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This study presents the electrochemical sensing of dopamine (DA) using an electrode of polypyrrole/
poly(3,4-ethylenedioxythiophene) (PEDOT-PPy) thin film. Electrochemical analyses of the PEDOT-
PPy thin film for DA sensing were conducted through cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV). The CV analysis demonstrated that PEDOT-PPy exhibited superior electrochemical 
activity towards DA due to its enhanced conductivity as a high-conducting polymer composite. The 
DPV results indicated a linear concentration level of 5 nM to 200 µM with a minimal limit of sensing of 
5 nM using the PEDOT-PPy electrode material. The fabricated sensor explored the sensitivity of 7.27 
µA/µM cm2 at the 5 to 1000 nM DA concentration and the dopamine diffusion coefficient of 1.3 × 10–8 
cm2/s. Additionally, the PEDOT-PPy electrode material displayed excellent reproducibility, selectivity, 
and stability. Therefore, the PEDOT-PPy composite electrode material shows excellent potential for 
outperforming other electrode materials in detecting DA.
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The neurotransmitter dopamine (DA) shows an influential responsibility in maintaining the health of the 
hormonal, renal, cardiovascular, and central nervous systems in both vertebrates and invertebrates1–3. It 
is involved in regulating the body’s sleep-wake cycle, movements, information flow, perception, motivation, 
stress responses, learning, cognitive skills, and memory. Abnormal DA levels can indicate various physiological 
illnesses, including neurodegenerative diseases like Parkinson’s and Alzheimer’s1,4. High levels of dopamine can 
cause hypertension, heart failure, and enlarged heart sweeps5,6. The construction of easy, responsive, and selective 
methodologies for the sensing of DA is needed to examine their range in the individual body7,8. There are various 
methods available to detect DA, including spectrophotometry, electrochemical, capillary electrophoresis, UV 
spectroscopy, and chemiluminescence techniques. However, some of the routes are experiencing difficulties due 
to the various species competing effects, exclusively ascorbic acid (AA) which owns an analogous oxidation 
potential9,10. Among these, electrochemical techniques have gained considerable benefits owing to their 
cheap and high response, sensitivity, and selectivity. Moreover, the development of nanomaterials has been 
established to be a proficient approach to DA detection. Recently, the application of nanomaterials with different 
arrangements of membranes, polymers, or biomolecules has been showing enhanced catalytic, sensing, and 
detection properties11,12.

Experiments have shown that the enriched electrode characteristics are credited to the enhanced surface area 
and charge carriers2,13. Deposition of thick material strongly authorizes realizing the superior sensitivities, but it 
consumes a high response span owing to delayed adsorption and electron transferal processes14. The electrode 
surface topography influences cell adhesion, morphology, vascularity, protein adsorption, and activating the 
neural tissue15. The modifications of nano-porous structures on electrode surfaces have been exhibited to shrink 
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the surroundings of the glial scar while sustaining neural cell union16. Conducting polymers are used to address 
limitations in preserving biological activity, biocompatibility, accessibility, and effective immobilization14,17. 
Polymers have many advantages over inorganic materials, such as the lack of toxicity, lower production costs, 
and greater availability of raw materials. High thermal conductivity is one of the barriers that prevent the 
improvement of the zero-turn of inorganic compounds18. Polymers have a one order of magnitude thermal 
conductivity which is lower than any semiconductor. One of the high frequently used conducting polymers 
of poly(3,4-ethylenedioxythiophene) (PEDOT) has shown strong consideration owing to its tremendous 
electrochemical and optical characteristics19,20. PEDOT is easily obtained through the anodic oxidation of the 
appropriate monomer, surprisingly in an aqueous bath, with numerous anionic counter-ions21. Composite 
polymer PEDOT: Nafion embedded with carbon fiber resulted in the improved sensitivity associated with 
pure-form electrode outcomes along with a small 4–5 nM DA limit of detection (LOD)22. Electrochemically 
copolymerized PEDOT interconnected graphene oxide on a carbon fibre sensor attained an enormous increment 
in DA sensing and a half decrement in LOD on the implanted rat’s dorsal striatum compared to bare electrodes23. 
Oxidative etched carbon nanofibres resulted in the enhancement of surface oxide ensembles for DA adsorption 
and the interference AA species repulsion with a low LOD of 6 nM24.

