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ABSTRACT 
 

 

Nanostructured materials have recently aroused much interest as 

immobilization matrices for biosensor applications. This is because these materials 

exhibit interesting properties such as a large surface-to-volume ratio, high surface 

reaction activity, high catalytic efficiency and strong adsorption ability that make 

them potential candidate materials to play a catalytic role for the fabrication of a 

biosensor. The nanomaterials based biosensors have been found to show improved 

sensitivity, detection limit and stability. Besides this, large surface area of a 

nanomaterial provides an improved loading of biomolecules with desired orientation. 

For biosensing applications, a wide range of conducting substrates such as glassy 

carbon, indium tin oxide (ITO), and gold coated glass substrate are currently being 

used. However, the rigidity, brittleness and cost limit their applications towards the 

development of a wearable, flexible, cost effective and disposable point-of-care 

device.  

Conducting paper based biosensors have recently been attracting considerable 

attention because of their light weight, flexibility, portability, high sensitivity, fast 

response time and disposability. Moreover, coupling of a conducting paper based 

device (e.g. electrodes and transistors) with biological systems provides an efficient 

platform for the conduction of both electronic and ionic charge carriers that play a 

major role for communication with a desired biomolecule. Many methods including 

inkjet printing, screen printing, spin coating can be utilized to modify a paper to make 

it conducting. These methods, however, require skilled personal, costly conducting 

ink (gold, silver and graphite) paste, equipments, and are time-consuming.  
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Conducting polymers have been considered as a promising candidate to make 

paper conducting due to delocalization of π electrons since they are known to 

facilitate rapid electron transfer, mechanical flexibility and solution processablity. 

Doping of a conducting polymer has been found to enhance its electronic, optical, 

physical, chemical and electrochemical properties. Among the various conducting 

polymers, poly(3,4ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) 

has been considered to be a potential candidate for development of a conducting paper 

due to its homogeneous entrapment in/on a  paper using simple dip coating method. 

Moreover, the conductivity of PEDOT:PSS modified paper can be significantly 

enhanced and tuned by treatment with a desired solvent. Further, incorporation of a 

nanomaterial may modulate the performance of a conducting paper in terms of   

electrochemical kinetics, signal stability and sensitivity. Recently, nanomaterials such 

as reduced graphene oxide (RGO), carbon nanotubes (CNTs), polymeric 

(PEDOT:PSS) electrospun nanofibers  have recently aroused much interest in 

electrochemical sensors. This is due to their large surface area, enhanced biomolecule 

loading and excellent electrochemical properties. Therefore incorporation of 

nanomaterials in the PEDOT:PSS coated paper may further improve electrochemical 

performance of the desired paper sensor. 

Cancer is currently a serious concern and a medical threat to the contemporary 

world. According to a recent report, there have been 8.2 million cancer deaths, 14.1 

million new cancer cases and 32.6 million people are living with cancer necessitating 

its early detection. Carcinoembryonic antigen (CEA) has been found to be an 

important biomarker for the diagnosis and routine monitoring of cancer due to its 

association with colon, lung, ovarian and breast cancer that are responsible for more 

than half of all cancer deaths each year. The human CEA gene is clustered on 
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chromosome 19q and it comprises of 29 genes. CEA (a glycoprotein) comprises of ~ 

60% carbohydrate having molecular mass of ~180-200 KDa, is one of the most 

widely used cancer biomarker. It plays an important role in early monitoring, 

screening and disease recurrence. In this context, determination of CEA in blood 

serum has been proposed for clinical diagnosis and monitoring of cancer. 

The aim of this research is to develop a substitute for conventional electrode 

(ITO, gold and glassy carbon), that have been found to have limitations in 

applications for fabrication of smart point-of-care devices and their application in 

biosensing for CEA detection. We have fabricated PEDOT:PSS based conducting 

paper as electrode for CEA biomarker detection. Efforts have been made to improve 

the conductivity of PEDOT:PSS coated paper by using different solvents like ethylene 

glycol and formic acid. Further, incorporation of nanomaterials such as reduced 

graphene oxide, carbon nanotubes, PEDOT:PSS electrospun nanofibers modulate the 

paper electrode performance in terms of electrochemical kinetics and biosensing 

characteristics. The response of the paper electrode is validated using CEA 

concentration of serum samples of cancer patients obtained via immunoassay 

technique. 

The thesis comprises of six Chapters as discussed below: 

Chapter 1 on Introduction and Literature Survey highlights the detailed 

description of nanomaterials based conducting paper including their fabrication 

strategies, characteristics and potential applications. Beside this, a brief discussion on 

cancer, conventional techniques used for cancer biomarker detection and scope of 

biosensors in cancer detection. The attempts have been made to discuss limitations of 

conventional electrodes used in biosensing application and give a detailed literature 

review on paper based electrochemical biosensors. 
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Chapter 2 on Materials and characterization techniques describes the various 

materials used for the fabrication of paper based biosensors for CEA detection using 

electrochemical technique. Further, the analytical techniques such as four points probe 

conductivity measurement, X-Ray diffraction (XRD), Fourier transform infrared (FT-

IR) spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM), energy dispersive X-Ray spectroscopy (EDX), 

transmission electron microscopy (TEM), and electrochemical techniques used for 

characterization of the conducting paper, nanomaterial modified conducting paper and 

immuno-electrodes have been discussed in details. Attempts have also been made to 

describe the procedures and protocols used to immobilize antibodies and to estimate 

the various parameters related to the characteristics of paper based biosensors. 

Chapter 3 on Reduced graphene oxide modified conducting paper sensor for 

cancer detection deals with results of the studies relating to the fabrication of a paper 

based sensor comprising of poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) and reduced graphene oxide (RGO) nanocomposite. The effect of 

various solvents like methanol, ethylene glycol and H2SO4 on the electrical 

conductivity of PEDOT:PSS coated Whatman paper has been investigated. The 

conductivity of this solution processed conducting paper significantly is found to 

increase by 2 orders of magnitude on being treated with ethylene glycol. Further, 

incorporation of RGO into the solution processed conducting paper results in 

improved electrochemical performance and signal stability. The fabricated electrodes 

have been used for the detection of the cancer biomarker, CEA. This low cost, 

flexible and environment friendly conducting paper based biosensor has been utilized 

for cancer biomarker (CEA) detection, that reveals high sensitivity of 25.8          

µAng
-1

mLcm
-2

 in the linear detection range of 2-8 ngmL
-1 

with a good storage 
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stability (21 days). The response of paper electrode has been validated using CEA 

concentration of serum sample of cancer patient. This paper electrode can be 

decomposed by simple incineration and has immense potential as a smart medical 

diagnostic kit or a point-of-care biosensor. In order to further improve the 

performance of conducting paper, formic acid and CNT have been used as a suitable 

solvent and dopant, respectively. Compared to RGO, metallic impurities present in 

CNT have been found to improve the electrochemistry of CNT. 

Chapter 4 on Carbon nanotube modified conducting paper sensor for cancer 

detection used nanocomposite of PEDOT:PSS and carbon nanotubes (CNT) to 

fabricate conducting paper (CNT/CP) via dip coating. It is found that conductivity of 

this paper increases by 2 orders of magnitude on being treated with formic acid 

(CNT/FA@CP) due to removal of the non-conducting molecule PSS from electrode 

surface. This fabricated paper is flexible, electrochemical active, and it can be easily 

disposed off by simple incineration. This smart conducting platform has been used for 

conjugation of the anti-carcinoembronic antigen (anti-CEA) protein for quantitative 

estimation of CEA. The PEDOT:PSS-CNT based electrochemical paper 

immunosensor exhibits sensitivity of 7.8 µAng
-1

mLcm
-2

 with improved linear 

detection range of 2-15 ngmL
-1

 and feasibility of paper electrode have been validated 

with CEA concentration in serum samples of cancer patient. It has been observed that 

incorporation of carbon nanotubes improved heterogenous electron transfer rate 

constant (5 times) and linear detection range with respect to PEDOT:PSS-RGO based 

conducting paper. CEA biomarker released in serum of healthy person is < 3 ngmL
-1

 

with a cut-off value 5 ngmL
-1 

and for cancer patient it is reported to be a maximal of 

20 ngmL
-1

.  
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Chapter 5 on PEDOT:PSS/PVA nanofiber decorated conducting paper sensor 

for cancer detection pertains to results of studies relating to the fabrication of a 

flexible, cost-effective, lightweight, label free and environment friendly 

electrochemical sensor. For this purpose, nanofibers of PEDOT:PSS/PVA have been 

grown on a conducting paper platform using electrospinning technique. The 

deposition of electrospun nanofibers (EsNf) is found to result in improved mechanical 

strength, large surface area, enhanced biomolecule loading and electrochemical 

characteristics. This platform provides improved charge transfer between electrode 

and solution resulting in higher sensitivity towards the electrochemical detection of 

cancer biomarker (CEA). The results of the amperometric response studies indicate 

that the paper electrode (BSA/anti-CEA/PEDO:PSS/PVA-EsNf/CP) can be used to 

estimate CEA in the range, 0.2 to 25 ngmL
-1

, has high sensitivity of 14.2             

µAng
-1

mLcm
-2

 and shelf life of 22 days. This paper sensor covers the entire 

physiological range of CEA secreted in serum sample (< 3 to 20 ngmL
-1

) with 

improved lower detection limit. This modified conducting paper electrode is a 

promising alternative over expensive conventional electrodes (ITO, gold and glassy 

carbon) for fabrication of smart point of care devices. 

Chapter 6 on Summary and future prospects contains brief summary of the studies 

related to nanomaterial modified paper based biosensor for cancer detection. This 

Chapter also highlights the future prospects of nanomaterials modified conducting 

paper sensor for detection of other biomolecule including cancer biomarker. 

The work described in this thesis is summarized in the form of following 

publications: 
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1.1 NANOMATERIALS 
 

There is an increased interest in nanomaterials for application in healthcare. 

Nanoscale materials are defined as a set of substances where at least one of the 

dimensions is in the range of 1 to 100 nm, while a nanometer is defined as 10
-9

 meter. 

Nanomaterials have been found to have unique electrical, optical, thermal, 

mechanical, and chemical properties to their bulk counterparts. This is attributed to 

the nanometer size of the materials which results in: (i) large surface- to- volume 

ratio; (ii) high surface energy; (iii) spatial confinement; (iv) reduced imperfections, 

which do not exist in the corresponding bulk materials. These properties at the 

nanoscale are dependent on the size, shape, and the material behavior. The two main 

reasons why materials at the nanoscale can have different properties are: increased 

relative surface area and new quantum effects. The large surface area (large surface 

area to volume ratio) of nanoscale materials results in more “surface” dependent 

material properties. Next, spatial confinement effect of nanomaterials yields the 

quantum effects. Therefore, energy band structure and charge carrier density in the 

materials may be modified quite differently from their bulk that in turn may result in 

electronic and optical properties of the materials [1-2]. The nanomaterials are 

experiencing a rapid development due to their potential applications in the field of 

electronics, photovoltaic, catalysis, ceramics, drug delivery, imaging, biomaterials and 

biosensors [3]. 

Nanostructured materials are classified as zero dimensional (nanoparticles), 

one dimensional (nanowires and nanorods), two dimensional (thin films) 

nanostructures [4]. Depending upon the nature of the material and its unique 

properties, nanomaterials can be categorized as inorganic nanomaterials such as 

metal/metal oxide (gold, silver, iron oxide etc) and organic nanomaterials like carbon 
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nanomaterial (graphene, carbon nanotube etc) and polymeric nanomaterial [poly(3,4-

ethylenedioxythiophene:poly(4-styrenesulfonate) (PEDOT:PSS) nanofibers, nano-

structured polyanilinine etc]. Fig. 1.1 shows different types of nanomaterials. 

 

 

Fig. 1.1: Different types of nanomaterials. 

 

1.1.1 Inorganic nanomaterials 

Inorganic nanostructured materials such as metals [gold (Au), platinum (Pt), 

silver (Ag) etc.)] /metal oxides [iron oxide (Fe3O4), zinc oxide (ZnO), titanium oxide 

(TiO2), zirconium oxide (ZrO2) etc] are known to be crystalline with precise chemical 

composition, surface termination, and dislocation-defect free. The interesting optical 

and electrical properties of these materials are due to electron and phonon 

confinement, high surface-to-volume ratio, modified surface work function, high 

surface reaction activity, high catalytic efficiency and strong adsorption ability. These 

nanomaterials have been predicted to have many applications such as catalysis, fuel 
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cell, heavy metal detection, photonics band-gap materials, single electron transistors, 

non-linear optical devices, and biological fields in areas such as targeted drug 

delivery, optical imaging and biosensors etc. [5-7].  

1.1.2 Organic nanomaterials 

Among the various organic nanomaterials, carbon nanomaterials [carbon 

nanotubes, graphene oxide, reduced graphene oxide etc.] exhibits unique combination 

of electrical, mechanical, thermal, and chemical properties which make them 

promising candidates for a wide range of electronics, optoelectronics, photovoltaic, 

biomedical and biosensing applications [7-8]. Carbon nanomaterials composed of 

entirely sp
2
 bonded carbon, are found in all dimensionalities including zero-

dimensional fullerenes, one-dimensional carbon nanotubes (CNTs), and two-

dimensional graphene. 

Carbon nanotubes (CNTs) are the one-dimensional form of graphitic carbon 

that was discovered in 1991 by Sumio Ijima [9]. Carbon nanotube consists of a long 

cylinder made of the hexagonal honeycomb lattice of carbon bound by two pieces of 

fullerenes at the ends. A single-walled carbon nanotube (SWCNT) is a seamless 

cylinder of high aspect ratio whose diameter is of the order of nanometer and length 

may be several hundred micrometers, making it effectively a one dimensional 

structure called a nanowire. Multi-walled carbon nanotube (MWCNT) comprise of 

nested, concentric shells of SWCNT with a spacing between individual walls of 3.4 

Å. CNTs exhibit extraordinary strength, unique electrical properties and are efficient 

thermal conductors. Since chemical bonding of nanotubes is composed entirely of sp
2
 

nature, which are stronger than the sp
3
 bonds found in diamonds and provide 

nanotubes with their unique strength. CNTs have been well investigated due to their 

superior properties and multifarious applications. End/sidewall-localized COOH and 
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NH2 groups generated by oxidation of carbon nanotube have been exploited for 

covalent attachment of bimolecular probes, polymers and metallic particles. They 

have been widely explored for efficient electrochemical biosensing devices owing to 

its unique electrochemistry [10-12]. 

The recent synthetic carbon allotrope is two-dimensional graphene, 

representing a single graphite sheet. Graphene, the ultimate example of expanded 

aromatic carbon, had been considered for a very long time to be an exclusively 

theoretical material. The  single graphene layers were recently prepared successfully 

by means of a simple mechanical exfoliation of graphite using scotch tape [13]. The 

carbon bonds are sp
2
 hybridized where the in-plane σC-C bond is one of the strongest 

bonds in materials and the out-of-plane π bonds that give rise to a delocalized network 

of electrons. Being a standard 2D material, graphene chemistry has not yet attracted 

much interest. The main obstacle is the lack of functional groups for chemical and 

bimolecular functionalization. Progress in making graphene suspension rich in 

functional groups, has opened up a new way to liquid-phase chemistry of graphene 

through chemical reduction method [14]. Thus the derivatives of graphene like 

graphene oxide (GO), and reduced graphene oxides (RGO) have entered into the 

emerging field of graphene research. These suspended forms of graphene have further 

broadened the area of applications such as in composite materials, biomedical and 

biosensors. Graphene oxide (GO), an oxidized form of graphite, is a layered material 

obtained by exfoliation of the graphite oxide. In contrast to pristine graphite, the GO 

sheets are highly decorated by several oxygenated functional groups on its basal 

planes (hydroxyl and epoxies) and at its edges (carboxyl). This results in a hybrid 

structure comprising of a mixture of sp
2
 and sp

3
 hybridized carbon atoms. However, 

GO has a highly disrupted sp
2
 carbon lattice and exhibits a large number of defects 
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and functional groups make it insulator. Thus to improve the conductivity of GO, it is 

necessary to convert it into reduced graphene oxide (RGO). Moreover, RGO shows 

superior electrochemical behavior such as large voltammetric current and lower 

oxidation potential that make it a promising candidate for electrochemical biosensing. 

RGO has been widely explored for the development of electrochemical sensors and 

biosensors because (1) it has abundant defects and chemical groups facilitate charge 

transfer and thus ensure high electrochemical activity; (2) the abundant functional 

groups on the RGO surface offer the convenience and flexibility for functionalization 

to enhance the sensor performance; (3) the chemical and electrical properties of RGO 

are highly tunable; and (4) as compared to the non-conductive GO, RGO can 

efficiently transport charges. Fig. 1.2 shows Schematic of reduced graphene oxide. 

RGO can be functionalized through covalent or noncovalent methods in order to 

further enhance its sensitivity, specificity, loading capacity, biocompatibility etc. [15-

16]. 

 

 

Fig. 1.2: Structure of reduced graphene oxide. 
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1.2 CONDUCTING POLYMERS 

Conducting polymers are polyconjugated polymers that conduct electricity, as 

well as retain the properties of conventional organic polymers such as solution 

processablity and mechanical flexibility. The alternate single and double bond 

arrangement in conducting polymer facilitate the delocalization of π (pi) electrons 

which assist the rapid electron transfer. For a polymer to become intrinsically 

electrically conducting there should be an overlap of molecular orbital to allow the 

formation of delocalized molecular wave function and presence of partially filled 

molecular orbital to allow free movement of electrons in a polymeric lattice [17]. 

Doping of a conducting polymer has been found to enhance electronic, optical, 

physical, chemical and electrochemical properties. The concept of solitons, polarons 

and bipolarons are used to explain electronic phenomena in conducting polymer [18]. 

The various factors such as polaron length, conjugation length, chain length and 

charge transfer to adjacent molecules is influenced conductivity of conducting 

polymer [17]. Next, the surface functional groups of conducting polymer nano-

materials can be modified covalently using specific bioreceptors, allowing the 

immobilization of biomolecule on electrode substrates [19-20]. Therefore, conducting 

polymers have been predicted to have enough potential for the development of low 

cost and high performance sensor materials that offer high permeability, 

biocompatibility, and rapid electron transfer. Among the various conducting polymers 

(polyaniline, polypyrrole, polythiophene etc.), poly(3,4-ethylenedioxythiophene: 

poly(4-styrenesulfonate) (PEDOT:PSS) has emerged as an interesting candidate for 

fabrication of flexible sensor. It is a mixture of two ionomers i.e. poly(3,4-

ethylenedioxythiophene) (PEDOT) and poly(styrene sulfonate) (PSS). Fig. 1.3 shows 

the structure of PEDOT and PSS. The 3,4-ethylenedioxythiophene (EDOT) is a 
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monomer of PEDOT. EDOT is a positively charged conjugated polymer compound of 

thiophene ring. It has been found to have poor solubility. However it can be dispersed 

in water-dispersible negatively charge polymeric sulfonic acids such as 

poly(styrenesulfonic acid) (PSS).  Hydrophobic and conducting PEDOT-rich grains 

are encapsulated by hydrophilic and insulating PSS-rich shells [21]. The electrical 

conductivity of PEDOT:PSS can be tuned by chemical modification that depends on 

nature and the degree of doping. Doping with solvent such as ethylene glycol, formic 

acid, methanol etc induces a conformational change in PEDOT:PSS polymer. These 

conformational changes have been found to result in increased electrical conductivity 

due to increase in the intrachain and interchain charge-carrier mobility [22].  

PEDOT:PSS has been found to be optically transparent, conducting, high ductility, 

moderate band gap and low redox potential. The low oxidation potential and moderate 

band gap of PEDOT gives unique electrochemical and spectroscopic properties [23]. 

In the doped conducting state (oxidized state) PEDOT is sky blue and transparent. 

However, the change in redox state leads to the change in color from sky blue to dark 

blue, due to change in electronic structure. The low oxidation potential of PEDOT and 

the resulting ambient stability arises because of the high HOMO (highest occupied 

molecular orbital, analogous to valence band associated with inorganic 

semiconductor) level. The difference between the HOMO level and the LOMO 

(lowest occupied molecular orbital, analogous to conduction band) level is referred to 

as the band gap of the material. The film forming ability, thermal stability and 

homogenous adsorption of PEDOT:PSS on a flexible substrate make it suitable for 

use in optoelectronic devices, flexible electronics and electrochemical devices [24-

25]. Additionally solution processablity makes it convenient to use as an ink/paste 

during device fabrication. The nanostructured PEDOT polymer is gaining much 
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attention due to its application in   optoelectronic, electronics and sensor devices [23, 

26-27]. 

 

Fig. 1.3: Structure of poly(3,4-ethylenedioxythiophene (PEDOT) and poly(4-

styrenesulfonate) (PSS). 

 

 

1.3 BIOSENSORS 

According to the International Union of Pure and Applied chemistry (IUPAC) 

“A biosensor is a self-contained integral device that is capable of providing specific 

quantitative or semi-quantitative analytical information using a biological recognition 

element which is in direct spatial contact with a transduction element” [28]. In a 

biosensor, physiochemical change occurs due to specific interaction between the 

target analyte and the biological element is detected and measured via a transducer. A 

biosensor consists of three major components such as a bio-recognition element for 

selective recognition of an analyte also known as bio-receptor, an immobilization 

matrix for the immobilization of a recognition biomolecule and a transducer for 

conversion of biochemical response into a measurable signal. Enzymes, DNA and 

antibodies are the most commonly used bio-sensing materials in the development of 

the biosensors because of their specific nature. These biomolecules are not stable in 
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the solutions. Thus it is necessary to immobilize them onto a matrix that can provide a 

bio-compatible environmental to the bio-molecule. The bioreceptor recognizes the 

target analyte and the corresponding biological response are then converted into 

equivalent electrical signals by the transducer. The amplifier in a biosensor responds 

to change in small input signal from the transducer and delivers a large output signal 

that contains the essential waveform features of an input signal. The amplified signal 

is then processed by the signal processor where it can later be stored, displayed and 

analyzed [17]. Fig. 1.4 shows the Schematic of a biosensor. In the past decade 

biosensing devices have aroused much interest in health care and for environmental 

monitoring due to their high specificity, sensitivity, speed, portability and low cost 

[29-30].  

 

 

 

Fig. 1.4: Schematic of a biosensor. 
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1.3.1 Components of a biosensor 

(a) Biomolecular recognition element 

Bioreceptor is a molecular assembly that has the capability of recognizing a 

target analyte. This is considered as the key to specificity for biosensor technologies. 

The bioreceptors are as numerous as the analytes that have been monitored using 

biosensors. These are generally classified into four major categories that include: (i) 

antibodies, (ii) enzymes, (iii) nucleic acids, and (iv) cells [31]. The most common 

bioreceptors used in biosensors are antibodies (Ab) and on the basis of their elective 

properties and the synthesis protocol they are classified as polyclonal, monoclonal or 

recombinant. An interesting approach in which an antigen and an antigen-specific Ab 

interact is similar to a lock and key fit model. The interaction between a specific Ab 

and its unique antigen is highly stereo-selective, which results in the formation of 

three-dimensional (3D) structures. Due to its 3D configuration and the diversity 

inherent in individual Ab, it is possible to develop an Ab that can recognize and bind 

to any one of a large variety of molecular shapes. This unique property of antibodies 

and their ability to recognize molecular structures allows one to develop antibodies 

that specifically bind to chemicals, biomolecules, microorganisms etc. [32]. Fig. 1.5 

shows the structure of an antibody. 

(b) Transducer 

A transducer is a device that converts any type of signal into an electrical 

signal. The signal produced as a result of interaction of bioreceptors with the analyte 

may be in the form of electrochemical (change in potential or current), optical (color 

change, luminescence, absorption, surface plasmon resonance), calorimetric (heat 

measurement), piezoelectric (mass change) response that can be converted to an 

electric signal via suitable transducer. Transducer monitors the physiochemical 
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change produced by specific interactions between the target analyte and bioreceptor. 

It converts a biochemical signal into an electrical signal that is processed into an 

analogue or digital signal [34]. The concentration of an analyte is proportional to the 

amount of signal generated, allowing the transducer to perform both the qualitative 

and quantitative measurements. 

 

Fig. 1.5: Structure and binding sites of the antibody. Antibodies are glycoproteins 

belonging to the immunoglobulin super family. Each antibody consist of four 

polypeptides- two heavy (H) chains and two light (L) chains which are held together  

by disulfide bonds to form a flexible “Y” shaped molecule. Each chain (H and L) is 

composed of a variable (V) region and a constant (C) region. The two structural 

portions of the antibody, i.e. the variable (Fab) and the constant (Fc) region, impart 

distinct biological functions. One of the major functions of the Fab region is antigen 

recognition [33]. 

 

Among the various transducers, electrochemical biosensors have received 

special attention as they allow high sensitivity, high signal to noise ratio, portability 

and fast response time [35]. This biosensor combines the analytical power of 

electrochemical techniques and the specificity of biological recognition processes.The 

most commonly used transducers in electrochemical biosensors are either 

amperometric or potentiometric. The analytical information in potentiometric devices 

is obtained by converting the biological response or biochemical reaction into a 
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potential signal by the use of ion selective electrodes. Amperometric biosensors on 

the other hand monitor the current generated against applied constant potential by 

reduction or oxidation of the electroactive species involved in the biorecognition 

process. Due to the high sensitivity and wide linear range, amperometric biosensors 

have attracted much attention. The ongoing research on new sensing concepts, 

combined with numerous technological advancements, has expanded horizons for 

extensive clinical applications of amperometric devices [36]. The enhanced 

sensitivity, specificity, simplicity, low sample volume, and inherent miniaturization of 

modern electrochemical bioassays allow them to compete with the most advanced 

optical protocols [35]. Feng et al. reported an electrochemical biosensor for label free 

neoplastic cell detection using aptamer and functionalized graphene [37]. The high 

binding affinity of the aptamer to the over-expressed nucleolin on the neoplastic cell 

surface enabled the electrochemical aptasensor to detect as low as thousand cells. 

Chen et al. developed a simple, label free electrochemical biosensor for oral cancer 

detection based on nuclease-assisted target recycling and DNAzyme for the detection 

of DNA species related to oral cancer in saliva [38]. 

(c) Immobilization matrices 

The immobilization of bioreceptor plays a key role in the development of a 

whole range of biosensors. The control of this step is very important to ensure high 

reactivity, orientation, accessibility and stability of the surface-confined probe and to 

avoid nonspecific binding [39]. Many methods like adsorption, entrapment, biotin-

avidin coupling and covalent binding can be used for the biomolecular immobilization 

and the selection of these methods relies on the matrix [40]. To maintain the 

bioactivity of a given biomolecule, the optimization of the immobilization matrix on 

the sensing chip is a pre-requisite. The matrix must provide similar local aqueous 
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micro-environment to the bioreceptor as in biological media, so as to prevent self-

aggregation, microbial attack and enhance accessibility towards the target analyte 

[41]. Mostly physical adsorption and covalent binding method are used for 

immobilization of bioreceptors. In the physical adsorption method a biomolecule can 

be directly adsorbed on the surface of matrix due to Vander Waals forces, ionic 

binding or hydrophobic forces etc. The main advantage associated with direct 

adsorption onto solid surfaces is that it is simple and can be used under mild 

conditions. It requires only a minimum of activation steps and causes little or no 

conformational change of the biomolecule or destruction of its active center. 

However, it has the disadvantage that the adsorbed biomolecule may leach from the 

matrix during operation due to changes in temperature, pH, ionic strength or even the 

mere presence of substrate. In a covalent binding, biomolecule and matrix bind with 

the help of functional group that are present on them. This method has been employed 

to improve uniformity, density and distribution of the bound proteins, as well as 

reproducibility on the surfaces. The two main precautions which should be taken 

during covalent attachment are, (i) the binding reaction must be performed under 

conditions that do not cause loss of bireceptor activity, and (ii) the active site of an 

bioreceptor must be unaffected by the reagents used. 

1.3.2 Nanomaterial based biosensor 

For the fabrication of an efficient biosensing platform, immobilizing matrix 

plays a crucial role. A successful matrix should immobilize or integrate biomolecules 

at a transducer surface and efficiently maintain the functionality of the biomolecules, 

while providing accessibility towards the target analyte and an intimate contact with 

the transducer surface. In this context, nanomaterials have recently aroused much 

interest as an immobilization matrix for biosensor. This is because nanomaterials 
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exhibit interesting properties such as a large surface-to-volume ratio, high surface 

reaction activity, high catalytic efficiency and strong adsorption ability that make 

them potential candidate materials to play a catalytic role for the fabrication of a 

biosensor [42-43]. It enhances the performance of a biosensor in terms of sensitivity, 

detection limit and stability. Besides this, large surface area of the nanomaterials 

provides a better matrix for the immobilization of biomolecules leading to its 

increased loading with desired orientation. Currently nanomaterial based biosensor 

have drawn considerable interest for early detection of cancer. Rusling et al. 

developed nanostructured electrodes composed of carbon nanotubes for detection of 

prostate cancer biomarker (PSA) [44]. The high sensitivity (~800 times higher) was 

achieved by attaching HRP-tag secondary antibody to carbon nanotube with detection 

limit of 4 pgmL
-1

. Kumar et al. fabricated electrochemical biosensor for oral cancer 

biomarker (CYFRA-21-1) detection using nanostructured zirconia platform [45]. The 

fabricated electrode shows linear detection range of 2-16 ngmL
-1

 with stability up to 6 

weeks. Further to improve the characteristics of biosensor zirconia decorate reduced 

graphene oxide was used.  A linear detection range of 2-22 ngmL
-1

 and stability of 

upto 8 weeks was achieved [46]. Emami et al. covalently bound HER2 antibody with 

iron oxide nanoparticle and resulting bioconjugate were immobilized over cysteamine 

modified gold electrode for detection of breast cancer biomarker, HER2 [47]. The 

fabricated nanostructure modified bioconjugate not only facilitate electron transfer in 

redox probe but also improve the sensitivity by increase loading of antibodies. 

Norouzi et al. used gold and ZnO nanoparticles as an immobilization matrix for 

detection of carcinoembryonic antigen, a cancer biomarker released in colon, rectal, 

breast, ovary and lung cancer [48]. The fabricated electrochemical biosensor shows 

wide detection range (0.1-70 ngmL
-1

 and 70-200 ngmL
-1

) with detection limit of 0.01 
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ngmL
-1

 and fast response time ( less than 20 s ). Ali et al. fabricated label free, high 

sensitive (7.76 kΩµM
−1

) and wide detection range (1.0 fM–0.5 μM) impedometric 

biosensor to detect breast cancer biomarker (ErbB2) using zinoxide nanofibers as an 

immobilization matrix [49]. Veisi et al. reported an electrospun polyaniline nanofiber 

modified interdigitated microelectrode for detection of cancer biomarker (COX-2) 

[50]. The high surface area of electrospun nanofiber improved the characteristics of 

biosensor. It is clear from the above report that nanomaterial could enhance the 

biosensor characteristics such as sensitivity, linear detection range, detection limit, 

fast response time and stability. 

 

1.4 CANCER 

Cancer is currently a serious concern and is a medical threat to the 

contemporary world.  An estimated 14.1 million new cases of cancer and 8.2 million 

deaths were reported in 2012 necessitating early diagnosis of this dreaded disease. It 

is expected that annual cancer cases will rise from 14 million in 2012 to 22 million 

within the next two decades [51]. Cancer occurs due to uncontrolled growth and 

spread of abnormal cells. The division of normal cells is precisely controlled and new 

cells are only formed for growth or to replace the dead ones. However, cancerous 

cells do not self destruct and continue to divide rapidly even though they are not 

needed; they crowd out other normal cells and function abnormally (Fig. 1.6). They 

can also destroy the correct functioning of major organs. The losses of cellular 

regulation that give rise to most or all cases of cancer are due to genetic damage [52]. 

Mutations in two broad classes of genes may results in the onset of cancer: 

proto-oncogenes and tumor suppressor genes. Proto-oncogenes are activated to 

become oncogenes by mutations that cause the gene to be excessively active in 
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growth promotion. Either increased gene expression or production of a hyperactive 

product can occurs. Tumor suppressor genes normally restrain growth, so damage to 

them allows inappropriate growth. Many of the genes in both classes encode proteins 

that help regulate cell birth (i.e. entry into and progression through the cell cycle) or 

cell death by apoptosis; others encode proteins that participate in repairing a damaged 

DNA. Cancer commonly results from mutations that arise during a lifetime’s 

exposure to carcinogens, which include certain chemicals and ultraviolet radiation. 

Thus the cancer-forming process, called oncogenesis or tumorigenesis, is an interplay 

between genetics and the environment. Most cancers arise after genes are altered by 

carcinogens or by errors in copying and the repair of genes [53]. Even if the genetic 

damage occurs only in one somatic cell, division of this cell will transmit the damage 

to the daughter cells, giving rise to a clone of altered cells. It is not yet clear if 

mutation in a single gene leads to the onset of cancer. More typically, a series of 

mutations in multiple genes creates a progressively more rapidly proliferating cell 

type that escapes normal growth restraints, creating an opportunity for additional 

mutations. Eventually the clone of cells grows into a tumor. In some cases cells from 

the primary tumor migrate to new sites (metastasis), forming secondary tumors that 

often have the greatest health impact [54]. Therefore technologies to recognize and 

understand the signatures of normal cells and how these become cancerous and 

provide important insights into the aetiology of cancer that can be useful for early 

detection, diagnosis, and treatment [55].  
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Fig. 1.6: Schematic of cell division in normal and cancer cell. 

 

1.4.1 Biomarkers 

The detection of clinical biomarkers is known to play a crucial role in the early 

detection of a cancer, design of individual therapies, and to identify underlying 

processes involved in the disease [56]. Biomarkers are chemical substances related 

with the elevation of malignant tumors which are found in blood, urine, or body 

tissues [57]. They are normally produced directly by the embryonic tissue or tumor 

tissue [58]. Biomarkers indicate changes in the expression of a protein that is 

correlated to risk or progression of a disease or its response to treatment, and that can 

be measured in tissues or in the blood [58]. As a result, a biomarker can be specific 

cell, molecule or gene, gene product, enzyme or hormone [58]. An ideal cancer 

biomarker should have high clinical sensitivity and specificity, quick release in the 

blood enabling early diagnosis, capability to remain elevated for longer time in the 

blood, and ability to be assayed quantitatively [59-61]. More than 160 types of 

biomarkers identified to date can be used to indicate the stage of a cancer. Although 

there are many techniques available for cancer diagnosis, expression of specific 

biomarkers, and their accurate estimation, can be helpful in the diagnosis, staging and 
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effective treatment of a cancer at an early stage [62]. Table 1.1 summarizes some 

currently used biomarkers and their clinical utility in cancer diagnosis. 

 

Table 1.1: Cancer biomarkers that are currently in clinical use [63]. 

Tumor Marker Cancer Type Year of 

discovery 

Application based on 

ASCO and/or NACB 

recommendations 

Alfa-fetoprotein Germ-cell hepatoma 1963 Diagnosis 

Differential diagnosis of 

NSGCT 

Staging Detecting recurrence 

Monitoring therapy 

 

Calcitonin Medullary thyroid 

carcinoma 

1970s Diagnosis 

Monitoring therapy 

 

CA125 Ovarian 1981 Prognosis 

Detecting recurrence  

Monitoring therapy 

 

CA15-3 Breast 1984–5 Monitoring therapy 

 

CA19-9 Pancreatic 1979 Monitoring therapy 

 

Carcinoembryonic 

antigen 

Colon 1965 Monitoring therapy  

Prognosis 

Detecting recurrence 

 Screening for hepatic 

metastases 

 

ER and PgR Breast 1970s Select patients for endocrine 

therapy 

 

HER2 Breast 1985–6 Select patients for 

trastuzumab therapy 

 

Human chorionic 

gonadotropin-β 

Testicular 1938 Diagnosis 

Staging 

Detecting recurrence 

Monitoring therapy 

 

Lactate 

dehydrogenase 

Germ cell 1954 Diagnosis 

Prognosis 

Detecting recurrence  

Monitoring therapy 

 

Prostate-specific 

antigen 

Prostate 1979 Screening (with DRE)  

Diagnosis (with DRE) 

 

Thyroglobulin Thyroid 1956 Monitoring 

 

 

Abbreviations: DRE, digital rectal examination; ER, estrogen receptor; NACB, National 

Academy of Clinical Biochemistry; NSGCT, nonseminomatous germ cell tumor; PgR, 

progesterone receptor. 
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1.4.2 Carcinoembryonic antigen (CEA)  

Carcinoembryonic antigen (CEA) is an important biomarker for the diagnosis 

and routine monitoring of cancer. It is a highly glycosylated cell surface glycoprotein, 

belonging to a group of substances known as the tumor-associated antigens and 

comprises of 60% carbohydrates having a molecular mass of 180-200 KDa.  The gene 

encoding CEA is now classified as a member of the immunoglobulin supergene 

family. This family includes genes coding for adhesion proteins such as intercellular 

adhesion molecule 1 (ICAM-1) and lymphocyte function-associated antigen 1 as well 

as the major histocompatibility antigens. The human CEA gene family is clustered on 

chromosome 19q and comprises 29 genes [64].  

Carcinoembryonic antigen stands out as being most widely used biomarker to 

detect cancer as its elevated levels are found in patients with colorectal, lung, ovarian, 

pancreatic and breast and liver cancer [65-68]. Post-operative normalization of serum 

CEA level has been reported to be a favourable prognostic indicator in lung cancer 

and the identification of abnormal pre- and post-operative serum CEA levels may be 

useful in the auxiliary cancer prognosis or post-operative surveillance of colorectal 

cancer patients [69]. According to WHO report [70] more than half of all cancer 

deaths each year are due to lung, stomach, liver, colorectal and female breast cancers. 

Therefore, monitoring of CEA level before and after cancer therapy facilitates early 

recognition of recurrences or detection of previously unremarked metastases. In the 

serum of healthy individual, CEA reaches concentration up to approximately 2.5 

ngmL
-1

, cut-off value 5 ngmL
-1

 and cancer patient are known to report maximal 20 

ngmL
-1

. In some cancer patients, concentrations more than 100 times higher 

(compared to normal value) have been recorded [71]. It has also been observed that 

smoking may results in increased concentration of CEA [64].  
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1.4.3 Conventional methods for CEA detection 

Carcinoembryonic antigen (CEA) was reported almost five decades ago by 

Gold and Freedman and was hypothesized to be an oncofetal antigen that is expressed 

in normal adults tissue as well [72]. CEA has recently been favoured as a target 

antigen for primary and metastatic colorectal detection and other carcinomas of 

epithelial origin [73]. Owing to technological advancements various methods for CEA 

detection have been developed from the last many years. These include 

immunohistopathology [74-75], radio-immuno assays [76-77], enzyme linked 

immune sorbent assay (ELISA) [78-79], reverse transcriptase polymerase chain 

reaction (RT-PCR) [80-81] and radioactive tracer fluoro-2-deoxy-D-glucose-positron 

emission tomography (FDG-PET) [82-83]. Goldenberg et al. reported a 3-step 

unlabeled antibody immunocytochemical staining method for CEA detection where 

horseradish peroxidase stain was used. The immunocytochemical reaction could be 

used to detect CEA concentration above 0.7 µg g
-1

 in ethanol and 3.0-5.0 µg g
-1

 in 

formalin fixed specimens. The CEA concentration values detected by this method are 

considerably high indicating low sensitivity of the method [74]. Kleist et al. used 

continuous cell line (HT29) from human carcinoma of colon for synthesizing colon 

tumour antigen CEA which was detected by immunofluorescence technique. The 

weak fluorescence of CEA indicated low sensitivity of the detection method [75]. 

