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ABSTRACT: Antioxidants used in different medical and industrial fields in order to prevent and delay oxidative 
stress. They play a crucial role in the protecting biological systems against many diseases. 1,4-dihydropyridines are 
known as calcium channel modulators. Electrochemical techniques are simple, cheap and fast detection techniques 
and require small amounts of sample, so they offer advantages over commonly used analytical methods. 
Voltammetric methods have been applied to investigated the antioxidant activity of compounds in different fields. 
The proposed work is aimed at examining the electrochemical behavior of the 1,4-dihydropyridines by differential 
pulse voltammetry and hence the assessment of its antioxidant activity from the cathodic reduction peak of oxygen 
values. The peak current due to oxygen reduction was found to be proportional to the 1,4-dihydropyridines 
concentration of 0.1 - 0.5 mg/mL. The coefficient of antioxidant activity of 1,4-dihydropyridine derivatives were 
calculated and compared each other. Nifedipine used as a reference drug that is known as the calcium channel 
modulator and it is used to compare the antioxidant activities of 1,4-dihydropyridine-derived compounds. 

KEYWORDS: Hexahydroquinoline derivatives; nifedipine; antioxidant activity; differential pulse voltammetry. 

1.  INTRODUCTION 

Antioxidants have been used in many industry and medicine fields to prevent and delay oxidative 
stress in the recent years. They play a very important role in the protecting biological systems against many 
diseases[1]. Free radicals are responsible for the appearance of different diseases such as diabetes, 
neurological and cardiovascular diseases and different types of cancer. Antioxidants can stop oxidation 
reactions that caused by these free radicals associated with DNA degradation, protein denaturation and 
membrane peroxidation [2-4].  

Oxidative stress is formed by the action of reactive oxygen species (ROS) and is acted in different 
diseases [5, 6]. ROS, such as superoxide anion radical (O2

.-) singlet oxygen (O2), hydrogen peroxide (H2O2) 
and hydroxyl radical (OH.) are formed in organism by metabolism, inflammatory reactions or 
environmental factors [7]. They affect DNA, proteins and lipids generating many tissue damages. 
Antioxidants are think that prevent the negative effects of ROS and the regulate the defense systems and 
therefore could be used for prevention and treatment of oxidative stress-related diseases [6, 8].  

1,4-Dihydropyridines (1,4-DHPs) (Figure 1) are known as calcium channel modulators. 1,4-DHPs are 
the appropriated heterocyclic ring with various substitutions at different positions. 1,4-DHPs inhibit 
Ca2+ influx provides an important therapeutic healing in the treatment of angina pectoris, hypertension and 
muscle diseases. The most appropriate position for substitution is the 4th position which shows diverse 
calcium channel antagonist effects and the heterocyclic ring is the general characteristic for antianginal, 
analgesic, anti-inflammatory, antihypertensive, antitubercular, antithrombotic, antitumor and antioxidant 
activity [9-15]. The working 1,4 DHPs derivatives are shown in Table 1. 

Nifedipine (NIF), a calcium channel blocker, is 1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-
pyridine-dicarboxylic acid dimethyl ester. It is used for the treatment of arterial hypertension and angina 
pectoris [16, 17]. 
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Figure 1.Chemical structure of 1,4 DHPs. 

Table 1.  The structures of the 1,4 DHPs compounds. 

 

 

 

 

 
    

R A Group B Group C Group D Group 

 Compound No 

CH3 1 2 3 4 

C2H5 5 6 7 8 

CH(CH3)2 9 10 11 12 

CH2CH(CH3)2 13 14 15 16 

C(CH3)3 17 18 19 20 

CH2C6H5 21 22 23 24 

Voltammetric methods are among the most common electrochemical methods. A specific voltage is 
applied to a working electrode as a function of time and the current is measured in voltammetric 
techniques. Differential pulse voltammetry (DPV) is the most widely used in the voltammetric methods [18, 
19]. The potential is changing linearly with the time and added by the potential pulses of the amplitude for 
several milliseconds in this method. Peak current is subtracted from the peak current measured at the end of 
a potential step and the peak current measured before the stepd. The peak current depends on the 
concentration of the studied analytes [20-23]. 