In functional hybrid networks, cells can attach adhesion molecules owing to the rough and porous surfaces, 
which improves sensor integration into neural tissue. By tuning the nanofibers on the geometry of the surface, 
it is possible to manage the centralized reaction in neural tissue. In recent times, nanostructured polypyrrole 
(PPy) based sensing has been a hot topic to involve significant research due to its potential high conductivity, 
firmness, and adaptability for employing various kinds of applications25,26. PPy has been extensively studied 
because of its many specific properties for electrochemical sensing, electrochemical energy storage, etc., which 
have clear benefits over bulk structure27. Usually, PPy can be prepared by chemically and electrochemically 
oxidizing the monomer under mild conditions. Typically, electrochemically coated PPy composite films are 
highly conductive but have low optical transparency. These composite polymers offer significant advantages over 
single-conductive polymers in terms of chemical and mechanical behaviors. Additionally, conducting polymer 
blends have several fascinating properties associated with other typical inorganic composites. The conductive 
polymer composites have a very low-level separation parameter in their conductivity concerning the fabrication 
procedure. In addition, polymer-polymer blends create steady modification on the separation threshold which 
enhances the resulting composites’ electrical conductivity. For instance, Zhao et al.28 have deliberately elaborated 
electrochemical patch wearable sensors for instantaneous DA and glucose detection in sweat. In addition, Delmo 
et al. have summarized the most current developments in in vivo DA detection using various kinds of sensing 
materials29.

Herein, we report the polymerization of the PEDOT-PPy hybrid structure onto the glassy carbon electrode 
(GCE) for effective electrochemical DA determination. The cyclic voltammetry (CV) analysis demonstrated that 
PEDOT-PPy exhibited superior electrochemical activity towards DA due to its enhanced conductivity as a high-
conducting polymer composite. The observed results revealed high selectivity and sensitivity of the assembled 
electrochemical DA sensor.

Results and discussion
Figure 1a–c shows the morphological image of PEDOT, PPy and PEDOT-PPy composite. The rough surface of 
PEDOT was observed as shown in Fig. 1a which paved the way for easy formulation of composites. In the case 
of PPy (Fig. 1b), SEM image explores the agglomerated surface composed of spherical and patchy grains with 
porous nature. PEDOT-PPy produced the coarse morphology as shown in Fig. 1c. The surface produces the 
hillocks and inhomogeneous grains due to composite formulation. The observed open structure of PEDOT-
PPy leads to a large surface area for better sensory application. Figure 1d-f shows the FTIR profiles of PEDOT, 
PPy and PEDOT-PPy electrodes, respectively. The observed profiles of PEDOT explore the peak at 1523 and 
1485 cm− 1 relates to the C = C and C-C stretching mode, respectively30. In addition, the peaks are at 1296 cm− 1 
assigned to the –C-O-C stretching vibration. The = C–H out-of-plane and in-plane vibrations are observed at 
1116 and 996 cm− 1, respectively31. C–S–C bonding vibration is observed at 682 and 814 cm− 1 for PEDOT. The 
FTIR spectrum appears the principal characteristic peak at ~ 822 and 921 cm− 1 relating to characteristic PPy 
structure32. The = C–H in-plane and deformation vibrations peaks of PPy are observed at 1122 and 1062 cm− 1, 
respectively33,34. N–H deformation peak observed at 1376 cm− 1 from the PPy structure35. The C–N and C = C 
bending vibrations are observed at 1592 and 1637 cm− 1, respectively. Peaks from PEDOT-PPy about 680 and 
810  cm− 1 undeniably signify the C–S–C and PPy structure, respectively which is credited to the composite 
formation36. The typical C–H in-plane peak indisputably appears at around 1118 cm− 1. C–S–C, C–C and C=C 
peaks are observed for the composites37.