Goldenberg et al. reported a radioimmuno detection technique for CEA detection in 

which the prepared hyperimmune goat IgG against CEA was radio labeled with 
133

I 

(iodine radioactive isotope) [76]. The detection limit of this method was 2 cm and any 

tumour below 2 cm was undetectable. This is a major drawback of this method. RT-

PCR based detection of CEA/mRNA molecules in peripheral blood of 95 colorectal 

carcinoma (CRC) patients was carried out by Xu et al. [80]. The sensitivity of the 
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method achieved was 2 copies per tube that were high enough to determine very low 

levels of CEA in peripheral blood. Yonemura et al. employed RT-PCR coupled with 

conventional cytological assay for determination of CEA mRNA in peritoneal washes 

of 230 patients of gastric cancer [81]. This method coupled with RT-PCR with 

cytological assay indicated higher sensitivity over the conventional cytological assay 

alone.  

Positron emission tomography (PET) can be employed to distinguish recurrent 

tumours from post therapeutic changes. PET is a functional imaging technique relying 

on physiological changes or metabolic functions for the detection of disease. Fluoro-

2-deoxy-D-glucose (FDG) is a radioactive glucose analog used in medical imaging 

modality PET. The increased glucose metabolism of tumour cells is the base for using 

FDG-PET in oncology which makes it an important tool for quantitative analysis of 

malignant tumours. Flanagan et al. used FDG-PET for investigating unexplained 

elevation of plasma CEA levels in 22 colorectal cancer patients post colorectal 

surgery. PET was more sensitive than conventional imaging methods with a positive 

predictive value of 89% (15 out of 17) in CRC patients [82]. ELISA has been 

considered as gold standard technique for detection of proteinaceous molecules and 

has been traditionally employed for CEA detection [78]. Various modified ELISA 

techniques using gold nanoparticles have been used to further improve the sensitivity 

[79]. In spite of the reliable detection, ELISA is a time consuming, complex, requires 

large sample volume and is an expensive detection method. 

1.4.4 Biosensor for CEA detection  

Though conventional techniques provide low detection limits but are complex, 

time consuming, require large sample volume and expensive. The requirement of 

trained personnel and expensive equipments as in case of FDG-PET is another major 
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disadvantage of these techniques. They are not rapid and the diagnosis periods ranges 

from a few hours to a few days and hence are laborious and time consuming. The 

success of these techniques has been marred by low sensitivity and specificity. 

Although a number of groups have modified the fundamental techniques for obtaining 

better results, like modified fluorescence RT-PCR, combining conventional cytology 

with RT-PCR, radioimmuno assays, yet the achieved sensitivity and specificity of 

these techniques is low and calls for an urgent need for rapid, reliable, specific, and 

sensitive alternative technique for CEA detection. In the past decade, the use of 

simpler and faster analytical procedures based on biosensor particularly 

electrochemical biosensor has emerged as a promising alternative [84]. They are 

based on the high affinity interactions between antigen and specific antibodies. 

Electrochemical biosensors combine the high specificity and affinity of biochemical 

interactions with the inherent sensitivity of the electrochemical transduction. Other 

advantages include reduced assay time, portability, simplicity, miniaturization and 

flexibility. Lin et al. utilized gold nanoparticles entrapped chitosan matrix over ITO 

electrode for electrochemical detection of CEA [85]. A linear detection range of 2-20 

ng/mL and stability of  upto 14 days was achieved. Tang et al. covalently bound CEA 

antibody with glutathione modified gold nanoparticle and resulting bioconjugate were 

electropolymerized with o-aminophenol over gold electrode for detection of CEA 

[86]. The fabricated electrode shows linear detection range of 0.5 to 20 ngmL
-1

. 

Huang et al. demonstrated electrochemical immunosensor via differential pulse 

voltammetry for detection of CEA using gold nanoparticle and carbon nanotube 

modified glassy carbon electrode [87]. The detection range of 0.3-2.5 and 2.5-20 

ngmL
-1

 was observed. Wu et al. fabricated electrochemical immunosensor for CEA 

detection using reduced graphene oxide tetraethylene pentamine (RGO-TEPA) 
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modified glass carbon electrode [88]. The fabricated electrode detection range was 

0.05-20 ng/mL with stability up to 10 days.  

It is clear from the above reports that there is a considerable scope to improve 

the sensing characteristic of CEA via nanomaterial integration. However, the rigidity, 

brittleness and cost of conventional electrode (ITO, gold and glassy carbon) limit their 

application towards development of wearable, flexible, cost effective and disposable 

point of care devices. The next section deals with the nanomaterial modified paper for 

electrochemical biosensor for cancer biomarker detection. 

 

1.5 PAPER 

The word paper is etymologically derived from Latin word ‘Papyrus’. The 

main constituent of paper is cellulose. It is an organic compound having chemical 

formula (C6H10O5) n. It is a natural polymer composed of a linear chain of β(1→4) 

linked D-glucose units and joined together by β(1→4) glycosidic bond. The intra–

intermolecular hydrogen bond leads to formation of microfibrilar structure which 

provides excellent mechanical properties. Paper can be made by dewatering a dilute 

suspension of cellulose fibers, and the filtration process is followed by pressing and 

heating. The water suspension of fibers, which is called pulp, is mainly made from 

wood by separating the wood into its constituent fibers in a mechanical, thermo-

mechanical, or chemical process [89]. The structure of the cellulose fibers is 

schematically shown in Fig.1.7. 

Paper is a flexible, lightweight, low cost, recyclable and biodegradable 

material. It is initially used for the packaging, displaying and storing information but 

in due course of time, mankind has discovered broader applications in filtration 

(Whatman paper), transformer (as a dielectric material) and also used as actuator. 
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Recently filter paper has been utilized as the substrate material for low cost flexible 

electronics such as batteries, supercapicitors and in biosensing applications [90]. This 

is because paper has a large roughness, poor chemical and mechanical barrier that 

enable it to absorb conducting materials into its porous structure. Further, paper 

substrate can be modified chemically to incorporate a wide variety of favorable 

functional groups that can modulate the bulk and surface properties of paper [91-92]. 

 

Fig. 1.7: Constituents of a paper. The cellulose fibers in paper are wood cells (or parts 

of wood cells), which can be up to 2–5 mm long and 20–40 μm wide depending on 

their origin. The cellulose-based cell wall consists of smaller fibrils, which in turn are 

made of microfibrils that have a diameter of around 3–20 nm. While the amorphous 

parts between the fibrils mainly consist of hemicellulose and lignin, the microfibrils 

consist of cellulose chains that partly form crystalline regions of cellulose and are 

held together by hydrogen bonding. Cellulose is a polysaccharide consisting of 

thousands of β -linked glucose units, corresponding to a 5 μ m long linear chain [90]. 

 

1.5.1 Conducting paper 

Researchers have recently conceptualized a new dimension of paper based 

electronics which can reduce the cost of device fabrication. Besides this, their mass 

production, disposability, flexibility, lightweight and ease in processing could meet 
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the increasing demand of smart electronic devices. Conducting paper (CP) has been 

considered an efficient platform for transport of both electronic and ionic charge 

carriers. The CP has thus received enormous attention in many technological 

applications including capacitors, batteries, displays, thin film transistors, touch pad, 

and biosensors [90, 93-94]. Both organic and inorganic materials can be used to make 

paper conducting. The organic materials are preferred due to the flexibility, low cost, 

and simple processing. However, inorganic materials often have a better electrical 

performance but some of the drawbacks are high material cost, processing difficulties 

and cracks in film during bending/sintering. A compromise can perhaps be made by 

using a composite material, for example, by mixing metal or metal oxide 

nanoparticles with conducting polymers. Siegel et al. used a variety of metals (Al, Zn, 

Cu, Pb, Ni, Sb, Sn, Ti, Ag, Bi, In, Au and Pt) to produce electrical conductive 

pathways on paper and studied their electrical conductivity, mechanical property, 

melting point, and cost etc. [95]. For this purpose authors used a variety of techniques 

(depending on the material behavior) to deposit metal over paper. Au, Ag can be 

deposited by sputtering, Sn, Zn are deposited by evaporation and spray deposition is 

used to deposit Ni and Ag.  Besides this, organic materials have been reported to 

make paper conducting. Zhou et al. used poly(3,4-ethylenedioxythiophene)/poly(4-

styrene sulfonate) (PEDOT/PSS) for the fabrication of conducting paper [96]. Mäkelä 

et al. used polyaniline-dodecylbenzenesulfonic acid (PANI–DBSA) on the paper 

substrate via printing method for making paper conducting [97].  

1.5.2 Nanomaterials modified conducting paper 

Conventional paper-based analytical devices mostly give qualitative or semi-

quantitative yes/no (i.e., positive/negative) results and are often limited to screening 

applications [98]. This is because conventional detection method is based on the 
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visual observation. However, much effort has been made to improve accuracy and to 

quantify test results. In this context conducting paper can play an important role in 

ongoing transition towards the flexible, lightweight, portable, cost effective and 

disposable devices. There is a great deal of scope to improve the performance of 

conducting paper based devices by integrating it with nanomaterials. This is because 

nanomaterials exhibit unique electrical properties, optical properties, large surface-to-

volume ratio, high surface reaction activity, high catalytic efficiency and strong 

adsorption ability. Therefore integration of nanomaterials with paper is likely to 

exhibit unique physical and chemical properties arises due to nanomaterial as well as 

flexibility, lightweight, low-cost, disposability and environment friendliness due to 

paper. Nanomaterial modified conducting paper can be utilized to improve the 

conduction of electronic and ionic charge carrier  within 3D hierarchical structure of 

cellulose paper that play a major role in energy storage devices, electronic and 

biomedical application. 

Many techniques have been developed to produce conducting 

paper/nanomaterial modified conducting paper (Fig. 1.8) in desired shape and size. 

These include printing, sputtering, spin coating and dip coating etc. Most of these 

processes require conducting materials or their templates. 

Printing is a fast, low-cost, and widely used method to integrate conducting 

material in/on to paper. The inks used in conventional printing usually have a rather 

high viscosity (0.05–100 Pa s) and contain many different components such as 

solvents, pigments, binders, and additives. When conducting ink/materials are to be 

printed, the choice of solvents and ink concentration is often limited and the electrical 

conductivity is typically decreased if binders or additives are used. Furthermore, since 

the cellulose fibers are hygroscopic, swelling of the substrate during the printing 
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process might cause problems with the resolution and registration of subsequent 

layers. 

 

 

Fig. 1.8: Fabrication of conducting paper via different techniques [95, 99-101]. 

 

Mannerbro et al. fabricated electrochemical organic transistors on photo paper 

using desktop inkjet printer [100]. They used conducting polymer, poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) and the electrolyte suspension as a 

ink material. Harting et al. demonstrated the use of a screen printing approach for the 

fabrication of paper based field effect transistors using interconnecting silicon 

nanoparticle [102]. In another work, a screen printed conducting paper electrode was 

fabricated using graphite and silver ink on the paper substrate followed by 

electrochemical deposition of polyaniline for the detection of a cardiac marker (cTnI) 

and a cancer biomarker (sIL2Rα) [103-104]. In the screen printing method, high ink 

viscosity (1-50 Pa) and a large amount of conducting materials are required. Siegel et 
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al. fabricated paper based printed circuit boards (PCBs) by sputter silver and gold on 

surfaces of paper [95]. Carvalhal et al. sputtered gold on Whatman paper for 

fabrication of patterned electrode using a physical mask made of copper [105]. 

Further, this patterned paper electrode could be used for quantitative detection of 

electroactive compounds, such as ascorbic and uric acid. An important advantage of 

sputter deposition is that even materials with very high melting points can be easily 

sputtered. This technique requires vacuum and only metallic/alloyed material can be 

sputtered, which in turn limits their application. Some of other methods used include 

evaporation [106], spin coating [107] and spray deposition [99] based coating to 

render the electrical conductivity to a paper. These techniques are instrument 

dependent, require skilled personal, and necessitate addition of additives and 

compatibility of instrument with materials. In this context, dip-coating methods are 

frequently employed to fabricate conducting paper using conducting ink and sol-

gel precursors. This technique is instrument independent and can be used to coat 

organic as well as inorganic material. In this method precision controlled immersion 

and withdrawal of any substrate into a reservoir of liquid is utilized for the purpose of 

depositing a layer of material. Many factors contribute to the final state of the dip 

coating of a thin film. A large variety of repeatable dip coated film structures and 

thicknesses can be fabricated by controlling factors such as functionality of the initial 

substrate surface, submersion time, withdrawal speed, number of dipping cycles, 

solution composition, concentration and temperature, number of solutions in each 

dipping sequence, and environment humidity etc. The dip coating technique can yield 

uniform, high quality films even on bulky, complex shapes. There are reports wherein 

this technique has been used to modify paper for various applications. Lyth et al. 

reported homogenously coated paper substrate with multiwalled carbon nanotube by 
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dip coating method for photodiode application [108]. Gong et al. reported a wearable 

and highly sensitive pressure sensor by sandwiching ultrathin gold nanowire-

impregnated tissue paper (dip coated) between two thin polydimethylsiloxane sheets 

[109]. This sensor can enable real-time monitoring of blood pulses as well as 

detection of small vibration forces from music.  Wang et al. coated filter paper with 

single walled carbon nanotubes  via dip coating method and modified the filter paper 

used for toxin detection (microcystin-LR) [110].  

1.5.3 Applications of nanomaterial modified conducting paper 

In the past decade, research on nanomaterial modified paper has increased 

dramatically due to the potential applications in electronics, energy storage devices, 

biomedical and biosensors devices. Integration of nanomaterials with paper exhibit 

unique physical and chemical properties (i.e., thermal, electrical conductivity, optical 

properties, high mechanical strength and electrochemical behaviors) arises due to 

nanomaterial as well as flexibility, lightweight, low-cost, disposability and 

environment friendliness due to paper. Following Sections pertain to some of the 

potential applications of nanomaterial modified paper. 

(a) Electronic applications  

Development of nanostructured materials in the form of nanocrystals, 

nanowires, and nanotubes provides a list of functional inks used for integration into 

paper. The conductive paper can be used as a flexible platform onto which an 

electronic structure can be fabricated. The electrical conduction in a modified paper is 

due to the presence of charge carriers (ions and electrons), and their short range 

mobility. The charge carriers are believed to be heterogeneous, involving many 

species as the paper material is chemically heterogeneous [111-112]. Paper is a 

versatile material. Its chemical and mechanical stability under atmospheric conditions 
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and ability to absorb ink readily remain unmatched by other materials used in large 

abundance. Its bulk and surface properties can be easily tuned to a desired level by 

modifying the fiber, adding chemical additives, and surface treatment [113-115]. 

Furthermore, the abundance of cellulosic material on this planet makes conductive 

paper a renewable and sustainable component for electronic devices such as 

capacitive touch pad [116], memory devices [117], field effect transistor [118], circuit 

board [95], and frequency identification tags (FID) [119] . 

The ongoing efforts are to replace glass based thin film transistor (TFT) 

screens with a less expensive, lightweight, flexible and thermally stable substrate. 

Silver nanowire integrated paper was used to fabricate paper based capacitive touch 

pads [116]. In another report, polyimide based PCBs was replaced by paper based 

flexible PCBs (Printed Circuit Board) [95]. Fortunato et al. developed an oxide based 

semiconductor thin film Field effect transistor (FET) where paper was used as a 

dielectric layer. Hybrid FETs with device on both sides of the paper was developed 

with excellent operating characteristics such as high channel saturation mobility of 

>30 cm
2
/Vs and subthreshold gate voltage swing of 0.8 V/decade [118]. With recent 

advancements in flexible electronics, printed paper based memory devices (PPMDs) 

have gained much attention. Lien et al. at the National Taiwan University (NTU) 

worked on PPMDs and successfully fabricated a printed paper based resistive random 

access memory (RRAM) device on A4 sheet with storage capacity in gigabytes (GB) 

[117]. The PPMD showed excellent endurance, reliable retention and operating 

capability under extreme bending condition. Unlike regular silicon based storage 

devices, PPMDs showed excellent ease of data handling, disposability, switching 

endurance and reliable retention. There is growing interest in exploiting the potential 

of paper as a substrate for ultra high frequency (UHF) and microwave applications 



33 
 

such inexpensive, reliable, and durable wireless radio frequency identification (RFID) 

tags. RFID tags have been used in logistics, monitoring of supply-chain, healthcare, 

pharmaceuticals, space and anti-counterfeiting. Yang  et al. reported paper based 

radio frequency identification (RFID) tags integrated with silver nanoparticles [119].  

The use of paper as a substrate for RFID tags has successfully reduced its cost and is 

eco-friendly. 

(b) Energy storage devices 

The 3D hierarchical structure of cellulose paper has been found to play an 

important role towards development of an energy storage system that involves liquid 

electrolytes, since the interconnected porosity allows fast access of ionic species to 

the electrode surfaces. In order to render electrical conductivity to the cellulose paper, 

conducting materials such as metal oxides, graphene, carbon nanotubes (CNTs), metal 

nanowires, and conductive polymers can be utilized [90, 120]. These nanomaterial 

based conducting papers have been predicted to have applications in energy storage 

devices such as electrochemical batteries [121], lithium-ion batteries [122], 

supercapacitors [123], biofuel cells [124] and nanogenerators [106]. Lithium ion 

batteries and supercapacitors are known to be good power sources for high power 

electronics whereas nanogenerators are useful for wearable electronics including 

sports clothing and military uniforms. Biofuel cells have proved handy for small 

power electronics such as microfludics paper analytical devices (µPADs) and 

biosensors where in the energy requirement is minimal. 

Compared with plastics, paper substrates themselves dramatically improved 

film adhesion, greatly simplified the coating process and significantly lowered the 

cost. It has been known that conductive paper can be used as an excellent light weight 

current collector in Li-ion batteries to replace the existing metallic chemical 
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counterparts. Wang et al. developed a flexible single walled carbon 

nanotube/polycellulose paper for Li-ion battery with first discharge capacity of 153.3 

mAhg
-1

 with columbic efficiencies, 90.6% at 0.1 C and discharge capacity of 102.6 

mAhg
-1

 at high rate (10 C) [122]. Chou et al. integrated MnO2 nanowires with CNTs 

paper using cyclic voltammetry for demonstration of supercapcitor application [123]. 

This supercapacitor displayed specific capacitance as high as 167.5 Fg
-1

 at a current 

density of 77 mAg
-1

. After 3000 cycles, the composite paper retained more than 88% 

of initial capacitance. Cui et al. used CNTs and silver nanowire with commonly 

available commercial paper to fabricate a high efficient supercapacitors and Li-ion 

battery [125]. Moreover, Kim et al. developed the first paper based mechanical 

nanogenerator where piezoelectric active layer of ZnO rods were introduced on 

cellulose substrate using low-temperature aqueous solution methods [126]. 

Nanogenerators are energy harvesting devices that convert mechanical energy into 

electrical energy. This paper based nanogenerator produced a current density of 2 µA 

cm
-2

 and an output voltage of 75 mV with stable current output after 10 mechanical 

bending cycles. These nanogenerators have proved to be an ideal power source for 

self powered system as an energy source for application in micro-electro-mechanical 

systems (MEMS). Fraiwan et al. developed the first paper based microbial fuel cell 

(MFC) with rapid electricity generation, an improvement over the conventional MFCs 

with long startup time usually several days to a week [124]. Choi et al.  fabricated 

battery stack using MFC that was able to power a red LED for 30 minutes [93]. This 

new paper battery is simple, cost effective and is a user friendly power source for 

single-use paper-based diagnostic devices. There is bright future for MFCs as even O2 

can be used as electron acceptor instead of conventionally used toxic ferricyanide that 

could perhaps be used for development of paper electronics. 
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(c) Biomedical applications 

The fluidic properties, three dimensional geometry, white background, 

biocompatible surface, ability to separate analyte, low cost and easy to dispose 

properties of paper make it an ideal platform for biomedical applications [91, 127].  

Integration of a nanomaterial with paper may lead to improved quality of the paper 

based devices such as enhanced separation, color contrast and loading of the 

biomolecules etc. The characteristics of the modified paper have found applications in 

bioassays [128], drug screening [129], ELISA [130], cell culture studies [131], 

scaffolds [132] and biosensing [133] application. 

For ECG recording, the wet gel adhesives are needed that make them 

inconvenient for long term monitoring. Mostafalu et al. fabricated a patterned paper 

electrode using platinum, nickel and copper nanowire. This nanomaterial modified 

flexible electrode can  be utilized for recording of electrocardiogram (ECG) signals 

[134]. The high surface area and low impedance of the proposed paper based 

electrodes were found to facilitate ease of recording even with a dry attachment to the 

skin. Further same electrode has been used as a cathode in a battery for energy 

harvesting from natural acidic environments such as body fluids (gastric juice, sweat, 

urine etc.). Kuzmenko et al. fabricated scaffolds by modifying electrospun cellulose 

with MWCNTs and carbon nanofiber for enhanced neural tissue growth [132]. This 

platform had the properties to mimic the neural extra cellular matrix (ECM) 

environment including its structural, topographical and mechanical features that 

support adhesion, growth and differentiation of neural cells, which could be used in 

the development of a future disease screening model or a biomaterial for the 

regeneration of neural tissue in vitro. Liu et al. developed a plasmonic filter paper by 

dipping paper in gold nanorods (GNRs) solution. This platform was used to 
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differentiate normal and cancerous cell using surface-enhanced raman scattering 

(SERS) [135]. Ornatska et al. modified paper with ceria nanoparticles for naked eye 

detection of glucose [136]. In this method glucose oxidase was immobilized on ceria 

nanoparticles modified paper. In the presence of glucose, the enzymatically generated 

hydrogen peroxide induced a visual color change onto the modified paper, from 

white-yellowish to dark orange, in a concentration-dependent manner. This assay 

utilized redox behavior of cerium oxide as a colorimetric probe indicator and could be 

use for 10 consecutive cycles and stability of 79 days. In another study, zirconia 

nanotubes modified filter paper was utilized to bind oligonucleotides via a 

coordination effect between zirconia and the phosphate group of probe DNAs. This 

platform (zirconia/paper) was further used for the sensitive and repetitive recognition 

of the corresponding complementary target DNA on the nanomolar level [92]. Thus 

using paper as an assay platform can be an interesting substitute for existing assay 

platforms since this would open up new possibilities in the biomedical field. Fig. 1.9 

summarizes applications of nanomaterial integrated paper in various fields. 

For the fabrication of a biosensor, various electrodes such as indium tin oxide, 

glassy carbon, silicon wafer, and gold electrodes are being used [45, 87, 138-139]. 

However, the rigidity, brittleness and cost limit their applications towards the 

development of a wearable, flexible and cost effective point of care device. In 

addition to the aforementioned problems conventional electrode require very high 

temperature for their processing and expertise. Recently, paper based electrochemical 

biosensors have been attracting considerable attention because of their light weight, 

flexibility, portability, high sensitivity, fast response time and disposability [46, 94, 

128]. Therefore, conducting paper is becoming a suitable substrate for electro-

chemical biosensing applications. 
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Fig. 1.9: Application of conducting paper in various fields [104, 116, 137]. 

 

The advantages of conducting paper as a sensor substrate compared to the 

conventional electrodes are listed in Table 1.2. It is also beneficial in terms of cost, 

renewable raw material and has a porous structure that are useful for modification of 

paper substrate for sensing application [91]. Conducting paper (CP) has been 

considered an efficient  platform for conduction of both electronic and ionic charge 

carriers that play a major role for communication with biomolecule during the 

biosensing process [94]. For the fabrication of an efficient biosensing platform, 

immobilizing matrix plays a crucial role. A successful matrix should immobilize or 

integrate biomolecules at a transducer surface and efficiently maintain the 

functionality of the biomolecules, while providing accessibility towards the target 

analyte and an intimate contact with the transducer surface. In this context, the 

incorporation of a nanomaterial may modulate the performance of conducting paper 

in terms of electrochemical kinetics, signal stability, and biomolecules loading and 
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sensitivity. This is because nanomaterials exhibit interesting properties such as a large 

surface-to-volume ratio, high surface reaction activity, high catalytic efficiency and 

strong adsorption ability that make them potential candidate materials to play a 

catalytic role for the fabrication of a biosensor [42-43]. The large surface area of the 

nanomaterial integrated paper is likely to provide a better matrix for the 

immobilization of desired biomolecules leading to its increased loading. Table 1.3 

summarizes the materials and techniques used for fabrication of paper based 

electrochemical biosensors and their characteristics as reported in literature. Besides 

this, there is a considerable scope for development of a simple, low cost, flexible, 

lightweight, and environment friendly biosensors with improved sensing 

characteristics using nanomaterial modified paper platform. 

Table 1.2: Comparison between conventional electrodes and paper electrodes. 

 

 

S. 

No. 

 

Properties 

Conventional electrode 

(Indium tin oxide and gold coated 

glass, Glassy carbon, Silicon) 

Conducting 

Paper 

1 Cost Very high Very low 

2 Flexibility No Yes 

3 Disposability No Yes 

4 Biocompatibility No Yes 

5 Modification and 

Functionalization 

Difficult Easy 

6 Fluid flow Forced Capillary action 

7 Surface by Volume ratio Low High 

8 Fabrication and High 

throughput production 

No Yes 
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Table 1.3: Paper based electrochemical biosensors: fabrication and characteristics. 

S.No. Substrate Materials Fabrication 

Method 

Biomarker used Detection technique Sensing  parameter References 

1.  Whatman 

filter paper 1 

Screen printed carbon 

electrode 

Drop casting Glucose Amperometry [L]= 1-5mM 

[LOD]= 0.18mM 

[T]= 4 months 

 

[140] 

2.  Whatman 

filter paper 1 

Ag/AgCl ink, Carbon 

ink, Wax, Graphene, 

AuNP 

Wax printing, 

Screen Printing 

DNA Differential pulse 

voltammetry 

[L]= 0.0008-500pM 

[LOD]= 0.2 fM 

[T]= 4 months 

 

[141] 

3.  Whatman 

filter paper 1 

Ag/AgCl ink, Carbon 

ink, SU-8 

Photolithography, 

Screen Printing 

Glucose 

 

Pb(II) 

Chronoamperometry 

 

Anodic striping  

voltammetry 

Glucose 

[L]= 0-22.2mM 

[LOD]= 0.22mM  

[S]= 0.43µAmM
-1

mm
-2 

 

Pb (II) 

[L]= 5-100 ppb 

[LOD]= 1 ppb  

[S]= 0.17µAppb
-1 

 

[142] 

4.  Whatman 

filter paper 1 

Graphene, Polyvinyl 

Pyrrolidone, 

Polyaniline 

(G/PVP/PANI), carbon 

ink,  Ag/AgCl ink 

 

Electrospraying 

Wax printing 

Screen printing 

Cholesterol Amperometric [L]= 0.05-10mM 

[LOD]= 1µM 

[S]= 34.77µAmM
-1

cm
-2

 

[T]= 2 Weeks 

[143] 

5.  Platinum 

sputtered  

glass 

Nitrocellulose paper, 

Polyester cellulose 

blend, 

 

Drop casting Glucose Amperometric - [144] 

6.  Whatman 

paper 1   

ITO coated glass Wax, 

Purssian blue 

Drop casting Glucose Electrochromic - [145] 
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7.  Filter paper Gold Nanorods Dip Coating oral squamous 

cell carcinoma 

(OSCC) cell line 

CAL-27 

 

Surface-enhanced 

Raman scattering 

(SERS) 

Intensity ratio of 

particular raman peak 

[135] 

8.  Filter paper Carbon Nanotubes 

(CNTs) 

Dip coating Microcystin-LR 

(MC-LR) 

Amperometry [L]= 1-10 ngmL
-1 

[LOD]= 0.6  ngmL
-1 

 

[110] 

9.  Whatman 

filter paper 1 

 

Screen printed carbon 

electrode 

Drop Casting Pb (III) Anodic striping  

voltammetry 

[L]= 10-100 ppb 

[T]= 3 months 

[146] 

10.  Whatman 

filter paper 1 

Gold Sputtering Uric Acid (UA) 

Ascorbic Acid 

(AA) 

Amperometry [L]= 0-40 pmols 

[LOD]=0.02 mmol L
-1 

 

AA 

[S]=152 nA L mmol
-1 

 

UA 

[S]=64 nA L mmol
-1

  

 

[105] 

11.  Whatman 

filter paper 1 

Carbon ink Screen Printing Glucose 

Lactate 

Uric Acid 

Chronoamperometry Glucose 

[L]=0-100 mM 

[LOD]=0.21 ± 0.02mM 

[S]=64 μAmM
-1 

 

Lactate 

[L]=0-50 mM 

[LOD]= 0.36 ± 0.03mM 

[S]=40 μAmM
-1 

 

Uric Acid 

[L]=0-35 mM 

[LOD]=1.38 ± 0.13mM 

[S]= 6  μAmM
-1 

 

[147] 
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12.  Whatman 

filter paper 1 

Carbon ink, Prussian 

blue 

Wax Screen Printing Glucose Chronoamperometry [L]=0.5-5 mM 

[S]=1 μAmM
-1 

 

 

[148] 

13.  Whatman 

filter paper 1 

Carbon ink Solid Wax Printing 

Screen Printing 

Glucose Chronoamperometry [L]=0-20 mM 

[LOD]=0.35mM 

[S]=0.041 μAmM
-1 

 

[149] 

14.  Whatman 

filter paper 1 

 

Gold and platinum NPs 

on SPE 

Wax Printing Single Stranded 

DNA 

Amperometry 

Cyclic  voltammetry 

[L]= 10.0fM-100nM 

[LOD]= 6.3fM 

[150]  

15.  Whatman 

filter paper 1 

Pencil drawn Electrode, 

Carbon Paste 

Wax Printing Ascorbic Acid, 

Dopamine, 

Paracetamol 

 

Amperometry - [151] 

16.  Whatman 

filter paper 1 

Graphite Pencil Wax Printing Glucose Chronoamperometry [L]=0.01-1.5 mM 

[LOD]= 0.38 μM 

[T]= 5days  

 

[152] 

 

17.  Whatman 

filter paper 1 

CdS quantum dot and 

CNTs on SPE 

Wax Printing Adenosine 

Triphosphate 

(ATP) 

Cyclic  voltammetry [L]= 1–1000pM 

[LOD]= 0.2 pM  

[S]= 27nApM
-1

 

[T]= 4 weeks 

 

[153] 

 

18.  Whatman 

filter paper 1 

Gold NPs on Carbon Wax Printing, 

SlipPAD technique 

Single stranded 

DNA, Thrombin 

Alternating Current  

voltammetry 

ssDNA 

[LOD]= 30nM 

 

Thrombin 

[LOD]= 16nM 

[T]= 4 weeks 

 

[154] 

19.  Japanese 

Paper 

Screen Printed 

Electrode 

Screen Printing Glucose Amperometry [L]= 10-100 mM 

[S]= 0.055µA mM
-1 

 

 

[155] 
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20.  Whatman 

filter paper 1 

Gold NPs on SPE Wax Printing 

Screen Printing 

Microcystin-LR Differential Pulse  

voltammetry 

[L]= 0.01-200 μgmL
-1

 

[LOD]= 0.004 μgmL
-1

 

[T]= 2 months 

 

[156] 

21.  Whatman 

filter paper 1 

Carbon graphite ink on 

SPE 

Screen Printing Nicotinamide 

adenine 

dinucleotide 

(NADH) 

Nitrite 

Cyclic  voltammetry NADH 

[L]= 10–100 mM 

[LOD]= 1.8 μM 

 

Nitrite 

[L]= 10–100 mM 

[LOD]= 15.1 μM 

 

[157] 

22.  Whatman 

filter paper 1 

Chitosan-Silver on SPE Screen Printing Cancer Antigen 

125 (CA125) 

Carcinoma 

Antigen 

(CA199) 

Square Wave  

voltammetry 

CA125 

[L]=  0.1–100 U mL
-1

 

[LOD]= 0.02 mU mL
-1

 

[S]= 2.56 μA mL U
-1

 

[T]= 21 days 

 

CA 199 

[L]= 0.1–100 U mL 

[LOD]= 0.04 mU mL
-1

 

[S]= 0.91 μA mL U
-1

 

[T]= 21 days 

 

[158] 

23.  Whatman 

filter paper 1 

Gold-Manganese oxide 

NPs on SPE 

Wax Printing 

Screen Printing 

Prostate Protein 

Antigen (PSA) 

Differential Pulse  

voltammetry 

[L]=  0.005–100 ng mL
-1

 

[LOD]= 0.0012ngmL
-1

 

[T]= 4 weeks 

 

[159] 

24.  Whatman 

filter paper 1 

Polyaniline(PANI) on 

SPE, Graphite and 

silver paste 

 

Screen Printing Human Troponin 

I 

Cyclic  voltammetry [L]= 1–100 ngmL
-1

 

[S]=5.5 μAng
-1

mLcm
-2

 

[104] 
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25.  Whatman 

filter paper 1 

SPE, graphite carbon 

and silver paste 

Screen Printing 2-(dibutylamino) 

ethanol 

NADH 

Cyclic  voltammetry DBAE 

[L]=3-5000 µM 

[LOD]=0.9 µM 

 

NADH 

[L]=0.2–10 mM 

[LOD]=72 µM 

 

[160] 

26.  Whatman 

filter paper 1 

Nafion/graphene Oxide 

on SPE 

Photolithography 

Screen Printing 

DNA 

Mismatches 

Electrochemi- 

luminescence 

 

[L]= 10 nM-5 µM 

[LOD]=  1 nM 

[T]= 3 Months 

 

[161]  

27.  Whatman 

filter paper 1 

Tin Oxide QDs/ 

RGO/Gold NPs on SPE 

 

Screen Printing ATP Electrochemical 

Impedence Spectroscopy 

[EIS] 

[L]= 0.1 pM-100 nM 

[LOD]= 0.025 pM 

[T]= 5 Weeks 

 

[162] 

28.  Filter paper  SWCNTs CNTs ink Painting Human 

Immunoglobulin

G (HIgG) 

Amperometry [L]= 6.3– 62 pM 

[S]=−70.8 pApmols
-1

L 

[163] 

 

Abbreviations: [L]= Linear Detection Range, [LOD]= Lower Detection Limit; [S]= Sensitivity; [T]= Stability; Ag/AgCl= Silver/Silver chloride; SPE= Screen 

Printed Carbon Electrode; ITO= Indium Tin Oxide; NP= Nanoparticle; CdS= cadmium sulfide;  CNTs= Carbon nanotubes;  SWCNTs= Single walled Carbon 

Nanotubes; PAD= Paper Analytical Device;  QD= Quantum Dot; RGO= Reduced graphene Oxides; DNA= deoxribose nucleic acid 
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1.6 OBJECTIVES OF THE STUDIES 

The aim of the research is to develop a substitute for conventional electrode 

(ITO, gold and glassy carbon), that have limitations for application in smart POC 

devices and their application in biosensor for carcinoembryonic antigen (CEA) 

detection.  

To achieve this objective, the following experiments have been undertaken: 

1. Selection of promising conducting material (PEDOT:PSS) for paper substrate. 

2. Optimization of PEDOT:PSS coated paper via treatment with various solvents.  

3. Incorporation of RGO, CNTs and PEDOT:PSS electrospun nanofibers in 

PEDOT:PSS coated paper.  

4. Characterizations of nanomaterials modified conducting paper electrodes. 

5. Immobilization of anti-carcinoembryonic antigen (anti-CEA) on nanomaterial 

modified conducting paper. 

6. Electrochemical response studies of the fabricated paper based 

immunoelectrode. 

7. Validation through real sample from cancer patients via the immunoassay 

technique. 

 

The next chapter (Chapter 2) contains details of the various materials and 

methods used for fabrication of paper sensor for cancer biomarker (CEA) detection. 

And the principles of various experimental techniques that have been utilized for the 

characterization of modified paper electrodes. Further, efforts have been made on 

selection of suitable materials and solvents for obtaining improved characteristics of 

the paper electrode. The fabricated PEDOT:PSS/RGO (Chapter 3), PEDOT: 

PSS/CNTs (Chapter 4) and PEDOT:PSS nanofibers modified paper (Chapter 5) are 
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efficiently be utilized in the development of flexible, cost effective, disposable and 

environment friendly platform for electrochemical biosensor.  Incorporation of 

nanomaterials with paper results in improved electrochemical characteristics towards 

CEA sensing. 
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CHAPTER 2 

 

Materials and Characterization Techniques 
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2.1 INTRODUCTION 

This Chapter describes details of the various materials used for the fabrication 

of paper based biosensors for carcinoembryonic antigen (CEA) detection using 

electrochemical technique. Further, the analytical techniques used for characterization 

of the conducting paper (CP), nanomaterial modified CP and immuno-electrodes have 

been discussed. Attempts have also been made to describe the procedures and 

protocols used to immobilize antibodies and to estimate various parameters related to 

the characteristics of paper based biosensors. 

 

2.2 MATERIALS 

Details of materials (chemicals and biochemicals) used while pursuing 

different experiment are as follows: 

Poly(3,4-ethylenedioxythiophene:poly(4-styrenesulfonate) (PEDOT:PSS, 1.3 wt%, 

PEDOT content: 0.5wt%, PSS content: 0.8 wt%) (Catalog No. 483095), 

carcinoembryonic antibody monoclonal (anti-CEA, from mouse) (Catalog No. 

C2331), carcinoembryonic antigen (CEA) (Catalog No. 4835), 1-ethyl-

(dimethylaminopropyl)-carbodiimide hydrochloride (EDC, C8H17N3.HCl) (Catalog 

No. 03449), albumin (acetylated, bovine serum) (Catalog No. B2518), graphite flakes 

(~ 45μm, >99.99 wt %) (Catalog No. 332461) and polyvinyl alcohol (PVA) (Catalog 

No. 341584) were procured from Sigma Aldrich (USA). Sodium dihydrogen 

phosphate dihydrate (NaH2PO4) (Catalog No. 61784505001730), di-sodium hydrogen 

phosphate dihydrate (Na2HPO4) (Catalog No. 61790905001730), potassium 

ferrocyanide [K4(Fe(CN)6)](Catalog No. 61843505001730), potassium ferricyanide 

[K3(Fe(CN)6)] (Catalog No. 61843605001730), and ethanol (C2H5OH, 99%) (Catalog 

No. 100983) have been purchased from Merck. N-hydroxysuccinimide (NHS, 
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C4H5NO3) (Catalog No. 084718, >97 wt %) and sodium chloride (NaCl) (Catalog No. 

1949134) have been purchased from SRL (India). Hydrazine hydrate (N2H4, 80%) 

(Catalog No. 100983), ethylene glycol (C2H6O2, 98%) (Catalogue No. 23405), formic 

acid (CH2O2, 85%) has been purchased from CDH, Fisher scientific and Rankem, 

India respectively. Besides this, deionized water (Resistivity ~18.2 MΩCm
-1

) was 

obtained through Milli-Q system and Whatman filter paper 1 was procured from GE 

Healthcare, UK. 

 

2.3 CHARACTERIZATION TECHNIQUES 

This thesis includes the various tasks  related to (1) fabrication of 

PEDOT:PSS-RGO, PEDOT:PSS-CNTs nanocomposite and PEDOT:PSS-PVA 

nanofibers based conducting paper electrode (2) immobilization of monoclonal 

antibodies (anti-CEA) onto paper based electrodes to explore their applications for 

cancer biomarker (CEA) detection. At various stages of preparation, these fabricated 

conducting paper electrodes/bioelectrodes were characterized using various 

techniques such as four points probe conductivity measurement, X-Ray diffraction 

(XRD), Fourier transform infrared (FT-IR) spectroscopy, Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS), Scanning electron microscopy (SEM), Energy 

dispersive X-Ray spectroscopy, Transmission electron microscopy (TEM), and 

Electrochemical techniques [Chronoamperometry technique and Electrochemical 

impedance spectroscopy (EIS)]. 

