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ABSTRACT  

In the present work, in-situ synthesis of polypyrrole-silver-polyvinylpyrrolidone (PPy-Ag-PVP) 

nonohybrid using AgNO3 as an oxidant and polyvinyl pyrrolidone (PVP) as a stabilizer and surfactant 

is demonstrated. The obtained ternary PPy-Ag-PVP nanohybrid was characterized by UV-vis, FT-IR, 

XRD, Raman, TGA, SEM and HR-TEM analysis. Further the synthesized PPy-Ag-PVP has been 

investigated for its selective and sensitive sensing of dopamine (DA). The PPy-Ag-PVP modified 

glassy carbon electrode shows a reversible electrochemical behavior with superior response for DA. 

The limit of detection and limit of quantification are found to be 0.0126 and 0.042 µM (S/N = 3 & 10) 

respectively with remarkable sensitivity (7.26 µA mM
−1

 cm
−2

). The practical application of the present 

modified electrode has been validated by determining the concentration of DA in human urine samples 

of different age group.  
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1. INTRODUCTION 

Dopamine (DA), (also called as 3,4-dihydroxy phenyl ethylamine) is a biological, pharmacological and 

physiological important neurotransmitter of catecholamine compound which plays a vital role in the 

function of human metabolism and also human brain for message transfer in the mammalian central 

nervous, renal and hormonal system.
1, 2

 Even a very low concentration (0.01-1µM) of DA in brain 

tissue is associated with a variety of diseases such as epilepsy, senile dementia, hyperactivity disorders, 

Parkinson's disease, Alzheimer's disease, schizophrenia, Huntington's disease and even HIV infection.
3–

8
 Thus, it is necessary to establish a tool for selective and sensitive detection of DA in vivo/vitro in 

clinical, biomedical and analytical investigations. Several analytical techniques have been developed 

for the determination of DA in environmental and biological samples.
9-13

 However most of these 

protocols are high-cost, time-consuming, and even relying on special equipment. On the other hand, 

electrochemical methods have received much interest, because they are more selective, highly 

sensitive, less time consuming and require simple operation and real time sensing in vivo 
14,15

 also is 

possible. In recent years, several surface modification materials such as conducting polymers, metal 

nanoparticles, self-assembled monolayers, graphene, carbon nanotubes, metal oxide nano particles and 

composite materials have been intensively developed to increase the performance of electrochemical 

DA sensors. But the problem associated with the detection efficiency is that DA is oxidized at almost 

the same potential of ascorbic acid (AA). 
16-21

 Therefore it is still essential to synthesize new avenue 

star materials for the selective and sensitive sensing of DA, a crucial target of researchers.  

The discovery of conducting polymers has given rise to interesting optical, electronic, and electrical 

properties that are required by various applications. 
22

 Among the conducting polymers, polypyrrole 

(PPy) is the most extensively studied substance owing to its high conductivity, stability, good 

dispersibility and ease of synthesis. 
23

 Despite these desirable properties, PPy is a solid insoluble in 

organic solvents and infusible at processing temperatures, which restrict its processing and potential 
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uses. 
24 

Also noble metal nanoparticles (MNPs) have emerged as promising materials in recent years 

and show inspiring potential in sensing because of their unusual physical and chemical properties. 

Among them, silver nanoparticles (AgNPs) display excellent electrocatalytic ability towards the redox 

reaction of DA because of its high surface area, effective mass transport and high catalytic activity. 
25-30

 

However homogeneous silver nanoparticles are undesirable for biological and pharmaceutical 

applications because of their number of drawbacks, such as easy aggregation or precipitation, less 

electron transfer properties, and less electrocatalytic stability and recycling.  