The CVs were performed under 1 mM [Fe(CN)6]3−/4− in 0.1 M of KCl at a scan rate of 50 mV/s. Figure 2a 
shows the CVs of bare GCE and PPy, PEDOT, and PEDOT-PPy modified GCE electrodes. The observed CV for 
the bare electrode is well correlated with the literature38,39. However, modified electrodes using PEDOT and PPy 
on the GCE, and CV profiles indicate the strong peak current for the reduction of [Fe(CN)6]3−/4− at 2.9 mA and 
3.6 mA, respectively. However, the altered PEDOT-PPy/GCE electrode has drastically increased the reduction 
peak current to 4.6 mA among the different prepared electrodes. This behavior is attributed to the increased 
conductivity of composite electrode surface by the enhanced electroactive surface area and hybrid polymers. 
The modified electrode conductivity studies were done by EIS, which gives valuable details due to the different 
polymer infusion characteristics. The carrier transport kinetics of the PPy, PEDOT, and PEDOT-PPy electrodes 
were monitored by EIS profile at the electrode/electrolyte interface. The semicircle portion of the curve represents 
the electron-transmission rationing behavior. Figure 2b demonstrates the impedance profiles of bare and PPy, 
PEDOT, and PEDOT-PPy modified GCE electrodes at 25 mV polarization voltage and 1 Hz−1 MHz frequency 
range. The Nyquist graphs reveal the Rs values of 85, 70, 63, and 44 Ω for the bare and PPy, PEDOT, and PEDOT-
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PPy modified GCE electrodes, respectively. The charge-transference resistance of PEDOT-PPy-GCE is small 
compared to other prepared electrodes. With the polymer composites modified electrode, the diminished Rct 
outcome realized at 230, 135, 112, and 68 Ω for the bare and PPy, PEDOT, and PEDOT-PPy modified GCE 
electrodes, respectively which implies the enhanced conductive behavior. The electrochemically active surface 
area (ECSA) for PEDOT-PPy modified GCE electrode was estimated by engaging the CV at different scan speeds 
in 1 mM [Fe(CN)6]3−/4− in 0.1 M of KCl40. Figure S1a shows the CV of PEDOT-PPy modified GCE electrode at 
different scan speeds. The Cdl was derived from the line fitting of current differences (id) between the cathodic 
and anodic peaks at -0.05 V vs. Ag/AgCl41,42. Figure S1b shows the fitted line profiles for the PEDOT-PPy, PPy 
and PEDOT modified GCEs. The estimated Cdl values are at 8.38, 5.01 and 4.25 µF/cm2 for PEDOT-PPy, PPy and 
PEDOT, respectively. The estimated ECSA values are 0.21, 0.12 and 0.10 cm2 for PEDOT-PPy, PPy and PEDOT, 
respectively. Thus, enhanced sensing activity of the PEDOT-PPy composites compared to their pure form is 
produced by enhanced intrinsic activity of composite active facets rather than the high number of active edges. 
The peculiarities of the electrochemical modified process of GCE with PEDOT-PPy increase the conductance 

Fig. 2.  (a) Cyclic voltammetry and (b) EIS spectra (inset-zoomed part) with the presence of ferri/ferrocyanide 
in 0.1 M of KCl for bare GCE, PEDOT, PPy, and PEDOT-PPy.

 

Fig. 1.  Scanning electron microscopic image of (a) PEDOT, (b) PPy and (c) PEDOT-PPy; FTIR profiles of (d) 
PEDOT, (e) PPy and (f) PEDOT-PPy.
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towards the electrochemical oxidation of [Fe(CN)6]3−/4−43. These outcomes exhibit that the conducting surface 
has increased on PEDOT-PPy-GCE. This can lead the high conducting kinetic paths between the electrolyte/
electrode interrelations and gives a proficient stage for sensing uses. The initial results acquired propose that the 
modified GCE could act as efficient electrodes for DA detection.

To realize the DA detection, CV experiments were performed for the prepared electrodes in 0.1 M PBS buffer 
(pH 7) solution with the presence of 50 µM DA at pH 7.0. Figure 3a shows a CV profile at 50 mV/s scan rate 
of the pure GCE, PPy-GCE, PEDOT-GCE, and PEDOT-PPy-GCE. The results explore the reversible peak with 
strong current responses for the polymer-modified electrodes. The rise in the redox current values for the PPy-
GCE, PEDOT-GCE, and PEDOT-PPy-GCE signified the catalyzing effect of electrodes for the DA oxidation and 
the depletion of the o-dopaquinone which materialized in oxidation44. The observed results reveal the maximum 
current response for DA detection by the PEDOT-PPy-GCE electrode. High peak current observation for DA by 
PEDOT-PPy-GCE than the PPy-GCE and PEDOT-GCE endorsed the increased catalytic activity, conductivity, 
and electroactive surface area. Incorporation of PEDOT in the matrix of PPy has resulted in enriched synergistic 
behavior and interacted ions transportation realizes the improved detection of DA45.