2.3.1 Four points probe conductivity measurement 

Four points probe is used for measurement of resistivity of bulk and thin film 

specimen. It consists of four equally spaced tungsten metal tips and from the outer 

two tip a high impedance current is applied while a voltmeter measures the potential 



51 
 

across the inner two tips which determine the specimen resistivity [164-165]. The 

instruments used for conductivity measurement consist of a PID controller oven unit, 

a constant current source, a low current source and a D.C. microvoltmeter. PID 

controller oven unit is a high quality temperature controlled oven which can give fast 

heating and cooling rates. PID avoids the wastage of power by using a pulse width 

modulated (PMW) switch. By having the advantage of both on-off controller and 

linear PID controller, it provides a stable and accurate temperature control. Constant 

current source unit is basically used for samples having low to medium resistivity, it 

functions to provide a constant current to the outer probes irrespective of the variation 

in resistance of sample due to change in temperature. It uses feedback mechanism to 

limit the load current of supply to preset maximum value. Low current source unit is 

used for high resistivity samples. This higher resistance can cause the resistivity 

measurement prone to noise pick-up from the mains and elsewhere. This unit reduces 

the problem by having a battery operated source. Also a transistor circuit is used 

instead of operational amplifier based circuit which offers a reduction of the battery 

count and is also simple. D.C. microvoltmeter setup is used for measurement of low 

dc voltage. It uses a very well designed chopper stabilized IC amplifier which offers 

exceptionally low offset voltage and input bias parameters, combined with excellent 

speed characteristics. Fig. 2.1 shows the (a) Schematic of a four probes that measure 

voltage (V) and supply current (I) to the surface of the sample and (b) assembly of 

four points probe technique. 

Bulk resistivity (ρ0) can be obtained by using below equation: 

ρ0= 
 

 
                                            ……………… Eq. 2.1 
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If thickness of the sample (thin film non conducting bottom surface) is small 

compared to the probe distance (W/S<0.25) a correction factor for it has to be applied 

i.e. (2S/W) loge2. 

Where S = distance between equally spaced probe (in our case it is 0.2 cm) and W= 

thickness of the sample 

Corrected ρ = ρ0 / correction factor              ……………. Eq. 2.2 

Conductivity (σ) = 
 

 
                                         ……………..Eq. 2.3 

The conductivity of the conducting paper was measured using the four points 

probe technique with a low current source (LCS-02), digital microvoltmeter (DMV-

001) and PID controlled oven (PID-200), SES Instruments, India. Prior to 

performing the four points probe experiments on conducting papers, we measured the 

resistivity of standard samples such as aluminum foil (2.9 × 10
-6

 ohm.cm)
 
and silicon 

chip (n-type, 6.5 ohm.cm) and we have observed the nearly similar result as reported 

in the User Manual [166]. 

 

Fig. 2.1: (a) Schematic of four probe that measure voltage (V) and supply current (A) 

to the surface of the sample and (b) assembly of four point probe technique. 
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Precautions: 

i) The high resistance (> 1MΩ) may cause high off-set in D.C microvoltmeter 

that cannot be adjusted with the knob provided-Note it down and treat it zero 

error. 

ii) Unstable voltage reading may be due to bad contacts of a probe with the 

sample. 

iii) In case of semiconductor, like Si though the resistivity of the sample may not 

be high but because of contact resistance, its effective resistance is usually 

very high. 

 

2.3.2 X-Ray diffraction (XRD) technique  

X-ray diffraction is an effective tool in studying the structure of crystalline 

substances. The interaction of the X-rays with the crystalline sample produces 

constructive interference and a diffracted ray when conditions satisfy Bragg's Law 

(Eq. 2.4): 

2d sinθ = nλ                                        .…………… Eq. 2.4 

Where λ is the wavelength of electromagnetic radiation, θ is the diffraction angle and 

d is the lattice spacing in a crystalline sample. Fig. 2.2a indicates that the diffracted 

X-rays make angle 2θ with the incident X-rays, where θ is the angle between incident 

ray and the scatter plane (incident angle). This technique is used to characterize the 

crystallographic structure, crystallite size (grain size) and preferred orientation in 

polycrystalline or powder solid samples [167-168]. XRD can be applied to 

characterize the heterogeneous solid mixture to determine relative abundance of a 

crystalline compound. 
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Fig. 2.2: (a) The diffracted X-rays make angle 2θ with the incident X-rays, where ϴ is 

the angle between incident rays and scatter plane (incident angle) and (b) optical 

image of XRD Bruker model, D-8 advance. 

 

 

Fig. 2.3: XRD pattern of PEDOT:PSS. 

XRD patterns were recorded on X-ray diffractometer (Bruker D-8 Advance, 

Fig. 2.2b) with Cu Kα radiation 1.54 Å. The voltage and the current of X-ray tube 

were 40 KV and 40 mA, respectively. The scanning was done with a step size of 0.02
o 

/step and the integration time of 8 s/step. The sample under study can be either a thin 

layer of crystal or in powder form. Fig. 2.3 shows the XRD pattern of PEDOT:PSS 
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polymer. There are no sharp diffraction peaks observed in the PEDOT:PSS polymer 

indicating its amorphous nature which are in agreement  with the literature [169-170]. 

XRD studies were used to identify the crystal structure of CNTs and PEDOT:PSS-

CNTs composite (Chapter 4).  

Precautions: 

i) The film should be considerably thick to eliminate the substrate interference. 

ii) To perform the powder XRD, there should be adequate quantity of sample so 

that the perfect diffraction is achieved. 

iii) Do not expose any part of body to primary beam. 

 

2.3.3 Fourier transform infrared (FT-IR) spectroscopy 

Fourier transform infrared spectroscopy is a powerful tool to confirm the 

presence of functional group in the chemical compound. When quanta of infra red 

light interact with the molecule, it may absorb energy and vibrate faster. This 

phenomenon is the basis of FT-IR spectroscopy[171]. Infra red absorption occurs 

when infrared radiation interacts with a molecule undergoing a change in dipole, and 

when the incoming photon has sufficient energy for the transition to the next allowed 

vibrational energy states. The presence of a particular functional group in a given 

organic compound can be identified, since every functional group has unique 

vibration energy, the IR spectra can be seen as their fingerprints. As each material 

exhibits a unique combination of atoms and IR monitors the frequencies of vibrations 

between the bonds of the atoms making up the material therefore IR spectrum for 

different materials is distinguishable [172].  

A detailed instrumental diagram of a single­ beam FT­IR is shown in Fig. 2.4. 

An IR source in the near region (12800 to 4000 cm­1), mid region (4000­200 cm­1) or 
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far region (200­10 cm­1) sends IR radiation into the interferometer where it travels 

through the beam splitter into a stationary and movable mirror. Once the IR radiation 

impacts a mirror, the radiation travels into the sample compartment and to the IR 

detector.   The two beams of radiation produced by the beam splitter can interact with 

each other resulting in an interferogram.  Once the signal has impacted the detector, 

the interferogram is Fourier transformed into the resulting spectrum of a desired 

material being analyzed as a function of wavelength or wave number of incident 

radiation.   The laser is used as a calibration technique for the movable mirror in the 

interferometer. The most common interferometer used in FT­IR spectroscopy is a 

Michelson interferometer. When the IR radiation travels to the beam-splitter, it is 

either transmitted or reflected. Half of the radiation beam will impact either a fixed or 

moving mirror and will be reflected back to the beam-splitter where beam interaction 

can occur. The motion of the movable mirror causes the radiation to fluctuate when it 

reaches the detector. Depending on the distance of the movable mirror, the fluctuation 

can be either destructive or constructive. The difference in the path lengths of the two 

mirrors is called the retardation. An interferogram is the retardation plotted against the 

output power of the detector. The interferogram will eventually get Fourier 

Transformed, outputting a spectrum [173]. 

The molecules in which the vibrations or rotations within themselves cause a 

net change in their dipole moment are IR active. The interaction of alternating 

electrical field of radiation with molecular dipole moment fluctuations permits 

absorption of the matching vibrational frequency, which causes a change in the 

amplitude of molecular vibration. Each functional group has specific range of 

vibrational frequency that is sensitive to the chemical environment, thus providing 
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valuable information regarding the presence of certain functional groups in the 

sample. The frequency of vibration is given by Eq. 2.5: 

    
 

  
 

 

 
                                                   …………… Eq. 2.5 

Where k is force constant and µ is reduced mass. 

 

Fig. 2.4: (a) Schematic of optical layout of Michelson Interferometer and (b) optical 

image of FT-IR spectrophotometer (Perkin Elmer, spectrum BX II). 

 

 

Fig. 2.5: FT-IR spectrum of polyaniline (PANI) modified paper electrode (band 

observed at 1421, 1585, 1269, 1176 and 820 cm
-1

 are due to benzenoid ring, quinoid 

ring, C-N stretching, C-H in plane bending and C-H out of plane bending 

respectively. The peak at the 2349 cm
-1

 corresponds to the NH stretching frequency of 

NH…Cl hydrogen bond during electrochemical polymerization of PANI) [104].  
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FTIR spectra of desired samples (Chapter 3) were carried out using Perkin 

Elmer Spectrum BX-II spectrophotometer (Fig. 2.4b) with diffuse reflectance 

accessory in the wavenumber range 400-4000 cm
-1

. Each was recorded over 64 scans 

with the resolution of 4 cm
-1

 and interval of 1 cm
-1

. Prior to conducting FT-IR 

experiments on desired conducting paper electrodes, we recorded FT-IR of the PANI 

modified paper electrode (Fig. 2.5) and we obtained similar results as reported in 

literature [104]. 

Precautions: 

i) Prior to the experiment, IR chamber should be flushed with nitrogen in 

order to avoid interference of CO2 and water. 

ii) The sample spectrum should be taken after recording the fresh 

background. 

iii) The powder sample and KBr must be grinded to reduce the particle size to 

less than 5 mm diameter.  

iv) Pellet or film should not be too thick to hinder the light to pass through it. 

 

2.3.4 Raman spectroscopy 

Raman spectroscopy is an important technique for the analysis of molecules or 

particles. This is also sensitive to the vibration spectrum of molecules and is 

complementary to the IR analysis. Unlike IR active molecules, Raman active 

molecules do not depend upon the presence of a dipole moment but on the 

polarizability of the molecule. The technique is based on the Raman effect discovered 

by Sir C.V. Raman in 1928. Whenever scattering of the light occurs, the scattered 

light consists of two types viz. Rayleigh scattering and Raman Scattering. Rayleigh 

scattering is strong and has the same frequency (elastic scattering) as the incident 
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beam (v0), and the other is called Raman scattering. Raman scattering is inelastic 

scattering and has frequencies v0  vm where vm is a vibrational frequency of a 

molecule. Raman scattering is very weak (~10
-5

 of the incident beam). The decreased 

frequency (v0-vm) and increased frequency (v0+vm) lines are called the Stokes and 

anti-Stokes lines, respectively. The scattering is described as an excitation of the 

molecule to a virtual state which is lower in energy than a real electronic transition, 

with nearly coincident de-excitation and a change in vibrational energy. The 

scattering event occurs in 10
-14

 s or less. In Raman spectroscopy, the vibrational 

frequency (vm) is measured as a shift from the incident beam frequency vo. This shift 

provides information about vibrational, rotational and other low frequency transitions 

in molecules. Raman spectroscopy can be used to study solid, liquid and gaseous 

samples.  

The Raman effect is based on molecular deformations in electric field E 

determined by molecular polarizability, α. The laser beam can be considered as an 

oscillating electromagnetic wave with electrical vector E. On interaction with the 

sample it induces electric dipole moment (P) = αE which deforms molecules [174]. 

Fig. 2.6a shows the various possibilities of scattering after irradiation of the sample. 

A Raman spectrometer comprises of four components (1) excitation source (laser), (2) 

sample illumination and collection system, (3) wavelength selector and (4) detector 

and computer processing system. The FT-Raman spectrometer is preferred over the 

normal Raman spectrometer due to the advantage of measuring information of all 

frequencies at the same time. The instrumentation of FT-Raman spectrometer is 

similar to the normal Raman spectrometer with inclusion of a Michelson 

interferometer, which enables the simultaneous acquisition of signals of all 

frequencies along with the improved resolution. The laser is incident on the sample by 
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means of a lens and a parabolic mirror. The scattered light from the sample is 

collected and passed to a beam splitter and to the moving and fixed mirrors in the 

interferometer head. It is then passed through a series of filters and focused onto a 

liquid-nitrogen- cooled detector [167]. Raman spectra have been recorded on a 

Varian 7000 FT-Raman (Fig 2.6b) and discussed in Chapter 3 and 5. Prior to 

conducting Raman experiments on desired materials (PEDOT:PSS, PEDOT:PSS-

CNTs and PEDOT:PSS-PVA), we recorded Raman of the reduced graphene oxide 

(Fig 2.7) and we obtained similar results as reported earlier [175]. 

 

 

Fig. 2.6: (a) Energy level diagram for Raman scattering including Rayleigh, Stokes 

and anti-Stokes scattering and (b) optical image of Raman spectrophotometer (Varian 

7000 FT-Raman). 
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Fig. 2.7: Raman spectra of reduced graphene oxide (RGO). The D (disorder), G 

(graphite) and 2D (second harmonic motion of D band) bands observed at ~1330cm
-1

, 

~1580 cm
-1

 and 2645 cm
-1 

indicate the presence of RGO[175].  

 

Precautions: 

i) For safety reasons, the Laser key should always be in the OFF position, 

whenever the experiments are not being carried out. 

ii) Ensure that the chamber of the sample compartment is always clean after 

the experiments have been carried out. This is to prevent contamination 

that may affect measurements of subsequent spectra of other samples. 

 

2.3.5 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique that measures the elemental composition, empirical formula, 

chemical state and electronic state of the elements that exist within a material. XPS 

technique is based on photoelectric effect which refers to the emission of the electrons 

from the sample surface in response to exposure by soft x-ray incident light. This 

incident light gives sufficient energy to electrons of sample to be ‘knocked’ out from 
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the surface of the sample producing electrons (photoelectrons) of discrete energy 

containing chemical information about the surface analyte. The XPS process is 

schematically represented in Fig. 2.8a for the emission of an electron from the 1s 

shell of an atom. For each and every element, there is a characteristic binding energy 

associated with each core atomic orbital i.e. each element gives rise to a characteristic 

set of peaks in the photoelectron spectrum at kinetic energies determined by the 

photon energy and the respective binding energies. The presence of peaks at particular 

energies, therefore, indicates the presence of a specific element in the sample under 

study. Variation in elemental binding energies (chemical shift) arises from differences 

in the chemical potential and polarizability of compounds. These chemical shifts can 

be used to identify the chemical state of materials being analyzed. Furthermore, 

intensity of the peaks is related to the concentration of the element within the sampled 

region. XPS is not sensitive to hydrogen and helium, but can detect all other elements. 

The analysis and detection of photoelectrons in XPS requires the sample to be placed 

in a high-vacuum chamber. Since the photoelectron energy depends on X-ray energy, 

the excitation source must be monochromatic [176]. XPS measurements were 

performed using Kratos, Axis-Nova instrument (Fig. 2.8b) and has been discussed in 

Chapter 3, 4 and 5. Prior to conducting XPS experiments on desired paper electrodes, 

we have recorded XPS of the electrochemically deposited polyaniline (Fig. 2.9) and 

the observed peaks well matched with the data reported in literature [103]. 

Precaution: 

i) Liquid, volatile samples or any substance, which contaminate the chamber of 

the XPS instrument under the vacuum conditions, cannot be used to conduct 

XPS studies. 

ii) The wave length of the X-rays should be decided according to the material. 
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iii)  Monochromatic X-ray sources should be used for non biological samples. 

 

 

Fig. 2.8: (a) Schematic of the XPS process and (b) optical image of XPS instrument 

(Kratos, Axis-Nova). 

 

 

Fig. 2.9: XPS survey scan spectra for electrochemicaly deposited polyaniline. The 

analysis of the PANI films shows the presence of N (1s) (~400 eV), C (1s) (~285 eV), 

Cl (2p) (~199 eV) and O (1s) (~532 eV). The elements carbon and nitrogen originate 

from the PANI backbone, whereas the element chlorine is a counter ion in the case of 

the protonated PANI samples [103]. 
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2.3.6 Scanning electron microscopy (SEM) 

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons via electrostatic lenses or magnetic lenses to examine objects on a very fine 

scale. The signals that derive from electron-sample interactions reveal information 

about the sample including external morphology (texture, shape and size), chemical 

composition and crystallographic information (orientation of materials making up the 

sample). In most applications, data are collected over a selected area of the surface of 

the sample and a 2-dimensional image is generated that displays spatial variations in 

these properties. The accelerated electrons in an SEM carry significant amount of 

kinetic energy and this energy is dissipated as a variety of signals produced by 

electron-sample interactions when the incident electrons are decelerated in the solid 

sample. These signals include secondary electrons (that produce SEM images), 

backscattered electrons and X-rays. Fig. 2.10 shows a Schematic revealing the 

components of SEM. An electron gun at the top of the microscope produces a beam of 

electrons. Normally tungsten is used for thermionic electron gun owing to its highest 

melting point and lowest vapor pressure of all metals. The electron beam is confined 

and focused using magnetic lenses into a thin, focused to obtain a monochromatic 

beam. This beam is focused onto the sample. The electron beam is scanned over the 

specimen in a series of lines and frames called a raster. Once the beam hits the 

sample, electrons and X-rays are ejected from the sample. Detector converts them into 

a signal that is sent to a screen [177-178].  

SEM analysis is known to be non-destructive. The X-rays generated by 

electron interactions do not lead to volume loss of the sample, hence it is possible to 

analyze the same materials repeatedly. One disadvantage of the electron microscope is 

that insulating samples cannot be analyzed directly as they get charged due to incident 
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electrons and images become blurred/faulty. Therefore insulating solids are coated 

with a very thin metal film like gold or platinum (<10 nm) making them conducting 

without altering any essential details of the sample. The metal film is usually sputter 

coated on the sample to be investigated prior to the introduction into the electron 

microscope.  

 

Fig. 2.10: Schematic representation of scanning electron microscope. 

 

 

Fig. 2.11: (a) Optical image of SEM Hitachi model S-3700N and (b) SEM image of    

Whatman filter paper 1. 
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Electron microscopes can be used for elemental analysis of sample using an 

attachment known as energy dispersive analysis of X-rays (EDX) spectroscopy. The 

high energy electrons striking the sample produce characteristic X-rays of atoms with 

which they interact. When analysis of the energies and intensities of such 

characteristic X-rays are compared, one can obtain the composition analysis of the 

sample under investigation. The display is a histogram of the X-ray energy received 

by the detector, with individual peaks, the heights of which are proportional to the 

amount of a particular element in the specimen being analyzed. SEM and EDX 

measurements were performed using Hitachi S-3700N instrument (Fig. 2.11a) and 

have been discussed in Chapter 3, 4 and 5. Prior to obtained the scanning electron 

micrograph of modified paper electrodes, we have obtained SEM image of Whatman 

filter paper 1(Fig. 2.11b) and observed the same results as reported earlier [179]. 

Precautions: 

i)  If the electrical conductance of the sample is poor, then a few Å thick 

conductive gold coating should be done by sputtering to obtain better 

resolution. 

ii)  The dimensions of the sample should be ~ 0.5 cm × 0.5 cm. 

 

2.3.7 Transmission electron microscopy (TEM) 

Transmission electron microscope is used for investigating the morphology, 

composition and crystallographic information of nanomaterials. This technique 

provides high resolution (~0.5 nm). The accelerated electrons in TEM are transmitted 

through the specimen. Thicker parts allow lesser number of electrons to be 

transmitted and will thus appear darker on hitting the fluorescent screen, as compared 

to the thinner counterparts of the same specimen. Thus obtained final image is 
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displayed in real time on the computer monitor. Electrons of very high energy 

(typically >50 KeV) are used which pass through a series of magnetic lenses. 

Schematic of TEM is shown in Fig. 2.12. The basic components of TEM are electrons 

source, condenser lens, specimen, objective lens, diffraction lens, intermediate lens, 

projector lens and a fluorescent screen in the given order. TEM is housed in a 

chamber having high vacuum ~10
-3
–10

-4
 Pa for its proper functioning[167]. 

Moreover, TEM has an additional advantage to obtain diffraction patterns of the 

sample, by enabling it to understand the detailed crystal structure analysis of the 

sample. Using diffraction analysis we can be used to find out size dependent changes 

in the lattice parameters as well as defects in the sample. It is also possible to analyze 

single particles of very small (nanometer) dimensions. In our present work ,the TEM 

samples were prepared by dispersing powder/liquid sample in ethanol and a small 

drop of this solution is cast onto carbon coated copper grid. TEM studies were carried 

out using JEOL JEM, TEM system (Fig. 2.13a) at accelerating voltage of 200 KeV. 

Before conducting TEM of the synthesized nanomaterials we performed TEM of the   

nanostructured zirconia (ZrO2) grafted reduced graphene oxide (RGO) (shown in Fig. 

2.13b) and it is well matched with reported literature [180]. The results of TEM 

studies of the synthesized nanomaterials have been discussed in Chapter 3 and 4, 

respectively. 

Precautions: 

i) Selection of the solvent for TEM analysis should be such a way that it does 

neither interfere with the sample nor damage the grid. 

ii) The energy of the electrons beam should be optimized as per the need of 

the sample. 
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iii) TEM specimen must be ~ 1000 Å or less in thickness in the area of 

interest. 

 

 

Fig. 2.12: A schematic showing various components of TEM. 

 

 

 
 

Fig. 2.13: (a) Optical image of JEOL JEM, TEM instrument and (b) TEM image of 

nanostructured zirconia (ZrO2) grafted reduced graphene oxide (RGO). 
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2.3.8 Tensile measurements 

Tensile measurement is the most fundamental type of mechanical test that can 

performed on materials. In this measurement, materials are pulled in a controlled 

manner while measuring the applied load and elongation of the material over some 

distance. The obtained curve reflects the behavior of materials under stress condition 

[181]. This curve can be converted into a stress versus strain curve by dividing the 

load and elongation by constant values (material dimensions). Therefore, load-

elongation curve has the same shape as the stress-strain curve and it is unique for each 

material. Tensile tests are used to determine tensile strength, tensile modulus, 

extension of break and other tensile properties. A typical stress-strain curve is shown 

below: 

 

Fig. 2.14: A typical stress-strain curve.  

The stress-strain plot can be divided into two distinct regions; plastic 

deformation and elastic deformation. The deformation which occurs in elastic region 

is temporary and is revived when the load (stress) is removed whereas the 

deformation in the plastic region is permanent even after the load (stress) is removed. 

Moreover, tensile strength is defined as the maximum stress the material can 

withstand. It is indicative of the strength obtained from determinants such as fiber 
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strength, fiber length, and bonding. Fracture point is the point where material breaks 

apart.  

The most common testing machine used in tensile testing is the universal 

testing machine. This type of machine has two crossheads; one is adjusted for the 

length of the material and the other is driven to apply tension to the test material. In 

present work, universal testing machine (UTM, Instron 3369, Fig. 2.15a) has been 

utilized to investigate the tensile strength properties of modified paper. The 

preconditioned test samples (50 × 10 × 0.18 mm) were mounted between grips of the 

machine with span length 27 mm and pulled at cross head speed of 5 mm min
−1

. 

Before conducting tensile measurement of modified paper electrode, we performed 

the tensile measurement of the Whatman filter paper 1(Fig. 2.15b) and it well 

matches with reported literature [182]. The results of the tensile measurements of the 

modified paper electrodes are discussed in Chapter 5. 

 

 

Fig. 2.15: (a) Optical image of universal testing machine (UTM, Instron 3369) and (b) 

Tensile strength versus strain curve of Whatman filter paper 1. 
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Precaution: 

i) Test material should be properly aligned so that proper reading could be 

obtained. 

ii) If the initial portion of the stress–strain curve is curved and not linear, it 

indicates the specimen is misaligned in the testing machine. 

 

2.3.9 Contact angle (CA) measurement  

Contact angle (CA) is the angle at which a liquid/vapor interface meets a solid 

surface. The CA is specific for any given system and is determined by the interactions 

across an interface. It depends upon surface roughness, surface condition and surface 

material. CA describes the shape of a liquid droplet resting on a solid surface. When a 

tangent line is drawn from a droplet to touch the solid surface, the angle between the 

tangent line and the solid surface is known as the contact angle. This technique is 

surface sensitive and has the ability to detect surface properties such as surface 

energy, wettability and adhesion [183]. The contact angle measurements were carried 

out to investigate the hydrophilic/hydrophobic character of the surface that can be 

correlated to material behavior/deposition as well as the immobilization of 

biomolecule onto the electrodes by Sessile drop method [184]. The Sessile drop 

method is used to estimate wetting properties of a localized region on a solid surface 

by measuring the angle between the baseline of the drop and the tangent at the drop 

boundary. Interaction between liquid and solid surface is very important. When the 

contact angle is less than 90°, the surface is known as hydrophilic and if it is more 

than 90°, it is hydrophobic. If the angle is above ~150°, it is superhydrophobic and if 

it is less than ~20°, it is superhydrophilic. The angle which distinguishes between 
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superhydrophilic and hydrophilic or hydrophobic and superhydrophobic is not very 

precise and can vary within 5°–10°.  

 

 

Fig. 2.16: (a) Optical image of CA meter (Data Physics OCA15EC) and (b) CA 

image of ITO electrode.  

 

The CA measurements were taken by the Sessile drop method using Data 

Physics OCA15EC (Fig. 2.16a). Fig. 2.16b shows the contact angle of the standard 

ITO electrode indicating its hydrophilic nature of surface [184]. The results of CA 

measurements conducted on the modified paper electrodes have been discussed in 

Chapter 5. 

Precautions: 

i) Calibration of the instrument should be done using a photographic film 

standard (sapphire ball standard) because it is a 3D object that requires 

proper lighting and camera angle. Even more importantly, it demands 

finding the baseline accurately, which is the difficult part of contact angle 

measurements. 

ii) The needle tip must be small compared to the drop such that fluid adhesion 

does not distort the drop shape.  
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iii) The expansion or contraction of volume must be slow enough that 

equilibrium conditions prevail.  

iv) The measurements should be carried out soon after the drop shape 

stabilizes. 

 

2.3.10 Electrochemical techniques 

Electrochemistry is an analytical technique that is used to measure the 

potential, charge or current to characterize chemical reactivity of an analyte or to 

determine the analyte concentration [185]. The electrochemical techniques deal with 

the processes that occur in a system on application of electric potential or current. In 

most electrochemical techniques, there are three electrodes; the working electrode 

(WE), the reference electrode (RE) and the counter (or auxiliary) electrode (CE). The 

three electrodes are connected to a potentiostat, an instrument that controls the 

potential of the working electrode and measures the resulting current. In a typical 

electrochemical experiment, a potential is applied to the working electrode and the 

resulting current is measured and plotted versus time. In another, the potential is 

varied and the resulting current is plotted versus the applied potential. During the 

electrochemical reaction (in a solution), the equilibrium concentration of the reduced 

and oxidized forms of a redox couple are linked to the potential (E) via Nernst’s 

equation:     

       
  

  
  

    

    
                         ……………. Eq. 2.6 

where E0 is equilibrium potential, F is Faraday’s constant, T is absolute temperature, 

Coxi and Cred are concentrations of oxidation and reduction centres. For each redox 

couple, there is a standard potential (Eo) at which the reduced and oxidized forms are 

present in equal concentration. If the potential (E) with respect to the reference 
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electrode is applied to the working electrode, the redox couples present at the 

electrode respond to this change and adjust their concentration ratios according to Eq. 

2.6.  

We used chronoamperometry and electrochemical impedance spectroscopy 

(EIS) techniques for the electrochemical characterization of different paper electrodes 

and immune-electrodes (Chapter 3, 4 and 5). For this purpose, a Potentiostat/ 

Galvanostat from Autolab (EcoChemie, Netherlands) (Fig. 2.17) using a three 

electrode system with a Ag/AgCl as a reference electrode, platinum wire as the 

counter electrode and modified paper as a working electrode were used. All 

measurements were recorded in a clean environment and under unstirred buffer 

conditions to minimize the errors. 

 

 

Fig. 2.17: Optical image of Autolab Potentostat/Galvanostat, EcoChemie, 

Netherlands. 

 

(a) Chronoamperometry technique 

Chronoamperometry uses a step potential that is applied between the working 

and reference electrode while the steady state current is measured as a function of 

time [186]. During this process a diffusion layer is formed between the surface of 

electrode and solution, which controls the transfer of analyte from the bulk solution of 

higher concentration to the electrode. There is thus a concentration gradient from 
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solution media to the electrode surface. Chronoamperometric measurement yields a 

better signal to noise ratio than other electrochemical techniques [142]. In the 

chronoamperometric measurement, charge transfer to/from the redox-active species as 

a function of time at constant applied voltages begins with an initially large capacitive 

current. On the decay of the initial capacitive current, Faradic current (the current that 

is proportional to the concentration of the analyte) dominates. The current (i) decays 

as function of time (t
-1/2

) as described by the Cottrell equation (Eq. 2.7) [142]. 

   
        

        
                               …………………..Eq. 2.7 

Where n = stoichiometric number of electrons involved in the reaction, F = Faraday’s 

constant, A = electrode area, C = initial concentration of the reactant and D = 

diffusion constant of analyte.  

 

Fig. 2.18: Chronoamperometry plot obtained for PEDOT:PSS/ITO electrode. 

 

Fig. 2.18 shows the chronoamperometric curve of ITO and PEDOT:PSS/ITO 

electrodes recorded at 2V in phosphate buffer saline (PBS, 50mM, pH 7.0, 0.9% 

NaCl) containing 5mM [Fe(CN)6]
3-/4-

for 120 s, which is in agreement with literature 

[187]. It was observed that, initially large electrochemical current was produced 
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which decays within a few seconds after which faradic current dominate and stable 

current is generated.  

(b) Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is an effective tool to measure 

the impeded flow of ions through solution, interface and coatings, for studying 

interfacial properties of the surface-modified electrodes. The EIS technique is 

commonly applied for the investigations of electrode kinetics,  adsorption behavior 

and interaction of biomolecule with the electrode surface. Electrochemical 

impedance is usually measured by applying an AC potential (sinusoidal alternating 

voltage) of different frequencies to an electrochemical cell and measuring the current 

through the cell. The resulting current signal lags the voltage by a phase of φ. The 

time dependent signal Z(t) is converted into a frequency dependent signal Z(ω) by a 

Laplace transformation, whereby the impedance becomes a complex number and 

can be calculated as follows (Eq. 2.8) [188].  

Z (ω) = E / I = E0 cos (ω t) / I0 cos (ω t + φ) = Z0 exp (iφ) = Z0 (cos φ +i sin φ) 

…………… Eq. 2.8 

ω: frequency of the applied potential, φ: phase angle, E: alternating voltage, E0: 

amplitude of the alternating voltage, I: alternating current and I0: amplitude of the 

alternating current  

Z
2 

= Zim
2
 + Zreal

2 
                                ……………..Eq. 2.9 

However, Nyquist plot (Fig. 2.19) represents the real part of impedance at X-axis 

and imaginary part at y-axis. This Nyquist plot can be modeled by an equivalent 

circuit (Randles circuit) comprising of the solution resistance (RS), charge transfer 

resistance (Rct), Warburg impedance (ZW) and double layer capacitance (Cdl) (Fig. 

2.20). 
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Fig. 2.19: Nyquist  plot  with  depressed  arc  where,  the  polarization  is  due  to 

combination of kinetic and diffusion processes [189].  

 

 

Fig. 2.20: The  electrode-solution interface can be modeled by an equivalent circuit 

(Randles circuit) comprising of the solution resistance (RS), charge transfer 

resistance (Rct), Warburg impedance (ZW) and double layer capacitance (Cdl) [190]. 

 

Nyquist plot, (a faradic impedance spectrum) includes a semicircle region 

observed at higher frequency corresponding to electron- transfer limited process and 

is followed by a linear straight line at 45
o
  to the real axes at lower frequencies, 

revealing diffusion-limited electron transfer process as shown in Fig. 2.19. The 

semicircle diameter of EIS spectra gives value of Rct that reveals electron-transfer 

kinetics of redox probe at the electrode interface. Moreover, RS and Warburg 

impedance (ZW) represent bulk properties of the electrolyte solution and diffusion of 

applied redox probe, respectively. ZW can be estimated from the Nyquist plot to 

describe the electrical response at electrode. It can be expressed as an intercept of the 

straight line having slope of 45°. 
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Fig. 2.21: Electrochemical impedance spectra of PEDOT:PSS/ITO electrode recorded 

in PBS solution (pH 7, 50 mM, 0.9% NaCl) containing 5 mM [Fe(CN)6]
3-/4-

 as redox 

probe . 

 

Fig. 2.21 shows the Nyquist plot obtained for PEDOT:PSS coated ITO in  

PBS solution containing 5mM [Fe(CN)6]
3–/4–

 at 0.01 V biasing potential conducted in 

the frequency range, 100 KHz to 0.01 Hz. The diameter of the semicircle in the 

Nyquist plot gives magnitude of the charge transfer resistance (Rct), which is in 

agreement with previous literature[191]. The charge transfer resistance (Rct) of 

electrode depends on the dielectric characteristics of the electrode/electrolyte 

interface. 

The heterogeneous electron transfer rate constant (Kct) of various modified 

conducting paper can be evaluated using equation Eq. 2.10. 

    
  

            
                ……………..Eq. 2.10 

where R is the gas constant, T is absolute temperature (K), F is the Faraday constant, 

A is the electrode area (cm
2
), Rct is the charge transfer resistance obtained from 

Nyquist plot (EIS), [S] is the bulk concentration of redox probe (mol/cm
3
) and n is the 

number of transferred electron per molecule of the redox probe. 
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Precautions: 

i) The solution should not be under stirring condition. 

ii) There should be no reacting species present in electrolyte that may 

compete with redox probe for electrons. 

iii) In case, Ag/AgCl is used as a reference electrode, the solution containing 

the electrolyte must be kept unstirred while taking observations. 

 

2.4 METHODS OF IMMOBILIZATION OF ANTIBODIES ONTO 

MODIFIED PAPER SUBSTRATE 

 
An important factor towards the development of paper based biosensor is the 

stability of the biomolecule. In order to obtain stabilized biomolecule with activity for 

long periods, these are fixed onto desired solid supports. The process is known as 

immobilization. The selection of the immobilization technique used to attach the 

biological material to a transducer surface is crucial to the operational behavior of a 

biosensor as the success of a biosensor relies on how well a biomolecule (antibodies, 

enzymes, DNA, aptamer etc) bonds to a desired biosensor surface and remains active 

during a desired application. Commonly used methods include physical adsorption, 

entrapment and covalent binding using activators or cross-linkers. Among these 

physical adsorption and covalent immobilization, are most frequently used (Fig. 

2.22). 

 

Fig. 2.22: Schematic presentation of developed immobilization methods. 

Physical adsorption Cross linkingCovalent binding Entrapment
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 2.4.1 Physical adsorption 

This method of immobilization involves the physisorption of biomolecule onto 

the matrix and the forces involved are mostly electrostatic, such as vander Waals 

forces, ionic and hydrogen bonding interactions, although hydrophobic bonding is 

also significant [192]. These forces are very weak, but sufficiently large in number to 

enable reasonable binding. The advantages of this immobilization technique are: (a) It 

causes little or no conformational change in the biomolecule, (b) No reagents and only 

a minimum of activation steps are required (c) reversible to allow regeneration with 

fresh antibody/nucleic acid/enzymes/cells. This method can be used for immobi-

lization of a biomolecule onto the modified paper surface due to strong adsorption 

properties of paper. We have employed this method in PEDOT:PSS-RGO, 

PEDOT:PSS-CNTs and PEDOT:PSS-PVA electrospun nanofibers modified paper 

substrate for anti-CEA immobilization (Chapter 3, 4 and 5). Physical adsorption may 

also lead to non-specific binding and overloading of the biomolecule on the matrix.  

2.4.2 Covalent immobilization 

Covalent binding of biomolecule to a surface is another method of 

immobilization and is based on the binding of functional group (such as –NH2, –SH, 

–OH etc.) of biomolecule and matrix via covalent bonds. This method can be 

employed to improved uniformity, density and distribution of the bound proteins, as 

well as reproducibility on the surfaces. However, it overcomes the problems of 

instability, diffusion and aggregation of enzymes in entrapment or adsorption 

techniques. The two main precautions which should be taken during covalent 

attachment are: (a) the binding reaction must be performed under conditions that do 

not cause loss of biomolecule activity, and (b) the active site of an enzyme must be 

unaffected by the reagents used. Considering the presence of –COOH groups in the 



81 
 

CNTs, PEDOT:PSS-CNTs modified paper matrix used for covalent immobilization of 

antibodies (anti-CEA) (Chapter 4).  This immobilization method involves amide 

bond formation between –NH2 group of aminated antibodies and COOH group of 

CNTs using EDC (0.4 M) as coupling agent and NHS (0.1 M) as activator. 

2.4.3 Chemical cross-linking 

Cross-linking of a biomolecule with the matrix occurs by means of a bi- or 

multifunctional reagent, such as glutaraldehyde and toluene di-isocyanate. Since the 

biomolecule is covalently linked to the support matrix, very little or no desorption 

occurs. Glutaraldehyde (Glu) is one of the most commonly used cross-linker for 

immobilization of biomolecule via –NH2 group [193]. 

2.4.4 Physical entrapment 

Immobilization by entrapment differs from adsorption and covalent binding 

where the enzyme molecules are free in solution, but restricted in movement within 

the layers of matrix or membrane[194]. It is accomplished in such a way that matrix 

retains the desired biomolecule, yet at the same time it allows free movement of 

substrates and products. One of the drawbacks of this technique is the large diffusion 

barrier to the transport of substrate and product results in increase of response time of 

the system as compared to other techniques. 

 

2.5 CHARACTERISTICS OF A BIOSENSOR  

2.5.1 Linear range, sensitivity and detection limit  

The range of concentration over which current response varies proportionally 

as a function of analyte concentration is called linear detection range of the biosensor. 

We used chronoamperometry technique to estimate the linear detection range 

(Chapter 3, 4 and 5). The sensitivity is defined as “current response per unit change 
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of analyte concentration” and it can be estimated from the slope of the linearity curve. 

Further the limit of detection (LOD) has been determined by Eq. 2.11. 

LOD = 3σ/m                               …………………….. Eq. 2.11 

Where m is slope and σ is standard deviation of the linearity curve. 

2.5.2 Shelf life and reproducibility of the bioelectrode 

The life time of the biosensor can be determined by measuring parameters like 

shelf-life (storage stability; duration for which the sensor is considered suitable for 

use or it can retain maximum activity) and reproducibility (measure of the scatter or 

the drift in a series of observations or results performed over a period of time)[195]. 

Materials utilized for the sensor fabrication, morphology of the fabricated film and 

method of biomolecule immobilization are some of the factors that may affect the 

stability of the bioelectrode. Shelf life can be calculated by measuring the current 

response of the bioelectrodes at the regular interval of time whereas to estimate the 

reproducibility the number of times the bioelectrode can be utilized is important. 

 

2.6 CONCLUSIONS 

The X-ray diffraction, Raman spectroscopy, Fourier transform infrared 

spectroscopy, X-ray photoelectron spectroscopy, Scanning electron microscopy and 

Transmission electron microscopy techniques  described in this Chapter were utilized 

for the structural and morphological analysis of nanocomposites, fabricated 

nanomaterial modified paper electrode and functionalized paper based bioelectrodes. 

Electrochemical impedance spectroscopy and chronoamperometry techniques were 

used to reveal the electrochemical behavior and to study the biosensing response of 

nanomaterial modified conducting paper immune-electrodes towards the 

carcinoembryonic antigen (CEA) detection. The various methods employed for the 
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immobilization of the desired biomolecules and the protocols used for the estimation 

of various parameters relating to the performance of the paper biosensor have also 

been discussed in the present Chapter. The next Chapter deals with the studies relating 

to the fabrication of a paper based sensor comprising of PEDOT:PSS-RGO composite 

for carcinoembryonic antigen detection. 
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CHAPTER 3 

 

Reduced Graphene Oxide Modified 

Conducting Paper Sensor for Cancer 

Detection 
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3.1 INTRODUCTION 

Graphene is an allotrope of carbon that is tightly packed into a two 

dimensional (2D) honeycomb lattice. Each carbon atom in graphene has four bonds, 

three in plane σ bond and one out of plane π bond that are associated with the 

neighboring carbon atoms. Besides this, each carbon atom is separated by 1.42 Å. Its 

stability is due to its tightly packed carbon atoms and a sp
2
 hybridization wherein the 

combination of S, Px and Py orbitals constitute the σ-bond. The final Pz electron makes 

the π-bond and the π-bonds hybridize together to form the π-band and π*-bands. 