To tackle these problems, synthesis of PPy composites with different nanomaterials is a common 

preferred way. But again the main drawback associated with binary PPy-nanomaterials is poor stability 

and selectivity during sensing process. Hence it is imperative to design and develop a nanocomposite 

with high surface area, long-term stability, high electrocatalytic activity and reusability, which should 

be able to promote the kinetics of electron transfer reactions. These features are able to be achieved 

only by ternary nanocomposite materials such as the one proposed in this article. The main objective of 

this paper is to report, for the first time, an in-situ polymerization of pyrrole using AgNO3 as an oxidant 

and PVP as a stabilizer and surfactant to form PPy and AgNPs simultaneously. Further the synthesized 

PPy-Ag-PVP has been investigated for its selective and sensitive sensing of dopamine (DA). The 

practical application of the present modified electrode has been validated by determining the 

concentration of DA in human urine samples of different age group. 

2. EXPERIMENTAL SECTION 

2.1. Chemicals 

AgNO3, pyrrole, PVP, DA, AA, uric acid (UA), folic acid (FA), glucose, fructose and sucrose were 

purchased from Sigma-Aldrich and used as received. Phosphate buffer solutions (PBS) of different pH 

were prepared using 0.1 M solutions of NaH2PO4 and Na2HPO4 and adjusting them with 
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orthophosphoric acid for acidic pH and NaOH for basic pH. All other chemicals were of analytical 

grade and were used as received without further purification. Double distilled water was used for 

preparing all the solutions.  

2.2. Synthesis of PPy-Ag-PVP 

PPy-Ag-PVP has been synthesized via in-situ chemical oxidative polymerization method using AgNO3 

as an oxidant cum dopant without addition of any other oxidant and reductant. The formation of PPy 

and Ag nanoparticles are taking place simultaneously. In a typical experiment, 0.1 mg of PVP was 

dissolved in water. 0.5 ml of pyrrole was added into the above solution and stirred for 30 min. Then the 

oxidizing agent, here 250 ml (1 mM) of AgNO3, was added drop wise to the reaction system. 

Polymerization of pyrrole and the formation of silver nanoparticles take place simultaneously in the 

presence of PVP as a stabilizer and the color of the solution changes from pale yellow to black. The 

reaction was allowed in dark room for seven days. Finally, the black precipitate (PPy-Ag-PVP) was 

filtered and washed with a large amount of double distilled water to remove any other unreacted 

products and dried in an air oven at 60º
 
C for 12 h. The composite is designated as PPy-Ag-PVP (1). 

Similar procedure was adopted to synthesize PPy-Ag-PVP (2) and (3) by changing the amount of PVP 

(0.2 and 0.3 mg).   

2.3. Preparation of PPy-Ag-PVP modified GCE 

The PPy-Ag-PVP modified GCE was prepared firstly by dispersing PPy-Ag-PVP in double distilled 

water by ultrasonication for 15 min. Then a 5 µL of PPy-Ag-PVP (2) solution was drop casted on the 

surface of GCE and dried in an air oven. Finally, the modified GCE was used for the detection of DA. 
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2.4. Instrumentation 

UV–vis spectra measurements were obtained with a Jasco (V-560) spectrometer. FT-IR spectrum of 

each sample was obtained with a model 460 Plus (JASCO) FT-IR spectrometer. The samples were 

examined by X-ray diffraction (XRD) performed on a JEOL JDX 8030 X- ray diffractometer with Cu 

Kα radiation (λ = 1.5418
o
 A). Raman spectra were recorded on a Bruker senterra dispersive Raman 

microscope with laser excitation wavelength of 532 nm. TGA of samples was carried out with a (TGA-

50, SHIMADZU) thermogravimetric analyzer at a heating rate of 10º C min
−1

 up to 800º C in nitrogen 

atmosphere. The morphology of all samples was examined using SEM and HR-TEM. SEM 

measurements were carried at VEGA3 TESCAN, USA. HR-TEM experiments were performed using a 

FEI TECNAI T20 G2 instrument and the sample was prepared by casting on a copper grid. The 

electrochemical measurements were carried out with CHI electrochemical workstation (Model 660E, 

Austin, TX-USA). Electrochemical measurements were performed in a conventional two-compartment 

three-electrode cell with GCE as a working electrode, platinum wire as a counter electrode and KCl-

saturated Ag/AgCl as a reference electrode. All the electrochemical experiments were carried out under 

nitrogen atmosphere at room temperature. Scheme 1 shows a schematic representation of in-situ 

synthesis of PPy-Ag-PVP nanohybrid. 