Many analytical methods have been used to evaluated the antioxidant activity in pharmaceuticals, 
clinical biology, cosmetics and food areas [24-26]. Voltammetric techniques supply high potential for 
assessment of antioxidant properties of different compounds. Different electrodes such as solid electrodes 
can be used for in these analysis [27-30]. These methods are fast, simple, inexpensive and sensitive methods 
for analysis of antioxidant compounds. Cyclic voltammetry [31, 32], differential pulse voltammetry [26, 33-
35], square wave voltammetry [36, 37] and amperometry [38, 39] are used in these analyses. 

The single-use disposable electrodes are frequently used in electrochemical analysis and they may 
solve the regeneration disadvantages of the solid electrodes. Pencil leads are important electrode materials 
with good mechanical stability and high electrochemical reactivity, and cheap [40, 41]. Due to their 
properties, pencil graphite electrodes (PGE) have been used frequently in the electrochemical analysis of 
various organic and inorganic materials from different mediums in recent year [42-44]. The sensing area of 
the pencil can be easily controlled and readily disposed of after use. Solid electrodes involve tedious surface 
polishing steps. When compared to other working electrodes, PGE show strong adsorption properties, wide 
potential window, low background current and ease to use [45-48]. 

Antioxidant activity of compounds is determined by measuring the oxygen reduction peak current 
using DPV method. The process is based at the cathode with generation of the active anion-radical of 
oxygen, superoxide (O2

-) [49-51]: 
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O2 + 𝑒−
ko
⇔ O2

∙  -          [Eq. 1] 

O2
∙  -  + H+ ↔  HO2

  .         [Eq. 2] 

HO2
  .

+ H+ +  e− ↔  H2O2         [Eq. 3] 

H2O2 +  2 H+ +  2 e− ↔  2 H2O        [Eq. 4] 

The initial stage in this process is the one-electron reduction of oxygen by the generation of active 

oxygen radicals O2
∙  -andHO2

  .. Antioxidants of the reductive nature react with these radicals on the surface of 
the working electrode, which leads to a decrease of current of the one-electron reduction of oxygen on the 
PGE [49, 50]. 

This proposed study is aimed at studying the electrochemical behavior of the 1,4 DHPs and NIF by a 
voltammetric technique as DPV and hence the assessment of antioxidant activity of these compounds from 
the cathodic peak values. The antioxidant activity of some antioxidants as 1,4 DHPs and NIF were evaluated 
using reduction of oxygen molecule and the voltammograms were scanned in the potential range between E 
= 0.0 V and - 2.0 V vs. Ag/AgCl reference electrode. 

2. RESULTS AND DISCUSSION 

Many different methods such as spectrophotometry [26, 52-54], fluorometry [52], high-performance 
liquid chromatography (HPLC) [26, 55-57] and capillary electrophoresis [55, 58] in combination with 
different detectors have been used to investigate of the antioxidant activity of different compounds.  

In spectrophotometric studies, the antioxidant activities of phenolic compounds determined by the 
TEAC (Trolox equivalent antioxidant capacity), DPPH (using diphenyl-p-picrylhydrazyl radical), and FRAP 
(ferric reducing antioxidant power) methods. In fluorometric method, antioxidant activity of compounds 
determined by the ORAC (oxygen reactive antioxidant capacity) method. In addition, cupric ion reducing 
antioxidant capacity (CUPRAC) analysis method was used in these analysis [59].   

Scanning electrochemical microscopy (SECM) was applied to evaluate the oxidation reaction 
mechanism and kinetic parameters of antioxidants and at oil/water or liquid/liquid interfaces. [60, 61]. 

Voltammetric techniques are considered to be the most effective methods for evaluating the 
antioxidant properties of compounds. These methods are based on the decrease of the electro-reduction 
oxygen peak current in the existence of the studied antioxidant species [51, 62]. 

Electrochemical behaviors of 1,4-DHPs derivatives and NIF were examined by DPV technique. 1,4-
DHPs derivatives and NIF were dissolved in 0.1 M tetrabutylammonium iodide [TBAI, (C4H9)4NI] salt - 
dichloromethane (DCM) solution. DCM was used as chlorinated solvents and its non-bonding structure and 
lack of Lewis base properties made DCM a suitable solvent in electrochemical analysis [63]. TBAI is indicate 
excellent stability of cations and easily purified in DCM solvent and it is ideal for the reductions of 1,4-DHPs 
derivatives and NIF [64, 65].  