These bands are responsible for most of its notable electronic properties arising due to 

the half-filled band that permits free-moving electrons [196-197]. Reduced graphene 

oxide (RGO), a derivative of graphene has been found to have  interesting properties 

such as high surface area, increased concentration of defects, electroactive sites and 

presence of oxygen containing functional group (especially carboxyl) [15]. Its 

abundant defects and chemical group facilitate charge transfer and offer the 

convenience and flexibility for functionalization to enhance the electrochemical 

performance of the sensor. Several works have been reported on the use of RGO to 

fabricate improved biosensing platforms. Srivastava et al. used RGO for 

electrochemical detection of food toxin. This biosensor shows high sensitivity and 

improved stability [175]. Du et al. used functionalized graphene for fabrication of 

electrochemical biosensor to detect α fetoprotein, AFP (the cancer biomarker). The 

increased response was achieved due to increased loading of the biomolecule [198]. 

Wu et al. reported highly sensitive electrochemical immunosensor for cancer 

biomarker (carcinoembryonic antigen, CEA) detection using reduced graphene oxide-

tetraethylene pentamine (RGO-TEPA) modified glass carbon electrode. The RGO-

TEPA was used to enhance the concentration of amino groups that were used to form 
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covalent bond with the antibodies [88]. Elshafey et al. fabricated a sensitive and label 

free electrochemical biosensor based on gold nanoparticles integrated reduced 

graphene oxide (Au-RGO) modified electrode for the prognosis of cancer biomarker 

(p53). This  fabricated electrode provided a large surface area, stability and preserve 

the bioactivity of the biomolecule for immobilization of p53 antigen [199]. In spite of 

these developments, there is enough scope to improve the performance of the 

electrochemical biosensor by integrating RGO with suitable matrix. 

Paper is a flexible, lightweight, low cost, recyclable and biodegradable 

material.  Initially it was being used in packaging, display and storing information. It 

has recently been used as a sensor substrate. In 79 A.D. Pliny the Elder in his Historia 

Nature (encyclopedia) described a papyrus (Latin word of paper) based method for 

detection of tyrian purple dye and ferrous sulphate [200]. Gay-Lussac in 18
th

 century 

described the litmus paper test for acids and Hugo Schiff reported the first spot test 

for uric acid [91]. In 19
th

 century, many researchers developed dip stick and dry 

chemistry test using paper [201]. In 1903, Tsweet demonstrated the use of filter paper 

to isolate leaf pigments differentially from solution and Janos Plesch in 1906 used 

paper for sensitive detection of bilurubin in urine [200]. Further in 1950s 

electrophoresis on paper became a breakthrough for the separation of protein [202]. 

Martin and Synge were awarded the Noble prize (1952) in chemistry for invention of 

paper chromatography. In 1964 Ames Company launched first commercial paper test 

for blood glucose detection called Dextrostix. Following this in 1988, Unipath 

launched its first home pregnancy test kits [91, 203]. In 1995, US patent was filed on 

laminated assay device for detection of cholesterol by modifying paper substrate with 

hydrophobic printing [204]. With advancement in techniques and exploration of 

different materials paper has recently been rediscovered as a sensor substrate in 21
st
 



89 
 

century leading to the development of paper based devices [205-206]. Recently, paper 

based electrochemical biosensors are rapidly evolving for desired analytical and 

clinical applications since these are predicted to be simple, cost-effective, flexible, 

portable, consume low power and are disposable. These devices have potential 

applications in healthcare, detection of toxicants, explosives and environmental 

studies. Compared to conventional laboratory assays, these devices can be helpful for 

making speedy decision for therapeutics. Besides this, the testing can be performed 

near the vicinity of a patient [62, 103, 207-208]. To ensure the application of paper in 

an electrochemical sensor, it is essential to make it conducting. Many methods such as 

screen printing, inkjet printing, spin coating etc. have been used to incorporate 

conducting ink on a paper substrate [90, 104]. These methods require complex 

fabrication steps, additional instrumentation, and skilled personnel and are time-

consuming. Conducting polymers have been considered a promising candidate to 

obtain conducting paper due to delocalization of π electrons since they are known to 

facilitate rapid electron transfer, mechanical flexibility and solution processablity 

[209-210]. Doping of a conducting polymer has been found to enhance its electronic, 

optical, physical, chemical and electrochemical properties [20]. Among the various 

conducting polymers, poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) has been considered to be a interesting candidate for the development 

of a conducting paper due to its homogeneous entrapment in/on a  paper using simple 

dip coating method (Chapter 1). Moreover, the conductivity of PEDOT:PSS based 

paper can be significantly enhanced and tuned by treatment with a desired solvent. 

Further, incorporation of RGO in the PEDOT:PSS matrix may modulate the 

performance of a conducting paper in terms of electrochemical kinetics or signal 

stability and sensitivity [211-212]. 
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This Chapter pertains to results of the studies relating to the fabrication of a 

paper based sensor based on poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) and reduced graphene oxide (RGO) composite for carcinoembryonic 

antigen (CEA) detection . 

 

3.2 EXPERIMENTAL DETAILS 

3.2.1 Fabrication of PEDOT:PSS based conducting paper 

 The conducting paper (1cm×3cm) was prepared using a simple dip coating 

method. The PEDOT:PSS aqueous solution (1.3 wt%, PEDOT content 0.5 wt.%, PSS 

content 0.8 wt.%) purchased from Sigma Aldrich was ultrasonicated prior to use after 

which  3% ethylene glycol (EG) was added to the aqueous suspension of PEDOT: 

PSS. This solution was used to dip coat the Whatman filter paper 1 (procured from 

GE healthcare UK) rendering it conductive. It was then dried in a hot air oven at 100 

°C and was termed as conducting paper. 

3.2.2 Preparation of reduced graphene oxide (RGO) and PEDOT:PSS/RGO  

composite 

   

Graphene oxide (GO) was synthesized via improved Hummers method [213].  

It was reduced to RGO via hydrothermal method. Firstly, 100 mg of GO was 

dispersed in 70 mL of de-ionized water via ultrasonication. Subsequently, 80% 

aqueous solution of hydrazine hydrate was gradually added into this solution under 

constant stirring for 1 h. The resulting solution was poured into a 100 mL Teflon 

vessel and then placed in a stainless steel tank for hydrothermal treatment at 150 °C 

for 15 h. Once the reaction reached completion, the system was allowed to cool down 

to room temperature (27 °C). Thus obtained product was purified by repeated 

centrifugation using de-ionized water and ethanol, and subsequently dried at 60 °C 

overnight resulting in black powder of RGO. 
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For the preparation of PEDOT:PSS/RGO composite, PEDOT:PSS aqueous 

solution (1.3 wt%, PEDOT content 0.5 wt.%, PSS content 0.8 wt.%) was 

ultrasonicated prior to use  after which 3 % ethylene glycol was added into the 

aqueous suspension of PEDOT:PSS. Thereafter, the prepared RGO (7 mg) was added 

into 20 mL of the PEDOT:PSS solution. It was found that RGO got highly dispersed 

without sedimentation in PEDOT:PSS solution on being subjected to ultrasonication 

for 30 min.  

3.2.3 Fabrication of PEDOT:PSS/RGO based electroactive paper 

The Whatman paper (1cm×1cm) was dipped in PEDOT:PSS/RGO aqueous 

suspension (1.3 wt% of  PEDOT:PSS , 0.035wt% of  RGO ) containing 3% EG for 1 

h and then dried at 100 °C in a hot air oven. Thereafter it was treated with EG by 

dipping in EG solution for 20 min. The EG treated conducting paper was finally dried 

at 100 °C for about 1 h. A Schematic of the experiment is demonstrated in Fig. 3.1. 

 

 

Fig. 3.1: Schematic of proposed electroactive paper sensor. 

  



92 
 

3.3 RESULTS AND DISCUSSION 

3.3.1 Electron microscopy studies 

Transmission electron micrograph of the RGO exhibits curved sheet like 

structure with a fairly smooth surface (Fig. 3.2A). The observed lighter and darker 

regions indicate the presence of RGO. The lighter region pertains to a few layered 

graphene whereas the darker region corresponds to the multilayered graphene. The 

wrinkles and folds pertaining to the graphene sheet (sub-microns in size) are clearly 

visible. The selected area electron diffraction (SAED) pattern of RGO reveals 

hexagonal atomic structure and crystalline nature of the RGO sheets (Fig. 3.2B). The 

inner six member ring represents the [1100] plane. The visible six diffraction spots 

corresponding to [0001] indicate hexagonal symmetry of the [0001] diffraction of the 

RGO [214]. The RGO sheets appear to be uniformly covered with PEDOT: PSS (Fig. 

3.2C). The PSS molecules perhaps assist RGO dispersion via edge-to-face aromatic 

interactions between the RGO surface and the aromatic rings of the polymer which 

inhibits the hydrophobic graphene nanoplates from agglomeration, leading to a stable 

RGO dispersion in the polar solvent [215]. The diffused ring like structure observed 

(Fig. 3.2D) in the SAED pattern of PEDOT:PSS/RGO composite is because of the 

amorphous nature of PEDOT:PSS covering the RGO sheets. The SEM of PEDOT: 

PSS (Fig. 3.2E) coated paper indicates uniform adsorption of PEDOT: PSS over 

cellulose fibers of the paper. Because of the high porosity and tiny interfiber air 

spaces in Whatman paper, the PEDOT:PSS gets adsorbed into the paper through 

capillary action and after drying it produces uniform and stable film of PEDOT:PSS 

on the paper. Fig. 3.2F shows SEM of PEDOT:PSS/RGO coated paper. PEDOT: 

PSS/RGO is found to be uniformly adsorbed onto the cellulose fiber wherein some of 

RGO sheets are entangled in the fibrous network of Whatman paper. 
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Fig. 3.2: (A) TEM image of synthesized reduced graphene oxide (RGO) where darker 

region correspond to multilayer and lighter region corresponds to a few layer 

graphene (B) SAED of RGO, which confirms the hexagonal atomic structure and 

crystalline nature of the sheets. (C)  TEM image of PEDOT:PSS/RGO. (D) SAED 

pattern of PEDOT:PSS/RGO composite (E) SEM of PEDOT:PSS adsorbed onto 

Whatman paper (F) SEM of PEDOT:PSS/RGO Whatman coated paper. 

 

3.3.2 Electrical conductivity studies 

The PEDOT:PSS coated paper has been found to have conductivity of 

1.16×10
-4

 Scm
-1

. However, on addition of 3% ethylene glycol (EG) in PEDOT:PSS 

solution, the value of conductivity increases to 1.43×10
-3

 Scm
-1

. This is due to 

decreased columbic interactions between PEDOT and PSS molecules that perhaps 

contribute to reorientation of the polymer chains  resulting in improved charge carrier 

mobility [216]. Further, all studies were done with PEDOT:PSS doped with 3% 
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EG[217]. The PEDOT:PSS doped with 3% EG coated Whatman paper is termed as 

conducting paper.  

The enhancement in the conductivity of PEDOT:PSS film (coated on glass 

substrate) has been recently reported when the film is dipped in methanol and H2SO4 

[218-219]. This is due to ejection of the PSS ions from the PEDOT:PSS film dipped 

in the solvent, inducing conformational rearrangement of the PEDOT chains leading 

to higher conductivity. In the present case, effect of solvents such as methanol, H2SO4 

and ethylene glycol (EG) on electrical conductivity of the conducting paper has been 

investigated. We observed that EG treated flexible substrate (Whatman paper 1) 

shows the highest value of conductivity (3.57×10
-2

 Scm
-1

) in comparison to methanol 

(6.8×10
-3

 Scm
-1

), and H2SO4 (8.1×10
-3

 Scm
-1

). This is in accordance with a similar 

report wherein the effect of flexibility of material and polyelectrolyte adhesion to 

substrate was studied [220]. The increased flexibility of the EG treated conducting 

paper due to ejection of PSS results in strong non-covalent cooperative interactions 

between PEDOT and cellulose molecules leading to higher conductivities. We 

incorporated RGO in the PEDOT:PSS matrix for electrochemical studies since RGO 

is known to exhibit excellent electrochemical properties [15].
 
The

 
PEDOT:PSS/RGO 

based conducting paper dipped in EG (electroactive paper) shows almost similar 

conductivity value (3.12×10
-2

 Scm
-1

). The as-prepared electroactive paper shows 

greater degree of flexibility and efficient conductivity as demonstrated in Fig. 3.3. 

The effect of folding (-180° to 180°), repeated folding and unfolding on 

conductivity of the electroactive paper was investigated. Fig. 3.3D describes results of 

flexibility studies conducted on the electroactive electrode; wherein the positive and 

negative angle clearly reveal electrode folding in upward and downward direction, 

respectively. Relative conductivity [(ratio of measured conductivity (σmeas) to initial 
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conductivity (σo)] of electroactive electrode was measured as a function of folding 

angle. 

  

Fig. 3.3: Optical image of electroactive paper (A) foldable nature of electroactive 

paper (B, C) demonstration of LED emission when current flow through electoactive 

paper. Flexibility studies of PEDOT:PSS/RGO based electroactive electrode (D) 

Schematic diagram of electrode folding at different deformation angle. (E) The ratio 

of measured conductivity (σmeas) to initial conductivity (σo) of electroactive paper with 

respect to folding angle. (F) The ratio of measured conductivity (σmeas) to initial 

conductivity (σo) of electroactive paper verses folding cycle (1 cycle = 360°). 

 

Fig. 3.3E displays variation of the relative conductivity of electroactive 

electrode indicating deviation of upto 4% under different folding angles. This reveals 

that electrodes are flexible and there is negligible change in the conductivity.  The 

variation of relative conductivity of electrode with repeated cycle of folding and 

unfolding (manually) is shown in Fig 3.3F. It may be noted that the conducting paper 

folded after 30 cycles (1 cycle = 360° rotation) shows decrease of about 20% in 

relative conductivity due to tearing of the cellulose threads. A video pertaining to the 



96 
 

lighting of an LED lamp when current is passed through the multiple times folded 

electroactive paper is shown in video 3.1 (Please see the attached CD). 

Fig. 3.4A represents Schematic of the observed mechanism, showing 

enhanced conductivity of the EG treated conducting paper. The conducting paper 

comprises of PEDOT:PSS polymer chains wherein PEDOT molecules present in the 

core of the insulating PSS are highly conductive in nature. On being treated with 

ethylene glycol, the core-shell structure of the conducting paper becomes partially 

linear due to ejection of the PSS molecules. This exclusion of PSS from the surface is 

perhaps responsible for conformational changes in the polymer film that in turn 

results in increased conductivity. This has been further confirmed by Fourier 

transform infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy (XPS) 

studies. 

3.3.3 FT-IR and XPS studies 

FT-IR spectra of PEDOT:PSS/Whatman paper (curve i), conducting paper 

(curve ii) and conducting paper treated with EG (curve iii) are shown in Fig. 3.4B. 

FT-IR spectrum of PEDOT:PSS coated on Whatman paper (spectra i) exhibits 

characteristic absorption bands at near 670 cm
-1

 and 1060 cm
-1

, corresponding to C-S 

and  C-O stretching vibration of the thiophene ring in PEDOT [221]. The bands seen  

at 1010 cm
-1

, 1045 cm
-1

 and 1160 cm
-1

 represent –SO3
- 
symmetric and asymmetric 

stretching vibrations, respectively due to PSS [218]. The bands found at 1392 cm
-1

 

and 1537cm
-1 

are due to C-C and C=C, respectively. In the FT-IR spectrum of 

conducting paper (curve ii), the intense absorption band at 1060 cm
-1

 is due to 

addition of EG that causes conformational changes in the polymer structure. The 

absorption band at 1104 cm
-1

 and 1160 cm
-1

 represent –SO3
-
 asymmetric stretching 
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vibration whereas disappearance of –SO3
-
 symmetric stretching suggests molecular 

rearrangement in the PEDOT:PSS leading to increased electrical conductivity. 

 

 

Fig. 3.4: (A) The schematic illustration of the mechanism of conductivity 

enhancement on conducting paper surface by EG treatment. (B) The FT-IR spectra of 

(i) PEDOT: PSS/Whatman paper (ii) conducting paper (iii) conducting paper treated 

with EG (C) X-ray photoelectron spectra (XPS) of (i) conducting paper (ii) 

conducting paper treated with ethylene glycol.  

 

These results are in agreement with those observed for the conductivity 

measurements wherein increase in conductivity from ~1.16×10
-4

 Scm
-1

 to ~1.43×10
-3

 

Scm
-1

 occurred when EG was added into PEDOT:PSS. In the FT-IR of the EG treated 

conducting paper (curve  iii), the characteristic bands seen at 1104 cm
-1

 and 1160 cm
-1
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pertaining to the -SO
3-

 stretch of PSS are absent. This indicates removal of PSS from 

the conducting paper after EG treatment. This removal of PSS after EG treatment is 

perhaps responsible for the higher conductivity of the conducting paper due to 

increased exposure of PEDOT.  

Fig. 3.4C shows XPS spectra of i) conducting paper ii) EG treated conducting 

paper. The S(2p) binding energy peak seen at 168 eV corresponds to sulfur due to 

presence of PSS, and the doublet peak seen at 163.8 eV and 164.5 eV correspond to 

the presence of sulfur in PEDOT[22].
 
The S2p XPS intensity ratio of PEDOT/PSS 

increases from 0.721 to 0.760 after the conducting paper is treated with EG. This 

change indicates the removal of some of the PSS chains from the film. That perhaps 

causes conformational change in PEDOT:PSS due to the transition from coiled to 

linear form leading to increased exposure of PEDOT chains (Fig. 3.4A) [218]. The 

change in C/S molar ratio evaluated from the scan spectra decreases from 9.63 to 8.17 

after the conducting paper is treated with EG, is consistent with the removal of some 

PSS from the film. 

 

Fig. 3.5: (A) FT-IR spectra of electroactive paper (B) XPS spectra of electroactive 

paper 

 

FT-IR and XPS spectra obtained for the electroactive paper are shown in Fig. 

3.5. FT-IR spectra of electroactive paper (Fig. 3.5A) indicate an additional broad 
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absorption band at 1106 cm
-1 

that is attributed to C-OH stretching of graphene oxide. 

Further, the other observed IR bands are the same as seen in Fig. 3.4B, curve iii. XPS 

of electroactive paper is shown in Fig. 3.5B. The S2p XPS intensity ratio of 

PEDOT/PSS present in electroactive paper increases to 0.82. However, the 

conductivity of electroactive paper is almost equivalent to that of the conducting 

paper after EG treatment. This may perhaps be attributed to the presence of 

discontinuous and non-uniform RGO sheet resulting in increased distance between 

PEDOT chains within the fiber network. Further, the C/S molar ratio increases to 10.1 

due to presence of carbon content of RGO. 

3.3.4 Electrochemical studies  

To investigate the charge transfer phenomenon at the conducting 

paper/solution interface, the electrochemical impedance spectroscopy (EIS) studies 

were conducted at biasing potential of 0.01V in the frequency range, 100 KHz to 1Hz. 

The Randles circuit  is an equivalent electrical circuit that is commonly used to 

measure the electrochemical impedance comprising of an active electrolyte resistance 

RS in series with Rct (charge transfer resistance) in parallel combination of the double-

layer capacitance Cdl or constant phase element (CPE) of a Faradaic reaction. The 

diameter of the semicircle in the Nyquist plot gives magnitude of the charge transfer 

resistance (Rct) at the electrode surface
 
[222]. Fig. 3.6A shows EIS spectra of the (i) 

conducting paper, (ii) conducting paper treated with EG, (iii) electroactive paper. The 

curve fitting was done assuming Randles circuit [Rs (Rct Cdl)] of the electrochemical 

cell. The Rct obtained for conducting paper is 48 KΩ which is maximum (curve i). 

However, the significant decrease in Rct value upto 7 KΩ (curve ii) was observed in 

EG treated conducting paper. This is assigned to the conformational changes of the 

PEDOT:PSS chains from coiled to linear form leading to the higher conductivity due 
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to enhanced electron transfer between solution/electrode interface. It is observed that 

the Rct value further decreases to 2.8 KΩ (curve iii) in case of the electroactive paper. 

This may be attributed to excellent electrochemical properties and larger 2D surface 

area of RGO incorporated in the PEDOT:PSS matrix that increases the permeability 

of [Fe(CN)6]
3−/4−

 to the surface of paper electrode. The heterogeneous electron 

transfer rate constant (Kct) of EG treated conducting paper and electroactive paper has 

been calculated using Eq. 3.1
 
[223]. 

    
  

            
                                ……………… Eq. 3.1 

where R is the gas constant, T is absolute temperature, F is the Faraday constant, A is 

the electrode area (cm
2
), [S] is the concentration of redox probe (mol/cm

3
) and n is the 

number of transferred electrons per molecule of the redox probe. The heterogeneous 

electron transfer rate constant (Kct) value of the electroactive paper has been estimated 

as 1.9×10
-5

 cm s
-1

 which is 2.5 times better as compared to conducting paper treated 

with EG (7.6×10
-6

 cm s
-1

). This indicates that the RGO present in electroactive paper 

electrode exhibits faster electron transfer kinetics as compared to the EG treated 

conducting paper. Thus incorporation of the RGO results in improved electrochemical 

activity of the electroactive paper as compared to that of EG treated conducting paper. 

Fig. 3.6B shows results of the chronoamperometric studies (current vs. time) 

conducted on conducting paper and EG treated conducting paper at 2V every 0.1s. 

The higher value of the current observed for EG treated conducting paper electrode 

than that of conducting paper indicates increased electron transfer between solution 

and electrode due to conformational rearrangement in PEDOT polymeric chains. 

Further increase in the value of the electrochemical current in case of the electroactive 

paper electrode is attributed to enhanced permeability of the redox couple 

[Fe(CN)6]
3−/4−

 resulting due to RGO doping. It may be noted that electroactive paper 
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electrode exhibits improved electrochemical performance and signal stability than that 

of the EG treated conducting paper.  

 

  

Fig. 3.6: Electrochemical studies conducted on paper electrode (A) Electrochemical 

impedance spectra (B) Chronoamperometric plot obtained for (i) conducting paper (ii) 

conducting paper treated with EG (iii) electroactive paper (C) Electrochemical 

response studies of anti-CEA immobilized electroactive paper at different 

concentration of CEA (D) Calibration plot between the magnitudes of current 

recorded and CEA concentration (curve i); control experiment in absence of antibody 

(curve ii). Conducting paper: EG doped PEDOT: PSS solution coated onto whatman 

paper; Electroactive paper: EG and RGO doped PEDOT:PSS solution coated onto 

Whatman paper further treated with EG.  

 

3.3.5 Electrochemical response studies 

Electroactive paper has been used to detect the presence of cancer biomarker, 

CEA. The monoclonal carcinoembryonic antibodies (anti-CEA) (procured from 

Sigma Aldrich) are physically absorbed onto the PEDOT:PSS/RGO based 

electroactive paper (Fig. 3.1). The anti-CEA immobilized paper bioelectrode is 
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washed with phosphate buffer (PBS, 50 mM, 0.9% NaCl; pH 7.4) to remove any 

unbound antibodies. Different concentrations of the carcinoembryonic antigen (CEA) 

(1-10 ngmL
-1

) are prepared via further dilution of the stock solution (25µgmL
-1

). The 

response studies of anti-CEA/electroactive paper obtained as a function of CEA 

concentration (1-10 ngmL
-1

), were carried out in phosphate buffer saline (PBS, 50 

mM, pH 7.4) containing 5 mM [Fe(CN)6]
3−/4−

. 10µL of diluted antigen solution was 

added into the electrochemical cell for each antigen concentration. After adding each 

CEA concentration the current-time curve was recorded after every 300 s to ensure 

completion of the immunoreaction. The variation of the response current recorded as 

a function of CEA (1-10 ngmL
-1

) is shown in Fig. 3.6C. The decrease in 

amperometric current occurs upto a maximum of 10 ngmL
-1

. This can be attributed to 

the formation of antigen–antibody complex causing significant rearrangement over 

the electrode surface that diminishes charge transfer via [Fe(CN)6]
3-/4- 

leading to 

reduction in amperometric current [110, 224]. Fig. 3.6D indicates the calibration plot 

obtained between response current and CEA concentration (curve i). Furthermore, a 

control experiment was performed to check cross reactivity of the electroactive paper 

with CEA antigen in absence of the antibodies (curve ii). However, no significant 

change in current response was observed for the electroactive paper in the absence of 

antibodies as a function of CEA concentration. A linear relationship was observed in 

the range, 2-8 ngmL
-1

 with a sensitivity of 25.8 µAng
-1

mLcm
-2

 and follows the Eq. 

3.2. 

                                                                                                                                                                         

……………… Eq. 3.2 

We compared the sensing performance of the electroactive paper with the 

conducting paper treated with EG. For this, the electrochemical response studies were 
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carried out on the anti-CEA immobilized conducting paper treated with EG, in 

presence of different concentration of antigen. It was found that the electroactive 

paper was almost 6 times more sensitive than the conducting paper treated with EG 

for CEA detection. 

3.3.6 Stability, selectivity and reproducibility studies 

Fig. 3.7A shows variation of response current of the immuno-electrode (anti-

CEA immobilized electroactive paper) taken at a regular interval of 2 days. It was 

found that magnitude of current decreased to ~7% after 21 days. This indicated that 

the paper sensor exhibited good stability upto 21 days. The selectivity study of this 

paper sensor was investigated in the presence of cardiac troponin I (cTnI), 

cytokeratin-19 fragment (CYFRA-21-1), and endotheline-1 protein (ET-1) (2ngmL
-1

). 

Fig. 3.7B shows observed decrease in current response on addition of CEA (2ngmL
-1

) 

after which we do not observe any significant current change on addition of other 

antigen indicating high selective of the biosensor. The reproducibility of the five 

different immuno-electrodes fabricated under similar conditions was investigated in 

presence of 2ngmL
-1

 CEA concentration (Fig. 3.7C). It was found that this paper 

electrode showed good reproducibility for five different electrodes with constant 

surface area as is evident by low value of relative standard deviation (RSD) of 7.6% 

(mean value = 609µA). Further each measurement (Fig. 3.7C) was repeated 4 times 

for each electrode and the error bars were included accordingly. The low RSD 

obtained for each electrode (less than 5 %) indicates appreciable repeatability of the 

biosensor.  
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Fig. 3.7: (A) Electrochemical current response of anti-CEA immobilized electroactive 

paper electrode (immuno-electrode) measured as a function of time (day) (B) 

Electrochemical current response of immuno-electrode in the presence of other 

analytes (C) Electrochemical current response of different immuno-electrode 

fabricated via the same set of procedure in presence of CEA (2 ngmL
-1

) and (D) CEA 

concentration values obtained by immunoassay and the electroactive paper method. 
 

3.3.7 Real sample analysis 

The results obtained for serum sample of cancer patients using this 

electroactive paper sensor were validated using ELISA. The blood samples collected 

from patient and processed at the Rajiv Gandhi Cancer Institute & Research Centre 

(RGCI & RC) in Rohini, Delhi, India. Concentration of CEA in the serums of cancer 

patients was measured at RGCI&RC using the VITROS CEA reagent Pack and the 

VITROS CEA Calibrators on the VITROS ECi/ECiQ Immunodiagnostic Systems, 

VITROS 3600 Immunodiagnostic System and VITROS 5600 Integrated System using 

Intellicheck® Technology. It can be seen that a reasonable correlation occurs between 

the CEA concentration value obtained by immunoassay and the electroactive paper 
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based electrochemical method (Fig. 3.7D). As shown in Fig. 3.7D, the electroactive 

paper affords good recoveries and acceptable relative standard deviation.  

The sensing characteristics of the electroactive paper based electronic paper 

sensor are summarized in Table 3.1 along with those reported in literature. It may be 

noted that this low cost flexible electroactive paper sensor can be easily decomposed 

by simple incineration (video 3.2, please see the attached CD). Keeping in view the 

production of the medical diagnostics kits, this is an added advantage of this new 

environment friendly disposable electroactive paper sensor. 
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Table 3.1: The sensing characteristics of electroactive paper have been summarized along with some of those reported in literature. 

S. 

No. 

substrate Material Fabrication 

Method 

Detection Method Linear range and 

Sensitivity 

Stability Cost Reference 

1. Array of Gold 

electrode 

 

Thiol based self 

assembled monolayer 

Dip Coating Amperometry 0-200 ngmL
-1

 and 

3.8 nAmLng
-1

 

30 High [225] 

2. Gold electrode AuNP, O-aminophenol Drop cast Electrochemical Impedance 

Spectroscopy 

0.5-20  ngmL
-1

 and 

1.08×10
5 
Ωng

-1
mL 

 

- High [86] 

3. Glassy carbon 

electrode 

 

AuNP, MWCNTs, 

Chitosan 

Drop Casting Differential pulse 

voltammetry 

0.3-2.5 & 2.5- 20  

ngmL
-1

 

----- 

30 Moderate [87] 

4. Glassy carbon 

electrode 

Reduced graphene 

oxide-tetraethylene 

pentamine (RGO-TEPA) 

 

Drop Casting Differential pulse 

voltammetry 

0.05-20 ngmL
-1

 

----- 

10 Moderate [88] 

5. ITO AuNP, Hyperbranched 

polyester 

 

Dip coating Linear sweep stripping 

voltammetry 

0.01-80  ngmL
-1

 

----- 

30 Moderate [226] 

6. ITO 

 

Au-chitosan Drop cost 

 

Cyclic voltametry 2-20  ngmL
-1

 

----- 

14 Moderate [85] 

7. Whatman paper 1 PEDOT:PSS/RGO Dip  coating Amperometry 2-8  ngmL
-1

 and 

25.8  µAng
-1

mL 

21 Low Cost Present 

Work 
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3.4 CONCLUSIONS 

We have demonstrated a flexible and highly conducting paper sensor, based 

on composite of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: 

PSS) and reduced graphene oxide (RGO). It has been found that conductivity of the 

PEDOT:PSS conducting paper increases by 2 order of magnitude when it is treated 

with ethylene glycol. The incorporation of RGO in PEDOT:PSS conducting paper 

film indicates excellent electrochemical activity and faster charge transfer kinetics. 

This low cost, flexible and environment friendly conducting paper has been used for 

cancer biomarker detection. The fabricated PEDOT:PSS/RGO based electroactive 

paper shows sensitivity of 25.8 µAng
-1

mLcm
-2

 in the detection range of 2-8 ngmL
-1

. 

The results obtained for serum samples of cancer patients using this paper based 

sensor have been validated using ELISA. However, this paper sensor exhibit low 

detection range and there is considerable scope to improve the performance of 

conducting paper by selection of suitable solvent and dopant. The next Chapter 

contains results of studies relating to the development of an electrochemical 

conducting paper sensor based on formic acid treated carbon nanotubes. 

 

 

 

 

 

The results of these studies have been published in Biosensors and Bioelectronics, 

2015, 73, 114-22. 
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CHAPTER 4 

 

Carbon Nanotube Modified Conducting Paper 

Sensor for Cancer Detection 
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4.1 INTRODUCTION 

Carbon nanotubes (CNTs) are allotropes of carbon consisting of one-atom-

thick sheets of carbon (graphene) arranged in a long, hollow and cylindrical structure. 

This one dimensional nanostructure has high aspect ratio, where diameter is of the 

order of nanometer and length may comprise of several hundred micrometers [227]. 

Individual nanotubes align themselves into rope like structure via Van der Waals 

force, more specifically by pi-stacking. Chemical bonding of a carbon nanotube is 

entirely composed of sp
2
 nature, which is stronger than the sp

3
 bonds found in 

diamonds resulting in extraordinary strength, unique electrical and thermal properties 

of nanotubes [227-228]. The edge localized -COOH and -NH2 groups generated upon 

oxidation of CNTs can be utilized for covalent attachment of desired biomolecules, 

polymers and metallic particles [10, 229-230]. These excellent properties of CNTs 

have attracted considerable interest in biomedical applications such as drug delivery, 

tissue engineering, theranostics, electrochemical and biological sensor etc. [231-232]. 

For biosensing application, CNTs have been predicted to have a wide range of 

applications because of their excellent electrochemical properties, large surface area, 

ballistic electron transport and high mechanical strength. In addition, CNTs-modified 

electrodes can be employed to immobilize biomolecules and to minimize surface 

fouling effects [233]. There are several reports where CNTs have been employed to 

enhance the electrochemical performance of a biosensor. Singh et al. used 

functionalized CNTs for fabrication of electrochemical biosensor for food toxin 

detection. The fabricated biosensor shows high sensitivity and improved detection 

limit [233]. Rusling et al. used CNTs have been used to fabricate an ultrasensitive 

electrochemical biosensor to detect oral cancer biomarker, IL-6. This fabricated 

biosensor utilized CNTs as an immobilization matrix as well as to tag enzyme 
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(horseradish peroxidase, HRP) with secondary antibody to enhance sensitivity and 

detection limit [234]. Akter et al. used similar strategy to amplify signal of 

electrochemical biosensor by tagging secondary antibody with multiple HRP 

integrated CNTs for detection of cancer biomarker (prostate specific antigen, PSA). 

Herein, gold integrated CNTs were used to immobilize the primary antibody which 

enhances the long term stability of fabricated electrode [235]. Huang et al. fabricated 

a rapid, sensitive and highly stable electrochemical biosensor based on gold integrated 

chitosan modified CNTs electrode for prognosis of cancer biomarker (CEA) [87]. 

There is thus a lot of scope to improve the performance of electrochemical biosensor 

by integrating CNTs with a suitable matrix. In the above discussed report, 

conventional conducting substrate (indium tin oxide, gold, glassy carbon etc.) have 

been used for the fabrication of various electrochemical biosensor. These electrodes 

have high cost, are rigid, brittle, and their fabrication requires high temperature 

processing and expertise. Besides this, disposability of these materials continues to be 

a major challenge. Therefore, there is increased demand for the development of a 

paper based biosensor for clinical application as these are predicted to be simple, low 

cost, flexible, lightweight, biocompatible, and it can be easily disposed off by 

incineration [91, 236-237]. A conducting paper has been found to play an important 

role in the ongoing transition to the development of paper based electrochemical 

biosensors. Coupling of paper electronic devices (such as electrodes and transistors) 

with biological systems provides an efficient platform for conduction of both 

electronic and ionic charge carriers that play a major role for communication with a 

desired biomolecule [110, 143, 238-239]. Ge et al. used carbon nanotubes and 

glutarldehyde modified paper to fabricate the electrode array of Ag/AgCl reference 

and carbon counter electrodes for cancer biomarker detection [240].  Lei et al. 
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fabricated CNTs modified paper for detection of biotin-avidin binding and pH 

measurements. This method used a metal mask, vacuum filtration unit and 

polydimethyl siloxane (PDMS) for development of sensor on paper [241-242]. Koo et 

al. grew carbon nanotubes using chemical vapour deposition (CVD) on wax-printed 

Origami paper chip for potential application in elctroanalytical devices [243]. Wang et 

al. fabricated CNTs modified paper sensor via dip coating method for detection of 

environmental toxin, Microcystin-LR (MC-LR) [110]. However, CNTs are known to 

be insoluble in most solvents and difficulties in forming uniform film over large areas. 

The grafting of CNTs with polymer may improve the solubility of CNTs, prevent 

restacking of CNTs layer, and form free standing film with improved electrochemical 

properties [244-245]. The poly (3,4-ethylene dioxythiophene ) /poly(styrenesulfonate) 

(PEDOT/PSS) is considered a promising conducting material for fabricating 

conducting paper due to its high conductivity, solution processablity, uniform film 

forming ability, thermal stability, mechanical flexibility and homogenous adsorption 

on paper by simple dip coating method [90, 246]. The conductivity of the 

PEDOT:PSS can be tuned by chemical modification that depends on nature and the 

degree of doping [217-218, 247-248]. Keeping in view these advantages, we have 

fabricated a PEDOT:PSS/CNTs based efficient conducting paper via simple dip 

coating method to improve the electrochemical performance of conducting paper 

sensor for carcinoembryonic antigen (CEA) detection. 

 

4.2 EXPERIMENTAL DETAILS 

4.2.1 Fabrication of PEDOT:PSS based conducting paper 

The PEDOT:PSS aqueous solution doped with 5% EG was used to fabricate 

the conducting paper. The Whatman Paper 1 (1cm×3 cm) was dipped in aqueous 
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suspension of PEDOT:PSS (1.3wt%, 5% ethylene glycol) for 1 h and was then dried 

at 100°C in a hot air oven, was  termed as conducting paper (CP) after which it was 

further treated with formic acid by dipping it in formic acid for 20 min. The formic 

acid (FA) treated conducting paper (FA@CP) was finally dried at 100 °C for about 1 

h. 

4.2.2 Fabrication of CNTs doped conducting paper (CNTs/FA@CP) 

Firstly, 5 mg CNTs was doped into 10 ml of PEDOT:PSS aqueous solution 

(1.3wt%, 5% EG). Next, PEDOT:PSS/CNTs composite (1.3wt%, 5% EG, 0.05wt% 

CNTs) ultrasonicated for 1 h. It was found that CNTs were highly dispersed without 

sedimentation in PEDOT:PSS solution. Further, Whatman paper 1 was dipped in 

PEDOT:PSS/CNTs composite for 1 h and was then dried at 100 °C in a hot air oven 

after which it was further treated with formic acid by dipping it in the formic acid for 

20 min. The formic acid treated conducting paper was finally dried at 100 °C for 

about 1 h. A Schematic of the experiment is demonstrated in Fig. 4.1. 

4.2.3 Fabrication of CNTs doped conducting paper sensor (anti-CEA/CNTs/FA 

@CP)  

 

Anti-CEA monoclonal (20 µL, 100µgmL
-1

) antibodies were immobilized over 

the CNTs doped conducting paper treated with formic acid electrode (CNTs/FA@CP) 

via formation of a covalent bond between the carboxylic group of CNTs and the NH2-

terminal of the antibody via EDC-NHS coupling reaction. The anti-CEA were 

physically adsorbed over CNTs/FA@CP electrode via electrostatic interactions 

between biomolecules and the conducting paper. The electrode was then rinsed with 

phosphate buffer (PBS, 50 mM, pH 7.2, 0.9% NaCl) to remove any unbound 

antibodies. 0.1% of bovine serum albumin (BSA) in PBS was added to the antibody-

modified electrode to block the unspecific sites. After rinsing again with PBS, the 

electrodes were stored at 4 °C before carrying out the sensing studies. 
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Fig. 4.1: Fabrication and characterization of CNTs/FA@CP modified paper electrode. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Transmission electron microscopic studies 

Fig. 4.2a shows TEM image of the carbon nanotube indicating linear and a 

tubular structure with a few microns in length. The tubular structure with diameter 

ranging from ~25-30 nm can be seen in the inset of Fig. 4.2a. It appears that CNTs 

are uniformly dispersed in PSS via non-covalent stabilization. Hydrophobic portion of 

polymeric chains appear to cover the CNTs surface via edge-to-face aromatic 

interactions where as the hydrophilic part interacts with water molecules to make 

homogeneous dispersion of CNTs [249]. TEM image of PEDOT:PSS-CNTs 

nanocomposite is shown in Fig. 4.2b wherein uniformly dispersed CNTs are clearly 

visible at the PEDOT:PSS surface. 
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Fig. 4.2: TEM image of (a) carbon nanotube (b) CNTs/PEDOT:PSS composite (c) 

Raman spectrum of (i) PEDOT:PSS and (ii) PEDOT:PSS/CNTs composite [Inset 

shows the Raman of CNTs] (d) XRD pattern of PEDOT:PSS/CNTs composite and 

inset showing XRD of CNTs. 