3. RESULTS AND DISCUSSION 

3.1. UV-Vis Spectroscopy 

Surface plasman resonance (SPR) band of MNPs and the oxidation and doping state of the polymeric 

backbone was confirmed by UV-vis spectroscopy. Figure. 1A shows the UV-vis absorption spectra of 

PPy-Ag-PVP (1-3) nanohybrid dispersed in water. As can be seen in Figure.1A, PPy-Ag-PVP shows 

three absorption peaks at 280, 424 and 580 nm. The spectra show a strong transition band appearing at 

280 nm, which corresponds to π-π* transition of polymeric backbone coupled with PVP. 
31

 The band at 

620 nm corresponds to the transitions from valence band to the uppermost bipolarons band of PPy. 
32 
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Furthermore, a sharp and strong absorption band observed at 424 nm is attributed to the SPR of the 

AgNPs. 
33

 It is evident from the figure that as the quantity of PVP (0.1 and 0.2 mg) increases, the 

intensity ratio of PPy-Ag-PVP increases (Figure. 1A (curve a & b)). Further increase of PVP (0.3 mg) 

decreases (Figure. 1A (curve c)) the peak intensity. Based on the above results, it is observed that 0.2 

mg PVP is optimum for the synthesis of PPy-Ag-PVP with high stability. 

3.2. FT-IR spectroscopy 

FT-IR spectroscopy is a very useful tool for the analysis of interaction between two or more species. 

Figure. 1B shows the FT-IR spectra of PPy-Ag-PVP (1-3) nanohybrid where several characteristics 

bands appear. The strong bands appearing at 1545 and 1462 cm
−1

 can be attributed to C–N and C–C 

asymmetric and symmetric ring-stretching respectively. 
34

 The peak appearing at 1690 cm
-1

 suggests 

the existence of chemical bonding between metal ions or metal clusters and PVP. 
35

 The bands at 2935 

and 2850 cm
−1

 of PPy-Ag-PVP are assigned to the symmetric and assymetric vibrations of -CH2which 

indicate the alkyl chain of PVP is adsorbed on the PPy-AgNPs. The peaks at 1173 and 895 cm
−1

 

correspond to the doping state of PPy and the sharp peak at 1029 cm
−1

 is ascribed to C–H deformation 

and N–H stretching vibrations. The broad band at 1307 cm
−1

 demonstrates the C–H and C–N in-plane 

deformation vibration. 
36

 The peak at 677 cm
-1

 indicates the reduction of the silver ions coupled to the 

oxidation of the amine components. These results confirm the presence of PVP stabilized AgNPs on 

the PPy backbone. It is also observed that as the quantity of PVP increases from 0.1 and 0.2 mg the 

intensity ratio of PPy-Ag-PVP increases (Figure. 1B (curve a & b)). Further increase of PVP (0.3 mg) 

decreases (Figure. 1B (curve c)) the peak intensity. Therefore again it is confirmed that 0.2 mg of PVP 

is ideal for the production of stable PPy-Ag-PVP nanohybrid. 
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3.3. X-Ray Diffraction 

XRD can provide valuable information about the crystalline nature and orientation of PPy-Ag-PVP (1-

3) nanohybrid. The XRD patterns of PPy-Ag-PVP nanohybrids exhibit characteristic diffraction peak at 

2θ=11.9º
 
corresponding to PVP crystalline phase 

35
 as shown in Figure. 1C (curve a-c). The peak at 

26.32
0
 is associated with PPy chains with some degree of crystallinity. 

