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Abstract- A new strategy was developed to investigate conducting polymer poly(3,4-
ethylenedioxy)thiophene:poly(styrenesulfonate) (PEDOT:PSS) properties and potential for 
enzymatic electrochemical detection of l-phenylalanine. PEDOT:PSS was blended with 
polyvinyl alcohol (PVA) and further treated with glutaraldehyde (GA) to produce new 
conducting polymer composite films of PEDOT:PSS/PVA-GA on indium(tin) oxide (ITO)-
coated glass slides. Phenylalanine dehydrogenase (PheDH) was covalently immobilized on 
the glutaraldehyde modified conducting polymer composite films to produce 
PEDOT:PSS/PVA-GA-PheDH films. Using this strategy, PEDOT:PSS remained chemically 
unmodified and its electrical properties was maintained in a matrix containing glutaraldehyde 
modified polyvinyl alcohol. Electrochemical behavior of the conducting polymer composite 
films, before and after enzyme immobilization, was investigated using a 
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potentiostat/galvanostat. Cyclic voltammograms showed an oxidation peak of about 0.63 V 
for PEDOT:PSS/PVA-GA (PEDOT:PSS to PVA ratio=1/1) and about 0.73 V for 
PEDOT:PSS/PVA-GA-PheDH in different concentrations of L-phenylalanine in 
Glycine/KCl/KOH buffer solution (100 mM, pH=10.4). The redox properties of 
PEDOT:PSS/PVA-GA films which is attributed to oxidation of PEDOT seems to contribute 
to electron transfer to the electrode during enzymatic reaction. Results showed that the 
system is suitable for determination of L-Phe in human urine for people with 
phenylketonuria. 
 
Keywords- Conducting Polymer; Poly(3,4-ethylenedioxy)thiophene: poly (styrenesulfonate); 
Glutaraldehyde; Immobilization Matrix; Biosensing application 
 

 

1. INTRODUCTION 

In recent years, the significance of quick, sensitive, selective, and quantitative detection of 

a variety of analytes in body liquids for disease prevention, diagnosis and prognosis has led to 

a great amount of research in the field of easy-to-use point-of-care devices called biosensors 

[1-6]. A biosensor is a type of sensor in which biological elements such as proteins, nucleic 

acids, and cells are used as analyte-binding elements. Enzymes are the most common 

biomolecules which are broadly used in amperometric biosensors as detection elements 

[1,2,4,7-10]. They are required to be immobilized in an appropriate matrix which is 

compatible with their properties, and can retain their function, and activity [4]. A variety of 

materials have been developed to fulfill this goal [4]. 

Conducting polymers (CPs) have received a great deal of attention in sensing 

applications. Processibility due to their polymeric nature, modifiable conductivity, quick 

response and high sensitivity are the most advantages of CPs to sensing systems which have 

led to ever-increasing research on conducting polymer-based sensors. Biocompatibility of 

CPs was also the other characteristic which opened the way to a great deal of research on 

applications of CPs in biomedical engineering, i.e. a variety of applications in biosensing, 

drug delivery, and tissue engineering [11-18]. Therefore, due to easy processing, 

biocompatibility, and good conductivity, CPs are considered as potential materials for 

biosensing applications.  

In the development of biosensors, CPs have been widely used as matrices for enzyme 

immobilization. Quick response time, high sensitivity, easy formability, biocompatibility, and 

ability to transfer electrical signals are considered the most advantages of CPs to biosensors. 

Polypyrrole, polyaniline and polythiophene derivatives are the most common CPs which have 

been widely used in the development of novel biosensors [17-26].  

Poly(3,4-ethylenedioxythiophene):poly(styrene sulphonate) (PEDOT:PSS) (Scheme 1), a 

polythiophene derivative, is a conducting polymer which has been recently studied for 

biosensing applications. One of outstanding properties of PEDOT:PSS is its ability to be 
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easily doped and modified in order to obtain desired electrical and physical properties [27-33] 

so that it can serve as a matrix for biomolecules by maintaining their function and activity. 