 

4.3.2 Raman and X-ray diffraction studies 

The Raman peaks seen at 1259 cm
-1

,1368 cm
-1

, and 1441 cm
-1

 are associated 

with C-C in-plane symmetric stretching, C-C stretching deformation and Cα=Cβ 

symmetric stretching vibration respectively. The Cα=Cβ asymmetric stretching 

vibration gives rise to bands at 1504 and 1562 cm
-1

, corresponding to thiophene rings 

in the middle and at the end of the chains (Fig. 4.2c) [250-251]. Inset of Fig. 4.2c 

shows characteristic peak of CNTs at 1347 cm
-1

due to D band and 1575 cm
-1

 

attributed to G band [233].  The Raman spectrum of the PEDOT:PSS/CNTs hybrid 

shows peak shift from 1368 to 1361 cm
-1

 and 1562 to 1570 cm
-1

 indicating existence 

of interactions between the CNTs and the conjugated thiophene ring of PEDOT:PSS, 
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that can be associated  with electronic density transfer between constituent [250-251]. 

Similarly XRD spectra also shows a sharp peak centered on 2θ value 26.2° 

corresponding to the (002) plane of CNTs (inset of Fig. 4.2d shows XRD of CNTs 

confirming the presence of CNTs in PEDOT:PSS amorphous polymer [252]. 

4.3.3 Scanning electron microscopic studies 

The surface morphology of the various modified electrode was investigated 

using scanning electron microscopy (SEM) (Fig. 4.3). Image a shows SEM of the 

PEDOT:PSS coated paper, wherein conducting polymer is found to be uniformly 

adsorbed over the cellulose fibers of the paper. However, morphology of the 

PEDOT:PSS-CNTs coated paper (Image b) suggests that CNTs are incorporated 

throughout the surface. Most CNTs are entangled with PEDOT:PSS and cellulose 

fibers while some of these are clearly visible on the surface of the polymer coated 

paper. However, after the antibody functionalization (image c), surface morphology 

of the PEDOT:PSS-CNTs coated paper electrode exhibits a shiny appearance due to 

accumulation of the static charge, indicating successful immobilization of the 

antibodies. It appears that the antibody molecules cover the pores of the PEDOT:PSS-

CNTs coated paper surface. 

 

 

Fig. 4.3: SEM image of (a) PEDOT:PSS coated paper (b) CNTs/PEDOT:PSS coated 

paper (c) anti-CEA/CNTs/PEDOT:PSS paper sensor 
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4.3.4 Electrical conductivity studies 

The PEDOT:PSS coated paper shows electrical conductivity of 6.5×10
-4 

Scm
-1

 

whereas after doping with 5% ethylene glycol, the conductivity increases to 2.1×10
-3 

Scm
-1

. This is attributed to decreased columbic interactions between the positively 

charged PEDOT molecules and the negatively charged PSS that facilitate 

reorientation of the polymer chains resulting in enhanced charge carrier mobility. The 

increased crystal ordering and crystal size on addition of EG results in improved 

carrier mobility and electrical conductivity [216-217]. On treatment of this paper with 

formic acid, EG doped conducting paper electrode shows the highest electrical 

conductivity value (2.4×10
-2 

Scm
-1

) by 2 orders of magnitude compared to other 

solvent (methanol and sulphuric acid). The electrical conductivity enhancement is 

known to strongly depend on the dielectric constant of the chemicals used for 

treatment [218, 248]. The high dielectric constant of formic acid (58.5) screens the 

columbic interaction between positively charged conducting PEDOT and the 

negatively charged non- conducting PSS resulting in phase separation between them 

leading to removal of the PSSH and formation of interconnected PEDOT chains and 

enhanced conductivity. Further, we incorporated CNTs in the PEDOT:PSS solution 

(1.3wt%, 5% EG, 0.05wt% CNTs) for electrochemical studies since CNTs are known 

to exhibit excellent electrochemical activity, fast electron transfer and large surface 

area [253-254]. Formic acid treated CNTs doped conducting paper (CNTs/FA@CP) 

retains almost similar order of conductivity value (2.2×10
-2 

Scm
-1

) as compared to that 

of the formic acid treated conducting paper (FA@CP). 

The optical image of the CNTs modified conducting paper treated with formic 

acid (CNTs/FA@CP) shows high flexibility and conductivity as demonstrated in 

video 4.1 (Please see the attached CD) and Fig. 4.4 (a-d). Its fabrication does not 



119 
 

require any additional steps and it can be cut into desired shape and size. This 

platform holds great potential for application in the paper based electrochemical 

devices. In Fig. 4.4 (c-d) we demonstrate an efficient conductivity of paper electrode 

by lighting an LED when current is passed through multiple times folded conducting 

paper (video 4.1, Please see attached CD). It may be noted that this low-cost 

conducting platform can be easily decomposed by simple burning/incineration [Fig. 

4.4 (e-f)]. This is an additional advantage for electronic and biomedical waste 

management. 

 

Fig. 4.4: (a) Optical image of conductive and electrochemically active paper (CNTs/ 

FA@CP) showing (b) high flexibility (c-d) Lighting an LED lamp (e-f) easy to 

dispose off. 
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4.3.5 X-ray photoelectron spectroscopic studies 

In PEDOT:PSS, both PEDOT and PSS contain one sulfur atom per monomer. 

In PSS, sulfur is present as sulfonate moiety whereas PEDOT contains sulfur in 

thiophene ring and thus provides  different chemical environments since S(2p) 

electrons of PEDOT and PSS have different binding energies [22]. The S 2p band of 

PEDOT is found at lower binding energy whereas S 2p band of PSS is observed at 

higher binding energy. Each band splits into doublet of S 2p3/2 and S 2p1/2 component 

due to spin-orbital splitting of sulfur atom. Fig. 4.5a shows XPS spectra of the 

pristine PEDOT:PSS coated paper (curve i), EG doped PEDOT:PSS paper 

(conducting paper) (curve ii), formic acid treated conducting paper (curve iii). The 

observed slight change in peak intensity of conducting paper as compared to that of 

the PEDOT:PSS coated paper may be assigned to the conformational changes in 

PEDOT:PSS polymer. However after formic acid treatment there is decrease in peak 

intensity of PSS indicating exfoliation of PSS from conducting paper surface. Fig. 

4.5b shows XPS spectra of the pristine PEDOT:PSS coated paper that has been 

deconvoluted into the characteristic binding energy peaks. The S 2p3/2(S 2p1/2) peak at 

the binding energy near 163.7 (164.8) eV corresponds to sulfur atom of the PEDOT 

and the S 2p3/2 (S 2p1/2) peak seen at the binding energy near 168.3 (169.6) eV is due 

to sulfur atom present in PSS [191, 255]. The binding energy positions of these bands 

are almost same as in the case of the conducting paper (Fig. 4.5c). However, after the 

formic acid treatment, S 2p peak of PSS is shifted to lower energy level (Fig. 4.5d). It 

is observed that PSS peak of CNTs/FA@CP (Fig. 4.5e) is shifted towards the lower 

binding energy as compared to that of FA@CP around -0.3. The presence of (-0.5) eV 

is  due to high electron density in PSS because of charge transfer from CNTs to 
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electronegative sulfur atom indicating existence of interactions between the CNTs and 

the conjugated thiophene ring of PEDOT:PSS [252].  

   

 

Fig. 4.5: S (2p) XPS spectra of (a) modified papers, XPS curve fitting of (b) 

PEDOT:PSS coated Paper (c) Ethylene glycol doped PEDOT: PSS coated over paper 

i.e. conducting paper (d) conducting paper treated with formic acid (FA@CP) (e) 

CNTs doped conducting paper treated with formic acid. 

 

In PEDOT:PSS, PEDOT molecules are conductive in nature and are 

surrounded by the non-conductive PSS molecules [246]. On being treated with formic 
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acid, this core-shell structure of the PEDOT:PSS in conducting paper changes from 

coiled to partially linear due to ejection of PSS molecules that are perhaps responsible 

for enhanced connectivity between PEDOT chains. Therefore energy barrier for 

charge hopping is lowered resulting in enhanced charge transfer among the PEDOT 

chains. The ratio of PEDOT to PSS can be estimated from area under the curve. It is 

found that, there is no significant change in PEDOT to PSS ratio between 

PEDOT:PSS coated paper (1/1.33) and conducting paper (1/1.30). However, the ratio 

of PEDOT to PSS increases from 1/1.30 to 1/1.04 after conducting paper is treated 

with formic acid confirming removal of ~20% PSS from the surface. It appears that 

exclusion of PSS due to formic acid treatment is perhaps responsible for better 

connectivity between PEDOT chain that in turn result in increased conductivity. 

4.3.6 Electrochemical studies 

Fig. 4.6a shows results of the chronoamperometric studies obtained for (i) 

conducting paper, [CP] (ii) conducting paper treated with formic acid, [FA@CP] (iii) 

CNTs doped conducting paper treated with formic acid, [CNTs/FA@CP] (iv) anti-

CEA immobilized over CNTs/FA@CP, [anti-CEA/CNTs/FA@CP] at 2V on every 

0.1 s. The increased electrochemical response current of the FA@CP electrode (~0.65 

mA) than that of the CP electrode (~0.57 mA) is attributed to increased conductivity 

of the electrode due to removal of PSS from the film surface. Further increase in the 

electrochemical current value of CNTs/FA@CP electrode (~0.68 mA) can be 

assigned to high electrochemical activity of CNTs that enhances permeability of the 

redox couple [Fe(CN)6]
3−/4−

. Next, decrease in the value of electrochemical current 

observed after immobilization of anti-CEA onto CNTs/FA@CP electrode (~0.60 mA) 

is attributed to the hindrance caused by the CEA antibodies to the electron transport 

indicating immobilization of anti-CEA. 
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Fig. 4.6: Electrochemical characterization of modified paper electrode (a) 

chronoamperometric studies of modified paper electrode. Impedance spectra of (b) 

conducting paper (c) conducting paper treated with formic acid (FA@CP) (d) CNTs 

modified conducting paper treated with formic acid (CNTs/FA@CP) (e) anti-

CEA/CNTs/FA@CP paper electrode and circuit were fitted with equivalent randles 

circuit RS(Rct C). (f) Bode plot of different modified electrode. 

 

The electrochemical impedance spectroscopy (EIS) is an effective tool for 

investigating interfacial properties of the surface modified electrodes. Fig. 4.6 shows 

the Nyquist plot obtained for (b) conducting paper, [CP] (c) conducting paper treated 

with formic acid, [FA@CP] (d) CNTs doped FA@CP, [CNTs/FA@CP] and (e) anti-

CEA immobilized over CNTs/FA@CP, [anti-CEA/CNTs/FA@CP] in PBS solution 

containing 5 mM [Fe(CN)6]
3−/4−

 at 0.03V (biasing potential) in the frequency range, 
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100KHz to 50 Hz. The diameter of the semicircle in the Nyquist plot yields 

magnitude of the charge transfer resistance (Rct) of electrode that depends on the 

dielectric features of the electrode/electrolyte interface. 
 
It can be seen that Rct value of 

the conducting paper electrode (3.2 KΩ, Fig. 4.6b) decreases after the formic acid 

treatment (779.5 Ω, Fig. 4.6c). This is assigned to the high dielectric constant of the 

formic acid that facilitates decreased columbic interaction between PEDOT and PSS 

leading to removal of the PSS molecule. The exclusion of PSS (negatively charged 

and non-conducting in nature) from the conducting paper provides increased exposure 

of the  inter-connected PEDOT chains (positively charged and conducting in nature) 

that promotes permeability of redox probe, [Fe(CN)6]
3−/4−

 to the surface of FA@CP 

electrode. The value of Rct (564.8 Ω, Fig. 4.6d) for the CNTs/FA@CP electrode is 

smaller than that of the FA@CP electrode (779.5 Ω). This may be attributed to 

excellent electrochemical properties and larger surface area of CNTs that are 

incorporated in the PEDOT:PSS matrix resulting in increased permeability of the 

[Fe(CN)6]
3−/4−

 to the surface of CNTs/FA@CP paper electrode. Further, increase in 

the value of Rct (683.5 Ω, Fig. 4.6e) of anti-CEA/CNTs/FA@CP is attributed to the 

hindrance caused by the macromolecular structure of the antibodies that perhaps 

obstruct electron transfer owing to their insulating nature. These results also confirm 

functionalization of the CNTs/FA@CP electrode with anti-CEA. The heterogeneous 

electron transfer rate constant (Kct) of CNTs/FA@CP and FA@CP electrode can be 

calculated using Eq. 4.1 [223]. 

    
  

            
                                     ……………Eq. 4.1 

where R is the gas constant, T is absolute temperature, F is the Faraday constant, A is 

the electrode area (cm
2
), [S] is the concentration of redox probe (mol/cm

3
) and n is the 

number of transferred electrons per molecule of the redox probe. The heterogeneous 
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electron transfer rate constant (Kct) value of the CP, FA@CP and CNTs/FA@CP has 

been found to be 1.66×10
-7

 cm s
-1

, 6.83×10
-5

 cm s
-1

 and 9.43×10
-5

 cm s
-1

, respectively. 

This indicates that the CNTs/FA@CP electrode exhibits faster electron transfer 

kinetics as compared to that of the other modified paper electrodes. Thus 

incorporation of CNTs results in improved electrochemical activity of the paper 

electrode (CNTs/FA@CP). Interestingly, Kct of CNTs/FA@CP electrode is found to 

be nearly 5 times higher compared to our previous work where in PEDOT:PSS-RGO 

composite was used to fabricate conducting paper using ethylene glycol [256].  

The solution resistance (Rs) is found to be the highest (3.6 KΩ) for CP 

electrode as compared to that of the other modified electrodes FA@CP (1.6 KΩ), 

CNTs/FA@CP (1.5 KΩ) and anti-CEA/CNTs/FA@CP (1.8 KΩ). RS depends on the 

type of ions, ionic concentration, temperature and the electrode surface [257]. This 

suggests that after the formic acid treatment, morphology of CP electrode changes due 

to the removal of PSS leading to lower RS value. Fig. 4.6f shows the Bode plot 

representing the impedance modulus (|Z|) vs. frequency for the modified paper 

electrodes. The FA@CP, CNTs/FA@CP and anti-CEA/CNTs/FA@CP electrodes 

exhibit low |Z| compared to CP in the frequency range, 50 Hz to 100 KHz, confirming 

increased electrochemical activity due to removal of non conducting PSS molecule.  

The values of electrical conductivity and electrochemical properties of modified paper 

electrodes are summarized in Table 4.1.  

4.3.7 Electrochemical response studies 

The electrochemical response studies (Fig. 4.7a ) were conducted by varying 

the concentration of carcinoembryonic antigen (CEA) from 1 to 100 ngmL
-1

 in PBS 

(50mM, pH 7.4, 0.9% NaCl) containing 5 mM [Fe(CN)6]
3−/4−

 using chrono-

amperometry with an incubation time of  15 min. The magnitude of current decreases 



126 
 

on addition of CEA due to formation of electrically insulating antigen–antibody 

complexes produced due to specific interaction of the CEA and anti-CEA that may 

block the electron transfer via  redox probe, [Fe(CN)6]
3-/4

 at the paper electrode 

surface. 

Table 4.1: Conductivity and electrochemical properties of modified paper electrode. 

 

Fig. 4.7b shows the calibration curve obtained between response current and 

CEA concentration (curve i). It is found that the amperometric current decreases upto 

25 ngmL
-1

 after which it increases and reaches saturation upto 100 ngmL
-1

. However, 

a linear relationship obtained between 2-15 ngmL
-1

 with a sensitivity of 7.7 µAng
-

1
mLcm

-2
 and follows Eq. 4.2. 

                                                                

……………….Eq. 4.2 

A control experiment was performed to check cross reactivity of the paper sensor 

with CEA antigen in the absence of antibodies (curve ii). However, no significant 

change in current response was observed for the BSA/CNTs/FA@CP in the absence 

of antibodies as a function of CEA concentration. The repeatability of bioelectrode 

S.No. Material coated 

on Paper 

Conductivity Charge 

transfer 

resistance 

(RCT) 

Solution 

Resistance 

(RS) 

Heterogeneous 

electron 

transfer rate 

constant (Kct) 

 

1. PEDOT:PSS+ EG 

(CP) 

 

2.1×10
-3 

Scm
-1

 3.21 KΩ 3.6 KΩ 1.66×10
-7

 cm s
-1

 

 

2. PEDOT:PSS+ EG 

Treated with 

Formic acid 

(FA@CP) 

 

2.4×10
-2 

Scm
-1

 779.5 Ω 1.65 KΩ 6.83×10
-5

 cm s
-1

 

3. PEDOT:PSS+ EG 

+ CNTs treated 

with Formic acid 

(CNTs/ FA@CP) 

2.2×10
-2 

Scm
-1

 564.8Ω 1.5 KΩ 9.43×10
-5

 cm s
-1
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was confirmed by repeating each experiment 3 times and the error bars are included 

based on RSD value. 

 

Fig. 4.7: (a) Electrochemical response studies of the BSA/anti-CEA/CNTs/FA@CP 

paper electrode obtained as a function of CEA concentration (1-100 ngmL
-1

) using 

chronoamperometry and (b) calibration plot between the magnitudes of current 

recorded and CEA concentration (curve i); control experiment in absence of antibody 

(curve ii). (c) Current response time of BSA/anti-CEA/CNTs/FA@CP paper electrode 

as a function of time (day) (d) Current response time of five different BSA/anti-

CEA/CNTs/FA@CP paper electrodes fabricated using the same set of procedure in 

presence of CEA concentration (2 ngmL
-1

). 
 

4.3.8 Real sample analysis  

CEA is traditionally determined by gold standard technique for proteinaceous 

molecules i.e. ELISA to diagnose and monitor cancer. This method usually involves a 

complex procedure, is time-consuming and is expensive. It is thus desirable to 

develop techniques that are low cost, easy to use, are rapid, sensitive and do not 

require any laboratory infrastructure for the CEA estimation. Therefore attempts have 

been made to estimate CEA concentration in serum by using BSA/anti-CEA/ 
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CNTs/FA@CP bioelectrode to evaluate the feasibility of the proposed paper sensor as 

discussed in chapter 3. It can be seen that a reasonable correlation exists between (a) 

CEA concentration in serum samples determined by immunometric immunoassay 

technique and (b) standard concentration of CEA (Table 4.2). The results exhibit 

reasonable relative standard deviation (%RSD) indicating high accuracy of paper 

sensor.  

 

Table 4.2: Determination of carcinoembryonic antigen concentration in serum 

samples using BSA/anti-CEA/CNTs/ FA@CP paper electrode. 

  

 

4.3.9 Stability and reproducibility studies 

The storage stability of this paper sensor was monitored at an interval of 3 

days as shown in Fig 4.7c. It was found that the paper immuno-electrode (BSA/anti-

CEA/CNTs/FA@CP) retained about 82% activity even after 18 days when stored at 

4°C after which the current response decreased to less than 70% in about 25 days. 

This indicates that the fabricated paper immuno-electrode exhibits reasonably good 

stability at least for 18 days. Fig.4.7d indicates electrochemical response of five 

different paper immuno-electrodes (BSA/anti-CEA/CNTs/FA@CP) fabricated under 

the same set of conditions in presence of CEA concentration (2 ngmL
-1

). It is found 

that this paper immuno-electrode shows good reproducibility for five different 

S. 

No. 

CEA concentration 

(ngmL
-1

) 

Determined using 

ELISA 

 

Amperometric 

current (mA) 

obtained with 

Standard CEA 

sample 

Amperometric 

current (mA) obtained 

with serum sample 

%RSD 

1 2.37 0.518 0.517 0.2 

2 4.03 0.501 0.507 0.8 

3 5.57 0.485 0.487 0.3 

4 5.96 0.474 0.493 2.81 

5 10 0.439 0.482 6.5 
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electrodes with constant surface area as is evident by standard error of less than 5% 

(mean value = 528 µA). Further, each measurement was repeated 3 times for each 

electrode and the error bars are included accordingly. 

The sensing characteristics of the CNTs modified conducting paper sensor are 

summarized in Table 4.3 along with those reported in literature. It can be seen that 

sensitivity of the paper electrode is much higher than that of the other reported 

electrodes (gold, glassy carbon and ITO electrode) and can be used to differentiate 

two lower value of CEA concentration. These results show that paper based 

electrochemical sensor is a better candidate over conventional electrodes. 

4.3.10 Disposability studies 

To attest the environment friendliness, these paper electrodes were 

decomposed by incineration. The resulting ash was investigated by energy dispersive 

X-ray (EDX) technique. EDX results confirm the presence of only carbon, oxygen, 

sodium, phosphorous and potassium; no toxic metals were detected (Fig. 4.7).  

 

Fig. 4.8: Energy dispersive X-ray (EDX) analysis. 
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Table 4.3 shows response characteristics of BSA/anti-CEA/CNTs/FA@CP electrode along with those reported in literature. 

 

 
S. No. Substrate Material Fabrication 

Method 

Detection 

Method 

Linear range and 

Sensitivity 

Stability 

(days) 

Cost Ref. 

1. Array of Gold 

electrode 

 

Thiol based Self 

assembled 

monolayer 

Dip Coating Amperometry 0-200 ngml
-1

 and 

3.8 nAmLng
-1

 

30 High [225] 

2. Gold 

electrode 

AuNP, O-

aminophenol 

Drop cast Electrochemical 

Impedance 

Spectroscopy 

 

0.5-20 ngmL
-1

 and 

1.08×105 Ωng
-1

mL 

 

- High [138] 

3. Glassy 

carbon 

electrode 

 

AuNP, MWCNT, 

Chitosan 

Drop Casting Differential 

pulse 

voltammetry 

0.3-2.5 &  

2.5- 20 ngmL
-1

 

----- 

30 Moderate [87] 

4. Glassy 

carbon 

electrode 

Reduced graphene 

oxide-tetraethylene 

pentamine (RGO-

TEPA) 

 

Drop cast Differential 

pulse 

voltammetry 

0.05-20 ngmL
-1

 10 Moderate [88] 

5. ITO AuNP, 

Hyperbranched 

polyester 

Dip coating Linear sweep 

stripping 

voltammetry 

 

0.01-80  ngmL
-1

 

----- 

30 Moderate [226] 

6. ITO 

 

Au-chitosan Drop cost 

 

Cyclic 

voltammetry 

2-20  ngmL
-1

 

----- 

14 Moderate 

 

[85] 

7. Whatman 

paper 1 

PEDOT:PSS/RGO, 

Ethylene Glycol 

 

Dip  coating Amperometry 2-8 ngmL
-1

 and 

25.8 µAng
-1

mLcm
2
 

21 Low [46] 

 

8. Whatman 

paper 1 

PEDOT:PSS/CNTs, 

Formic acid 

 

Dip  coating Amperometry 2-15 ngmL
-1

 and 

7.8 µAng
-1

mLcm
2
 

18 Low Present 

Work 
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4.4 CONCLUSIONS 

The nanocomposite of poly(3,4-ethylenedioxythiophene):poly(styrene- 

sulfonate) (PEDOT:PSS) and carbon nanotubes (CNTs) have been used to fabricate 

conducting paper (CNTs/CP). It has been found that conductivity of this paper 

increases by 2 orders of magnitude on being treated with formic acid (CNTs/FA@CP) 

due to removal of the non-conducting molecule PSS from electrode surface. This 

fabricated paper is efficient conductive, flexible, electrochemical active, and it can be 

easily disposed off by simple incineration. Further, this smart conducting platform has 

been used for conjugation of the anti-carcinoembronic antigen (CEA) protein for 

quantitative estimation of CEA. It was observed that incorporation of carbon 

nanotubes improved heterogeneous electron transfer rate constant (5 times) and linear 

detection range (2–15 ngmL
-1

) with respect to PEDOT:PSS-RGO based conducting 

paper (Chapter 3). However this paper sensor does not cover whole physiological 

range (3-20 ngmL
-1

). The next chapter pertains to the results relating to the 

performance of biosensor by modifying the conducting paper with suitable matrix that 

may provide enhanced biomolecule loading with better orientation. 

 

 

 

 

 

The results of the studies described in this Chapter have been published in Journal 

of Materials Chemistry B, 2015, 3, 9305-9314. 
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CHAPTER 5 

 

PEDOT:PSS/PVA Nanofibers Decorated 

Conducting Paper Sensor for Cancer Detection 
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5.1 INTRODUCTION 

Nanostructured materials are being explored as immobilization matrices for 

the development of an efficient biosensing platform [258]. In this context, nanofibers 

of PEDOT:PSS have been predicted as a promising immobilization matrix for 

development of paper based electrochemical biosensors due to rapid electron transfer, 

excellent electrochemical properties, high surface-to-volume ratio, mechanical 

flexibility, thermal stability, film forming ability and homogenous entrapment on a 

paper substrate. Electrospun nanofibers (EsNf) of PEDOT:PSS have been predicted  

to provide a suitable matrix to obtain enhanced  physical contact by providing 

increased  number of sites for biochemical interaction, improved biomolecule loading 

with better orientation of biomolecules resulting in enhanced capturing of the bio-

analyte [259-260]. One of the methods that can be used for fabrication of polymeric 

nanofiber is electrospinning wherein high voltage is applied to the tip of the syringe 

which contains polymeric solution. As a result, polymer solution becomes charged at 

high electric field causing the solvent to evaporate and form polymeric nanofiber jets. 

It provides long ultrafine fibers of a very high surface to volume ratio and relatively 

defect free fibers at molecular level [261-262]. However, PEDOT:PSS is 

mechanically weak and  has low viscosity which resist the formation of ultrafine 

fibers [263].  

Polyvinyl alcohol (PVA) is a water soluble, nontoxic and biocompatible 

synthetic polymer. It has excellent film forming, emulsifying, and adhesive properties. 

The electrospinning of PVA solution forms ultrafine nanofibers that have high tensile 

strength and good flexibility [264]. These properties of PVA have attracted 

considerable interest in biomedical application such as drug delivery, tissue 

engineering, therapy and biosensors [265-266]. Recently, nanofibers of PVA and their 
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composite have been proposed as immobilization matrix for biosensing application. 

Wang et al. fabricated gold nanoparticle modified PVA electrospun nanofibers 

immobilized with horseradish peroxidase (HRP). This fabricated biosensor showed a 

highly sensitive detection of H2O2 with a detection limit of 0.5 μM [267]. Su et al. 

fabricated chitosan modified PVA based elctrospun nanofibers for glucose detection. 

The fabricated matrix provides three dimensional network, large porosity and high 

surface to volume ratio which improve the detection range, detection limit and 

Michaelis-Menten constant [268]. Zhao et al. fabricated hyaluronic acid 

functionalized PVA/polyethyleneimine electrospun nanofibers for capturing 

circulating tumor cell for early cancer detection. The fabricated nanofibers matrix 

exhibit superior capability to capture cancer cells [269]. Thus PEDOT:PSS polymer 

blends can be modified by cross-linking with PVA to fabricate electrospun fibers with 

enhanced flexibility, improved mechanical and electrochemical characteristics. This 

Chapter contains results of the studies relating to the fabrication of PEDOT:PSS/PVA 

electrospun nanofiber decorated conducting paper via electrospinning technique for 

cancer biomarker (carcinoembryonic antigen, CEA) detection.  

 

5.2 EXPERIMENTAL DETAILS 

5.2.1 Fabrication of conducting paper (CP)  

Conducting paper was fabricated as described earlier (Chapter 3) [256]. In 

brief, the Whatman paper (1cm×3cm) was dipped in PEDOT:PSS aqueous suspension 

[1.3 wt%, 3% ethylene glycol (EG)] for 1 h and was then dried at 100 °C in a hot air 

oven. Thereafter it was treated with EG by dipping it in the EG solution for 20 min. 

The EG treated conducting paper was finally dried at 100 °C for about 1h. 
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5.2.2 Fabrication of PEDOT:PSS/PVA electrospun nanofiber (EsNf) decorated   

conducting paper (PEDOT:PSS/PVA-EsNf/CP) 

 

 The PEDOT:PSS/PVA nanofibers were synthesized using electrospinning 

(Fig. 5.1a) [26]. Briefly, 0.3g of polyvinyl alcohol (PVA) powder was added to 5 mL 

of PEDOT:PSS in a vial and magnetically stirred and heat at 60ºC for 1-2 h to ensure 

that the solution was homogenous. The PVA was used as a polymeric carrier material 

to prepare PEDOT:PSS based electrospun nanofiber. Besides this, PVA is nontoxic, 

environment friendly polymer that can be helpful to attest the environmental concern 

of paper sensor [270]. The black viscous solution was kept overnight to remove the 

air bubbles. Thereafter, the as-prepared viscous solution was transferred into syringe 

for electrospinning. During the electrospinning process, a direct current voltage of 20 

KV was applied to the syringe needle and a feed rate of 1.4 mL/h was used. The 

distance between the needle tip and the conducting paper (collector) was kept as 10 

cm. 

5.2.3 Biofunctionalization of PEDOT:PSS/PVA electrospun nanofiber decorated 

conducting paper (anti-CEA/PEDOT:PSS/PVA-EsNf/CP) 

 

For biofunctionalization, the monoclonal carcinoembryonic antibodies (anti-

CEA) solution of 100 µgmL
-1

 was uniformly spread over the PEDOT:PSS/PVA-

EsNf/CP electrode (anti-CEA/PEDOT:PSS/PVA-EsNf/CP). The anti-CEA was 

physically absorbed onto the PEDOT:PSS/PVA-EsNf/CP electrode. The anti-

CEA/PEDOT:PSS/PVA-EsNf/CP electrodes thus formed were washed with 

phosphate buffer (PBS, 50 mM, pH 7.0) to remove any unbound antibodies. Further, 

to block unspecific sites 0.1% of bovine serum albumin (BSA) was added to the anti-

CEA functionalized PEDOT:PSS/PVA-EsNf/CP electrode. After rinsing again with 

PBS, the fabricated paper electrodes (BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) 
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were stored at 4 ºC before carrying out the sensing studies. A schematic of the 

experiment is shown in Fig. 5.1. 

 

Fig. 5.1: (a) Schematic representation of the electrospinning setup for the synthesis of 

PEDOT:PSS/PVA nanofibers (Inset showing (i) optical image of electrospun 

modified paper with (ii) high degree of flexibility) and (b) bio functionalized 

electrospun PEDOT:PSS/PVA nanofiber for carcinoembryonic antigen detection. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Raman spectroscopic and zeta potential studies 

Fig. 5.2 shows the Raman spectrum of the PEDOT:PSS (curve i) and 

PEDOT:PSS/PVA hybrid (curve ii), which is nearly identical because of resonating 

behavior of PEDOT:PSS that enhances the Raman scattering. No PVA peaks were 

observed due to the presence of dominant PEDOT:PSS intensity peak. The peaks seen 

at 1257, 1372 and 1440 cm
-1 

are associated with Cα–Cα inter-ring stretching, Cβ–Cβ 

stretching and Cα=Cβ (–O) symmetric stretching vibration, respectively. The Cα=Cβ 
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asymmetric stretching vibration gives rise to the band at 1502 cm
-1

 and 1565 cm
-1

 

corresponding to the thiophene rings of PEDOT:PSS chain [101, 271].
 
It can be seen  

that the Raman spectrum of the PEDOT: PSS/PVA hybrid (curve ii) shows peak shift 

from 1373 to 1366 cm
-1

 and 1500 to 1506 cm
-1

 due to interaction between 

PEDOT:PSS and PVA. Next, the surface charge of the PEDOT:PSS and 

PEDOT:PSS/PVA hybrid suspension was characterized by measuring the zeta 

potential. The observed zeta potential of PEDOT:PSS suspension in water at -24.9 

mV is due to presence of sulfonyl group in the PSS molecule [179]. However, zeta 

potential of PEDOT:PSS/PVA hybrid  is found to be shifted towards more negative 

value (-28.5 mV) due to anionic behavior of PVA chain, indicating interaction 

between PEDOT:PSS and PVA chain [272]. 

 

Fig. 5.2: Raman spectrum of (i) PEDOT:PSS and PEDOT:PSS/PVA composite. 

 

5.3.2 X-ray photoelectron spectroscopic studies 

In the PEDOT:PSS polymer, both PEDOT and PSS molecules contain one 

sulfur atom per monomer. In the PEDOT, sulfur is present in thiophene ring, whereas 

PSS contains sulfur in the sulfonate moiety attached with styrene ring of the polymer. 
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It appears that the changed chemical environment is perhaps responsible for the 

observed binding energy of sulfur in PEDOT and PSS polymer. As shown in Fig. 5.3, 

the XPS bands seen between 166 and 172 eV are assigned  to the S 2p band of the 

sulfur atoms present in PSS, whereas the XPS bands between 162 and 166 eV refer to 

the S 2p band of the sulfur atoms present in PEDOT [219]. 

 

Fig. 5.3: S 2p XPS spectra of (i) conducting paper (CP) (ii) PEDOT:PSS/PVA 

electrospun  nanofiber coated CP 

 

S 2p band of CP (curve i) and PEDOT:PSS/PVA-EsNf/CP (curve ii) is visible 

in Fig. 5.3. It can be seen that the PEDOT peak of PEDOT:PSS/PVA-EsNf/CP is 

slightly shifted towards the lower binding energy [–(0.35) eV] suggesting the 

presence of interaction between positively charge PEDOT molecules and negatively 

charge PVA molecules which affect the electronic environment. Moreover, the atomic 

percentage of S 2p decreases from 2 to 1.1 after the CP is decorated with 

PEDOT:PSS/PVA-EsNf/CP. This result is consistent with the presence of PVA 

molecule. 
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5.3.3 Mechanical behavior 

Fig. 5.4a shows optical image of the conducting paper modified with 

PEDOT:PSS/PVA electrospun nanofiber that has high flexibility. It can be folded and 

cut into desired shape and size. Additionally, this platform can be easily decomposed 

by simple incineration. 

 

Fig. 5.4: (a) (i) Optical image of conducting paper coated with PEDOT:PSS/PVA 

electrospun nanofiber showing (ii) high flexibility (b) Stress-strain curve of different 

modified paper. 

 

The mechanical properties of the Whatman paper, conducting paper (CP) and 

PEDOT:PSS/PVA nanofibers deposited conducting paper (PEDOT:PSS/PVA-

EsNf/CP) were evaluated through stress-strain relationship (Fig. 5.4b). The tensile 

strength and the tensile modulus were found to be 5.9 & 314 MPa, 7 and 198 MPa, 

and 8.71 & 232 MPa, respectively. The increased tensile strength of the conducting 

paper may be attributed to the uniform adsorption of PEDOT:PSS molecules onto 

cellulose fibers of Whatman paper resulting in enhanced interfacial adherence with a 

high extensibility and reduced stiffness. Further, nanofiber coated conducting paper 

(PEDOT:PSS/PVA-EsNf/CP) exhibits high tensile strength and modulus but reduced 

extensibility than the CP. This decrease in extensibility is due to the increased 
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stiffness of the CP paper owing to coating of the nanofibrous network. Table 5.1 

summarizes the mechanical properties of the modified conducting paper. 

 

Table 5.1: Mechanical properties of modified paper. 

 

 

 

 

 

 

5.3.4 Contact angle studies 

To investigate the hydrophilic/hydrophobic properties of the modified paper 

electrode, contact angle (CA) measurements were carried out using the sessile drop 

method (Fig. 5.5). 

 

 

Fig. 5.5: Contact angle measurement of (i) conducting Paper (CP) (ii) PEDOT:PSS 

electrospun nanofibers coated over conducting paper (PEDOT:PSS/PVA-EsNf/CP)  

(iii) anti-CEA immoblized PEDOTE:PSS/PVA-EsNFf/CP. 

 

Sample Tensile Strength 

(MPa) 

Tensile Modulus 

(MPa) 

Extension at 

Break (mm) 

Paper 5.9 314 3.8 

 

Conducting Paper 

(CP) 

7 198 6.0 

 

PEDOT:PSS/PVA-

EsNf/CP 

8.7 232 5.5 
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There is a large decrease in the CA value of the conducting paper (108º, image 

i) after electrospinning it with the PEDOT:PSS/PVA polymer (68°, image ii). This 

decrease in the CA value may be attributed to the presence of the hydrophilic group in 

poly (styrenesulfonate) (PSS), hydroxyl group of PVA and pores created due to 

random orientation of the PEDOT:PSS/PVA nanofiber. The CA decreases to 43º 

(image iii) after the immobilization of anti-CEA. The decrease in the value of contact 

angle is attributed to the hydrophilic nature of the surface and confirms the 

immobilization of antibody on the PEDOT:PSS/PVA-EsNf/CP electrode surface. 

5.3.5 Electron microscopic studies 

The surface morphology of the various modified paper electrodes (Fig. 5.6) 

was investigated using scanning electron microscopy (SEM). Image a-c shows SEM 

of the PEDOT:PSS/PVA-EsNf deposited on CP at different magnification scale (30 

µm, 5 µm and 500 nm). It can be seen that continuous, well separated and 

homogenous electrospun nanofiber (EsNf) network covers the conducting paper. The 

average diameter of EsNf calculated by Image J software is found to be 150-200 nm. 

The EsNf has enhanced specific surface area of CP that perhaps plays an important 

role in the orientation and enhanced loading of biomolecule. However, after antibody 

functionalization (image d) surface morphology of the PEDOT:PSS/PVA-EsNf/CP 

exhibits porous and homogenously covered surface, indicating successful 

immobilization of antibody (anti-CEA). It appears that anti-CEA are entangled and 

covered over EsNf that may provide easier access of analyte. 
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Fig. 5.6: SEM images of (a,b,c)  PEDOT:PSS/PVA-EsNf/CP at different 

magnification (d) anti-CEA/PEDOT:PSS/PVA-EsNf/CP. 

 

5.3.6 Electrochemical studies 

Fig. 5.7a shows results of the chronoamperometric studies (current versus 

time) obtained for CP (a), PEDOT:PSS/PVA-EsNf/CP (b), anti-CEA/PEDOT: 

PSS/PVA-EsNf/CP (c), BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP (d) at 2V every 

0.1 s. The increased value of electrochemical current (0.88 mA) of the PEDOT:PSS/ 

PVA-EsNf/CP electrode than that of CP electrode (0.74 mA) indicates deposition of 

the as-spun nanofiber onto the CP. The increase in the electrochemical current value 

can be attributed to conducting behavior of the PEDOT:PSS where high surface-to-

volume ratio of nanofibers on CP results in enhanced permeability of the redox couple 

[Fe(CN)6]
-3/-4

 towards CP electrode. Further increase in the value of amperometric 

current (1.05 mA) observed after anti-CEA immobilization onto the PEDOT:PSS/ 

PVA-EsNf/CP electrode is attributed to well oriented antibodies layer that facilitates 
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electron transfer between solution and electrode. Since bovine serum albumin (BSA) 

was used to block non-specific site on anti-CEA/PEDOT:PSS/PVA-EsNf/CP 

electrode, the observed amperometric current (0.97mA) decreases due to 

macromolecular structure and insulating nature of BSA. It was found that 

amperometric current of paper sensor (BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) 

remained constant and hence could be utilized for biosensing application. 

 

 

 

Fig. 5.7: Electrochemical characterization of modified paper electrode (a) 

chronoamperometric plot obtained for (i) conducting paper, CP (ii) 

PEDOT:PSS/PVA-EsNf/CP (iii) anti-CEA/PEDOT:PSS/PVA-EsNf/CP (iv) 

BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP. (b) Electrochemical response studies of 

BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP electrode at different concentration (0-

100ngmL
-1

) of CEA (c) calibration plot between the magnitudes of current recorded 

and CEA concentration (d) linearity plot of paper sensor (BSA/anti-

CEA/PEDOT:PSS/PVA-EsNf/CP) with linear regression coefficient R=0.99. 
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5.3.7 Electrochemical response studies 

The amperometric response studies of the BSA/anti-CEA/PEDOT:PSS/PVA-

EsNf/CP bioelectrode were carried out with successive addition of human 

carcinoembryonic antigen (CEA) concentration up to 100 ngmL
-1

 in PBS (50 mM, pH 

7.0, 0.9% NaCl) containing 5 mM [Fe(CN)6]
3−/4−

 under static condition. For this, 10 

µL of different antigen concentration was added into the electrochemical cell one by 

one and the current-time (0 to 120 s) curve was recorded after incubation of 10 min 

for each cycle. The variation of the amperometric response current recorded as a 

function of CEA (0-100 ngmL
-1

) is shown in Fig. 5.7b. It can be seen that (Fig. 5.7c) 

at concentration up to 25 ngml
-1

amperometric current decreases and saturation current 

is obtained at higher concentration (50, 100 ngmL
-1

). This can be understood by 

immunoreactions, wherein CEA first reacts with anti-CEA on paper surface and forms 

the antigen-antibody complex resulting in decreased charge transfer via [Fe(CN)6]
3−/4−

 

leading to reduction in the amperometric current. This can be assigned to 

rearrangement of the molecules in the matrix. A linear relationship is observed 

between magnitude of amperometric current and CEA concentration in the range 0-25 

ngmL
-1 

(Fig. 5.7d) with regression coefficient of 0.996 as given in following Eq. 5.1. 

