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Abstract 

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

 Scm
-1

 up to ~3.57×10
-2

 Scm
-1

 (~300 times) 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. 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 µAng
-

1
mLcm

-2
 in the physiological range, 1-10 ngmL

-1
. 
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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 applications in healthcare, detection of 

toxicants, explosives and environmental 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 performed near the vicinity of a patient and hence these devices have 

recently gained much attention in health care. (Gervais et al. 2011; Kumar et al. 2013a; Kumar et 

al. 2013b; Luppa et al. 2011) 

Electrochemical sensors are known to play an important role in on-going transition 

towards the paper based POC diagnostic devices. 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 advantageous. 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.(Jagadeesan 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 conducting 

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 to a given 

biomolecule, 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 

development of a conducting paper due to its homogeneous entrapment in/on a  paper using 

simple dip coating method with 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 some 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 increased electrochemical activity.(Pumera 

2011) Hence incorporation 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) Carcinoembryonic antigen 

(CEA) is known to be a tumor marker associated with colon, lung, ovarian and breast cancer that 



are responsible 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) In this context, determination of CEA in serum has 

been proposed 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 (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.  

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 (1cm×1cm) was dipped in 

PEDOT:PSS/RGO aqueous suspension (PEDOT:PSS content 1.3 wt%, RGO content 0.035wt%) 

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 finally dried 

at 100 °C for about 1 hr. A Schematic of the experiment has been demonstrated in Figure 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 electron 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 conventional 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 (Figure 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 (Figure 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.(Cui 



et al. 2011) The RGO sheets appear to be uniformly covered with PEDOT: PSS (Figure 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. (Hyun et 

al. 2013) The diffused ring like structure observed (Figure 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 (Figure 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 uniform and stable film of PEDOT:PSS on the paper. Figure 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 carried out (Supporting Information Figure S1). 

3.2 Conductivity Studies 

The PEDOT:PSS coated paper shows conductivity of 1.16×10
-4

 Scm
-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

 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.(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 rearrangement 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

 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.(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 interactions between PEDOT and cellulose molecules 

leading to higher conductivities. We have incorporated RGO in the PEDOT:PSS matrix for 

electrochemical studies since RGO exhibits excellent electrochemical properties.(Pumera 2011)
 

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 figure 3.  

The effect of folding (-180° to 180°), repeated folding and unfolding on conductivity of 

the electroactive paper has been investigated. Figure 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 conductivity (σo)] of electroactive electrode is 

measured as a function of folding angle. Figure 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 figure 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 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.  

Figure 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 FT-IR and XPS Analysis 

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 Figure 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.
 
(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 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 vibration 

whereas disappearance of –SO3
-
 symmetric stretching suggests molecular rearrangement in the  

PEDOT:PSS leading to increased electrical conductivity. 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

 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 -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. FT-IR spectra of electroactive paper (Figure S2(i) in Supporting Information) indicates 

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.  

Figure 4C shows XPS 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.(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 conformational change in PEDOT:PSS 

due to the transition from coiled to linear form leading to increased exposure of PEDOT chains 

(Figure 3A).(Alemu et al. 2012) 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. XPS of electroactive paper is shown in Figure S2(ii) (See 

Supporting Information).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. 

 

3.4 Electrochemical studies  

To investigate the charge transfer phenomenon at the conducting paper/solution interface, 

the electrochemical impedance spectroscopy (EIS) studies have been 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.
 
(Daniels and Pourmand 2007) Figure 5A shows 

EIS of the (i) conducting paper, (ii) conducting paper treated with EG, (iii) electroactive paper. 

Figure 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 electrochemical cell. The various parameters related to the circuit element have been 

summarized in Table S2 alongwith % error [see supplementary information sheet]. 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) 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 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 

Equation 1.
 
(Bardea et al. 2000) 

 
 2 2

RT
.(1)

 
ct

ct

K
n F AR S

   

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 electron 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 the incorporation of RGO improves the 



electrochemical activity of the electroactive paper as compared to that of EG treated conducting 

paper.  

Figure 5B shows results of the chronoamperometric studies (current verses 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 the enhancement in 

permeability of the 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 Sigma Aldrich) are physically absorbed onto the PEDOT:PSS/RGO 

based electroactive paper [Figure 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 ngmL
-1

) are prepared via 

further dilution of stock solution (25µgmL
-1

). The response studies of anti-CEA/electroactive 

paper obtained as a function of CEA concentration (1-10 ngmL
-1

), have been 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 is added into electrochemical cell for each antigen concentration. 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 ngmL
-1

) is shown in Figure 5C. 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. (Shim et al. 2008; Wang et al. 2009) 

Figure 5D indicates the calibration 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 

concentration) is shown in figure S3.   Furthermore, a control experiment has been performed to 

check cross reactivity of the electroactive paper with CEA antigen in the absence of antibodies 

(curve ii). However, no significant change in current response is observed 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 ngmL
-1

 with a sensitivity of 25.8 µAng
-1

mLcm
-2

 and follows the 

Equation (2). 

1 2( )    25.8 µ       [    ]   613.5 µ ;    0.998I A A mL ng CEA concentration A R      …. (2) 

We have compared the sensing performance of the electroactive 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 presence of 

different concentration of antigen (1-10 ng/ml) (See supporting information figure S4). It is 

found that the electroactive paper is almost 6 times more sensitive than the conducting paper 

treated with EG for CEA detection. 

3.5 Stability, Selectivity and Reproducibility studies 

Figure 6A shows variation of response current of the immunoelectrode (anti-CEA 

immobilized electroactive paper) taken at a regular interval of 2 days. It has been found that 

current value decreases to ~7% after 21 days. This indicates that the paper sensor exhibits good 



stability upto 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) (2ngmL
-1

). Figure 6B shows 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 

immunoelectrodes fabricated under similar conditions has been investigated in presence of 

2ngmL
-1 

CEA concentration (Figure 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 value = 609µA). Further each measurement 

(figure 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 appreciable 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 were 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 based electrochemical method (Figure 6D). As shown in Figure 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 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 production of the medical diagnostics kits, this is an added 

advantage of this new environment friendly disposable electroactive paper sensor. 

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 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 are under extensive investigation. 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. This simple, low cost, flexible 

and disposable electroactive paper based platform has immense potential for point of care 

biosensors, flexible electronics and energy storage devices etc. 
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Figure 1. Schematic of proposed electroactive paper sensor. 
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Figure 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. 

 

 

 

 

 

 

 



Figure 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°). 

 

 

 

 

 

 

 

 



Figure 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.  

 

 

 

 



Figure 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 (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.  

 

 

 

 

 

 

 

 



Figure 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 presence of 

CEA (2 ng/ml) and (D) CEA concentration values obtained by immunoassay and the 

electroactive paper method. 

 

 

 

 

 



Highlights 

1. Solution processed reduced graphene oxide modified conducting paper sensor has been 

reported for cancer detection.  

2. It is exceptionally low cost, flexible and disposable  

3. It exhibits high sensitivity of 25.8 µA ng
-1

mL cm
-2

 in the detection range of 1-10 ngmL
-1

 for 

cancer biomarker (carcinoembryonic antigen, CEA) detection. 

 4. Owing to the efficient conductivity of the paper electrode, it may be a promising alternative 

over the expensive conventional electrodes (ITO, gold and glassy carbon) for its application in 

POC devices. 

 

 



Supporting videos captions 

 

Movie S1: A video indicating the lighting of an LED lamp when current is passed through the 

multiple times folded electroactive paper. 

Movie S2:  A video demonstrating that the electroactive paper sensor can be easily decomposed 

by simple incineration. 




