modified electrochemical paper electrode (BSA/anti-CEA/EP, immunoelectrode) in the presence of other analytes. (b) Electrochemical
current response of different immunoelectrode fabricated via same set of procedure (c) Electrochemical current response of anti-CEA immobilized immunoelectrode measured as a

function of time (day).

Table 3
Comparison of present work with other electrochemical sensors reported in literature for CEA detection.
Immobilization Fabrication Method Detection Method Linear Detection Sensitivity Shelf life Ref.
Matrix Range (ngmL~) (uAng~! mLcm?)  (days)
MoS,-PBNCs Drop casting of materials over glassy carbon electrode Differential Pulse  0.005 to 10 (in log scale) — 14 [9]
Voltammetry
PDA/RGO Drop casting of materials over glassy carbon electrode Amperometry 0.0005 to 5 (in log scale) — 30 [10]
PEDOT/IL/PANI Drop casting of materials over glassy carbon electrode Differential Pulse  0.001 to 10 (in log scale) — - [11]
Voltammetry
RGO/PEDOT:PSS  Solution processed (filter paper dip coated & treated ~ Amperometry 2-8 25.8 21 2]
with ethylene glycol)
CNT/PEDOT:PSS  Solution processed (filter paper dip coated & treated =~ Amperometry 2-15 7.8 18 [3]
with formic acid)
PANI/Au Deposition of Au on filter paper via sputtering and Amperometry 2-20 139 22 [4]
electrochemical deposition of PANI
PEDOT:PSS-PVA  Electrospinning of materials on conducting paper Amperometry 0.2—25 14.2 22 [5]
electrospun
Fe,03/PEDOT:PSS  Solution processed (filter paper dip coated & treated =~ Amperometry 4-25 10.2 34 Present work
with DMSO)

MoS;: Molybdenum disulfide, PBNCs: Prussian blue nanocubes, PDA: polydopamine, RGO: Reduced graphene oxide, IL: Ionic liquid, PANI: Polyaniline, PEDOT: Poly(3,4-
ethylenedioxythiophene), PSS: Polystyrene sulfonate, CNT: Carbon nanotube, Au: Gold, PVA: Polyvinyl alcohol, Fe,05: iron oxide nanoparticles3.9Real sample analysis.

4. Conclusion

Nanohybrid of nFe,O3@PEDOT:PSS has been used to obtain a
flexible, lightweight and disposable paper based electrodes. The
conductivity and electrochemical studies have revealed that this

electrode exhibits excellent electrical conductivity and high het-
erogeneous electron transfer rate constant. The nanostructured
paper based electrodes has been utilized for the immobilization of
anti-CEA monoclonal antibodies. The resulting immunoelectrode
(BSA/anti-CEA/nFe,03@PEDOT:PSS/WP) has been used for



144 S. Kumar et al. / Analytica Chimica Acta 1056 (2019) 135—145

Table 4
Determination of CEA concentration in serum samples by BSA/anti-CEA/EP
electrode.

CEA Concentration Value of current obtained Value of current % RSD
(ngmL~1) with serum sample (mA) obtained for standard
sample (mA)
2 0.753 0.773 1.9
4 0.711 0.717 0.6
8 0.648 0.676 3
10 0.568 0.617 58
15 0.527 0.59 8
20 0.473 0.538 9

detection of the cancer biomarker (CEA). The proposed electrode
has been found to be highly sensitive (10.2 pAng™'mL cm~2) with
good linearity in the physiological range 4—25 ng mL~. Further, a
good storage stability (34 days) and applicability in real patient
samples indicates the potential of this lightweight, disposable and
sensitive paper based platform for smart point-of-care devices.
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