 

                                                             

 ………………….. Eq. 5.1 

The sensitivity of the BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode 

estimated from slope of the curve has been found to be 14.2 µAng
-1

mLcm
-2 

and the 

lower detection limit (LD) has been determined to be 0.2 ngmL
−1

 using Eq. 5.2. 

Detection limit = 
  

 
            ………………….Eq. 5.2 
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Where σ is standard deviation and m is the slope of the curve. A control experiment 

was conducted using the PEDOT:PSS/PVA-EsNf/CP electrode as a function of CEA 

concentration in the absence of antibodies. It was observed that there was no 

significant change in the amperometric current of PEDOT:PSS/PVA-EsNf/CP 

electrode with increasing concentration of CEA. It appears that the PEDOT: 

PSS/PVA-EsNf/CP electrode does not bind the antigen molecule and hence the 

amperometric current does not exhibit significant change on PEDOT:PSS/PVA-

EsNf/CP electrode surface. 

5.3.8 Selectivity, stability and reproducibility studies 

The selectivity of BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode 

was investigated in the presence of other analytes such as endotheline-1 protein (ET-), 

cardiac troponin I (cTnI) and cytokeratin-19 fragment (CYFRA-21-1), (2 ngmL
-1

) 

(Fig. 5.8a). It was found that magnitude of amperometric current decreased on 

addition of CEA (2 ngmL
-1

). However, there was no significant change in 

amperometric current on addition of another antigen indicating high selectivity of the 

paper sensor towards CEA. Fig. 5.8b shows the reproducibility of five different paper 

electrode (BSA/anti-CEA/PEDO:PSS/PVA-EsNf/CP) fabricated under similar 

conditions investigated in presence of 2 ngmL
-1

 CEA concentration. It was found that 

BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode showed good reproducibility 

for five different electrodes with constant surface area as evident by low value of 

relative standard deviation (RSD) of 3.1% (mean value = 980 µA). Further, each 

measurement was repeated 3 times for each electrode and the error bars were included 

accordingly. The shelf life of BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP 

bioelectrode (Fig. 5.8c) was determined by measuring the amperometric response 

current at regular interval of 2-3 days. It was found that no significant change 
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occurred in the amperometric current up to about 22 days after which the 

amperometric current decreased to 21%. This indicated that paper electrode 

(BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) exhibits good stability up to 22 days. 

 

 

 

Fig. 5.8: (a) Interferents studies conducted via measurement of electrochemical 

current response of BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode (paper 

sensor) in the presence of other analytes (b) Electrochemical current response of 

different immunoelectrode fabricated under similar condition in presence of CEA (2 

ngmL
-1

). (c) Electrochemical current response of BSA/anti-CEA/PEDOT:PSS/PVA-

EsNf/CP bioelectrode measured as a function of time (day) and (d) CEA 

concentration values obtained by immunoassay and the BSA/anti-

CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode. 
 

5.3.9 Real sample analysis 

Quantification of CEA in serum of cancer patients was conducted at Rajiv 

Gandhi Cancer Institute & Research Centre (RGCI&RC) in Delhi, India using the 

VITROS CEA Reagent Pack and the VITROS CEA Calibrators on the VITROS 
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ECi/ECiQ Immunodiagnostic Systems, the VITROS 3600 Immunodiagnostic System 

and the VITROS 5600 Integrated System using Intellicheck® Technology. The blood 

samples of patients were collected and processed at RGCI&RC after ethical approval 

by the Institutional Review board. It was found that a reasonable correlation exists 

between magnitude of amperometric current response of the BSA/anti-

CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode in presence of (a) standard 

concentration of CEA and (b) CEA concentration in serum samples obtained by 

RGCI&RC (Fig. 5.8d). The observed results exhibit reasonable (less than 9%) 

relative standard deviation (%RSD) indicating high accuracy of paper sensor. 

The sensing characteristics of this paper sensor are summarized in Table 5.2 

and the results have been compared with some conventional electrode such as gold, 

glassy carbon and ITO reported in literature for CEA detection. It can be seen that 

fabricated paper electrodes (BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) covers 

broad detection range and display improved sensing parameters compared to 

conventional electrodes (gold, gassy carbon and ITO electrode). 

5.3.10 Disposability studies 

The fabricated paper sensor (BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) can 

be easily decomposed by incineration (video 5.1, please see the attached CD), which 

is a major drawback in  disposal of expensive conventional electrodes such as gold, 

glassy carbon and ITO electrodes.  

The resulting ash was investigated by energy dispersive X-ray (EDX) 

technique. EDX results confirm the presence of carbon, oxygen, sulfur, potassium, 

calcium and iron. No traces of toxic metals were detected (Fig. 5.9). It shows that the 

proposed paper sensors is disposable, environment friendly and a promising platform 

for point of care diagnostics. 
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Table 5.2 shows response characteristics of the BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/ CP bioelectrode along with those reported in literature. 

S. No. Substrate Material Fabrication 

Method 

Detection Method Linear range and 

Sensitivity 

Stability 

(days) 

Cost References 

1. Array of Gold 

electrode 

Thiol based Self 

assembled monolayer 

 

Dip Coating Amperometry 0-200 ngmL
-1

 and 

3.8 nAng
-1

mL 

30 High [225] 

2. Gold electrode AuNP, O-aminophenol Drop cast Electrochemical 

Impedance Spectroscopy 

0.5-20  ngmL
-1

 and 

1.08×105 Ωng
-1

mL 

 

 High [138] 

3. Glassy carbon 

electrode 

 

AuNP, MWCNT, 

Chitosan 

Drop Casting Differential pulse 

voltammetry 

0.3-2.5 & 2.5- 20  

ngmL
-1

 

----- 

30 Moderate [87] 

4. Glassy carbon 

electrode 

Reduced graphene 

oxide-tetraethylene 

pentamine (RGO-

TEPA) 

Drop cast Differential pulse 

voltammetry 

0.05-20 ngmL
-1

 10 Moderate [88] 

5. ITO AuNP, Hyperbranched 

polyester 

Dip coating Linear sweep stripping 

voltametry 

 

0.01-80  ngmL
-1

 

----- 

30 Moderate [226] 

6. ITO 

 

Au-chitosan Drop cost 

 

Cyclic voltametry 

 

 

2-20  ngmL
-1

 

----- 

14 Moderate [85] 

7. Whatman paper 

1 

PEDOT:PSS/RGO, 

Ethylene Glycol 

Dip  coating Amperometry 2-8  ngmL
-1

 and 

25.8 µAng
-1

mLcm
2
 

21 Low [46] 

8. Whatman paper 

1 

PEDOT:PSS/CNTs, 

Formic acid 

Dip  coating Amperometry 2-15  ngmL
-1

 and 

7.8 µAng
-1

mLcm
2
 

18 Low [101] 

 

 

9.  Whatman paper 

1 

PEDOT:PSS/PVA 

electrospun nanofiber 

Electrospinning 

method 

Amperometry 0.2-25  ngmL
-1

 and 

14.2 µA ng
-1

mLcm
2
 

22 Low Present 

Work 
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Fig. 5.9: Energy dispersive X-ray (EDX) analysis of incinerated paper electrode 

(BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP). 

 

5.4 CONCLUSIONS 

We have demonstrated the fabrication of a flexible, cost-effective, lightweight, 

label free and environment friendly electrochemical sensor. For this, nanofiber of 

PEDOT:PSS/PVA have been grown on conducting paper (CP) platform using 

electrospinning technique. The deposition of EsNf results in improved mechanical 

strength and electrochemical properties. In addition high aspect ratio of 

PEDOT:PSS/PVA-EsNf results in improved charge transfer between electrode and 

solution resulting in higher sensitivity towards the electrochemical detection of cancer 

biomarker (CEA). The results of the amperometric response studies indicate that the 

paper electrode (BSA/anti-CEA/PEDO:PSS/PVA-EsNf/CP) can be used to estimate 

the CEA from 0.2 to 25 ngmL
-1

 , has high sensitivity (14.2 µAng
-1

mLcm
-2

) and shelf 

life of 22 days. In comparison to previous discussed work (Chapter 3 and 4), this 

paper sensor cover the whole physiological range of CEA secreted in serum sample    

(< 3 to 20 ngmL
-1

) with improved lower detection limit. This modified conducting 

paper electrode is a promising alternative over expensive conventional electrodes 

(ITO, gold and glassy carbon) for fabrication of smart point of care devices. This 
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EsNf decorated CP shows excellent electrochemical behavior and has the potential 

use in the development of electrochemical biosensors for detection of other analytes 

including cholesterol, urea, environment pollutant chemical etc. Next chapter contains 

the summary of research work described in the thesis and also presents the future 

prospects of conducting paper sensors. 

 

 

 

 

 

 

The results of the studies contained in this Chapter have been published in 

Advanced Materials Technologies, 2016 (doi:10.1002/admt.201600056). 
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CHAPTER 6 

 

Summary and Future Prospects 
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6.1 SUMMARY 

There is increased demand for availability of paper based devices due to their 

application in capacitors, batteries, displays, thin film transistors, touch pad and 

biosensors. It has been predicted that fabrication of paper based electronic devices is 

highly cost effective and environment friendly. Besides this, their mass production, 

disposability, flexibility and ease in processing may perhaps meet the increasing 

demand of desired smart electronic devices. For biosensing applications, a wide range 

of conducting substrates such as glassy carbon, indium tin oxide and gold coated glass 

substrate are currently being used.  These electrodes are costly, rigid and can easily 

break during bending, making them difficult to be used for fabrication of desired 

flexible electronic devices and smart point of care devices. Conducting paper (CP) has 

been found to play an important role in the ongoing transition to the development of 

paper based electrochemical biosensors due to their high flexibility, cost-

effectiveness, light weight and disposability. Moreover, coupling of paper based 

electrode with biological entity provides an efficient platform for conduction of both 

electronic and ionic charge carriers that play a major role in efficient signal 

transduction. Further, incorporation of a nanomaterial may modulate the performance 

of a conducting paper in terms of electrochemical kinetics, signal stability and 

sensitivity. Recently nanomaterials such as reduced graphene oxide (RGO), carbon 

nanotubes (CNTs), polymeric (PEDOT:PSS) electrospun nanofibers have recently 

aroused much interest in electrochemical sensors. This is due to their large surface 

area, enhanced biomolecule loading and excellent electrochemical properties. 

Therefore incorporation of nanomaterials in the conducting paper may further 

improve electrochemical performance of the desired paper sensor. 
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Cancer is currently a serious concern and a medical threat to the contemporary 

world. According to a recent report, there have been 8.2 million cancer deaths, 14.1 

million new cancer cases and 32.6 million people are living with cancer necessitating 

its early detection. Carcinoembryonic antigen (CEA) is an important biomarker for 

the diagnosis and routine monitoring of cancer because it is associated with colon, 

lung, ovarian and breast cancer that are responsible for more than half of all cancer 

deaths each year. It plays an important role in early monitoring, screening and disease 

recurrence. In this context, determination of CEA in serum has been proposed for 

clinical diagnosis and monitoring of a cancer. Present thesis deals with the fabrication 

of nanomaterials modified paper biosensor for CEA detection. 

We have conducted detailed studies on the fabrication of a paper based sensor 

comprising of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: 

PSS) and reduced graphene oxide (RGO) composite. The effect of various solvents 

like methanol, ethylene glycol and H2SO4 on the electrical conductivity of PEDOT: 

PSS coated Whatman paper has been investigated. The conductivity of this solution 

processed conducting paper significantly increases by 2 orders of magnitude on 

treatment with ethylene glycol. The observed significant increase in electrical 

conductivity is due to conformational rearrangement in the polymer and due to strong 

non-covalent cooperative interaction between PEDOT and the cellulose molecules. 

Moreover the variation of relative conductivity of paper electrode with folding angle 

and folding cycle was studied. It was observed that 4% relative conductivity deviation 

during -180° to 180° folding angle and 20% conductivity deviation  after 30 cycle of 

folding and unfolding (1 cycle = 360° rotation) was observed. Further, incorporation 

of RGO into the conducting paper results in improved electrochemical performance 

and signal stability. This paper electrode was used for the immobilization of 
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monoclonal antibody against carcinoenmbryonic antigen (anti-CEA). This low cost, 

flexible and environment friendly conducting paper based biosensor was utilized for 

cancer biomarker (carcinoembryonic antigen, CEA) detection, that reveals high 

sensitivity of 25.8 µAng
-1

mLcm
-2

 in the linear detection range of 2-8 ngmL
-1

with a 

good storage stability (21 days). The response of paper electrode was validated using 

CEA concentration of serum sample of cancer patient. This paper electrode can be 

decomposed by simple incineration and has immense potential as a smart medical 

diagnostic kit or point of care biosensor. In order to further improve the performance 

of conducting paper, formic acid and CNTs was used as a suitable solvent and dopant 

respectively. Metallic impurities that are present in CNTs have been found to improve 

the electrochemistry of CNTs as compare to RGO. 

We have fabricated a paper based sensor comprising of poly (3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and carbon nanotubes 

(CNTs) composite via dip coating. It is found that conductivity of this paper increases 

by 2 orders of magnitude on being treated with formic acid due to removal of the non-

conducting molecule PSS from electrode surface. This fabricated paper is efficient 

conductive, flexible, electrochemical active, and it can be easily disposed off by 

simple incineration. Further, this smart conducting platform has been used for 

conjugation of the anti-carcinoembronic antigen (CEA) protein for quantitative 

estimation of CEA. The PEDOT:PSS-CNTs based electrochemical paper 

immunosensor exhibits sensitivity (7.8 µAng
-1

mLcm
-2

) with improved linear 

detection range of  2–15 ngmL
-1

  and feasibility of paper electrode was also validated 

with CEA concentration in serum sample of cancer patient. To attest the environment 

friendliness, these paper electrodes were decomposed by incineration. The resulting 

ash was investigated by the energy dispersive X-ray (EDX) technique. EDX results 
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confirm the presence of only carbon, oxygen, sodium, phosphorous and potassium; no 

toxic metals were detected. Moreover, it was observed that incorporation of carbon 

nanotubes improved heterogeneous electron transfer rate constant (5 times) and linear 

detection range with respect to PEDOT:PSS-RGO based conducting paper. CEA 

biomarker release in serum of healthy person is < 3 ngmL
-1

 with a cut-off value 5 

ngmL
-1 

and for cancer patient it is usually reported to maximal of 20 ngmL
-1

.  

We have developed a conducting paper modified with PEDOT:PSS/PVA 

nanofibers via electrospinning technique. The deposition of electrospun nanofibers 

(EsNf) is found to result in improved mechanical strength, large surface area, 

enhanced biomolecule loading and electrochemical characteristics. Therefore, this 

platform results in improved charge transfer between electrode and solution resulting 

in higher sensitivity towards the electrochemical detection of cancer biomarker 

(CEA). The results of the amperometric response studies indicate that the paper 

electrode (BSA/anti-CEA/PEDO:PSS/PVA-EsNf/CP) can be used to estimate CEA in 

the range 0.2 to 25 ngmL
-1

, has high sensitivity of 14.2 µAng
-1

mLcm
-2

 and shelf life 

of 22 days. This paper sensor covers the entire physiological range of CEA secreted in 

serum sample (< 3 to 20 ngmL
-1

) with improved lower detection limit. This modified 

conducting paper electrode is a promising alternative over expensive conventional 

electrodes (ITO, gold and glassy carbon) for fabrication of smart point of care 

devices. 

The sensing characteristic of RGO, CNTs and PEDOT:PSS/PVA electrospun 

nanofibers integrated conducting paper (PEDOT:PSS coated paper), utilized in the 

present thesis work has been summarized in Table 6.1. 
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Table 6.1: Sensing characteristic of RGO, CNTs and PEDOT:PSS/PVA electrospun 

nanofibers integrated conducting paper electrode for CEA detection. 

 

Paper electrodes Sensitivity 

(µAng
-1

mLcm
-2

) 

 

Detection 

range (ngmL
-1

) 

Stability 

(days) 

PEDOT:PSS/RGO 

 

25.8 2-8 21 

PEDOT:PSS/CNTs 

 

7.8 2-15 18 

PEDOT:PSS/PVA 

nanofibers 

14.2 0.2-25 22 

 

6.2 FUTURE PROSPECTS 

The experimental investigations reveal that the RGO, CNTs and PEDOT:PSS 

electrospun nanofibers integrated conducting paper (PEDOT:PSS coated paper) can 

be utilized for the development of flexible, cost effective, disposable and environment 

friendly platform for electrochemical biosensing platform. Efforts should be made to 

improve the stability, detection range of the paper sensor for CEA detection. There is 

enough scope to improve the characteristics of conducting paper by selection of 

suitable solvent and nanomaterials (Au, Pt, NiO, Fe2O3, nanostructured polymer). 

Moreover, this platform could be utilized for detection of other analytes including 

cholesterol, urea, environment pollutant chemicals etc. The results of the studies 

described in this thesis have implications towards the application of other area such as 

microfludics, energy storage devices, flexible and dissolvable electronics. 

Efforts should be made for the fabrication of transparent and conducting paper 

platform. This novel concept breaks new ground in the creation of next-generation 

paper electronics. We believe that this class of platforms will prove valuable for 

displaying analytical information in diverse fields such as diagnostics, environmental 
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monitoring and food safety. It could also be used as wearable optical sensors and 

could even be integrated into novel theranostic devices. 
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a b s t r a c t

We report results of the studies relating to the fabrication of a paper based sensor comprising of poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and reduced graphene oxide (RGO)
composite. The effect of various solvents like methanol, ethylene glycol and H2SO4 on the electrical
conductivity of PEDOT:PSS coated Whatman paper has been investigated. The conductivity of this
solution processed conducting paper significantly increases from �1.16�10�4 S cm�1 up to
�3.57�10�2 S cm�1 (�300 times) on treatment with ethylene glycol. The observed significant increase
in electrical conductivity is due to conformational rearrangement in the polymer and is due to strong
non-covalent cooperative interaction between PEDOT and the cellulose molecules. Further, incorporation
of RGO into the conducting paper results in improved electrochemical performance and signal stability.
This paper electrode is a promising alternative over the expensive conventional electrodes (ITO, gold and
glassy carbon), that are known to have limited application in smart point-of-care (POC) devices. This low
cost, flexible and environment friendly conducting paper based biosensor utilized for cancer biomarker
(carcinoembryonic antigen, CEA) detection reveals high sensitivity of 25.8 mA ng�1 mL cm�2 in the
physiological range, 1–10 ng mL�1.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Paper based point-of-care (POC) devices are rapidly evolving
for desired analytical and clinical applications since these are
predicted to be simple, cost-effective, portable, consume low
power and are disposable. These devices have potential applica-
tions in healthcare, detection of toxicants, explosives and en-
vironmental studies. Compared to conventional laboratory assays,
these devices are found to be very helpful for making speedy
decision for therapeutics. Besides this, the testing can be per-
formed near the vicinity of a patient and hence these devices have
recently gained considerable attention in health care (Gervais
et al., 2011; Kumar et al., 2013a, 2013b; Luppa et al., 2011).

Electrochemical sensors are known to play an important role in
on-going transition towards the paper based POC diagnostic de-
vices. The electrochemical techniques offer high sensitivity, high
signal-to-noise ratio, portability and fast response time (Wang,

2006). Therefore, its integration with the paper may be advanta-
geous. To ensure the application of paper in an electrochemical
sensor, it is essential to make it conducting. In this context, many
methods such as screen printing, inkjet printing etc. have been
used to incorporate conducting ink on a paper substrate (Jaga-
deesan et al., 2012; Tobjörk and Österbacka, 2011). These methods
require complex fabrication steps, additional instrumentation,
skilled personnel and are time-consuming. Conducting polymers
(CPs) have been considered a promising candidate to obtain con-
ducting paper due to delocalization of π electrons since they are
known to facilitate rapid electron transfer, mechanical flexibility
and solution processability. Doping of a conducting polymer has
been found to enhance its electronic, optical, physical, chemical
and electrochemical properties (Dhand et al., 2011). CPs have been
predicted to have enough potential for the development of a low
cost and high performance biosensor materials that offer high
permeability biocompatibility, and rapid electron transfer (Li et al.,
2015; Zhai et al., 2013). Among the various conducting polymers,
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) has been considered to be a interesting candidate for devel-
opment of a conducting paper due to its homogeneous entrap-
ment in/on a paper using a simple dip coating method with
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enhanced stability. Moreover, the conductivity of PEDOT:PSS based
paper can be significantly enhanced and tuned by treatment with
a desired solvent. Further, doping with a nanomaterial may
modulate the performance of paper in terms of electrochemical
kinetics or signal stability and sensitivity. The reduced graphene
oxide (RGO) has recently aroused much interest for development
of electrochemical sensors. This is due to excellent electrochemical
properties and large 2D surface area. Its abundant defects and
chemical groups facilitate charge transfer and thus ensure in-
creased electrochemical activity (Pumera, 2011). Hence in-
corporation of RGO in the PEDOT:PSS matrix may further improve
electrochemical performance of a desired paper sensor (Gao et al.,
2014; Zhang et al., 2014).

Cancer is currently a serious concern and a medical threat to
the contemporary world. An estimated 14.1 million new cases of
cancer and 8.2 million deaths were reported in 2012 necessitating
early diagnosis of this dreaded disease (Cancer, 2012). Carci-
noembryonic antigen (CEA) is known to be a tumor marker asso-
ciated with colon, lung, ovarian and breast cancer that are re-
sponsible for more than half of all cancer deaths each year (Kulpa
et al., 2002; Myers et al., 1978; Pepe et al., 2001; Wanebo et al.,
1978). Determination of CEA in serum may be an interesting
alternative for clinical diagnosis and monitoring of a cancer.

We report a facile method to obtain enhanced conductivity
(�300 times) of PEDOT:PSS coated paper on treatment with
ethylene glycol. Further, incorporation of RGO into the solution
processed conducting paper results in improved electrochemical
characteristics. This low cost, flexible and environment friendly
conducting paper platform reveals high sensitivity towards a
cancer biomarker (carcinoembryonic antigen, CEA) detection in
the physiological range.

2. Materials and methods

2.1. Fabrication of PEDOT:PSS based conducting paper

The conducting paper (1 cm�3 cm) was prepared using a
simple dip coating method. The PEDOT:PSS aqueous solution
(1.3 wt%, PEDOT content 0.5 wt%, PSS content 0.8 wt%) purchased
from SigmaAldrich was ultrasonicated prior to use after which 3%
ethylene glycol (EG) was added to the aqueous suspension of
PEDOT:PSS. This solution was used to dip coat the Whatman filter
paper #1 (procured from GE healthcare UK) rendering it con-
ductive. It was then dried in a hot air oven at 100 °C and was
termed as conducting paper.

2.2. Fabrication of PEDOT:PSS/RGO based electroactive paper

Preparation of the reduced graphene oxide (RGO) and PEDOT:
PSS/RGO composite is given in Supporting information. The
Whatman paper (1 cm�1 cm) was dipped in PEDOT:PSS/RGO
aqueous suspension (PEDOT:PSS content 1.3 wt%, RGO content
0.035 wt%) containing 3% EG for 1 h and then dried at 100 °C in a
hot air oven. Thereafter it was treated with EG by dipping in the
EG solution for 20 min. The EG treated conducting paper is finally
dried at 100 °C for about 1 h. A Schematic of the experiment has
been demonstrated in Fig. 1.

2.3. Characterization

The conductivity of the conducting paper was measured using
the four points probe technique with a low current source (LCS-
02), digital microvoltmeter (DMV-001) and PID controlled oven
(PID-200), SES Instruments, India. The surface morphology was
investigated by the high-resolution field emission scanning elec-
tron microscopy (Nova Nano Sem450, FEI). The transmission
electron microscopy (TEM) was carried out with a JEM-2200 FS
(JEOL, Japan). X-ray photoelectron spectroscopy (XPS) studies were
performed using Axis-Nova, Kratos Analytical Ltd., Manchester,
UK. The electrochemical studies were carried out by an Autolab
Potentiostat/Galvanostat (Metrohm, Netherlands) using a con-
ventional three-electrode cell with the electroactive paper as
working electrode, platinum as auxiliary electrode and Ag/AgCl as
the reference electrode in phosphate buffer saline (PBS, 50 mM, pH
7.4) containing 5 mM [Fe(CN)6]3� /4� .

3. Results and discussion

3.1. Electron microscopy and elemental analysis

Transmission electron micrograph of the RGO exhibits curved
sheet like structure with a fairly smooth surface (Fig. 2A). The
observed lighter and darker regions indicate the presence of RGO.
The lighter region pertains to a few layered graphene whereas the
darker region corresponds to the multilayerd graphene. The
wrinkles and folds pertaining to the graphene sheet (sub-microns
in size) are clearly visible. The selected area electron diffraction
(SAED) pattern of RGO reveals hexagonal atomic structure and
crystalline nature of the RGO sheets (Fig. 2B). The inner six
member ring represents the [1100] plane. The visible six diffrac-
tion spots corresponding to [0001] indicate hexagonal symmetry

Fig. 1. Schematic of proposed electroactive paper sensor.

S. Kumar et al. / Biosensors and Bioelectronics 73 (2015) 114–122 115



of the [0001] diffraction of the RGO (Cui et al., 2011). The RGO
sheets appear to be uniformly covered with PEDOT:PSS (Fig. 2C).
The PSS molecules perhaps assist RGO dispersion via edge-to-face
aromatic interactions between the RGO surface and the aromatic
rings of the polymer which inhibit the hydrophobic graphene
nanoplates from agglomeration, leading to a stable RGO dispersion
in the polar solvent (Hyun et al., 2013). The diffused ring like
structure observed (Fig. 2D) in the SAED pattern of PEDOT:PSS/
RGO composite is because of the amorphous nature of PEDOT:PSS
covering the RGO sheets. The SEM of PEDOT:PSS (Fig. 2E) coated
paper indicates uniform adsorption of PEDOT:PSS over cellulose
fibers of the paper. Because of the high porosity and tiny interfiber
air spaces in Whatman paper, the PEDOT:PSS adsorbs into the
paper through capillary action and after drying it produces uni-
form and stable film of PEDOT:PSS on the paper. Fig. 2F shows SEM
of PEDOT:PSS/RGO coated paper. PEDOT:PSS/RGO is found to be
uniformly adsorbed onto the cellulose fiber wherein some of RGO
sheets are entangled in the fibrous network of Whatman paper. To
further validate the formation of RGO, and its presence in PEDOT:
PSS matrix, electron microscopic studies (SEM, elemental mapping
and EDX) of RGO, PEDOT:PSS and PEDOT:PSS/RGO have been car-
ried out (Supporting information Fig. S1).

3.2. Conductivity studies

The PEDOT:PSS coated paper shows conductivity of
1.16�10�4 S cm�1 (see Supporting information for conductivity
calculation). However, on addition of 3% ethylene glycol (EG) in
PEDOT:PSS solution, the value of conductivity increases to
1.43�10�3 S cm�1. This is due to decreased columbic interactions

between PEDOT and PSS molecules that perhaps contribute to
reorientation of the polymer chains resulting in improved charge
carrier mobility (Ouyang et al., 2005). Further, all studies have
been done with PEDOT:PSS doped with 3% EG (Wei et al., 2013).
The PEDOT:PSS doped with 3% EG coated Whatman paper has
been termed as conducting paper.

The enhancement in the conductivity of PEDOT:PSS film
(coated on glass substrate) has been recently reported when the
film is dipped in methanol and H2SO4 (Alemu et al., 2012; Xia
et al., 2012). This is due to ejection of the PSS ions from the PEDOT:
PSS film dipped in the solvent, inducing the conformational re-
arrangement of PEDOT chains leading to higher conductivity. In
the present case, effect of solvents such as methanol, H2SO4 and
ethylene glycol (EG) on electrical conductivity of the conducting
paper has been investigated (Supporting information Table S1).
We have observed that on flexible substrate (Whatman paper 1),
EG treatment shows the highest value of conductivity (3.57�
10�2 S cm�1) in comparison to methanol (6.8�10�3 S cm�1), and
H2SO4 (8.1�10�3 S cm�1). This is in accordance with a similar
report wherein the effect of flexibility of material and polyelec-
trolyte adhesion to substrate was studied (Podsiadlo et al., 2007).
The increased flexibility of the EG treated conducting paper due to
ejection of PSS results in the strong non-covalent cooperative in-
teractions between PEDOT and cellulose molecules leading to
higher conductivities. We have incorporated RGO in the PEDOT:
PSS matrix for electrochemical studies since RGO exhibits ex-
cellent electrochemical properties (Pumera, 2011). PEDOT:PSS/
RGO based conducting paper dipped in EG (electroactive paper)
shows almost similar conductivity value (3.12�10�2 S cm�1). The
as-prepared electroactive paper shows greater degree of flexibility

Fig. 2. (A) TEM image of synthesized reduced graphene oxide (RGO) where darker region corresponds to multilayer and lighter region corresponds to a few layer graphene.
(B) SAED of RGO, which confirms the hexagonal atomic structure and crystalline nature of the sheets. (C) TEM image of PEDOT:PSS/RGO. (D) SAED pattern of PEDOT:PSS/RGO
composite. (E) SEM of PEDOT:PSS adsorbed onto Whatman paper. (F) SEM of PEDOT:PSS/RGO Whatman coated paper.
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and efficient conductivity as demonstrated in Fig. 3.
The effect of folding (�180° to 180°), repeated folding and

unfolding on conductivity of the electroactive paper has been in-
vestigated. Fig. 3D describes results of flexibility studies conducted
on the electroactive electrode; wherein the positive and negative
angles clearly reveal electrode folding in upward and downward
direction, respectively. Relative conductivity [(ratio of measured
conductivity (smeas) to initial conductivity (so)] of electroactive
electrode is measured as a function of folding angle. Fig. 3E dis-
plays variation of the relative conductivity of electroactive elec-
trode indicating deviation of up to 4% under different folding an-
gles. This reveals that electrodes are flexible and there is negligible
change in the conductivity. The variation of relative conductivity of
electrode with repeated cycle of folding and unfolding (manually)
is shown in Fig. 3F. It may be noted that the conducting paper
folded after 30 cycles (1 cycle¼360° rotation) shows decrease of
about 20% in relative conductivity due to tearing of the cellulose
threads. A video pertaining to the lighting of an LED lamp when
current is passed through the multiple times folded electroactive
paper is shown in Movie S1 in the Supporting information.

Fig. 4A presents Schematic of the observed mechanism,
showing enhanced conductivity of the EG treated conducting pa-
per. The conducting paper comprises of PEDOT:PSS polymer chains
wherein PEDOT molecules present in the core of the insulating PSS
are highly conductive in nature. On being treated with ethylene
glycol, the core–shell structure of the conducting paper becomes

partially linear due to ejection of the PSS molecules. This exclusion
of PSS from the surface is perhaps responsible for conformational
changes in the polymer film that in turn results in increased
conductivity. This has been further confirmed by Fourier transform
infrared (FT-IR) spectroscopy and X-ray photoelectron spectro-
scopy (XPS) studies.

3.3. FT-IR and XPS analysis

FT-IR spectra of PEDOT:PSS/Whatman paper (curve i), con-
ducting paper (curve ii) and conducting paper treated with EG
(curve iii) are shown in Fig. 4B. FT-IR spectrum of PEDOT:PSS
coated on Whatman paper (spectra i) exhibits characteristic ab-
sorption bands at near 670 cm�1 and 1060 cm�1, corresponding
to C–S and C–O stretching vibration of the thiophene ring in
PEDOT (Ely et al., 2014). The bands at 1010 cm�1, 1045 cm�1 and
1160 cm�1 represent –SO3

� symmetric and asymmetric stretching
vibrations, respectively due to PSS (Alemu et al., 2012). The bands
seen at 1392 cm�1 and 1537 cm�1 are due to C–C and C¼C, re-
spectively. In the FT-IR spectrum of conducting paper (curve ii),
the intense absorption band at 1060 cm�1 is due to addition of EG
that causes conformational changes in the polymer structure. The
absorption band at 1104 cm�1 and 1160 cm�1 represents –SO3

�

asymmetric stretching vibration whereas disappearance of –SO3
�

symmetric stretching suggests molecular rearrangement in the
PEDOT:PSS leading to increased electrical conductivity. These

Fig. 3. Optical image of electroactive paper (A) foldable nature of electroactive paper (B, C) demonstration of LED emission when current flow through electoactive paper.
Flexibility studies of PEDOT:PSS/RGO based electroactive electrode (D) Schematic diagram of electrode folding at different deformation angle. (E) The ratio of measured
conductivity (smeas) to initial conductivity (so) of electroactive paper with respect to folding angle. (F) The ratio of measured conductivity (smeas) to initial conductivity (so) of
electroactive paper versus folding cycle (1 cycle¼360°).
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results are in agreement with those observed for the conductivity
measurements wherein increase in conductivity from
�1.16�10�4 S cm�1 to �1.43�10�3 S cm�1 occurs when EG is
added into PEDOT:PSS. In the FT-IR of the EG treated conducting
paper (curve iii), the characteristic bands seen at 1104 cm�1 and
1160 cm�1 pertaining to the –SO3� stretch of PSS are absent. This
indicates removal of PSS from the conducting paper after EG
treatment. This removal of PSS after EG treatment is perhaps re-
sponsible for the higher conductivity of the conducting paper due
to increased exposure of PEDOT. FT-IR spectra of electroactive
paper (Fig. S2(i) in Supporting information) indicate an additional
broad absorption band at 1106 cm�1 that is attributed to C–OH
stretching of graphene oxide. Further, the other observed IR bands
are the same as seen in curve iii.

Fig. 4C shows XPS of i) conducting paper and ii) EG treated
conducting paper. The S(2p) binding energy peak seen at 168 eV
corresponds to sulfur due to the presence of PSS, and the doublet
peak seen at 163.8 eV and 164.5 eV corresponds to the presence of
sulfur in PEDOT (Crispin et al., 2006). The S2p XPS intensity ratio
of PEDOT/PSS increases from 0.721 to 0.760 after the conducting
paper is treated with EG. This change indicates the removal of

some PSS chains from the film. That may perhaps cause con-
formational change in PEDOT:PSS due to the transition from coiled
to linear form leading to increased exposure of PEDOT chains
(Fig. 3A) (Alemu et al., 2012). The change in C/S molar ratio eval-
uated from the scan spectra decreases from 9.63 to 8.17 after the
conducting paper is treated with EG. This result is consistent with
the removal of some PSS from the film. XPS of electroactive paper
is shown in Fig. S2(ii) (see Supporting information). The S2p XPS
intensity ratio of PEDOT/PSS present in electroactive paper in-
creases to 0.82. However, the conductivity of electroactive paper is
almost equivalent to that of the conducting paper after EG treat-
ment. This may perhaps be attributed to the presence of dis-
continuous and non-uniform RGO sheet resulting in increased
distance between PEDOT chains within the fiber network. Further,
the C/S molar ratio increases to 10.1 due to the presence of carbon
content of RGO.

3.4. Electrochemical studies

To investigate the charge transfer phenomenon at the con-
ducting paper/solution interface, the electrochemical impedance

Fig. 4. (A) The schematic illustration of the mechanism of conductivity enhancement on conducting paper surface by EG treatment. (B) The FT-IR spectra of (i) PEDOT:PSS/
Whatman paper (ii) conducting paper and (iii) conducting paper treated with EG. (C) X-ray photoelectron spectra (XPS) of (i) conducting paper and (ii) conducting paper
treated with ethylene glycol.
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spectroscopy (EIS) studies have been conducted at biasing poten-
tial of 0.01 V in the frequency range, 100 kHz to 1 Hz. The Randles
circuit is an equivalent electrical circuit that is commonly used to
measure the electrochemical impedance comprising of an active
electrolyte resistance RS in series with Rct (charge transfer re-
sistance) in parallel combination of the double-layer capacitance
Cdl or constant phase element (CPE) of a Faradaic reaction. The
diameter of the semicircle in the Nyquist plot gives magnitude of
the charge transfer resistance (Rct) at the electrode surface (Da-
niels and Pourmand, 2007). Fig. 5A shows EIS of the (i) conducting
paper, (ii) conducting paper treated with EG, and (iii) electroactive
paper. Fig. 5A has been obtained using software (Nova) provided
with the Autolab Potentiostat/Galvanostat. The curve fitting has
been done assuming Randles circuit [Rs(Rct Cdl)] of the electro-
chemical cell. The various parameters related to the circuit ele-
ment have been summarized in Table S2 alongwith % error [see
Supplementary information sheet]. Rct obtained for conducting
paper is 48 kΩ which is maximum (curve i). However, the sig-
nificant decrease in Rct value up to 7 kΩ (curve ii) is observed in EG
treated conducting paper. This is assigned to the conformational
changes of the PEDOT:PSS chains from coiled to linear form
leading to the higher conductivity due to enhanced electron
transfer between solution/electrode interface. It is observed that
the Rct value further decreases to 2.8 kΩ (curve iii) in case of the
electroactive paper. This may be attributed to excellent electro-
chemical properties and larger 2D surface area of RGO in-
corporated in the PEDOT:PSS matrix that increases the perme-
ability of [Fe(CN)6]3� /4�] to the surface of paper electrode. The

heterogeneous electron transfer rate constant (Kct) of EG treated
conducting paper and electroactive paper has been calculated
using Eq. (1) (Bardea et al., 2000)

K
RT

n F AR S 1
ct 2 2

ct
=

[ ] ( )

where R is the gas constant, T is absolute temperature, F is the
Faraday constant, A is the electrode area (cm2), [S] is the con-
centration of redox probe (mol/cm3) and n is the number of
transferred electrons per molecule of the redox probe. The het-
erogeneous electron transfer rate constant (Kct) value of the elec-
troactive paper has been estimated as 1.9�10�5 cm s�1 which is
2.5 times better as compared to conducting paper treated with EG
(7.6�10�6 cm s�1). This indicates that the RGO present in elec-
troactive paper electrode exhibits faster electron transfer kinetics
as compared to the EG treated conducting paper. Thus the in-
corporation of RGO improves the electrochemical activity of the
electroactive paper as compared to that of EG treated conducting
paper.