The DPV response of the studied 1,4 DHPs derivatives depend on the instrumental parameters. 
Different parameters influencing the peak current intensity and shape of the peak of studied derivatives 
were investigated in order to improve sensitivity and repeatability. In order to obtain the maximum peak 
current and the best peak shape for 1,4 DHPs derivatives, the instrumental parameters such as the pulse 
amplitude (A), pulse increment (Es), pulse time (W) and pulse period (T) parameters of proposed DPV 
method were investigated. A (20 - 50 mV), Es (10 - 30 mV), W (0.1 - 0.3 s) and T (0.3 - 0.5 s) were studied and 

optimized. Consequently, optimized parameters were 50 mV, 20 mV, 0.1 s and 0.5 s, respectively in the 
analysis.  

After the solution was stirred for a certain time, stirring was stopped. The potential was scanned 
negatively and a peak was obtained to causing oxygen reduction. This peak current value is related to the 
amount of oxygen in the solution. 

The DP voltammograms of oxygen reduction in 0.1 M TBAI - DCM solution including 1,4 DHPs 
derivatives and NIF (0.1 mg/mL) at the PGE were recorded. It showed that in the cathodic direction a well - 
defined oxygen reduction voltammetric peak between - 789.5 - (- 629.7) mV potential range vs. Ag/AgCl 
electrode (Figure 2). 
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Figure 2.DP voltammograms of oxygen reduction peaks for different concentrations of compound 10, 
using the experimental conditions. (a) Supporting electrolyte, (b) 0.1, (c) 0.3 and (d) 0.5 mg/mLin 0.1 M 

TBAI - DCM solution. 

 At first in this study, a voltammogram without antioxidant was recorded to obtain the original 
limiting value of the oxygen peak current (Ior) due to the reduction of oxygen in the 0.1 M TBAI - DCM 

solution as used supporting electrolyte. Dissolved oxygen was extracted from the supporting electrolyte 
solution by a nitrogen gas through the electrochemical cell for sufficient period. The voltammogram of the 
supporting electrolyte lowest oxygen was taken to obtain the residual current value (Ires).  

After that, an antioxidant solution of 1,4 DHPs in the linear concentration range was added to the 
electrochemical cell containing supporting electrolyte and the proportional decrease of the oxygen current 
related to the concentration of the added studied antioxidant at certain potential was observed (Ires). 

Voltammograms were recorded in a wide potential range (E = 0 to -2.0 V). It was shown that 1,4 DHPs did 
not exhibit electrochemically activity under the experimental conditions.    

Due to the highest oxygen content of the electrolyte solution, the highest cathodic peak current (Ior) 
was obtained and the nitrogen gas passed solution which showed the lowest cathodic current (Ires) because 

of the lowest oxygen content.  
The graphs of the relative change of the oxygen reduction current density (j / (jor - jres) against studied 

antioxidant concentration (mg/mL) in the 0.1 M TBAI - DCM solution was plotted (Figure 3). The slope of 
these lines was accepted as a coefficient of antioxidant activity (K) of the 1,4 DHPs and NIF that was 
calculated according to the formula and the calculated K values are given in Table 2 [49, 51]: 

𝐾 =
Δ𝑗

(𝑗𝑜𝑟 − 𝑗𝑟𝑒𝑠) Δ𝑐
          [Eq. 5] 

Δj: Change of the oxygen reduction current density with the additions of 1,4 DHPs and NIF  
Δc: The change of the antioxidant concentration (mg/mL) 
jor: The limiting current density of the oxygen reduction without antioxidants in the solution 
jres: The residual current density after removal of oxygen by nitrogen gas in the solution 

under constant potential. 

In order to verify the method linearity between oxygen reduction peak currents and1,4 DHPs / NIF 
concentrations, calibration curves were plotted using standard solutions at different 3 concentration levels 
under the optimum conditions and 0.1 MTBAI - DCM solution. The peak current of oxygen reduction was 
found to be directly proportional to the 1,4 DHPs / NIF concentration between 0.1 and 0.5 mg/mL. The 
oxygen peak currents were linearly decreased with increasing concentration of 1,4 DHPs /NIF. Least - 
squares regression analysis was performed for the obtained data and the results are given in Table 2. 

Scan direction 
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Figure 3. Curve of the relative change of the oxygen reduction current density against 1,4 DHPs 
concentration in the 0.1 MTBAI - DCM solution for compound 3. 