PEDOT:PSS is a dispersion in water and this aqueous environment enables it to be modified 

by a variety of chemicals and materials in order to obtain desired physical and electrical 

properties for biosensing applications. Enzymes have been usually immobilized on PEDOT: 

PSS films using physical methods by dropping or spin coating which may reduce 

reproducibility, stability, and durability of the resulting biosensors. For example, L. Setti et 

al. [34] developed a glucose biosensor based on PEDOT:PSS by inkjet printing of 

PEDOT:PSS and glucose oxidase (GOD), in sequence, on substrates and encapsulating the 

system in a membrane. J. Liu et al. [35] have also developed a glucose biosensor based on 

organic thin film transistor by spin coating of GOD on PEDOT:PSS films as a method of 

immobilization and encapsulating the system in a membrane similar to the previous work. 

Stability and reproducibility are a great challenge in these immobilization techniques and 

dipping the polymer-enzyme film in the membrane solution (i.e. cellulose acetate solution in 

these studies) may lead to uncontrollable loss of material by dissolution into the membrane 

solution. In this work, PEDOT:PSS has been modified with a new strategy to obtain desired 

physical and chemical properties as well as to maintain electrical properties of the conducting 

polymer for use as a matrix for covalent immobilization of enzymes. This method improves 

stability and reproducibility of the sensing system and eliminates the use of membrane. In the 

present work, at continuation of our studies on detection of phenylalanine (Phe) [36-41] 

Electrochemical and redox properties of the modified PEDOT:PSS films were investigated 

and the potential of the modified conducting polymer for use in l-phenylalanine detection 

system was investigated. 

 

 

 
 

Scheme 1. PEDOT:PSS structure 
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2. EXPERIMENTAL 

2.1. Materials 

Dimethyle sulfoxane (DMSO), polyvinyl alcohol (PVA) (72000 molecular weight), and 

glutaraldehyde (25%) were purchased from Merck. All other materials used were of 

analytical grade. Potassium phosphate buffer (100 mM, pH=7.0), and Glycine/KCl/KOH 

buffer (100 mM, pH=10.4) were prepared for electrochemical tests. Nicotinamide adenine 

dinucleotide (NAD+) was purchased from Scharlau Company. The standard solution of l-Phe 

was prepared by dissolving an accurate mass of the bulk l-Phe in an appropriate volume of 

Gly/KCl/KOH buffer (100mM, pH=10.4) (which was also used as supporting electrolyte), 

and then stored in the dark place at 4 �C. Additional dilute solutions were prepared daily by 

accurate dilution just before use. l-Phe solutions were stable and their concentrations did not 

change with time. 

PVA solution of 2.5% (w/v) was prepared and mixed with PEDOT:PSS dispersion (as 

received) in different ratios. Resulting samples were stirred for an hour in room temperature. 

PEDOT:PSS/PVA-GA samples were also prepared by mixing 1% (v/v) of glutaraldehyde 

(25%) in PEDOT:PSS/PVA solution (1:1 volume ratio).  

2.2. Preparation of Recombinant phenylalanine dehydrogenase 

Recombinant Bacillus badius phenylalanine dehydrogenase (PheDH) was extracted and 

purified by partitioning in aqueous two-phase systems (ATPS) composed of polyethylene 

glycol 6000 (PEG-6000) and ammonium sulfate [42]. Resulting PheDH (10 U/ml) was used 

in experiments. 

2.3. Electrode preparation 

ITO-coated glass slides (1:1 cm2) were used as substrate for the conducting polymer 

composite and were connected to the working electrode of a potentiostat/galvanostat for 

electrochemical tests. 

2.4. Immobilization of PheDH on PEDOT: PSS/PVA-GA films 

ITO-coated glass slides were washed with detergents and further cleaned with acetone. 

PEDOT:PSS/PVA-GA films were prepared by dropping 6 µl of the PEDOT:PSS/PVA-GA 

solution on ITO surface and then heating at 70oC for 15 min. Prepared electrodes were treated 

in PheDH solution (10 U/ml) at 40oC. Enzyme-modified films on ITO were finally washed 

by buffer solution and used in electrochemical tests. 

2.5. Instruments 

Electrochemical measurements were carried out in a conventional three-electrode cell 

powered by an electrochemical system comprising an AUTOLAB system with 

PGSTAT302N boards (Eco Chemie, Utrecht, Netherlands). The system operated on a PC 
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using Nova 1.7 software. An Ag/AgCl electrode was used as a reference electrode. All 

potentials were measured with respect to the Ag/AgCl, which was positioned as close to the 

working electrode as possible by means of a Luggin capillary. A modified ITO-coated glass 

electrode used as the working electrode. Fourier transform infra-red (FT-IR) spectra were 

recorded on a Shimadzu model FTIR prestige 21 spectrophotometer (Tokyo, Japan) using 

KBr discs. Additional dilute solutions were prepared daily by accurate dilution just before 

use. 