23
 Further, the diffraction peak 

at 37.70º, 43.81º, 63.85º
 
 and 76.70º

  
correspond to the lattice planes of (1 1 1), (2 0 0), (2 2 0) and (3 1 

1) with a face centered cubic (fcc) structure of metallic silver, which is in good agreement with 

(JCPDS) data [no. 04-0783]. 
33 

When the quantity of PVP is increased from 0.1 and 0.2 mg the 

intensity of AgNPs is found to increase as shown Figure.1C (curve a & b). But further increasing the 

quantity of PVP (0.3 mg) shows in the spectra some unassigned peaks at 33.78º, 56.41º
 
and 67.86º

 

(curve c) which are due to the excess amount of PVP present in the ternary PPy-Ag-PVP nanohybrid. 
35 

The XRD results also clearly indicate that 0.2 mg of PVP is optimum for the synthesis of stable PPy-

Ag-PVP (2) with a high conducting and crystalline nature. 

3.4. Raman spectroscopy 

Raman spectroscopy is used to further characterize the PVP anchored PPy-AgNPs. The Raman spectra 

of ternary PPy-Ag-PVP (1-3) nanohybrid are shown in Figure. 1D (curve a-c). The vibrational peaks at 

1350 and 1585 cm
-1 

correspond to the PVP stabilized AgNPs. 
35

 Another three vibrational peaks at 

1402, 1088 and 896 cm
-1

 are corresponding to the stretching vibrations of C=N groups, C-H in plane 

deformation and radical cation (polaron), respectively. 
37

 The peak at 1600 cm
−1

 is assigned to C=C 

backbone stretching of PPy. 
38

 Interestingly, the Raman spectra also clearly shows that the quantity of 

PVP required for the synthesis of nanohybrid with high stability is 0.2 mg since increase of PVP above 

0.2 mg decreases the Raman peak intensity. 

 

Page 7 of 37

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 

 

3.5 SEM 

Scanning electron microscopy (SEM) tests were performed to identify changes in the surface 

morphology of PPy-Ag-PVP nanohybrid as shown in Figure. 2 (a-c). As seen from Figure. 2 (a), the 

synthesized PPy-Ag-PVP (1) nanohybrid has a very clean and smooth surface. NPs formation is not 

complete and the particles are easily aggregated due to lack of PVP. Figure. 2 (b) of PPy-Ag-PVP (2) 

demonstrates that PVP stabilized spherical AgNPs are well coated over the PPy surface. Figure. 2 (c) of 

PPy-Ag-PVP (3) shows that excess amount of PVP has covered the PPy-AgNPs. These results suggest 

that the formation of AgNPs is incomplete in PPy-Ag-PVP (1) and PVP in excess has fleeced on the 

PPy-Ag-PVP (3).   

3.6 HR-TEM 

The morphology of PPy-Ag-PVP (1-3) was analyzed by HR-TEM. It can be seen from Figure. 3a of 

PPy-Ag-PVP (1) that AgNPs are aggregated on to the PPy surface. Figure. 3b of PPy-Ag-PVP (2) 

illustrates that the spherical shaped AgNPs are coated on the surface of PPy and Figure. 3c of PPy-Ag-

PVP (3) clearly demonstrates that the excess of PVP covers AgNPs coated on the PPy surface. These 

results confirm that the PPy-Ag-PVP (2) preparation is most suitable. This type of varied morphology 

is attributed to defective structures of nano composite formed in the presence of lower and higher 

concentration of PVP. On the other hand, the different magnification of PPy-Ag-PVP (2), as shown in 

Figure. 3d & e, evidently displays the crystalline structure of AgNPs on to the PPy surface. The high-

resolution HR-TEM image taken from the nanoparticle (Figure. 3e) reveals clear lattice fringes with an 

inter planar distance of 0.236 nm corresponding to the (1 1 1) lattice space of metallic Ag. Further 

selected area electron diffraction (SAED) of PPy-Ag-PVP (2) reveals that the well-defined diffraction 

circular rings are fully indexed to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) of the pure face centered cubic 

(fcc) lattice structure of Ag as shown in Figure 3f. This result is consistent with the XRD 
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characterizations. Also the TEM analysis results together with the UV-Vis, FT-IR, XRD and Raman 

spectra confirm that the PPy-Ag-PVP (2) is appropriate material for sensor study vis-à-vis surface area, 

stability and conductivity. 