Electrochemical behaviors of 1,4-DHPs derivatives and NIF were investigated using CV and DPV 
techniques in the literature [63]. The obtained results of antioxidant activities were compared with the 
results of NIF. The coefficient of antioxidant activity was obtained between 0.50 - 0.79 for 1,4-DHPs and 0.72 
for NIF, respectively. In our study, the coefficient of antioxidant activity was calculated as between 0.50 - 
0.70 for 1,4-DHPs and 0.68 for NIF. These calculated antioxidant activity values of 1,4 DHPs and NIF in our 
study corresponds to the value given in the literature [63]. 

Different K values were obtained on the surface disposable PGE due to different structures of 1,4 
DHPs and NIF. The K values found from the formula and the relative change in the oxygen reduction 
current density were the same. All the substances being studied showed varying antioxidant activity. 
Antioxidant activities of the 1,4-DHPs derivatives in A - B and C - D groups were found to be close to each 
other. Antioxidant activities of 1,4-DHPs and NIF were also found to be close to each other. The antioxidant 
activity coefficients of the 1,4 DHPs derivatives in A and B groups were found to be higher than those in C 
and D groups on the basis of oxygen reduction peak current. This difference between groups A - B and C - 
D may be thought to be due to Br's position in indole ring. In the literature, it has been stated that 
compounds with a large K value have higher antioxidant activities [34, 49, 50, 51, 63]. Therefore, it can be 
said that antioxidant activities of A and B groups are higher than other studied 1,4-DHPs derivatives. There 
was no significant difference in antioxidant activities of groups A, B, C and D due to different R 
substituents. 

3. CONCLUSION 

 Voltammetric methods have been demonstrated to be sensitive for the determination of organic 
molecules, including drugs and different molecules in pharmaceutical formulations. These techniques have 
several advantages, including that they have low running costs, the use of less expensive, simpler, faster 
compared with the spectrophotometric and chromatographic methods. Therefore, voltammetric methods are 
used widely the reduction or oxidation-related analysis of organic or inorganic compounds using different 
electrodes.  
 DPV method used in this study is very simple. The simple sample preparation in the proposed DPV 
method was described as dissolving the standard and adequate dilution by the supporting electrolyte. This 
method based on the scanning of voltammograms of the reduction of oxygen molecule related to studied 
compounds and also small amounts of antioxidants were found sufficient for analysis. PGEs are used by 
their low cost, disposability, simplicity and commercial availability. 

Table 2. Antioxidant activity coefficients for 1,4 DPHs derivatives and NIF. 
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Compound 
Reduction 