3. RESULTS AND DISCUSSION 

3.1. Effect of PVA on PEDOT:PSS/PVA films 

Electrical resistance of PEDOT:PSS/PVA films were measured to find out the effect of 

PVA on the conductivity of PEDOT:PSS. Variations in conductivity of the films versus 

fraction of PVA are shown in Fig. 1. According to Fig. 1, electrical resistance of the 

PEDOT:PSS/PVA film increases by increasing the fraction of PVA in the film. Considering 

the molecular structure of polyvinyl alcohol, it is found that PVA has no considerable effect 

on the conductivity of PEDOT:PSS and the increase in resistance of PEDOT:PSS/PVA film 

by increasing the fraction of PVA is mostly related to the decrease in the fraction of 

PEDOT:PSS. PEDOT:PSS/PVA composite films showed uniform conductivity as that of 

PEDOT:PSS films. Flexibility of PVA helped to form a flexible conducting polymer 

composite film capable of being formed on the surface of many materials. 

 

 
 

 

Fig. 1. Variations in electrical resistance of PEDOT:PSS/PVA films versus different 

concentrations of PVA 
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On the other hand, DMSO is a dopant which increases PEDOT:PSS conductivity [43,44].  

PEDOT:PSS and PEDOT:PSS/PVA films were doped with the same ratio of DMSO to 

PEDOT:PSS. Resistance of the films were measured and compared with each other as shown 

in Fig. 2. According to Fig. 2, (PEDOT:PSS)/PVA/DMSO films have higher conductivity 

than (PEDOT:PSS)/DMSO films. Electrical resistance of (PEDOT:PSS)/DMSO films is 

about 150 Ohm which is about five times higher than the electrical resistance of 

(PEDOT:PSS)/PVA/DMSO films. Considering these results, it can be found that PVA has an 

influence on the physical quality of the films. Since PEDOT:PSS is relatively brittle, its 

combination with flexible PVA leads to more flexible, uniform, and defect-free films which 

is supposed to increase conductivity. Presence of PVA in the films reduces defects that may 

occur during heat treatment process of the films leading to a more uniform and defect-free 

films and thus improved conductivity.  

 

 
 

Fig. 2. Comparison between the electrical resistance of PEDOT:PSS and PEDOT:PSS/PVA 

films doped with DMSO (DMSO/(PEDOT:PSS) = 5% v/v) 

 

3.2. Cross-linking by glutaraldehyde 

FT-IR of PEDOT:PSS/PVA-GA films are shown in Fig. 3. According to Fig. 5, 1007 and 

1137 cm-1peaks are attributed to acetal bridges which proves glutaraldehyde cross-linking 

with PVA in PEDOT:PSS/PVA films. 1717 cm-1 is attributed to free aldehydes available in 

the films which facilitates biomolecules (e.g. enzymes) immobilization on 

PEDOT:PSS/PVA-GA films. Scheme 2 shows the mechanism of Cross-linking of 

PEDOT:PSS/PVA with glutaraldehyde. 
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Fig. 3. FTIR spectra of (PEDOT:PSS)/PVA-GA films. Ratio of (PEDOT:PSS) to PVA (2.5 

% w/w) equals 1. Glutaraldehyde fraction in the solution is 10% (v/v) 

 

 

 
 

 

Scheme 2. Cross-linking of PEDOT:PSS/PVA with glutaraldehyde 

 

 

3.3. PEDOT:PSS/PVA-GA redox properties 

ITO-coated glass electrodes modified with PEDOT:PSS/PVA-GA films were connected to 

the working electrode of a potentiostat/galvanostat to study redox properties of 

PEDOT:PSS/PVA-GA films in buffer solutions. Cyclic voltammograms of 

PEDOT:PSS/PVA-GA films with various ratios of PEDOT:PSS to PVA are shown in Fig. 4. 
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Fig. 5. Cyclic voltammograms of PEDOT:PSS/PVA-GA-PheDH in Gly/KCl/KOH buffer 

(100 mM, pH=10.4) and in different concentrations of l-phenylalanine (NAD+ 

concentration=2.5 mM in all experiments) 

 

According to Fig. 4, by increasing the fraction of PEDOT:PSS in the PEDOT:PSS/PVA-

GA film, the oxidation current increases and the oxidation potential shifts to the right. This is 

attributed to the increase in PEDOT fraction in PEDOT:PSS/PVA-GA films, which 

transforms from reduced form to oxidized form. The maximum oxidation potential occurs 

near 0.63 V for PEDOT:PSS/PVA-GA films in Gly/KCl/KOH buffer (100 mM, pH=10.4). 