The influence of potential scan rate for DA detection using 50 µM with pH 7.0 was examined by CV for the 
high-rate sensor of PEDOT-PPy-GCE. The result shows an increment in the reduction and oxidation currents 
with the enrichment of the scan rate from 10 to 150 mV/s (Fig. 3b). The shift of oxidative cathodic peak towards 
the positive and anodic peak towards the negative potential of DA as the scan rate enhanced which implies 
the DA reversible electrochemical reduction/oxidation46. The relation between the peak current (cathodic and 
anodic) in terms of the square root of the scan rate exposed diffusion influenced redox reactions. The anodic 
and cathodic peak currents of DA (Ip.a. and Ipc) detection were continually enriched with scan rates square roots 

Fig. 3.  (a) CVs of the bare, GCE, PEDOT, PPy, and PEDOT-PPy under 50 µM of DA in pH 7.0 PBS solution 
at 50 mV/s; (b) scan rate profiles (10–150 mV/s) for PEDOT-PPy sensor under 50 µM of DA in pH 7.0 PBS 
solution and (c) their correlation graph of inverse scan rate vs. current.
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as shown in Fig. 3c, which implied the diffusion-presided detection process. The following linear regression 
relations are linked to the reduction and oxidation of DA detection kinetics,

Anodic:

	 Ipa (µA) = −12.09 + 3.13x v1/2, with R2 = 0.99� (1)

Cathodic:

	 Ipc (µA) = − 10.41 − 2.2x v1/2with R2 = 0.97� (2)

Moreover, by Randles-Sevcik equation was used to estimate the diffusion coefficient of the prepared sensor47. 
The calculated diffusion coefficient of the assembled PEDOT-PPy-GCE sensor is 1.3 × 10− 8 cm2/s.

pH is a significant parameter to set the amperometric behavior of the detection of DA. Initially, 50 µM DA 
analyte was prepared in different pH solutions (pH = 4–9). Differential pulse voltammetry (DPV) experiments 
were carried out for the prepared DA analyte under identical experimental conditions. In each study, the peak 
current was measured, and it was correlated with different pH. Figure 4a displays the DPV profiles obtained 
encompassing 50 µM DA in PBS solution with pH of 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0. The influence of pH on the 
retort current of the PEDOT-PPy sensor was exposed through the correlation graph (Fig. 4b). The standard 
deviation from the replicated measurement is given in the Fig. 4b. From the observed results, the current value 
enhanced from 4.0 to 7.0 which is related to the enriching dissociation characteristics of surface-involved acid 
groups as pH surges, synchronizing the enrichment of electrostatic attraction signal among the surface of the 
electrode and DA. The peak current diminishes further increasing pH owing to the loss of DA protons, thereby 
developing the neutral species46. The maximum current response was observed for DA detection with pH 7.0 for 
the PEDOT-PPy sensor electrode. Thus, the optimum pH for DA detection is fixed as pH 7.0.

To estimate the concentration range of DA, a DPV calibration profile was engaged for the PEDOT-PPy-
GCE electrode. Figure 5a shows the DPV voltammograms of DA with different known concentrations from 
5 nM -200µM under identical experimental conditions for the PEDOT-PPy-GCE electrode. The obtained 
voltammograms’ oxidation peak current was noted to identify the role of DA concentrations. The peak currents 
were correlated with the DA concentration48. The concentration of DA is found to be directly proportional 
to the response current (Fig.  5b). The catalytic reaction shows a first-order reaction for the linear range of 
increments. The linear level of DA concentrations explores a sensing level of 5 nM to 200 µM. The obtained 
LOD is to be 5 nM at S/N = 3 (signal-to-noise ratio) which is comparable to the various literature outcomes 
including enzyme-based carbon fiber and tyrosinase-based biosensor49,50. The sensitivities of PEDOT-PPy-GCE 
in the lower concentration range (5–1000 nM) and higher concentration range (10–200 µM) are at 7.27 µA/µM 
cm2 and 0.36 mA/µM cm2, respectively. The experimental outcomes exposed that the prepared PEDOT-PPy 
electrode produces swift and high-accuracy DA detection. An outline of DA concentration and inverse current 
was employed to obtain the highest current response (Imax). The obtained high Imax indicates the capability of 
prepared electrode material for the sensing of DA at low and high concentrations51.

An interference study was carried out for the PEDOT-PPy electrode. Figure  6a shows the DPVs of the 
PEDOT-PPy electrode sensor with the different interfering molecules such as glucose, uric acid, ascorbic acid, 
ethylamine, and gallic acid in 0.1  M PBS solution. The amount of interfering molecules was used 10 times 
associated with the dopamine concentration (50 µM). The observed redox reaction indicates the selective 
detection of the prepared PEDOT-PPy electrode sensor52. Further, the current profile indicates the selective 
detection of prepared PEDOT-PPy electrodes among the various interfering agents such as glucose, uric acid, 

Fig. 4.  (a) Differential pulse voltammetry at the various pH and their (b) correlation profile of current vs. pH 
for PEDOT-PPy sensor (error bar defines the standard deviation from the replicated measurement).
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ascorbic acid, ethylamine, and gallic acid were studied using differential pulse voltammetry. Figure 6b shows the 
DPV profile current response of dopamine, glucose, uric acid, ascorbic acid, ethylamine, and gallic acid. There is 
no significant change in the electrode response towards the DA sensor. The observed results strongly established 
the selective sensitivity of prepared PEDOT-PPy sensors toward dopamine detection. Table S1 summarizes the 
comparison of various sensor outcomes with PEDOT-PPy-GCE. Zhong et al.53 have observed linearity of 0.05-
10 µM and detection limit of 0.033 µM for the pyrrole-phenylboronic acid electrode. The detection limit of 1 nm 
and sensitivity of 6.33 µA/µM were observed for the PPy-RGO electrode54.