Fig. 5B shows results of the chronoamperometric studies (cur-
rent versus time) carried out on conducting paper and EG treated
conducting paper at 2 V every 0.1 s. The higher value of the current
observed for EG treated conducting paper electrode than that of
conducting paper indicates increased electron transfer between
solution and electrode due to conformational rearrangement in
PEDOT polymeric chains. Further increase in the value of the
electrochemical current in case of the electroactive paper elec-
trode is attributed to the enhancement in permeability of the

Fig. 5. Electrochemical studies conducted on paper electrode. (A) Electrochemical impedance spectra. (B) Chronoamperometry plot obtained for (i) conducting paper (ii)
conducting paper treated with EG and (iii) electroactive paper. (C) Electrochemical response studies of anti-CEA immobilized electroactive paper at different concentration of
CEA. (D) Calibration plot between the magnitudes of current recorded and CEA concentration (curve i); control experiment in absence of antibody (curve ii). Conducting
paper: EG doped PEDOT: PSS solution coated onto whatman paper; Electroactive paper: EG and RGO doped PEDOT:PSS solution coated onto Whatman paper further treated
with EG.
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redox couple {[Fe(CN)6]3� /4�} resulting due to RGO doping. It may
be noted that electroactive paper electrode exhibits improved
electrochemical performance and signal stability than that of the
EG treated conducting paper. Keeping this in view, electroactive
paper has been used to detect cancer biomarker, CEA. The
monoclonal carcinoembryonic antibodies (anti-CEA) (procured
from SigmaAldrich) are physically absorbed onto the PEDOT:PSS/
RGO based electroactive paper (Fig. 1). The anti-CEA immobilized
paper bioelectrode is washed with phosphate buffer (PBS. 50 mM,
0.9% NaCl; pH 7.4) to remove any unbound antibodies. Different
concentrations of the carcinoembryonic antigen (CEA)
(1–10 ng mL�1) are prepared via further dilution of stock solution
(25 mg mL�1). The response studies of anti-CEA/electroactive pa-
per obtained as a function of CEA concentration (1–10 ng mL�1)
have been carried out in phosphate buffer saline (PBS, 50 mM, pH
7.4) containing 5 mM [Fe(CN)6]3� /4� . 10 mL of diluted antigen so-
lution is added into electrochemical cell for each antigen con-
centration. After adding each CEA concentration the current–time
curve is recorded after every 300 s to ensure completion of the
immunoreaction. The variation of the response current recorded
as a function of CEA (1–10 ng mL�1) is shown in Fig. 5C. The de-
crease in amperometric current occurs up to a maximum of
10 ng mL�1. This can be attributed to the formation of antigen–
antibody complex causing significant rearrangement over the
electrode surface that diminishes charge transfer via
[Fe(CN)6]3�/4� leading to reduction in amperometric current
(Shim et al., 2008; Wang et al., 2009). Fig. 5D indicates the cali-
bration plot obtained between response current and CEA

concentration (curve i). Interestingly, we obtained similar results
between electrochemical current and CEA concentration via single
shot incubation (different electrode was taken for each con-
centration) which is shown in Fig. S3. Furthermore, a control ex-
periment was performed to check cross reactivity of the electro-
active paper with CEA antigen in the absence of antibodies (curve
ii). However, no significant change in current response was ob-
served for the electroactive paper in the absence of antibodies as a
function of CEA concentration. A linear relationship is observed in
the range 2–8 ng mL�1 with a sensitivity of 25.8 mA ng�1mL cm�2

and follows Eq. (2)

I A

R

25.8 A mL ng CEA concentration 613.5 A;

0.998 2

1

2

( ) = − μ × [ ] + μ

= ( )

−

We have compared the sensing performance of the electro-
active paper with the conducting paper treated with EG. For this,
the electrochemical response studies have been carried out on the
anti-CEA immobilized conducting paper treated with EG, in the
presence of different concentrations of antigen (1–10 ng mL�1)
(see Supporting information Fig. S4). It is found that the electro-
active paper is almost 6 times more sensitive than the conducting
paper treated with EG for CEA detection.

3.5. Stability, selectivity and reproducibility studies

Fig. 6A shows variation of response current of the im-
munoelectrode (anti-CEA immobilized electroactive paper) taken
at a regular interval of 2 days. It has been found that current value

Fig. 6. (A) Electrochemical current response of anti-CEA immobilized electroactive paper electrode (immunoelectrode) measured as a function of time (day).
(B) Electrochemical current response of immunoelectrode in the presence of other analytes. (C) Electrochemical current response of different immunoelectrode fabricated via
the same set of procedure in the presence of CEA (2 ng mL�1) and (D) CEA concentration values obtained by immunoassay and the electroactive paper method.
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decreases to �7% after 21 days. This indicates that the
paper sensor exhibits good stability up to 21 days. The selectivity
study of this paper sensor has been investigated in the presence of
cardiac troponin I (cTnI), cytokeratin-19 fragment (CYFRA-21-1),
and endotheline-1 protein (ET-1) (2 ng mL�1). Fig. 6B shows de-
crease in current response on addition of CEA (2 ng mL�1) after
which we do not observe any significant current change on addi-
tion of another antigen indicating high selectivity of the biosensor.
The reproducibility of the five different immunoelectrodes fabri-
cated under similar conditions has been investigated in the pre-
sence of 2 ng mL�1 CEA concentration (Fig. 6C). It is found that
this paper electrode shows good reproducibility for five different
electrodes with constant surface area as is evident by low value of
relative standard deviation (RSD) of 7.6% (mean value¼609 mA).
Further each measurement (Fig. 6C) has been repeated 4 times for
each electrode and error bars are included accordingly. The low
RSD obtained for each electrode (less than 5%) indicates appreci-
able repeatability of the biosensor.

3.6. Real sample analysis

The results obtained for serum sample of cancer patients using
this electroactive paper sensor have been validated using ELISA.
The blood samples collected from patient and processed at the
Rajiv Gandhi Cancer Institute & Research Centre (RGCI & RC) in
Rohini, Delhi, India. Concentration of CEA in the serums of cancer
patients was measured at RGCI&RC using the VITROS CEA reagent
Pack and the VITROS CEA Calibrators on the VITROS ECi/ECiQ Im-
munodiagnostic Systems, VITROS 3600 Immunodiagnostic System
and VITROS 5600 Integrated System using Intellicheck

s

Technol-
ogy. It can be seen that a reasonable correlation occurs between
the CEA concentration value obtained by immunoassay and the
electroactive paper based electrochemical method (Fig. 6D). As
shown in Fig. 6D, the electroactive paper affords good recoveries
and acceptable relative standard deviation.

The sensing characteristics of the electroactive paper based
electronic paper sensor have been summarized in Table S3 along
with those reported in the literature. It may be noted that this low
cost flexible electroactive paper sensor can be easily decomposed
by simple incineration (see Movie S2). Keeping in view the pro-
duction of the medical diagnostics kits, this is an added advantage
of this new environment friendly disposable electroactive
paper sensor.

4. Conclusions

We have demonstrated a flexible and highly conducting
paper sensor, based on composite of poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS) and reduced
graphene oxide (RGO). It is found that conductivity of the PEDOT:
PSS conducting paper increases by �300 times when it is treated
with ethylene glycol. The incorporation of RGO in PEDOT:PSS
conducting paper film indicates excellent electrochemical activity
and faster charge transfer kinetics. In order to further improve the
performance of conducting paper, suitable selection of solvent and
dopant should be investigated. This low cost, flexible and en-
vironment friendly conducting paper has been used for cancer
biomarker detection. The fabricated PEDOT:PSS/RGO based elec-
troactive paper shows sensitivity of 25.8 mA ng�1 mL cm�2 in the
detection range of 2–8 ng mL�1. The results obtained for serum
samples of cancer patients using this paper based sensor have
been validated using ELISA. This simple, low cost, flexible and
disposable electroactive paper based platform has immense po-
tential for point of care biosensors, flexible electronics and energy
storage devices etc.
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A solution processed carbon nanotube modified
conducting paper sensor for cancer detection†

Saurabh Kumar,a Magnus Willander,b Jai G. Sharmaa and Bansi D. Malhotra*a

A solution processed poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)–carbon nanotube

(CNT) nano-composite has been utilized for the fabrication of a conducting paper (CP) via dip coating.

Further, high conductivity of this paper (from B6.5 � 10�4 to 2.2 � 10�2 S cm�1) obtained by treating it with

formic acid (CNT/FA@CP) is due to the removal of the non-conducting PSS molecules from its surface. This

smart conducting platform has been used for the conjugation of the anti-carcinoembronic antigen (CEA)

protein for quantitative estimation of CEA, a cancer biomarker. Transmission electron microscopy (TEM),

Raman spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron

spectroscopy (XPS), electrochemical impedance spectroscopy (EIS) and amperometric techniques have

been used to characterize the low cost, flexible and environmentally friendly conducting BSA/anti-CEA/

CNT/FA@CP) paper electrode that is found to be highly sensitive (7.8 mA ng�1 ml cm�2) in the physiological

range (2–15 ng ml�1) of CEA. The response of the paper electrode is validated using CEA concentration of

serum samples of cancer patients obtained via the immunoassay technique.

1. Introduction

Cancer occurs due to uncontrolled growth and spread of
abnormal cells and is currently a medical threat to the man-
kind. According to a recent report, there have been 8.2 million
cancer deaths, 14.1 million new cancer cases and 32.6 million
people are living with cancer necessitating its early detection.1,2

Carcinoembryonic antigen (CEA) is an important biomarker for
the diagnosis and routine monitoring of cancer. The human
CEA gene family is clustered on chromosome 19q and it com-
prises of 29 genes.3 CEA (a glycoprotein), comprising of B60%
carbohydrates having a molecular mass of B180–200 kDa, is
one of the most widely used cancer biomarker. It plays an
important role in early monitoring, screening and disease
recurrence. The existing techniques, including cytopathology,
biopsy, enzyme linked immunosorbent assay, and visualization
adjuncts, can be used for the detection and monitoring of
cancer.4,5 These methods are invasive, time-consuming, expen-
sive and require highly skilled personnel. In this context, bio-
sensors offer a simple, reliable, and user friendly detection
strategy with increased assay speed, high sensitivity, low cost
and require low sample volume.6,7

For the fabrication of biosensors, indium tin oxide, glassy
carbon and gold electrodes can be used as the substrates. These
electrodes are of high cost, are rigid, brittle, and their fabri-
cation requires high temperature processing and expertise.
Besides this, disposability of these materials continues to be
a major challenge. Therefore, there is increased demand for the
development of a paper based biosensor for clinical application
as these are predicted to be simple, low cost, flexible, light-
weight, and biocompatible.8–10 A conducting paper has been
found to play an important role in the ongoing transition to
the development of paper based electrochemical biosensors.
Coupling of paper electronic devices (e.g. electrodes and tran-
sistors) with biological systems provides an efficient platform
for the conduction of both electronic and ionic charge carriers
that play a major role for communication with a desired bio-
molecule.11–14 Many methods including inkjet printing, screen
printing, and spin coating to modify the paper substrate can be
utilized for making a paper conducting. Manekkathodi et al.
deposited a thin film of ZnO by spin coating on paper and used it
for the fabrication of the flexible diode and UV photodetectors.15

Määttänen et al. utilized the inkjet printing method for the
fabrication of a gold electrode over the paper substrate. Further
a poly(3,4-ethylenedioxythiophene) (PEDOT) layer was electro-
polymerized over the gold coated paper electrode for glucose
detection.16 Kumar et al. reported a screen printing method
for producing graphite and a silver ink pattern on the paper
substrate. These authors electrochemically deposited poly-
aniline over the screen printed paper electrode for cancer bio-
marker (sIL2Ra) detection.17 Ge et al. used carbon nanotubes
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and a glutaraldehyde modified paper to fabricate the electrode
array of Ag/AgCl reference and carbon counter electrode for
cancer biomarker detection.18 Su et al. reported a gold nano-
particle modified paper device for aptamer based detection
of cancer cells and in situ anticancer drug screening.19 These
techniques require skilled personnel, costly conducting ink
(gold, silver and graphite) paste and equipments, and are
time-consuming.

Conducting polymers (CPs) are promising candidates for
fabricating a conducting paper due to their low cost, mecha-
nical flexibility and solution processability.20 Poly(3,4-ethylene-
dioxythiophene:poly(4-styrenesulfonate) (PEDOT:PSS) has emerged
as an interesting conducting material due to its film forming
ability, thermal stability and homogenous adsorption on a
paper by a simple dip coating method.21,22 PEDOT:PSS consists
of hydrophobic and conducting PEDOT-rich grains encap-
sulated by hydrophilic and insulating PSS-rich shells. The
conductivity of the PEDOT:PSS can be tuned by chemical modi-
fication that depends on nature and the degree of doping.23–26

There is a great deal of scope to improve the performance of a
conducting paper sensor by integrating it with nanomaterials.
In this context, carbon nanotubes have aroused much interest
for applications in electrochemical biosensors. This is due
to their excellent electrochemical properties, large surface area,
ballistic electron transport and high mechanical strength.27,28

In addition to enhanced electrochemical reactivity, CNT-
modified electrodes can be utilized to immobilize biomolecules
and to minimize surface fouling.29 These properties make
CNTs widely attractive for the fabrication of electrochemical
biosensors.

We report a facile method to obtain enhanced conductivity
of a PEDOT:PSS coated paper on treatment with formic acid.
Doping of CNTs into the solution processed conducting
paper results in improved electrochemical characteristics
of the paper electrode. This low cost, flexible and environ-
mentally friendly CNT modified conducting paper has been
utilized for the detection of a cancer biomarker (carcinoembryonic
antigen, CEA).

2. Materials and methods
(I) Chemicals and reagents

PEDOT:PSS (1.3 wt%, PEDOT content: 0.5wt%, PSS content:
0.8 wt%), carcinoembryonic antibody monoclonal (anti-CEA),
carcinoembryonic antigen (CEA), 1-ethyl-(dimethylaminopropyl)-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS)
and bovine serum albumin (BSA) were procured from Sigma
Aldrich, India. All other chemicals like ethylene glycol and
formic acid were of analytical grade and procured from Thermo
Fisher Scientific, India. The deionized water obtained from
Millipore water purification system was used for the preparation of
buffers and solution. The Whatman Filter paper #1 (GE healthcare,
UK) was used as a substrate for adsorption of PEDOT:PSS with a
thickness of 0.18 mm. The carboxy functionalized CNTs were a gift
and used without purification.

(II) Fabrication of the PEDOT:PSS based conducting paper

The PEDOT:PSS aqueous solution doped with 5% EG was used
to fabricate the conducting paper. The Whatman Paper #1
(1 cm� 3 cm) was dipped in aqueous suspension of PEDOT:PSS
(1.3 wt%, 5% ethylene glycol) for 1 h and was then dried at
100 1C in a hot air oven, and was termed as a conducting paper
(CP) after which it was further treated with formic acid by
dipping it in formic acid for 20 min. The formic acid (FA)
treated conducting paper (FA@CP) was finally dried at 100 1C
for about 1 h.

(III) Fabrication of the CNT doped conducting paper
(CNT/FA@CP)

First, 5 mg CNTs was doped into 10 ml of PEDOT:PSS aqueous
solution (1.3 wt%, 5% EG). Next, a PEDOT:PSS/CNT composite
(1.3 wt%, 5% EG, 0.05 wt% CNT) was ultrasonicated for 1 h. It
was found that CNTs got highly dispersed without sedimenta-
tion in the PEDOT:PSS solution. Further, Whatman paper #1
was dipped in the PEDOT:PSS/CNT composite for 1 h and was
then dried at 100 1C in a hot air oven after which it was further
treated with formic acid by dipping it in formic acid for 20 min.
The formic acid treated conducting paper was finally dried at
100 1C for about 1 h. A schematic of the experiment is demon-
strated in Scheme 1.

(IV) Fabrication of a paper sensor (anti-CEA/CNT/FA@CP)

Anti-CEA monoclonal (20 mL, 100 mg ml�1) antibodies were
immobilized over the CNT doped conducting paper treated
with the formic acid electrode (CNT/FA@CP) via the formation of
a covalent bond between the carboxylic group of CNTs and the
NH2-terminal of the antibody via an EDC-NHS coupling reaction.
The anti-CEA was physically adsorbed over the CNT/FA@CP
electrode via electrostatic interactions between biomolecules
and the conducting paper. The electrode was then rinsed with
phosphate buffer (PBS, 50 mM, pH 7.2, 0.9% NaCl) to remove
any unbound antibodies. 0.1% of bovine serum albumin (BSA)
in PBS was added to the antibody-modified electrode to block
unspecific sites. After rinsing again with PBS, the electrodes
were stored at 4 1C before carrying out the sensing studies.

(V) Characterization

The CNT/PEDOT:PSS nanocomposite was characterized using
transmission electron microscopy (Tecnai G2 30, Ultratwin micro-
scope), Raman spectroscopy (Varian 7000 FT-Raman) and X-ray
diffraction spectroscopy (Bruker D-8 Advance, Cu Ka, l = 1.5406 Å).
The surface morphology was investigated by scanning electron
microscopy (Nova Nano Sem450 and Carl Zeiss, EVO15). The
conductivity of the conducting paper was measured using the
four point probe technique with a low current source (LCS-02),
digital microvoltmeter (DMV-001) and PID controlled oven
(PID-200), SES Instruments, India. The effect of solvent on the
PEDOT:PSS structure was investigated by X-ray photoelectron
spectroscopy (XPS) (Scienta ESCA 200). The electrochemical
studies were carried out by an Autolab Potentiostat/Galvanostat
(Metrohm, Netherlands) using a conventional three-electrode
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cell with the paper electrode as a working electrode, platinum wire
as an auxiliary electrode and Ag/AgCl as the reference electrode in
phosphate buffer saline (PBS, 50 mM, pH 7.4) containing 5 mM
[Fe(CN)6]3�/4�.

3. Results and discussion

Fig. 1a shows the TEM image of CNTs indicating a linear and a
tubular structure with a few microns in length. The tubular
structure with diameter ranging from B25–30 nm can be seen
in the inset of Fig. 1a. It appears that CNTs are uniformly
dispersed in PSS via non-covalent stabilization. The hydro-
phobic portion of polymeric chains appear to cover the carbon
nanotube surface via edge-to-face aromatic interactions whereas the
hydrophilic part interacts with water molecules to make homo-
geneous dispersion of CNTs.30 A TEM image of PEDOT:PSS–CNT
nanocomposite is shown in Fig. 1b wherein uniformly dispersed
CNTs are clearly visible at the PEDOT:PSS surface. The Raman
peaks seen at 1259 cm�1,1368 cm�1, and 1441 cm�1 are asso-
ciated with C–C in-plane symmetric stretching, C–C stretching
deformation and CaQCb symmetric stretching vibration
respectively. The CaQCb asymmetric stretching vibration gives
rise to bands at 1504 and 1562 cm�1, corresponding to thio-
phene rings in the middle and at the end of the chains
(Fig. 1c).31,32 The inset in Fig. 1c shows a characteristic peak of
CNTs at 1347 cm�1 due to a D band and 1575 cm�1 attributed to
a G band.29 The Raman spectrum of the PEDOT:PSS/CNT hybrid
shows peak shift from 1368 to 1361 cm�1 and 1562 to 1570 cm�1

indicating existence of interactions between the CNTs and the

conjugated thiophene ring of PEDOT:PSS, that can be associated
with electronic density transfer between constituents.31,32 Similarly
XRD spectra also shows a sharp peak centered on 2y value 26.21
corresponding to the (002) plane of CNTs (inset of Fig. 1d shows
XRD of CNTs) confirming the presence of CNTs in the PEDOT:PSS
amorphous polymer.33

The surface morphology of various modified electrodes was
investigated using scanning electron microscopy (SEM) (Fig. 2).
Image (a) shows SEM of the PEDOT:PSS coated paper, wherein
the conducting polymer is found to be uniformly adsorbed over
the cellulose fibers of the paper. However, morphology of the
PEDOT:PSS–CNT coated paper (Image b) suggests that CNTs are
incorporated throughout the surface. Most CNTs are entangled
with PEDOT:PSS and cellulose fibers while some of these are
clearly visible on the surface of the polymer coated paper. The
SEM image of CNT/PEDOT:PSS onto an ITO glass substrate
confirms the presence of CNTs in PEDOT:PSS film (Fig. S1 in
the ESI†). However, after antibody functionalization (image c),
surface morphology of the PEDOT:PSS–CNT coated paper
electrode exhibits a shiny appearance due to accumulation of
the static charge, indicating successful immobilization of the
antibodies. It appears that the antibody molecules cover the
pores of the PEDOT:PSS–CNT coated paper surface.

The PEDOT:PSS coated paper shows an electrical conductivity
of 6.5� 10�4 S cm�1 whereas after doping with 5% ethylene glycol,
the conductivity increases to 2.1 � 10�3 S cm�1. This is attributed
to decreased columbic interactions between the positively charged
PEDOT molecules and the negatively charged PSS that facilitate
reorientation of the polymer chains resulting in enhanced charge
carrier mobility. The increased crystal ordering and crystal size on

Scheme 1 Fabrication and characterization of a CNT/FA@CP modified paper electrode.
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addition of EG results in improved carrier mobility and electrical
conductivity.25,34 On treatment of this paper with formic acid,
the EG doped conducting paper electrode shows the highest
electrical conductivity value (2.4 � 10�2 S cm�1) by 2 orders of
magnitude compared to other solvent (methanol and sulphuric
acid). The electrical conductivity enhancement is known to
strongly depend on the dielectric constant of the chemicals used
for treatment.24,26 The high dielectric constant of formic acid
(58.5) screens the columbic interaction between positively
charged conducting PEDOT and the negatively charged non-
conducting PSS resulting in phase separation between them
leading to the removal of the PSSH and the formation of
interconnected PEDOT chains and enhanced conductivity.
Further, we incorporated CNTs into the PEDOT:PSS solution

(1.3 wt%, 5% EG, 0.05 wt% CNTs) for electrochemical studies
since CNTs are known to exhibit excellent electrochemical
activity, fast electron transfer and large surface area.27,28 The formic
acid treated CNT doped conducting paper (CNT/FA@CP) retains
almost similar order of conductivity value (2.2 � 10�2 S cm�1)
as compared to that of the formic acid treated conducting paper
(FA@CP).

The optical image of the CNT modified conducting paper
treated with formic acid (CNT/FA@CP) shows high flexibility
and conductivity as demonstrated in Video 1 and Fig. 3a–d. Its
simple fabrication does not require any additional steps and it
can be cut into the desired shape and size. This platform holds
great potential for application in paper based electrochemical
devices. In Fig. 3c and d we demonstrate efficient conductivity

Fig. 2 SEM image of (a) PEDOT:PSS coated paper, (b) CNT/PEDOT:PSS coated paper and (c) anti-CEA/CNT/PEDOT:PSS paper sensor.

Fig. 1 TEM image of (a) carbon nanotubes, (b) CNT/PEDOT:PSS composite, (c) Raman spectrum of (i) PEDOT:PSS and (ii) PEDOT:PSS/CNT composite
[the inset shows the Raman spectrum of CNTs] and (d) XRD pattern of the PEDOT:PSS/CNT composite and the inset showing XRD of CNTs.
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of the paper electrode by lighting an LED when current is passed
through multiple times folded conducting paper (Video S1, ESI†).
It may be noted that this low-cost conducting platform can be
easily decomposed by simple burning/incineration (Fig. 3e and f).
This is an additional advantage for electronic and biomedical
waste management.

In PEDOT:PSS, both PEDOT and PSS contain one sulfur
atom per monomer. In PSS, sulfur is present as a sulfonate
moiety whereas PEDOT contains sulfur in the thiophene ring
and thus provides different chemical environments since S(2p)
electrons of PEDOT and PSS have different binding energies.35

The S 2p band of PEDOT is found at lower binding energy
whereas the S 2p band of PSS is observed at higher binding
energy. Each band splits into a doublet of S 2p3/2 and S 2p1/2

component due to spin-orbital splitting of the sulfur atom.
Fig. 4a shows XPS spectra of the pristine PEDOT:PSS coated
paper (curve i), EG doped PEDOT:PSS paper (conducting paper)
(curve ii), and formic acid treated conducting paper (curve iii).
The observed slight change in peak intensity of the conducting
paper as compared to that of the PEDOT:PSS coated paper may
be assigned to the conformational changes in the PEDOT:PSS
polymer. However after formic acid treatment there is a decrease
in peak intensity of PSS indicating exfoliation of PSS from the

conducting paper surface. Fig. 4b shows XPS spectra of the
pristine PEDOT:PSS coated paper that has been deconvoluted
into the characteristic binding energy peaks. The S 2p3/2(S 2p1/2)
peak at the binding energy near 163.7 (164.8) eV corresponds to
the sulfur atom of the PEDOT and the S 2p3/2 (S 2p1/2) peak seen
at the binding energy near 168.3 (169.6) eV is due to the sulfur
atom present in PSS.36,37 The binding energy positions of these
bands are almost the same as in the case of the conducting paper
(Fig. 4c). However, after formic acid treatment, the S 2p peak of
PSS is shifted to a lower energy level (Fig. 4d). It is observed that
the PSS peak of CNT/FA@CP (Fig. 4e) is shifted towards the lower
binding energy as compared to that of FA@CP around �0.3. The
presence of (�0.5) eV is due to high electron density in PSS
because of charge transfer from CNTs to the electronegative sulfur
atom indicating existence of interactions between the CNTs and
the conjugated thiophene ring of PEDOT:PSS.33

In PEDOT:PSS, PEDOT molecules are conductive in nature
and are surrounded by the non-conductive PSS molecules.21

On being treated with formic acid, this core–shell structure of
the PEDOT:PSS in the conducting paper changes from coiled to
partially linear due to ejection of PSS molecules that are perhaps
responsible for enhanced connectivity between PEDOT chains.
Therefore energy barrier for charge hopping is lowered resulting

Fig. 3 (a) Optical image of conductive and electrochemically active paper (CNT/FA@CP) showing (b) high flexibility, (c and d) lighting of an LED lamp and
(e and f) easy to dispose off.
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in enhanced charge transfer among the PEDOT chains. The ratio
of PEDOT to PSS can be estimated from area under the curve.
It is found that, there is no significant change in the PEDOT to
PSS ratio between the PEDOT:PSS coated paper (1/1.33) and the
conducting paper (1/1.30). However, the ratio of PEDOT to PSS
increases from 1/1.30 to 1/1.04 after the conducting paper is
treated with formic acid confirming the removal of B20% PSS
from the surface. It appears that exclusion of PSS due to formic
acid treatment is perhaps responsible for better connectivity
between the PEDOT chain that in turn results in increased
conductivity.

Fig. 5a shows results of the chronoamperometric studies
obtained for (i) the conducting paper [CP] (ii) the conducting

paper treated with formic acid [FA@CP], (iii) the CNT doped
conducting paper treated with formic acid [CNT/FA@CP] and
(iv) anti-CEA immobilized over CNT/FA@CP [anti-CEA/CNT/FA@CP]
at 2 V on every 0.1 s. The increased electrochemical response
current of the FA@CP electrode (B0.65 mA) than that of the CP
electrode (B0.57 mA) is attributed to increased conductivity of
the electrode due to the removal of PSS from the film surface.
Further increase in the electrochemical current value of the
CNT/FA@CP electrode (B0.68 mA) can be assigned to high
electrochemical activity of CNTs that enhances permeability of
the redox couple [Fe(CN)6]3�/4�. Next, a decrease in the value of
electrochemical current observed after immobilization of anti-
CEA onto the CNT/FA@CP electrode (B0.60 mA) is attributed

Fig. 4 S (2p) XPS spectra of (a) modified papers, XPS curve fitting of (b) PEDOT:PSS coated paper, (c) ethylene glycol doped PEDOT:PSS coated over
paper i.e. conducting paper, (d) conducting paper treated with formic acid (FA@CP) and (e) CNT doped conducting paper treated with formic acid.
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to the hindrance caused by the CEA antibodies to the electron
transport indicating immobilization of anti-CEA.

Electrochemical impedance spectroscopy (EIS) is an effective
tool for investigating interfacial properties of the surface modified
electrodes. Fig. 5 shows the Nyquist plot obtained for (b) the
conducting paper [CP], (c) the conducting paper treated with
formic acid [FA@CP], (d) CNT doped FA@CP [CNT/FA@CP]
and (e) anti-CEA immobilized over CNT/FA@CP [anti-CEA/CNT/
FA@CP] in PBS solution containing 5 mM [Fe(CN)6]3�/4� at
0.03 V (biasing potential) in the frequency range of 100 KHz
to 50 Hz. The diameter of the semicircle in the Nyquist plot
yields magnitude of the charge transfer resistance (Rct) of
the electrode that depends on the dielectric features of the
electrode/electrolyte interface. It can be seen that the Rct value
of the conducting paper electrode (3.2 KO, Fig. 5b) decreases
after formic acid treatment (779.5 O, Fig. 5c). This is assigned
to the high dielectric constant of formic acid that facilitates

decreased coulombic interaction between PEDOT and PSS
leading to the removal of the PSS molecule. The exclusion of
PSS (negatively charged and non-conducting in nature) from
the conducting paper provides increased exposure of the inter-
connected PEDOT chains (positively charged and conducting
in nature) that promotes permeability of the redox probe,
[Fe(CN)6]3�/4� to the surface of the FA@CP electrode. The value
of Rct (564.8 O, Fig. 5d) for the CNT/FA@CP electrode is smaller
than that of the FA@CP electrode (779.5 O). This may be attri-
buted to excellent electrochemical properties and larger surface
area of CNTs that are incorporated into the PEDOT:PSS matrix
resulting in increased permeability of [Fe(CN)6]3�/4� to the
surface of the CNT/FA@CP paper electrode. Further, increase
in the value of Rct (683.5 O, Fig. 5e) of anti-CEA/CNT/FA@CP
is attributed to the hindrance caused by the macromolecular
structure of the antibodies that perhaps obstruct electron
transfer owing to their insulating nature. These results also

Fig. 5 Electrochemical characterization of the modified paper electrode: (a) chronoamperometric studies of the modified paper electrode. Impedance
spectra of (b) conducting paper, (c) conducting paper treated with formic acid (FA@CP), (d) CNT modified conducting paper treated with formic acid
(CNT/FA@CP) and (e) anti-CEA/CNT/FA@CP paper electrode and circuit were fitted with equivalent randles circuit Rs(RctC). (f) Bode plot of different
modified electrodes.
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confirm functionalization of the CNT/FA@CP electrode with
anti-CEA. The heterogeneous electron transfer rate constant
(Kct) of CNT/FA@CP and FA@CP electrodes can be calculated
using eqn (1).38

Kct ¼
RT

n2F2ARct½S�
(1)

where R is the gas constant, T is the absolute temperature, F is
the Faraday constant, A is the electrode area (cm2), [S] is the
concentration of the redox probe (mol cm�3) and n is the
number of transferred electrons per molecule of the redox
probe. The heterogeneous electron transfer rate constant (Kct)
value of CP, FA@CP and CNT/FA@CP has been found to be
1.66 � 10�7 cm s�1, 6.83 � 10�5 cm s�1 and 9.43 � 10�5 cm s�1,
respectively. This indicates that the CNT/FA@CP electrode
exhibits faster electron transfer kinetics as compared to that
of the other modified paper electrodes. Thus incorporation of
CNTs results in improved electrochemical activity of the paper
electrode (CNT/FA@CP). Interestingly, Kct of the CNT/FA@CP
electrode is found to be nearly 5 times higher compared to our
previous work wherein a PEDOT:PSS–RGO composite was used
to fabricate the conducting paper using ethylene glycol.39

The solution resistance (Rs) is found to be the highest
(3.6 KO) for the CP electrode as compared to that of the other
modified electrodes FA@CP (1.6 KO), CNT/FA@CP (1.5 KO) and
anti-CEA/CNT/FA@CP (1.8 KO). Rs depends on the type of ions,
ionic concentration, temperature and the electrode surface.40

This suggests that after formic acid treatment, morphology of
the CP electrode changes due to the removal of PSS leading to
lower Rs value. Fig. 5f shows the Bode plot representing the
impedance modulus (|Z|) vs. frequency for the modified paper
electrodes. The FA@CP, CNT/FA@CP and anti-CEA/CNT/FA@CP
electrodes exhibit low |Z| compared to CP in the frequency
range, 50 Hz to 100 KHz, confirming increased electrochemical
activity due to the removal of nonconducting PSS molecules. The
values of electrical conductivity and electrochemical properties
of modified paper electrodes are summarized in Table 1.

The electrochemical response studies (Fig. 6a) have been
conducted by varying the concentration of carcinoembryonic
antigen (CEA) from 1 to 100 ng ml�1 in PBS (50 mM, pH 7.4,
0.9% NaCl) containing 5 mM [Fe(CN)6]3�/4� using chrono-
amperometry with an incubation time of 15 min. The magnitude
of current decreases on addition of CEA due to the formation of
electrically insulating antigen–antibody complexes produced
due to specific interaction of the CEA and anti-CEA that may
block the electron transfer via the redox probe, [Fe(CN)6]3�/4 at
the paper electrode surface. Fig. 6(b) shows the calibration curve

obtained between the response current and CEA concentration
(curve i). It is found that the amperometric current decreases
up to 25 ng ml�1 after which it increases and reaches saturation
up to 100 ng ml�1. However, a linear relationship obtained
between 2 to 15 ng ml�1 with a sensitivity of 7.7 mA ng�1 ml cm�2

follows eqn (2)

I(A) = 7.8 mA ml ng�1 � [CEA concentration] + 528 mA; R2 = 0.95
(2)

A control experiment was performed to check cross reactivity
of the paper sensor with CEA antigen in the absence of antibodies
(curve ii). However, no significant change in current response was
observed for the BSA/CNT/FA@CP in the absence of antibodies as
a function of CEA concentration. The repeatability of the bio-
electrode was confirmed by repeating each experiment 3 times
and the error bars were included based on the RSD value.

CEA is traditionally determined by the gold standard tech-
nique for proteinaceous molecules i.e. ELISA to diagnose and
monitor cancer. This method usually involves a complex pro-
cedure, is time-consuming and is expensive. It is thus desirable
to develop techniques that are low cost, easy to use, are rapid,
sensitive and do not require any laboratory infrastructure for
the CEA estimation. Therefore attempts have been made to
estimate CEA concentration in serum by using a BSA/anti-CEA/
CNT/FA@CP bioelectrode to evaluate the feasibility of the
proposed paper sensor. The blood samples were collected from
patient and processed at Rajiv Gandhi Cancer Institute &
Research Centre (RGCI&RC) in Rohini, Delhi, India, after ethical
approval by the Institutional Review board (No. RGCIRC/IRB/61/
2014). We also obtained ethical approval of Institutional Ethical
and Biosafety Committee, DTU (R.NO.:BT/IEBC/2014/714). The
concentration of CEA in serum of cancer patients was measured
at RGCI&RC using the VITROS CEA Reagent Pack and the VITROS
CEA Calibrators on the VITROS ECi/ECiQ Immunodiagnostic
Systems, the VITROS 3600 Immunodiagnostic System and the
VITROS 5600 Integrated System using Intellichecks Technology. An
immunometric immunoassay technique was used. It can be seen
that a reasonable correlation exists between (a) CEA concentration
in serum samples determined by immunometric immunoassay
technique and (b) standard concentration of CEA (Table 2). The
results exhibit reasonable relative standard deviation (%RSD) indi-
cating high accuracy of the paper sensor.

The storage stability of this paper sensor was monitored at
an interval of 3 days as shown in Fig. 6c. It was found that the
paper immunoelectrode (BSA/anti-CEA/CNT/FA@CP) retained
about 82% activity even after 18 days when stored at 4 1C
after which the current response decreased to less than 70% in

Table 1 Conductivity and electrochemical properties of a modified paper electrode

S. no. Material coated on Paper
Conductivity
(S cm�1)

Charge transfer
resistance (Rct)

Solution
resistance (Rs)

Heterogeneous electron
transfer rate constant (Kct)

1 PEDOT:PSS + EG (CP) 2.1 � 10�3 3.21 KO 3.6 KO 1.66 � 10�7 cm s�1

2 PEDOT:PSS + EG treated with formic acid (FA@CP) 2.4 � 10�2 779.5 O 1.65 KO 6.83 � 10�5 cm s�1

3 PEDOT:PSS + EG + CNT treated with formic acid
(CNT/FA@CP)

2.2 � 10�2 564.8 O 1.5 KO 9.43 � 10�5 cm s�1
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about 25 days. This indicates that the fabricated paper immuno-
electrode exhibits reasonably good stability at least for 18 days.
Fig. 6d indicates electrochemical response of five different
paper immunoelectrodes (BSA/anti-CEA/CNT/FA@CP) fabricated
under the same set of conditions in the presence of CEA
concentration (2 ng ml�1). It is found that this paper immuno-
electrode shows good reproducibility for five different electrodes
with a constant surface area as is evident by the standard error of
less than 5% (mean value = 528 mA). Further, each measurement
was repeated 3 times for each electrode and the error bars are
included accordingly.

The sensing characteristics of the paper sensor are summar-
ized in Table S1 (ESI†) along with those reported in the literature.
It can be seen that sensitivity of the paper electrode is much

higher than that of the other reported electrodes (gold, glassy
carbon and ITO electrode) and can be used to differentiate two
lower values of CEA concentration. These results show that the
paper based electrochemical sensor is a better candidate over
conventional electrodes.

To attest the environment friendliness, these paper electrodes
were decomposed by incineration. The resulting ash was inves-
tigated by the energy dispersive X-ray (EDX) technique. EDX
results confirm the presence of only carbon, oxygen, sodium,
phosphorous and potassium; no toxic metals were detected
(Fig. S2 in the ESI†).

4. Conclusions

The nanocomposite of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) and carbon nanotubes (CNTs)
has been used to fabricate the conducting paper (CNT/CP). It is
found that the conductivity of this paper increases by 2 orders
of magnitude on being treated with formic acid (CNT/FA@CP)
due to the removal of the non-conducting molecule PSS from
the electrode surface. This paper has been utilized to fabricate a
nanomaterial modified conducting paper electrode for estima-
tion of carcinoembryonic antigen (CEA). The fabricated BSA/
anti-CEA/CNT/FA@CP bioelectrode exhibits a high sensitivity
of 7.8 mA (ng ml�1)�1 cm2 and a linear range of 2–15 ng ml�1.

Fig. 6 (a) Electrochemical response studies of the BSA/anti-CEA/CNT/FA@CP paper electrode obtained as a function of CEA concentration (1–100 ng ml�1)
using chronoamperometry and (b) calibration plot between the magnitudes of current recorded and CEA concentration (curve i); control experiment in
the absence of antibody (curve ii). (c) Current response time of the BSA/anti-CEA/CNT/FA@CP paper electrode as a function of time (day). (d) Current
response time of five different BSA/anti-CEA/CNT/FA@CP paper electrodes fabricated using the same set of procedures in the presence of CEA
concentration (2 ng ml�1).

Table 2 Determination of carcinoembryonic antigen concentration in
serum samples using a BSA/anti-CEA/CNT/FA@CP paper electrode

S.
no.

CEA concentration
(ng ml�1)
determined
using ELISA

Amperometric
current (mA) obtained
with standard CEA
sample

Amperometric
current (mA)
obtained with
serum sample %RSD

1 2.37 0.518 0.517 0.2
2 4.03 0.501 0.507 0.8
3 5.57 0.485 0.487 0.3
4 5.96 0.474 0.493 2.81
5 10 0.439 0.482 6.5
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The CEA concentration has been estimated in serum samples by
using the BSA/anti-CEA/CNT/FA@CP bioelectrode to evaluate the
feasibility of the proposed paper electrode. This simple fabrica-
tion method provides a flexible, environmentally friendly and
cost effective platform that can be utilized for flexible electro-
nics, microfluidics, energy storage devices and point of care
devices. And efforts should be made to improve the stability and
performance of the BSA/anti-CEA/CNT/FA@CP platform for CEA
detection by selection of the suitable dopant and solvent.
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and ionic charge carriers that play a major 
role in efficient signal transduction.[4,5]

Conducting polymers have been con-
sidered as promising materials for fabrica-
tion of paper based devices because of their 
unique combination of delocalization of π 
electrons, solution processability, mechan-
ical flexibility, and low cost.[6] These syn-
thetic metals have been predicted to have 
enough potential for development of a low 
cost and high performance biosensor mate-
rials that offer high permeability, biocom-
patibility, and rapid electron transfer.[7] One 
of the methods that can be used for fabri-
cation of conducting polymer nanofiber is 

electrospinning wherein high voltage is applied to the tip of the 
syringe which contains polymeric solution. As a result, polymer 
solution becomes charged at high electric field causing the sol-
vent to evaporate and form polymeric nanofiber jets. Electrospin-
ning is an efficient method for fabricating long ultrafine fibers of 
a very high surface-to-volume ratio and relatively defect free fibers 
at molecular level.[8] The poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate) (PEDOT:PSS) is a stable and commercially 
available material with excellent characteristics such as low band 
gap, electrochemical properties, thermal stability, film forming 
ability, and homogenous entrapment on a paper substrate.[2,9] 
Electrospun nanofibers (EsNfs) of PEDOT:PSS may provide suit-
able matrix to improved physical contact by providing increased 
number of sites for biochemical interaction, improved biomol-
ecule loading with better orientation of biomolecules resulting 
in enhanced capturing of a bioanalyte.[10] These properties make 
PEDOT:PSS based EsNf as a promising immobilization matrix 
for development of paper based electrochemical biosensor.