PEDOT:PSS/PVA films with equal volume fraction of PVA (2.5% (w/v)) and PEDOT:PSS 

show suitable redox properties, which can help to improve electron transfer to the working 

electrode to obtain higher sensitivity, and physical properties such as adhesion to substrate, 

film uniformity, and electrical stability in aqueous environments.  

 

3.4. Electrochemical characterization of PheDH modified PEDOT:PSS/PVA-GA films  

Differential pulse voltammograms of PEDOT:PSS/PVA-GA-PheDH films (PheDH 

immobilized PEDOT:PSS/PVA-GA films) in Gly/KCl/KOH buffer solution (100 mM, 

pH=10.4) are shown in Fig. 5. 
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Fig. 4. Cyclic voltammograms of PEDOT:PSS/PVA-GA films with various PEDOT:PSS to 

PVA ratios in Gly/KCl/KOH buffer (100mM, pH = 10.4). Scan rate=20 mV/sec 

 

Fig. 5,Shows the current generated during the experiment increases by increasing the 

concentration of l-Phe. Maximum oxidation signal can be observed at the potential of about 

0.73 V which its amplitude increases by increasing the concentration of l-Phe in the buffer 

solution. Comparing these results with the previous results in Fig. 4, it is observed that the 

redox signal of the PEDOT:PSS/PVA-GA films occurs at 0.63 V while the redox signal of -

PEDOT:PSS/PVA-GA-PheDH films occurs at 0.73 V. This shift in oxidation peak potential 

is attributed to the PheDH reaction which takes place after addition of l-Phe. The enzymatic 

reaction is as follows: 
++ +++®++- HNADHNHNADOHpheL 32 vatephenylpyru                                        (1) 

-++ ++® eHNADNADH 2                                                                                                    (2) 

According to these results the biosensor can operate in the range of 10 mM to 80 mM 

which is suitable for determination of l-Phe in urine for the people with phenylketonuria 

(PKU) [9]. According to these results, the sensitivity of the sensing system is appropriate for 

l-Phe concentrations above 10 mM. 

The PEDOT:PSS/PVA-GA-PheDH film provides a conducting matrix for enzymatic 

reaction in which enzymes are in most proximity of  the conducting polymer. This 

conducting environment facilitates electron transfer to the electrode and reduces charge loss.  

The storage stability behavior of PEDOT:PSS/PVA-GA-PheDH films at 4oC was 

investigated. The results show that the system retains 95% of its response to 20 mM l-Phe 

after 14 days.  
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4. CONCLUSION 

A new strategy was developed to investigate conducting polymer poly(3,4-

ethylenedioxy)thiophene:poly(styrenesulfonate) (PEDOT:PSS) properties and potential for 

enzymatic electrochemical detection of l-phenylalanine. Covalent immobilization of enzyme 

onto composite films of glutaraldehyde modified PEDOT:PSS/PVA was carried out for 

selective detection of l-Phe. PEDOT:PSS/PVA-GA film showed an oxidation peak in cyclic 

voltammograms which is related to conjugate chains of PEDOT and seems to contribute to 

electron transfer during enzymatic reaction. Using this strategy, PEDOT:PSS remained 

chemically unmodified and its electrical properties were maintained in a matrix containing 

glutaraldehyde modified polyvinyl alcohol. The PEDOT:PSS/PVA-GA-PheDH film provides 

a conducting matrix for enzymatic reactions in which enzymes are in most proximity of  the 

conducting polymer. This conducting environment facilitates electron transfer to the 

electrode and reduces charge loss. The system best operates in the range of 20 to 80 mM 

l-Phe which is suitable for determination of l-Phe in human urine for people with 

phenylketonuria. 
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