Figure 7a shows the DPV profile of the PEDOT-PPy sensor for the continuous 50 cycles. The observed results 
further revealed the stout durability of dopamine detection55. Furthermore, the key feature of reproducibility 
behavior was examined by determining the electrode DPV profiles in buffer pH 7.0 PBS solution with 150 µM 
DA every 5 days. The sensor device was kept at 4 °C in the dark and exposed to reproducibility studies every 5 
days. Figure 7b shows the reproducibility of the electrode which explores the minimal decrement of the response 
current at the initial level. The gradual decrement observed in the response is current after 30 days and keeps 
about 89% of its primary response after 60 days. Thus, the modified electrode shows good stability and good 
reproducibility towards DA determination. The detection with the PEDOT-PPy composite was experimented 
with sense DA in serum samples. Before the experiment, the 50 times dilution of real samples was done with PBS 
(pH 7.0)56. Table S2 compares the outcomes of different amounts of DA in blood samples. The recovery ranged 
from 106 to 120% with a standard deviation (RSD, n = 3) of less than 5%. These outcomes suggested that the 
flexible sensor with the PEDOT-PPy composite is appropriate for low-level DA sensing applications.

Fig. 6.  (a) DPV profile of PEDOT-PPy sensor with the different interference molecules; (b) Current profile 
under the presence of various biomolecules for PEDOT-PPy.

 

Fig. 5.  (a) Differential pulse voltammetry for the different DA concentrations from 5 nM to 200 µM of 
PEDOT-PPy; (b) Correlation graph of concentration of DA vs. current (n = 3).
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Conclusions
A facile route was employed to fabricate the PEDOT-PPy sensor electrode on the GCE through an electrochemical 
polymerization process. FTIR and SEM studies explored the functional and surface properties of prepared sensor 
electrodes, respectively. Cyclic voltammetric studies explored the extensive detection of prepared electrodes 
for DA. In addition, the pH sensitivity was systematically analyzed for a better range of DA detection. DPV 
studies revealed the correlation between restart current and concentration of DA. The realized linear level of DA 
concentration was 5 nM to 200 µM and the LOD was 5 nM at S/N = 3. The sensitivity of the fabricated sensor was 
at 7.27 µA/µM cm2 for the 5 to 1000 nM DA concentration. The dopamine diffusion coefficient approximation 
at the polymer composite surface was over the range of 1.3 × 10–8 cm2/s. The selectivity and sensitivity among the 
various interference materials on the DA proved the compatibility of the PEDOT-PPy sensor. The duplicability 
and solidity of the sensor electrode strongly authorized the capability of PEDOT-PPy for a better range of DA 
detection. The real sample analysis of the fabricated PEDOT-PPy composite sensor confirmed the feasibility of 
DA sensing.

Experimental details
A polymerization process was employed to form the PEDOT-PPy hybrid structured on the glassy carbon 
substrate. A conventional three-electrode electrochemical unit (CHI760) was employed for the PEDOT-PPy 
formation at room temperature. The PEDOT-PPy film was coated by electro-polymerization procedure on the 
GCE using an electrolyte encompassing 10 mM of PEDOT and 10 mM of PPy. Initially, voltammograms from 
− 0.4 to 0.8 V vs. Ag/AgCl at 50 mV/s scan rate were performed for the sample stability. Then, electrochemical 
reduction of PEDOT-PPy was done by potentiostatic mode with the pH 7.4 solution for 600s by utilizing 
− 0.9 V57. Fourier transform infrared (FTIR) spectral results were procured from the PerkinElmer Spectrum 
400 spectrometer. The surface morphological results were obtained using a scanning electron microscope 
(SEM), JEOL JSM-7600 F. Electrochemical analytical studies such as CV, DPV, and electrochemical impedance 
spectroscopy (EIS) were recorded by a CHI760 (USA) workstation. All electrochemical studies were done using 
the prepared working electrode on GCE along with the Ag/AgCl and platinum wire as the reference and counter 
electrode, respectively.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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