Previously reported paper based electrochemical biosensors 
used costly conducting ink such as gold, silver, and graphite 
paste to make paper conducting. In the present work, con-
ducting polymer (PEDOT:PSS) is used to fabricate efficient con-
ducting platform.[11,12] We report results of the studies relating 
to fabrication of PEDOT:PSS/PVA EsNf decorated conducting 
paper (via electrospinning technique, Figure 1) with improved 
mechanical strength and electrochemical characteristics. Here, 
PVA was used as a polymeric carrier material to prepare electro-
spun nanofiber. This low cost, flexible, and environment friendly 
paper electrode has been used for cancer biomarker (carcinoem-
bryonic antigen, CEA) detection. CEA is one of the most widely 
used cancer biomarkers for diagnosis and routine monitoring of 
cancer.[13] Therefore development of a CP based CEA biosensor 
is of considerable importance as it is expected to be simple, flex-
ible, disposable, cost effective, and environment friendly.

PEDOT:PSS/PVA-Nanofibers-Decorated Conducting Paper 
for Cancer Diagnostics
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1. Introduction

There is increased demand for availability of paper based 
devices due to their application in capacitors, batteries, displays, 
thin film transistors, touch pad, and biosensors.[1,2] It has been 
predicted that fabrication of paper based electronic devices is 
highly cost effective and environment friendly. Besides this, 
their mass production, disposability, flexibility, and ease in pro-
cessing may perhaps meet the increasing demand of desired 
smart electronic devices.[2,3] For biosensing applications, a wide 
range of conducting substrates such as glassy carbon, indium 
tin oxide (ITO), and gold coated glass substrate are currently 
being used. These electrodes are costly, rigid and can easily 
break during bending, making them difficult to be used for fab-
rication of desired flexible electronic devices and smart point of 
care devices. Conducting paper (CP) has been found to play an 
important role in the ongoing transition to the development of 
paper based electrochemical biosensors due to their high flex-
ibility, cost-effectiveness, light weight, and disposability. More-
over, coupling of paper based electrode with biological entity 
provides an efficient platform for conduction of both electronic 
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2. Results and Discussion

Figure 2 shows the Raman spectrum of the PEDOT:PSS (curve 
i) and PEDOT:PSS/PVA hybrid (curve ii), which is nearly 
identical because of resonating behavior of PEDOT:PSS that 
enhances the Raman scattering. No PVA peaks were observed 
due to the presence of dominant PEDOT:PSS intensity peak. 
The peaks seen at 1257, 1372, and 1440 cm−1 are associ-
ated with Cα Cα inter-ring stretching, Cβ Cβ stretching and 
Cα Cβ ( O) symmetric stretching vibration, respectively. The 
Cα Cβ asymmetric stretching vibration gives rise to the bands 
at 1502 and 1565 cm−1 corresponding to the thiophene rings 
of PEDOT:PSS chain.[14,15] It can be seen that the Raman spec-
trum of the PEDOT: PSS/PVA hybrid (curve ii) shows peak shift 
from 1372 to 1366 cm–1 and 1500 to 1502 cm−1 due to interac-
tion between PEDOT:PSS and PVA. Next, the surface charge of 
the PEDOT:PSS and PEDOT:PSS/PVA hybrid suspension was 
characterized by measuring the zeta potential. The observed 
zeta potential of PEDOT:PSS suspension in water at −24.9 mV 
is due to presence of sulfonyl group in the PSS molecule.[16] 
However, zeta potential of PEDOT:PSS/PVA hybrid is found 
to be shifted toward more negative value (−28.5 mV) due to 
anionic behavior of PVA chain, indicating interaction between 
PEDOT:PSS and PVA chain.[17]

In the PEDOT:PSS polymer, both PEDOT and PSS mol-
ecules contain one sulfur atom per monomer. In the PEDOT, 

sulfur is present in thiophene ring, whereas PSS contains 
sulfur in the sulfonate moiety attached with styrene ring of the 
polymer. It appears that the changed chemical environment is 
perhaps responsible for the observed binding energy of sulfur 
in PEDOT and PSS polymer. As shown in Figure 3, the X-ray 
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Figure 1.  a) Schematic representation of the electrospinning setup for the synthesis of PEDOT:PSS/PVA nanofibers (Inset showing (i) optical image of 
electrospun modified paper with (ii) high degree of flexibility) and b) biofunctionalized electrospun PEDOT:PSS/PVA nanofiber for carcinoembryonic 
antigen (CEA) detection.

Figure 2.  Raman spectrum of (i) PEDOT:PSS and PEDOT:PSS/PVA 
composite.
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photoelectron spectroscopy (XPS) bands seen between 166 and 
172 eV are assigned to the S 2p band of the sulfur atoms present 
in PSS, whereas the XPS bands between 162 and 166 eV refer 
to the S 2p band of the sulfur atoms present in PEDOT.[18] S 2p 
band of CP (curve i) and PEDOT:PSS/PVA-EsNf/CP (curve ii) 
is visible in Figure 3. It can be seen that the PEDOT peak of 
PEDOT:PSS/PVA-EsNf/CP is slightly shifted toward the lower 
binding energy [–(0.35) eV] suggesting the presence of interac-
tion between positively charge PEDOT molecules and negatively 
charge PVA molecules which affect the electronic environment. 
Moreover, the atomic percentage of S 2p decreases from 2 to 1.1 
after the CP is decorated with PEDOT:PSS/PVA-EsNf/CP. This 
result is consistent with the presence of PVA molecule.

Figure 4a shows the optical image of the conducting paper 
modified with PEDOT:PSS/PVA electrospun nanofiber that has 
high flexibility. It can be folded and cut into desired shape and 
size. Additionally, this platform can be easily decomposed by 
simple incineration.

The mechanical properties of the Whatman paper, CP, and 
PEDOT:PSS/PVA nanofibers deposited conducting paper 
(PEDOT:PSS/PVA-EsNf/CP) were evaluated through stress–strain  

relationship (Figure 4b). The tensile strength and the tensile 
modulus were found to be 5.9 and 314, 7 and 198, and 8.7 and 
232 MPa, respectively. The increased tensile strength of the con-
ducting paper may be attributed to uniform adsorption of the 
PEDOT:PSS molecules onto cellulose fibers of Whatman paper 
resulting in enhanced interfacial adherence with a high extensi-
bility and reduced stiffness. Further, nanofiber coated conducting 
paper (PEDOT:PSS/PVA-EsNf/CP) exhibits high tensile strength 
and modulus but reduced extensibility than that of the CP. This 
decrease in extensibility is due to increased stiffness of the CP 
owing to coating of the nanofibrous network. Table 1 summarizes 
the mechanical properties of the modified conducting paper.

To investigate the hydrophilic/hydrophobic properties of the 
modified paper electrode, contact angle (CA) measurements 
were carried out using the sessile drop method (Figure 5). There 
was a large decrease in the CA value of the conducting paper 
(108°, image i) after electrospinning it with the PEDOT:PSS/
PVA polymer (68°, image ii). This decrease in the CA value 
may be attributed to the presence of the hydrophilic group in 
poly(styrenesulfonate) (PSS), hydroxyl group of PVA, and pores 
created due to random orientation of the PEDOT:PSS/PVA 
nanofiber. The CA decreases to 43° (image iii) after the immo-
bilization of anti-CEA. The decrease in the value of contact 
angle is attributed to the hydrophilic nature of the surface and 
confirms the immobilization of antibody on the PEDOT:PSS/
PVA-EsNf/CP electrode surface.

The surface morphology of the various modified paper elec-
trodes (Figure 6) was investigated using scanning electron micro
scopy (SEM). Image a–c shows SEM of the PEDOT:PSS/PVA-
EsNf deposited on CP at different magnification scale (30 μm, 
5 μm, and 500 nm). It can be clearly seen that continuous, well 
separated, and homogenous EsNf network covers the conducting 
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Figure 3.  S 2p XPS spectra of (i) conducting paper (CP) (ii) PEDOT:PSS/
PVA electrospun nanofiber coated CP.

Figure 4.  a) (i) Optical image of conducting paper coated with PEDOT:PSS/PVA electrospun nanofiber showing (ii) high flexibility. b) Stress–strain 
curve of different modified paper.

Table 1.  Mechanical properties of modified paper.

Sample Tensile strength  
[MPa]

Tensile modulus  
[MPa]

Extension at break  
[mm]

Paper 5.9 314 3.8

Conducting paper (CP) 7 198 6.0

PEDOT:PSS/PVA-EsNf/CP 8.7 232 5.5
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paper. The average diameter of EsNf calculated by ImageJ soft-
ware is found to be 150–200 nm. The EsNf has enhanced specific 
surface area of CP that perhaps plays an important role in the 
orientation and enhanced loading of biomolecule. However, after 
antibody functionalization (image d) surface morphology of the 
PEDOT:PSS/PVA-EsNf/CP exhibits porous and homogenously 

covered surface, indicating successful immobilization of antibody 
(anti-CEA). It appears that anti-CEA are entangled and covered 
with EsNf that may provide easier access to the analyte.

2.1. Electrochemical Studies

Figure 7a shows results of the chronoamperometric studies 
(current versus time) obtained for CP (a), PEDOT:PSS/PVA-
EsNf/CP (b), anti-CEA/PEDOT:PSS/PVA-EsNf/CP (c), BSA/
anti-CEA/PEDOT:PSS/PVA-EsNf/CP (d) at 2 V every 0.1 s. The 
increased value of electrochemical current (0.88 mA) of the 
PEDOT:PSS/PVA-EsNf/CP electrode than that of CP electrode 
(0.74 mA) indicates deposition of the as-spun nanofiber onto 
the CP. The increase in the electrochemical current value can 
be attributed to the conducting behavior of the PEDOT:PSS 
where high surface-to-volume ratio of nanofibers on CP results 
in enhanced permeability of the redox couple [Fe(CN)6]−3/–4 
toward CP electrode. Further increase in the value of amper-
ometric current (1.05 mA) observed after anti-CEA immo-
bilization onto the PEDOT:PSS/PVA-EsNf/CP electrode is 
attributed to well-oriented antibodies layer that facilitates elec-
tron transfer between solution and electrode. Since bovine 
serum albumin (BSA) was used to block non-specific sites on 
anti-CEA/PEDOT:PSS/PVA-EsNf/CP electrode, the observed 
amperometric current (0.97 mA) decreases due to macromo-
lecular structure and insulating nature of BSA. It was found 
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Figure 5.  Contact angle measurement of (i) conducting paper (CP) (ii) 
PEDOT:PSS/PVA electrospun nanofibers coated over conducting paper 
(PEDOT:PSS/PVA-EsNf/CP) (iii) anti-CEA immoblized PEDOTE:PSS/
PVA-EsNf/CP.

Figure 6.  SEM images of a–c) PEDOT:PSS/PVA-EsNf/CP at different magnification d) anti-CEA/PEDOT:PSS/PVA-EsNf/CP.
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that amperometric current of paper sensor (BSA/anti-CEA/
PEDOT:PSS/PVA-EsNf/CP) remained constant and hence 
could be utilized for biosensing application.

The amperometric response studies of the BSA/anti-CEA/
PEDOT:PSS/PVA-EsNf/CP bioelectrode were carried out with 
successive addition of human carcinoembryonic antigen (CEA) 
concentration up to 100 ng mL−1 in PBS (50 × 10−3 m, pH 7.0, 
0.9% NaCl) containing 5 × 10−3 m [Fe(CN)6]3−/4− under static 
condition. For this, 10 μL of different antigen concentration was 
added into the electrochemical cell one by one and the current-
time (0 to 120 s) curve was recorded after incubation of 10 min 
for each cycle. The variation of the amperometric response cur-
rent recorded as a function of CEA (0–100 ng mL−1) is shown 
in Figure 7b. It can be seen that (Figure 7c) at concentration up 
to 25 ng mL−1, amperometric current decreases and saturation 
current is obtained at higher concentration (50, 100 ng mL−1). 
This can be understood by immunoreactions, wherein CEA first 
reacts with anti-CEA on paper surface and forms the antigen-
antibody complex resulting in decreased charge transfer via 
[Fe(CN)6]3−/4− leading to reduction in the amperometric current. 
This can be assigned to rearrangement of the molecules in the 
matrix. A linear relationship is observed between magnitude 
of amperometric current and CEA concentration in the range, 

0–25 ng mL−1 (Figure 7d) with regression coefficient of 0.996 as 
given in Equation (1)

= − µ ×
+ µ =

−( ) 14.2 A mL ng [CEA concentration]

954 A; 0.996

1

2

I A

R
	 (1)

The sensitivity of the BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/
CP bioelectrode estimated from slope of the curve has been 
found to be 14.2 μA ng−1 mL cm−2 and the lower detection  
limit (LD) has been determined to be 0.2 ng mL−1 using  
Equation (2)

m
Detection limit

3σ= 	 (2)

where σ is standard deviation and m is the slope of the curve. 
A control experiment was conducted using the PEDOT:PSS/
PVA-EsNf/CP electrode as a function of CEA concentration 
(Figure S2, Supporting Information) in the absence of anti-
bodies. It was observed that there was no significant change 
in the amperometric current of PEDOT:PSS/PVA-EsNf/CP 
electrode with increasing concentration of CEA. It appears that 
the PEDOT:PSS/PVA-EsNf/CP electrode does not bind the 
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Figure 7.  Electrochemical characterization of modified paper electrode a) chronoamperometry plot obtained for (i) conducting paper, CP (ii) PEDOT:PSS/
PVA-EsNf/CP (iii) anti-CEA/PEDOT:PSS/PVA-EsNf/CP (iv) BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP. b) Electrochemical response studies of  
BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP electrode at different concentration (0–100 ng mL−1) of CEA c) calibration plot between the magnitudes 
of current recorded and CEA concentration d) linearity plot of paper sensor (BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) with linear regression  
coefficient R = 0.996.
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antigen molecule and hence the amperometric current does 
not exhibit significant change in the PEDOT:PSS/PVA-EsNf/CP 
electrode surface.

2.2. Selectivity, Stability, and Reproducibility Studies

The selectivity of BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP 
bioelectrode was investigated in the presence of other ana-
lytes such as endotheline-1 protein (ET-1), cardiac troponin I 
(cTnI), and cytokeratin-19 fragment (CYFRA-21-1), (2 ng mL−1) 
(Figure 8a). It was found that magnitude of amperometric cur-
rent decreased on addition of CEA (2 ng mL−1). However, there 
was no significant change in amperometric current on addi-
tion of another antigen indicating high selectivity of the paper 
sensor toward CEA. Figure 8b shows reproducibility of the five 
different paper electrodes (BSA/anti-CEA/PEDO:PSS/PVA-
EsNf/CP) fabricated under similar conditions in presence of 
2 ng mL−1 CEA concentration. It was found that BSA/anti-CEA/
PEDOT:PSS/PVA-EsNf/CP bioelectrode showed good reproduc-
ibility for five different electrodes with constant surface area 
as is evident by low value of relative standard deviation (RSD) 
of 3.1% (mean value = 980 μA). Further, each measurement 

was repeated three times for each electrode and the error bars 
were included accordingly. The shelf life of BSA/anti-CEA/
PEDOT:PSS/PVA-EsNf/CP bioelectrode (Figure 8c) was deter-
mined by measuring the amperometric response current at reg-
ular interval of 2–3 days. It was found that no significant change 
occurred in the amperometric current up to about 22 days after 
which the amperometric current decreased to 21%. This indi-
cates that paper electrode (BSA/anti-CEA/PEDOT:PSS/PVA-
EsNf/CP) exhibits good stability up to 22 days.

2.3. Real Sample Analysis

Quantification of CEA in serum of cancer patients was con-
ducted at Rajiv Gandhi Cancer Institute & Research Centre 
(RGCI&RC) in Delhi, India using the VITROS CEA Rea-
gent Pack and the VITROS CEA Calibrators on the VITROS 
ECi/ECiQ Immunodiagnostic Systems, the VITROS 3600 
Immunodiagnostic System and the VITROS 5600 Integrated 
System using Intellicheck® Technology. The blood sam-
ples of patients were collected and processed at RGCI&RC 
after ethical approval by the Institutional Review board (No. 
RGCIRC/IRB/61/2014) and Institutional Ethical and Biosafety 
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Figure 8.  a) Interferents studies conducted via measurement of electrochemical current response of BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioel-
ectrode (paper sensor) in the presence of other analytes. b) Electrochemical current response of different immunoelectrode fabricated under similar 
condition in presence of CEA (2 ng mL−1). c) Electrochemical current response of BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode measured as 
a function of time (day) and d) CEA concentration values obtained by immunoassay and the BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode.
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Committee, Delhi Technological University (DTU), Delhi, India 
(R.NO.:BT/IEBC/2014/714). It has been found that a reason-
able correlation exists between magnitude of amperometric 
current response of the BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/
CP bioelectrode in presence of (a) standard concentration of 
CEA and (b) CEA concentration in serum samples obtained by 
RGCI&RC (Figure 8d).The observed results exhibit reasonable 
(less than 9%) relative standard deviation (%RSD) indicating 
high accuracy of paper sensor.

The sensing characteristics of this paper sensor are sum-
marized in Table 2 and the results have been compared with 
those obtained using conventional electrode such as gold, 
glassy carbon and ITO reported in literature for CEA detec-
tion. It can be seen that fabricated paper electrode (BSA/
anti-CEA/PEDOT:PSS/PVA-EsNf/CP) covers broad detection 
range and display improved sensing parameters compared 
to conventional electrodes (gold, gassy carbon, and ITO 
electrode).

The fabricated paper sensor (BSA/anti-CEA/PEDOT:PSS/
PVA-EsNf/CP) can be easily decomposed by incineration 
(Movie S1, Supporting Information), which is a major draw-
back in disposal of expensive conventional electrodes such 
as gold, glassy carbon and ITO electrodes. The resulting 
ash was investigated by energy dispersive X-ray (EDX) tech-
nique. EDX results confirm the presence of carbon, oxygen, 
sulfur, potassium, calcium, and iron. No traces of toxic 
metals were detected (Figure S3, Supporting Information). 
It shows that the proposed paper sensor is disposable, envi-
ronment friendly, and a promising platform for point of care 
diagnostics.

3. Conclusions

We have demonstrated the fabrication of a flexible, cost-effec-
tive, lightweight, label free, and environment friendly elec-
trochemical sensor. For this, nanofiber of PEDOT:PSS/PVA 
have been grown on CP platform using electrospinning tech-
nique. The deposition of EsNf results in improved mechan-
ical strength and electrochemical properties. In addition high 
aspect ratio of PEDOT:PSS/PVA-EsNf results in improved 
charge transfer between electrode and solution resulting in 

higher sensitivity toward the electrochemical detection of 
cancer biomarker (CEA). The PEDOT:PSS/PVA-EsNf function-
alized with anti-CEA biomolecule has been found to have good 
precision and reproducibility for CEA detection. The results of 
the amperometric response studies indicate that the paper elec-
trode (BSA/anti-CEA/PEDO:PSS/PVA-EsNf/CP) can be used 
to estimate the CEA from 0.2 to 25 ng mL−1, has high sensi-
tivity (14.2 μA ng−1mL cm−2) and shelf life of 22 days. This EsNf 
decorated CP shows excellent electrochemical behavior and has 
the potential use in the development of electrochemical biosen-
sors for detection of other analytes including cholesterol, urea, 
environment pollutant chemical, etc. Efforts should be made to 
investigate the effect of film thickness on the characteristics of 
this sensor. This paper based environment friendly electrode 
can be easily disposed off by simple incineration.

4. Experimental Section
Materials and Reagents: PEDOT:PSS aqueous solution (1.3 wt% 

dispersion in H2O), PEDOT content: 0.5 wt%, PSS content (0.8 wt%), 
polyvinyl alcohol (PVA), carcinoembryonic antibody monoclonal 
(anti-CEA), CEA, and BSA were procured from Sigma-Aldrich, India. 
Whatman filter paper #1 was purchased from GE healthcare, UK. 
Deionized water from Millipore water purification systems (resistivity 
18.2 MΩ cm) was used in all experiments.

Fabrication of Conducting Paper (CP): Conducting paper was fabricated 
as reported earlier.[5] In brief, the Whatman paper (1cm×3cm) was 
dipped in PEDOT:PSS aqueous suspension (1.3 wt%, 3%EG) for 1 h and 
was then dried at 100 °C in a hot air oven. Thereafter it was treated with 
EG by dipping in the EG solution for 20 min. The EG treated conducting 
paper was finally dried at 100 °C for about 1 h.

Fabrication of PEDOT:PSS/PVA Electrospun Nanofiber (EsNf ) Decorated 
Conducting Paper (PEDOT:PSS/PVA-EsNf/CP): The PEDOT:PSS/PVA 
nanofibers were synthesized using electrospinning (Figure 1a).[22] 
Briefly, 0.3 g of PVA powder was added to 5 mL of PEDOT:PSS in 
a vial and magnetically stirred and heat at 60 °C for 1–2 h to ensure 
that the solution was homogenous. The PVA was used as a polymeric 
carrier material to prepare PEDOT:PSS based electrospun nanofiber. 
Besides this, PVA is a nontoxic, environment friendly polymer that can 
be helpful to attest the environmental concern of paper sensor.[23] The 
black viscous solution was kept overnight to remove the air bubbles. 
Thereafter, the as-prepared viscous solution was transferred into syringe 
for electrospinning. During the electrospinning process, a direct current 
voltage of 20 KV was applied to the syringe needle and a feed rate 
of 1.4mL h−1 was used. The distance between the needle tip and the 
conducting paper (collector) was kept at 10 cm.

Table 2.  Response characteristics of the BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP bioelectrode along with those reported in literature.

S. No. Substrate Material Fabrication 
method

Detection method Linear range  
and sensitivity

Stability  
[d]

Cost References

1. Gold  

electrode

AuNP,  

O-aminophenol

Drop cast Electrochemical impedance 

spectroscopy
0.5–20 ng mL−1 and  

1.08 × 105 Ω ng−1 mL

– High [19]

2. Glassy carbon 

electrode

AuNP, MWCNT,  

Chitosan

Drop cast Differential pulse 

voltammetry

0.3–2.5 and  

2.5–20 ng mL−1 and —–

30 Moderate [20]

3. ITO Au-Chitosan Drop cast Cyclic voltammetry 2–20 ng mL−1 14 Moderate [21]

4. Whatman paper 1 PEDOT:PSS/RGO,  

ethylene glycol

Dip coating Amperometry 2–8 ng mL−1 and 25.8 μA  

(ng mL−1)−1 cm2

21 Low [5]

5. Whatman paper 1 PEDOT:PSS/CNT,  

formic acid

Dip coating Amperometry 2–15 ng mL−1 and 7.8 μA  

(ng mL−1)−1 cm2

18 Low [14]

6. Whatman  

paper 1

PEDOT:PSS/PVA  

electrospun nanofiber

Electrospinning 

method

Amperometry 0.2–25 ng mL−1 and 14.2 μA  

(ng mL−1)−1 cm2

22 Low Present work
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Biofunctionalization of PEDOT:PSS/PVA Electrospun Nanofiber 
Decorated Conducting Paper (anti-CEA/PEDOT:PSS/PVA-EsNf/CP): For 
biofunctionalization, the monoclonal carcinoembryonic antibodies 
(anti-CEA) solution of 100 μg mL−1 was uniformly spread over the 
PEDOT:PSS/PVA-EsNf/CP electrode (anti-CEA/PEDOT:PSS/PVA-EsNf/
CP). The anti-CEA is physically absorbed onto the PEDOT:PSS/PVA-
EsNf/CP electrode. The efficiency of binding between antibodies and 
PEDOT:PSS/PVA-EsNf/CP electrodes was investigated. In this approach 
we washed the fabricated anti-CEA/PEDOT:PSS/PVA-EsNf/CP electrodes 
with phosphate buffer saline (PBS, pH 7.0) upto ten times and it was 
found that no significant changes in current occurred (as shown in Figure 
S1, Supporting Information). This may be due to the strong interaction 
between negatively charged PEDOT:PSS/PVA hybrid (−28.5 mV) and 
positively charged end ( NH3

+) of the anti-CEA molecules, indicating 
that highly stable films were formed and the immobilized antibodies 
did not get easily washed by buffer solution. Further, to block unspecific 
sites 0.1% of BSA was added to the anti-CEA functionalized PEDOT:PSS/
PVA-EsNf/CP electrode. After rinsing again with PBS, the fabricated 
paper electrodes (BSA/anti-CEA/PEDOT:PSS/PVA-EsNf/CP) were stored 
at 4 °C before carrying out the sensing studies. A schematic of the 
experiment is shown in Figure 1.

Measurements and Characterization: The PEDOT:PSS/PVA composite 
was characterized using Raman spectroscopy (Varian 7000 FT-Raman) 
and zeta potential (Zetasizer Nano-ZS90, Malvern Instruments Ltd., 
U.K.) using dynamic light scattering technique. Fourier transform infrared 
(FTIR) and XPS studies of modified paper electrodes were recorded using 
Bruker Optics, Vertex 70V in transmission mode, and PHI 5000 Versa 
Prob II, FEI Inc, respectively. Tensile strength properties of the modified 
paper were measured using a universal testing machine (UTM, Instron 
3369) according to ASTM D 882-02. The preconditioned test samples 
(50 × 10 × 0.18 mm) were mounted between grips of the machine with 
span length 27 mm and pulled at cross head speed of 5 mm min−1. The 
average tensile properties of five specimens were measured. Contact 
angle measurements (Data Physics OCA15EC) were done using sessile 
drop method. The morphology of the deposited electrospun nanofiber 
and energy dispersive X-ray (EDX) analysis was determined with scanning 
electron microscopy (Hitachi S-3700N). The electrochemical behavior of 
the electrode was studied via chronoamperometry measurement on an 
Autolab Potentiostat/Galvanostat (Metrohm, The Netherlands) using 
a three-electrodes cell with the modified conducting paper electrode as 
a working electrode, platinum as auxiliary electrode, and a Ag/AgCl as 
the reference electrode in phosphate buffer saline (PBS, 50 × 10−3 m, 
pH 7.0, 0.9% NaCl) containing 5 × 10−3 m [Fe(CN)6]3−/4−.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors thank Prof. Yogesh Singh, Vice Chancellor, Delhi Technological 
University (DTU), Delhi, India for providing the facilities. Saurabh Kumar 
is thankful to DTU for the award of financial assistance and Chandra 
Mohan Srivastava, DTU for scientific discussions during electrospinning. 
S.K. is thankful to Dr. Birendra K. Yadav, Dr. D. C. Doval, Rajiv Gandhi 
Cancer Institute & Research Centre for providing the clinical samples.

Received: April 1, 2016
Revised: April 22, 2016

Published online:

[1]	 a) S.  Hu, R.  Rajamani, X.  Yu, Appl. Phys. Lett. 2012, 100, 104103; 
b) L.  Hu, J. W.  Choi, Y.  Yang, S.  Jeong, F.  La Mantia, L.-F.  Cui, 
Y.  Cui, Proc. Natl. Acad. Sci. USA 2009, 106, 21490; c) Q.  Cheng, 
Z. Song, T. Ma, B. B. Smith, R. Tang, H. Yu, H.  Jiang, C. K. Chan, 
Nano Lett. 2013, 13, 4969; d) T. H.  Nguyen, A.  Fraiwan, S.  Choi, 
Biosens. Bioelectron. 2014, 54, 640; e) W. J.  Hyun, O. O.  Park,  
B. D. Chin, Adv. Mater. 2013, 25, 4729; f) R. Martins, P. Barquinha, 
L. Pereira, N. Correia, G. Gonçalves, I. Ferreira, E. Fortunato, Appl. 
Phys. Lett. 2008, 93, 203501; g) A. D. Mazzeo, W. B. Kalb, L. Chan, 
M. G.  Killian, J. F.  Bloch, B. A.  Mazzeo, G. M.  Whitesides, Adv. 
Mater. 2012, 24, 2850; h) C. Desmet, C. A. Marquette, L. J. Blum, 
B.  Doumèche, Biosens. Bioelectron. 2015, 76, 145; i) S.  Kumar,  
K. K.  Jagadeesan, A. G.  Joshi, G.  Sumana, RSC Adv. 2013, 3,  
11846.

[2]	 D. Tobjörk, R. Österbacka, Adv. Mater. 2011, 23, 1935.
[3]	 E. W.  Nery, L. T.  Kubota, Anal. Bioanal. Chem. 2013, 405,  

7573.
[4]	 a) L.  Wang, W.  Chen, D.  Xu, B. S.  Shim, Y.  Zhu, F.  Sun, L.  Liu, 

C. Peng, Z. Jin, C. Xu, Nano Lett. 2009, 9, 4147; b) K. K. Jagadeesan, 
S. Kumar, G. Sumana, Electrochem. Commun. 2012, 20, 71.

[5]	 S.  Kumar, S.  Kumar, S.  Srivastava, B. K.  Yadav, S. H.  Lee,  
J. G. Sharma, D. C. Doval, B. D. Malhotra, Biosens. Bioelectron. 2015, 
73, 114.

[6]	 V. Saxena, B. Malhotra, Curr. Appl. Phys. 2003, 3, 293.
[7]	 a) C. Liao, C. Mak, M. Zhang, H. L. Chan, F. Yan, Adv. Mater. 2015, 

27, 676; b) L.  Li, Y.  Wang, L.  Pan, Y.  Shi, W.  Cheng, Y.  Shi, G.  Yu, 
Nano Lett. 2015, 15, 1146.

[8]	 a) A. Frenot, I. S. Chronakis, Curr. Opin. Colloid Interface Sci. 2003, 
8, 64; b) H. Park, S. J. Lee, S. Kim, H. W. Ryu, S. H. Lee, H. H. Choi, 
I. W. Cheong, J.-H. Kim, Polymer 2013, 54, 4155.

[9]	 a) U. Lang, E. Müller, N. Naujoks, J. Dual, Adv. Funct. Mater. 2009, 
19, 1215; b) S.  Kirchmeyer, K.  Reuter, J. Mater. Chem. 2005, 15,  
2077.

[10]	 a) A.  Laforgue, L.  Robitaille, Macromolecules 2010, 43, 4194;  
b) J. A. Arter, D. K. Taggart, T. M. McIntire, R. M. Penner, G. A. Weiss, 
Nano Lett. 2010, 10, 4858.

[11]	 A.  Maattanen, U.  Vanamo, P.  Ihalainen, P.  Pulkkinen, H.  Tenhu, 
J.  Bobacka, J.  Peltonen, Sensors and Actuators B: Chemical. 2013, 
177, 153.

[12]	 B. D.  Malhotra, S.  Kumar, C. M.  Pandey, J. Phys. Conf. Ser. 2016, 
704, 012011.

[13]	 H. J.  Hansen, J. J.  Snyder, E.  Miller, J.  Vandevoorde, O. N.  Miller, 
L. Hines, J. Burns, Hum. Pathol. 1974, 5, 139.

[14]	 S.  Kumar, M.  Willander, J. G.  Sharma, B. D.  Malhotra, J. Mater. 
Chem. B 2015, 3, 9305.

[15]	 J. S.  Hwang, T. H.  Oh, S. H.  Kim, S. S.  Han, S. J.  Lee, S. G.  Lee,  
Y. J. Lee, S. S. Jang, J. Appl. Polym. Sci. 2015, 132, 42628.

[16]	 M. Horikawa, T. Fujiki, T. Shirosaki, N. Ryu, H. Sakurai, S. Nagaoka, 
H. Ihara, J. Mater. Chem. C 2015, 3, 8881.

[17]	 H.  Moayedi, A.  Asadi, F.  Moayedi, B. B.  Huat, Int. J. Electrochem. 
Sci. 2011, 6, 1294.

[18]	 Y. Xia, K. Sun, J. Ouyang, Adv. Mater. 2012, 24, 2436.
[19]	 H. Tang, J. Chen, L. Nie, Y. Kuang, S. Yao, Biosens. Bioelectron. 2007, 

22, 1061.
[20]	 K.-J. Huang, D.-J. Niu, W.-Z. Xie, W. Wang, Anal. Chim. Acta 2010, 

659, 102.
[21]	 J. Lin, W. Qu, S. Zhang, Anal. Sci. 2007, 23, 1059.
[22]	 N. Liu, G. Fang, J. Wan, H. Zhou, H. Long, X. Zhao, J. Mater. Chem. 

2011, 21, 18962.
[23]	 Y.-T. Jia, J. Gong, X.-H. Gu, H.-Y. Kim, J. Dong, X.-Y. Shen, Carbohydr. 

Polym. 2007, 67, 403.



 

BIODATA 

 

Name: Saurabh Kumar 

Father’s Name:         Jagdish Prasad 

Date of Birth: 22 January 1987 

Permanent Address: Village: Tulsipur 

P.O + P.S: Hulasganj 

District: Jhanabad,  

Bihar: 804407 

Mobile No.: 9015841169 

E mail: sau2203@gmail.com 

  

              

ACADEMIC QUALIFICATIONS 

Degree Year Subject Division University/Board 

Ph. D. 2012-

Present 

 

Biotechnology First 

(Course Work) 

Delhi 

Technological 

University, Delhi 

M. Sc. 2008-2010 Bioelectronics 

& 

Instrumentation 

First Jamia Hamdard, 

Delhi 

B. Sc. (H) 2005-2008 Biotechnology First CCS University, 

Meerut, U.P 

Intermediate 2001-2003 Science First B.I.E.C, Patna 

 

High School 2001 Science, Social 

science, Maths, 

English, Hindi, 

Sanskrit. 

First B.S.E.B, Patna 

    

  RESEARCH EXPERIENCE 

1. Setup a Nanobioelectronics Laboratory at Department of Biotechnology, Delhi 

Technological University, Delhi under supervision of Prof B. D. Malhotra. 

 

2. Worked as Project assistant, in the area of fabrication of paper based 

immunosensor for detection of infectious disease, at Biomedical 

Instrumentation Section, National Physical Laboratory (CSIR), New Delhi 

(From Jan 2011 to July 2012). 
 

3. Worked on Self-assembled monolayer based cholesterol biosensor as a last 

semester project work during Masters (Jan 2010 to June 2010) in Centre on 

Biomolecular Electronics, National Physical Laboratory, New Delhi. 

 
 

 

mailto:sau2203@gmail.com


PUBLICATIONS 

1. S. Kumar
#
, A. Sen

#
, S. Kumar, S. Augustine, B.K. Yadav, S. Mishra and B.D. 

Malhotra, Polyaniline modified flexible conducting paper for cancer detection, 

Applied Physcis Letters, 2016, 108(20), 203702. (#Authors with equal 

contribution, Impact factor 3.1) 

 

2. S. Kumar, S. Kumar, S. Tiwari, S. Augustine, S. Srivastava, B.K. Yadav and 

B.D. Malhotra, Highly sensitive protein functionalized nanostructured 

hafnium oxide based biosensing platform for non-invasive oral cancer 

detection, Sensors and Actuators B: Chemical, 2016, 235, 1-10. (Impact 

factor 4.7) 

 

3. S. Kumar, P. Rai, J.G. Sharma, A. Sharma and B.D. Malhotra, 

PEDOT:PSS/PVA-nanofibers-decorated conducting paper for cancer 

diagnostics, Advanced Materials Technologies, 2016. 

(doi: 10.1002/admt.201600056). 

 

4. S. Kumar, M. Willander, J.G. Sharma and B.D. Malhotra, A solution 

processed carbon nanotube modified conducting paper sensor for cancer 

detection, Journal of Material Chemistry B, 2015, 3, 9305–9314. (Impact 

factor 4.9) 

 

5. S. Kumar, S. Kumar, S. Srivastava, B.K. Yadav, S.H. Lee, J.G. Sharma, D.C. 

Doval and B.D. Malhotra, Reduced graphene oxide modified smart conducting 

paper for Cancer biosensor, Biosensors and Bioelectronics, 2015, 73, 114-

122. (Impact factor 7.5) 

 

6. S. Kumar, S. Kumar, S. Tiwari, S. Srivastava, M. Srivastava, B.K. Yadav, S. 

Kumar, T.T. Tran, A.K. Dewan, A. Mulchandani and B.D. Malhotra, 

Biofunctionalized nanostructured zirconia for biomedical application: A smart 

approach for oral cancer detection, Advanced Science, 2015, 2, 1-9. (Impact 

factor 6.0) 

 

7. S. Kumar
#
, S. Kumar

#
, Md. A. Ali

#
, P. Anand, V.V. Agrawal, R. John, S. 

Maji and B.D. Malhotra, Microfluidic-integrated biosensors: Prospects for 

point-of-care diagnostics, Biotechnology Journal, 2013, 8, 1267-1279. 

(#Author with equal contribution, Impact factor 3.5) 

 

8. S. Kumar
#
, K.K. Jagadeesan

#
, A.G. Joshi and G. Sumana, 

 
Immuno-CoPS 

(conducting paper strips) for futuristic cost-effective cancer diagnostics, RSC 

Advance, 2013, 3, 11846-11853. (#Author with equal contribution, Impact 

factor 3.3) 

 

9. K.K. Jagadeesan
#
, S. Kumar

#
 and G. Sumana, Application of conducting 

paper for selective detection of troponin, Electrochemistry 

Communications, 2012, 20, 71-74. (#Author with equal contribution, Impact 

factor 4.6)



 

10. S. Kumar, J. Singh, V.V. Agrawal, M. Ahamad and B.D. Malhotra, 

Biocompatible self-assembled monolayer platform based on (3-

glycidoxypropyl)trimethoxysilane for total cholesterol estimation, Analytical 

Methods, 2011, 3, 2237-2245. (Impact factor 1.9) 

 

CONFERENCE PAPERS 

1. S. Kumar, S. Kumar, C.M. Pandey and B.D. Malhotra, Conducting paper 

based sensor for cancer biomarker detection, Journal of Physics: Conference 

Series, IOP Publishing: 2016; pp 12010-12018. 

 

2. B.D. Malhotra, S. Kumar and C.M. Pandey, Nanomaterials based biosensors 

for cancer biomarker detection, Journal of Physics: Conference Series, IOP 

Publishing: 2016; pp 012011. 

 

AWARDS AND ACHIEVEMENTS 

1. Research paper entitled “Reduced graphene oxide modified smart conducting 

paper for cancer biosensor” by S. Kumar, S. Kumar, S. Srivastava, B.K. 

Yadav, S.H Lee, J.G. Sharma, D.C. Doval and B.D. Malhotra has been 

selected as research news entitled “Graphene-modified paper sensor detect 

cancer” on Nature India Published online 16 June 2015. 

(http://www.natureasia.com/en/nindia/article/10.1038/nindia.2015.80) 

doi:10.1038/nindia.2015.80 

 

2. Research paper entitled “Application of conducting paper for selective 

detection of troponin” by K.K Jagadeesan, S. Kumar, and G. Sumana has 

been selected as research news entitled “Polymer Paper to Detect heart 

Disease” on Nature India Published online 22 June 2012. 

(http://www.nature.com/nindia/2012/120622/full/nindia.2012.90.html) 

doi:10.1038/nindia.2012.90
 

 

3. Best poster award for the paper entitled “Solution-Processed 

PEDOT:PSS/Graphene Composites as the electroactive paper for biosensor 

application” by S. Kumar, S. Kumar,  S. Augustine, B.K. Yadav, J.G. 

Sharma, D.C. Doval, and B.D. Malhotra is selected at the 6
th

 World Congress 

on Biotechnology” held on October 05-07, 2015 in New Delhi, India 

(Organized by OMICS International).
 

 

4. Best poster award for the paper entitled “Low Cost Conducting paper based  

impedimetric biosensor for cancer detection” by S. Kumar, S. Kumar,  A. 

Sen, S. Srivastava, B.K. Yadav, J.G. Sharma, D.C. Doval and B.D. Malhotra 

is selected in the 14
th

 Annual International Conference RGCON 2015, 

Changing Landscape in Head & Neck oncology Future & Beyond held from 

27
th

 February to 01
st
 March 2015 (Organized by Rajiv Gandhi Cancer Institute 

& Research Centre Delhi).
 

 

http://www.natureasia.com/en/nindia/article/10.1038/nindia.2015.80
http://www.nature.com/nindia/2012/120622/full/nindia.2012.90.html
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