3.7. TGA 

To investigate the thermal stability of the ternary PPy-Ag-PVP (2) nanohybrid, TGA was carried out 

and the result is shown in Figure. 4. The first weight loss of PPy-Ag-PVP (2) is at a temperature range 

of 30-175º C, which corresponds to the removal of physically adsorbed water molecules and unreacted 

dopant ions from the PPy surface 
39

, which is about 5 % weight loss. A slight weight loss occurs after 

175º C due to the decomposition of oligomers present in the PPy chains. The second step of weight loss 

between 200 and 400º C is due to the loss of PVP and dopant. In the third decomposition step, in the 

temperature range from 400 to 800º C, the gradual weight loss may be associated with the breakdown 

of the PPy chains. 
40, 41

 The total weight loss up to 800º
 
C is assessed to be 33.1 % for the ternary PPy-

Ag-PVP (2) nanohybrid. These results suggest that the nanocomposite material synthesized has high 

thermal stability. 

3.8. Electrochemical determination of DA 

The electrocatalytic oxidation of DA was studied by the cyclic voltammetry with ternary PPy-Ag-PVP 

(2) nanohybrid modified electrode at scan rate, 50 mVs
-1

 in the potential range of –0.1 - 1.0 V as shown 

in Figure. 5A (curve a). It can be seen that dopamine gives a pair of quasi-reversible redox peaks 

(Figure. 5A (curve b)) at ternary PPy-Ag-PVP (2) nanohybrid modified electrode. The oxidation and 

reduction peak of DA is observed with the peak potentials at 0.132 V and 0.110 V respectively. These 

observations with the modified electrode indicate that PPy-Ag-PVP (2) has good electrochemical 

activity due to the synergistic properties of nanohybrid materials.  
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3.9. Effect of concentration 

To evaluate the reversibility of different concentrations of DA, redox reactions were performed in the 

potential range from -0.1 to 1.0 V. Figure. 5B shows the CV response of PPy-Ag-PVP (2) with 

different concentrations of (10- 100 µM) DA containing 0.1 M PBS at scan rate 50 mVs
-1

. It can be 

seen from Figure. 5B that as the concentration of DA increases there is no shift in the oxidation peak 

potential, but a noticeable increase in the peak current is observed, which indicates that the electron 

transfer kinetic process occurs at PPy-Ag-PVP (2) nanohybrid in the oxidation of DA. As shown in 

Figure. 5C, the oxidation peak currents have a linear dependence against the concentration of DA from 

10-100 µM with the correlation coefficient of 0.9980. These results prove that the PPy-Ag-PVP (2) 

nanohybrid has good electrocatalytic activity and the reaction mechanism for the electrochemical 

sensing of DA by a PPy-Ag-PVP (2) is shown in Figure 6. 

3.10. Effect of scan rate 

Furthermore, to check the reversibility of 50 µM DA redox reactions at the modified electrode, 

different scan rate studies were performed in the potential range from -0.1- 0.6 V at 0.1 M PBS (pH 

7.2) as shown in Figure. 7A. The redox peak currents increase gradually with the increase of scan rate 

from 50-140 mV s
-1

. With the increase of scan rate, the oxidation peak potential shifts to the positive 

direction and the reduction peak potential to the negative direction, indicating a slow electrochemical 

quasi-reversible behavior of DA at the electrode surface, where the oxidation of DA to                         

o-dopaminoquinone (DAQ) and the reduction of DAQ back to DA, respectively takes place. 
42         

Figure. 7B shows a plot of logarithm of the peak current for DA versus scan rate, which exhibits a 

linear relationship in the range of 50–140 mV s
−1

 with the correlation coefficient of 0.9993 and 0.9992. 

It can be inferred from the slopes that the redox process of DA at PPy-Ag-PVP (2) modified GCE is a 

diffusion-controlled electrochemical reaction. 
43 
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3.11. Effect of pH 

The electrochemical behaviour of DA at different pH solutions was investigated using CV. As can been 

seen in Figure.7C, the current response increases from pH 3.0 to 7.2 and it reaches maximum at pH 7.2. 