Potential (V) 
*Kav 

Average regression 
equationa 

r value 

1 -729.6 0.63 y = - 0.6303x + 1.3563 r = 0.9678 

2 -729.6 0.68 y = - 0.6766x + 1.3967 r = 0.9764 

3 -729.6 0.62 y = - 0.6250x + 1.4309 r = 0.9744 

4 -789.5 0.66 y = - 0.6625x + 1.3938 r = 0.9780 

5 -729.7 1.23 y = - 1.2203x + 1.2350 r = 0.9897 

6 -709.6 0.94 y = - 0.9335x + 1.3495 r = 0.9549 

7 -689.6 0.69 y = - 0.6875x + 1.5596 r = 0.9833 

8 -749.6 0.63 y = - 0.6125x + 1.5304 r = 0.9893 

9 -669.6 0.58 y = - 0.5828x + 1.4109 r = 0.9808 

10 -649.6 1.54 y = - 1.5424x + 1.4815 r = 0.9958 

11 -669.6 0.50 y = - 0.5000x + 1.3550 r = 0.9989 

12 -689.7 0.49 y = - 0.5000x + 1.4684 r = 0.9883 

13 -629.8 1.71 y = - 1.7092x + 1.2418 r = 0.9867 

14 -629.7 1.54 y = - 1.5463x + 1.5744 r = 0.9965 

15 -629.8 0.69 y = - 0.6878x + 1.1945 r = 0.9893 

16 -689.7 1.09 y = - 1.0919x + 1.4978 r = 0.9895 

17 -669.7 0.71 y = - 0.7050x + 12437 r = 0.9577 

18 -649.7 0.90 y = - 0.8997x + 1.4436 r = 0.9879 

19 -629.7 0.27 y = - 0.2730x + 1.1619 r = 0.9784 

20 -629.7 0.23 y = - 0.2297x + 1.2120 r = 0.9866 

21 -689.7 0.51 y = - 0.5067x + 1.9086 r = 0.9769 

22 -729.7 1.54 y = -1.5387x + 1.7803 r = 0.9790 

23 -689.6 0.68 y = -0.6849x + 1.4175 r = 0.9924 

24 -689.6 0.58 y = - 0.5781x + 1.5862 r = 0.9652 

NIF -709.7 0.68 y = - 0.6744x + 1.4439 r = 0.9912 

ay = bx + a; x = concentration (mg/mL), y = peak current (A), a = intercept, b = slope. 

 In this study, antioxidant activities of 1,4-DHPs derivatives were evaluated by using DPV method 
from the reduction peak current of oxygen on the disposable PGE surface. The coefficient of antioxidant 
activity (K) of 1,4-DHPs derivatives were calculated and compared with each other and NIF.  

The antioxidant activity coefficients of the 1,4-DHPs derivatives in groups A and B were found to be 
higher than those in groups C and D on the basis of oxygen reduction peak current. There was no significant 
difference in antioxidant activities of 1,4-DHPs derivatives due to different R substituents. 

4. MATERIALS AND METHODS 

4.1. Materials 

NIF was kindly supplied by Fako A.S. and it was used without further purification All other 
chemicals were of reagent analytical grade quality. TBAIsalt was purchased from Sigma and it was 
dissolved in DCM solvent. 3 mL of DCM solvent containing 0.1 M of TBAI was used as a supporting 
electrolyte.  

4.1.1. Synthesis of Alkyl 4-(5/6-bromo-1H-indole-3-yl)-2,6,6/2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-
carboxylates 

The 1,4-DHP derivatives (Compound 1–20) with antioxidant activity have been synthesized by 
Baydar, E. et. al. and their structures have been proven by instrumental techniques. This study was 
previously published [66]. Compounds 21 - 24 were the original compounds synthesized for the first time.    

Compounds 21 - 24 were synthesized according to the general synthesis method given in the literature 
for other compounds. According to this; 2 mmol diketone derivative (4,4-dimethylcyclohexane-1,3-dione or 
5,5-dimethylcyclohexane-1,3-dione), 2 mmol substituted indole carbaldehyde (5-bromo-1H-indole-3-
carbaldehyde or 6-bromo-1H-indole-3-carbaldehyde), 2 mmol benzyl acetoacetate and 10 mmol ammonium 
acetate in ethanol were reacted in 35 mL vial in microwave synthesis unit. It was subjected to microwave 
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irradiation at a maximum of 150 oC for 5 min. The progress of the reaction was followed by TLC. Upon 
completion, the reaction mixture was poured into ice-water and the resulting solid crystallized from the 
ethanol-water mixture [66].The structure of the synthesized compounds was proved by 1H-NMR, 13C-NMR 
and elemental analysis. 

Benzyl 4-(5-bromo-1H-indole-3-yl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (Compound 
21): Yield 74%. m.p. 90 °C. 1H-NMR (δ ppm, DMSO-d6) 0.87 (3H; s; 6-CH3), 0.97 (3H; s; 6-CH3), 1.66–1.74 (2H; 

m; H-7), 2.25 (3H; s; 2-CH3), 2.48–2.51 (2H; m; H-8), 3.92-4.02 (2H; m; OCH2), 5.07 (1H; s; H-4), 6.88-7.73 (9H; 
aromatic protons), 9.16 (1H; s; HHQ N-H), 10.85 (1H; s; indole N-H). 13C-NMR (δ) 18.6, 18.8, 18.9, 24.1, 25.3, 
34.0, 39.5, 40.1, 69.0, 103.0, 108.0, 112.9, 113.6, 120.8, 121.2, 121.5, 123.0, 124.2, 127.4, 127, 9, 128, 9, 129.0, 136.4, 
137.1, 145.3, 149.0, 167.4, 199.2.Analysis for C28H27BrN2O3: Calculated C: 64.74, H: 5.24, N: 5.39; Found C: 
64.68, H: 5.43, N: 5.34. 