A decreasing trend is observed from pH 7.2 to 11. The oxidation and reduction potential of DA shifts 

negatively and positively with a higher and lower pH value (Figure. 7D), which suggests that the 

protons are taking part in the electrode reaction process. 
44

 Hence pH 7.2 is found to be the optimum 

pH for high selective and sensitive sensing of DA. 

3.12. Differential pulse voltammetry 

Figure. 8A displays a typical differential pulse voltammetry (DPV) curves corresponding to the 

electrocatalytic oxidation of DA at PPy-Ag-PVP (2) nanohybrid modified GCE in N2 saturated PBS. As 

shown in Figure. 8A, upon increasing the concentration of DA (0.5–22.5 µM) into the 0.1 M PBS, the 

oxidation peak current observed at 0.2 V exhibits remarkable enhancement linearly (Figure. 8A (curve 

a-j)) suggesting that PPy-Ag-PVP (2) modified GCE can be applied for the quantitative determination 

of DA. The oxidation peak current (Ipa) of DA has a good linear relationship with DA concentration in 

the range from 0.5 to 22.5 µM (Figure. 8B) with the correlation coefficient of 0.9943.  

3.13. Amperometric i–t curve (Amp) 

The fabricated PPy-Ag-PVP (2) nanohybrid was further applied for the determination of DA using 

amperometric method. Figure. 8C shows the amperometric i–t curve obtained for DA at PPy-Ag-PVP 

(2) modified GCE in a homogeneously stirred 0.1 M PBS (pH 7.2) by applying a potential of +0.132 V. 

pThe PPy-Ag-PVP (2) shows the current response for each addition of 100 nM DA in every 50 s 

interval. The current response increases and the steady state-current response is attained within 5 s. The 

steady-state current response with respect to concentration of DA shows an excellent linear relation 

from 100 nM to 900 nM with a correlation coefficient of 0.9778 as shown in Figure. 8D. The limit of 
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detection and limit of quantification are found to be 0.0128 µM and 0.042 µM
 
for DA (S/N=3 and 10) 

respectively. The relative standard deviations (RSD) (n = 7) for determination DA is found to be 1.9%. 

The observed linear range, sensitivity and the detection limit for DA at PPy-Ag-PVP (2) modified GCE 

have been compared with the other recently reported modified electrodes and are given in Table 1. 
25, 

45-64
 Particularly worth declaring is that our proposed sensor’s sensitivity is found to be 7.256 µA mM

-1
 

cm
-2

, which is significantly comparable to other earlier reported DA sensors. 

3.14. Interferences, stability and repeatability 

Human body always contains a mixture of organic or inorganic small molecules and amino acid, which 

normally coexist with DA in human blood serum or other samples. Therefore, it is necessary to 

investigate the 200 nM DA and effect of interferences namely AA, UA, FA, glucose, sucrose and 

fructose (20 fold excess) on the sensing ability of PPy-Ag-PVP (2) modified GCE as shown in Figure. 

9. There is no significant influence of these interferences on the proposed sensor and the current 

response of the interfering substances can be neglected compared to the response of DA. These results 

indicate that PPy-Ag-PVP (2) modified GCE can be used as a potential candidate for highly selective 

and sensitive sensing of DA. The long-term stability of the sensor was investigated over a period of 15 

days by storing the composite after sensing in 0.1 M PBS (pH 7.2). The peak current decreases just less 

than 5 ± 0.05% after the electrode was stored at 4° C for 15 days, which is well evidenced by the 

electrochemical impedance and FT-IR spectral results as shown in Figure.10 (a & b). To find out the 

repeatability of the results, two different GCEs were modified with PPy-Ag-PVP (2) and their 

responses towards 50 µM DA was recorded by 15 repeated cycles. The peak current obtained in the 15 

repeated cycles of two independent electrodes show a relative standard deviation of 3.2 ± 0.05%, 

confirming that the results are repeatable. These results reveal a good anti-interference ability, stability 

and repeatability of PPy-Ag-PVP (2) towards the sensing of DA sensitively and selectively. 
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3.15. Real sample analysis 

The practical application of the PPy-Ag-PVP (2) modified GCE was tested by measuring the 

concentration of DA in the human urine samples of different age group (20, 40 and 60) using standard 

addition method with commercial DA spiked to the solution. The present modified electrode shows 

good recovery for the determination of DA in human urine samples which is tabulated in Table 2. As 

expected, the level of DA is found to increase with the increase of age. Hence the present sensor can be 

conveniently used for the determination DA in human urine samples. 

4. CONCLUSIONS 

The in-situ synthesis of a new ternary polypyrrole-silver-polyvinylpyrrolidone nonocomposite using 

AgNO3 as an oxidant and polyvinyl pyrrolidone as a stabilizer and surfactant has been demonstrated. 

The synthesized PPy-Ag-PVP has been investigated for its selective and sensitive sensing of dopamine 

(DA). The developed PPy-Ag-PVP shows a simple and versatile protocol which provides an effective 

linearity range, limit of detection and limit of quantification which are found to be 100nM to 900 nM, 

0.0126 and 0.042 µM (S/N = 3 & 10) respectively with remarkable sensitivity (7.26 µA mM
−1

 cm
−2

). 

The practical application of the present modified electrode has been validated by determining the 

concentration of DA in human urine samples of different age group. It is envisaged that the proposed 

sensor material will be beneficial for biological and environmental applications. 
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Scheme, Figure and Table Captions 

Scheme 1 The schematic representation of in-situ synthesis of PPy-Ag-PVP nanohybrid 

Figure. 1(A) UV-vis absorbance spectra of PPy-Ag-PVP (1) (black line), PPy-Ag-PVP (2) (red line) 

and PPy-Ag-PVP (3) (blue line), (B) FT-IR spectra of (a) PPy-Ag-PVP (1), (b) PPy-Ag-PVP (2) and 

(c) PPy-Ag-PVP (3), (C) XRD patterns of (a) PPy-Ag-PVP (1), (b) PPy-Ag-PVP (2) and (c) PPy-Ag-

PVP (3) and (D) Raman spectra of (a) PPy-Ag-PVP (1), (b) PPy-Ag-PVP (2) and (c) PPy-Ag-PVP (3) 

nanohybrid 

Figure. 2 SEM images of (a) PPy-Ag-PVP (1), (b) PPy-Ag-PVP (2) and (c) PPy-Ag-PVP (3) 

nanohybrid 

Figure. 3 HR-TEM images of (a) PPy-Ag-PVP (1), (b) PPy-Ag-PVP (2), (c) PPy-Ag-PVP (3) 

nanohybrid, (d & e) HR-EM images of PPy-Ag-PVP (2) with different magnifications and (f) SAED 

pattern of PPy-Ag-PVP (2) 

Figure. 4 TGA analysis of PPy-Ag-PVP (2) nanohybrid 

Figure. 5 CV response of (A (curve a)) PPy-Ag-PVP (2) modified GCE and (curve b) PPy-Ag-PVP (2) 

modified GCE at a scan rate of 50 mV/s in 0.1 M PBS (pH = 7.2) containing 50 µM DA, (B) CV 

response of the PPy-Ag-PVP (2) modified GCE in 0.1 M PBS (pH=7.2) with different concentrations 

of DA: (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70, (h) 80, (i) 90 and (j) 100 µM and (C) The 

calibration plot for the linear dependence of DA vs Ipc 

Figure. 6 Mechanism for the electrochemical sensing of DA using PPy-Ag-PVP (2) 

Figure. 7 CVs of (A) Py-Ag-PVP (2) modified GCE in 0.1 M PBS (pH=7.2) containing 50 µM DA 

with different scan rates, (a) 50, (b) 60, (c) 70, (d) 80, (e) 90, (f) 100, (g) 110, (h) 120, (i) 130 and (j) 
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140 mV s
-1

, (B) The calibration plot for the linear dependence of oxidation and reduction peak current 

vs scan rate, (C)  Effect of pH on the peak current and (D) Effect of pH on peak potential for the 

oxidation of 50 µM DA in 0.1 M PBS (pH=7.2) 

Figure. 8 (A) DPV response of PPy-Ag-PVP (2) modified GCE in 0.1 M PBS (pH=7.2) with different 

concentrations of DA: (a) 0.5, (b) 2.5, (c) 5.0, (d) 7.5, (e) 10.0, (f) 12.5, (g) 15.0, (h) 17.5, (i) 20.0 and 

(j) 22.5 µM, (B) The plot of concentration of DA vs Ipc. (C) Amperometric i–t curve for the 

determination of DA at Py-Ag-PVP (2) modified GCE in 0.2 M PB solution (pH 7.2) and (D) The 

calibration plot for the linear dependence of peak current vs concentrations of DA  

Figure. 9 Amperometric response of the interference test for Py-Ag-PVP (2) modified GCE to 

successive additions of 200 nM DA and 20 fold excess of AA, UA, FA, glucose, sucrose, fructose and 

200 nM DA with stirring in 0.1 M PBS (pH 7.2) at a potential of 0.132 V 

Figure. 10 Electrochemical impedance spectra (a) of the PPy-Ag-PVP (2) modified electrode (black 

line) and after 15-day storage in 1M (pH=7.2) PBS (red line) and FT-IR spectra (b) of the PPy-Ag-PVP 

(2) (black line) and after 15-day storage in 1M (pH=7.2) PBS (red line) 

Table 1 Comparison of DA sensors based on different electrode materials 

Table 2 Determination of DA in urine samples of different age group 
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Scheme 1 
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Figure. 2 
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Figure. 3 
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Figure. 4  
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Figure. 5 
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Figure. 6 
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Figure. 7 
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Figure. 8 
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Figure. 9 
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Figure. 10 
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Table 1  

Modified Electrode Method of 

Detection 

LR 

(µM) 

LOD 

(µM) 

Sensitivity 

(µA µM
-1

 

cm
−2

) 

References 

PdNPs/GCE DPV 8-88         -        - 45 

NiHCF/graphite 

wax/nafion 

CV 1.5-1200 0.49 0.2053 46 

Gold nanofilm DPV 1.5-27.5 1.50 - 47 

Graphene CV 4-100 2.64       - 48 

GNS-Nafion/GC DPV 0.5-10 0.02 3.695 49 

NG DPV 0.5-170 0.25         - 50 

MCNF/PGE DPV 0.05-30 0.02         - 51 

3D graphene  Amp Upto ~0.25 0.025 619.6 52 

Au electrode Amp 0.22-600 0.026 0.178 53 

Molecularly imprinted 

polymer/MWCN/GCE 

DPV 0.625-100 0.06 - 54 

PdNPs/GR/CHI/GCE DPV 0.5–15 0.10 - 55 

polySCCy/PdNPs/CPE CV - 1.87 - 56 

RGO–MWNTs–PTA DPV 0.5-20 1.14 - 57 

Electrochemically 

pretreated 

graphite/nafion 

LSV 0.5-10 0.023 2.47 58 

Au@Pd-RGO/GCE DPV 0.01–100 0.024 6.08 59 

AC60-PdNPs/GCE DPV 0.35-135.35 0.056  4.23 60 

RGO–PAMAM–MWCNT–

AuNP 

DPV 10-320 3.30 - 61 

Molecular imprinting 

polymer/GCE 

DPV 0.05-10 0.033 - 62 

ASPCE/AgNPs/SPCE DPV 0.05–45.35 0.017 7.85 25 

GNB DPV 0.2-200 0.58 0.95 63 

PdAg NSPs-PPy DPV 0.001-200 0.0258 1.574 64 

PPy-Ag-PVP (2) Amp 0.01-0.09 0.0126 7.256 Present 

work 
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Table 2  

Urine samples 

(age group) 

Added (µM) Found (µM) Recovery (%) 

20 0.5 0.506 ± 0.02 101.4 ± 0.04 

40 0.5 0.512 ± 0.01 102.4 ± 0.02 

60 0.5 0.517 ± 0.02 103.4 ± 0.04 
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