Benzyl 4-(5-bromo-1H-indole-3-yl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (Compound 
22): Yield 69 %. m.p. 102 °C. 1H-NMR (δ ppm, DMSO-d6) 0.78 (3H; s; 7-CH3), 0.97 (3H; s; 7-CH3), 1.89 (1H; d; 

J: 16 Hz; H-8a), 2.05 (1H; d; J: 16 Hz; H-8b), 2.23 (3H; s; 2-CH3), 2.43 (1H; d; J: 16.0 Hz; H-6a), 2,36 (1H; d; J: 
16.0 Hz; H-6b), 3.99-4.04 (2H; m; OCH2), 5.04 (1H; s; H-4), 6.91-7.58 (9H; aromatic protons), 9.06 (1H; s; HHQ 
N-H), 10.75 (1H; s; indole N-H). 13C-NMR (δ) 18.4, 18.6, 18.9, 22.1, 26.8, 33.9, 39.2, 40.0, 68.9, 104.1, 108.2, 
113.1, 114.0, 120.7, 121.4, 121.9, 122.9, 124.0, 136.9, 146.8, 148.8, 170.4, 200.4.Analysis for C28H27BrN2O3: 
Calculated C: 64.74, H: 5.24, N: 5.39; Found C: 64.49, H: 5.44, N: 5.38. 

Benzyl 4-(6-bromo-1H-indole-3-yl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (Compound 
23): Yield 81 %. m.p. 169-170 °C. 1H-NMR (δ ppm, DMSO-d6) 0.81 (3H; s; 6-CH3), 0.95 (3H; s; 6-CH3), 1.59–

1.76 (2H; m; H-7), 2.27 (3H; s; 2-CH3), 2.45–2.48 (2H; m; H-8), 3.67-3.69 (2H; dd; J: 6.8/2.0 Hz; OCH2), 5.10 
(1H; s; H-4), 6.83-7.52 (9H; aromatic protons), 9.16 (1H; s; HHQ N-H), 10.85 (1H; s; indole N-H). 13C-NMR (δ) 
18.6, 18.8, 18.9, 24.1, 25.3, 34.0, 39.5, 40.1, 69.0, 103.0, 108.0, 112.9, 113.6, 120.8, 121.2, 121.5, 123.0, 124.2, 127.4, 
127, 9, 128, 9, 129.0, 136.4, 137.1, 145.3, 149.0, 167.1, 199.4.Analysis for C28H27BrN2O3: Calculated C: 64.74, H: 
5.24, N: 5.39; Found C: 64.46, H: 5.51, N: 5.40. 

Benzyl 4-(6-bromo-1H-indole-3-yl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (Compound 
24): Yield 76 %. m.p. 213-215 °C. 1H-NMR (δ ppm, DMSO-d6) 0.75 (3H; s; 7-CH3), 0.99 (3H; s; 7-CH3), 1.76 

(1H; m; H-8a), 1.93-1.97 (1H; d; J: 16 Hz; H-8b), 2.12-1.16 (1H; d; J:16 Hz; H-6a), 2.29 (3H; s; 2-CH3), 2.49-2.50 
(1H; m; H-6b), 3.33 (2H; s; OCH2), 5.09 (1H; s; H-4), 6.92-7.74 (9H; aromatic protons), 9.18 (1H; s; HHQ N–H), 
10.86 (1H; s; indole N–H). 13C-NMR (δ) 18.2, 18.9, 18.9, 26.4, 26.9, 27.2, 29.0, 32.0, 39.2, 40.1, 69.1, 103.6, 109.8, 
110.7, 113.0, 121.5, 122.0, 122.6, 124.3, 127.5, 134.6, 144.1, 148.8, 167.0, 194.2.Analysis for C28H27BrN2O3 .0.25 
H2O: Calculated C: 64.19, H: 5.29, N: 5.35; Found C: 64.18, H: 5.42, N: 5.41. 

4.2. Instruments 

All experiments were performed using a Gamry Reference 600 model (Gamry Instruments, PA, USA) 

potentiostat/galvanostat. A three-electrode system which formed of pencil graphite electrode (PGE) as 

working electrode, an Ag/AgCl electrode with saturated 3 M KCl as reference electrode and a platinum wire 

as counter electrode were used. The peak currents were measured automatically or manually. All 

measurements were performed at room temperature. 

PGE a mechanical pencil as Model T 0.5 (Rotring, Germany) was used as a holder for pencil lead 

(Tombo, Japan). All leads have diameter of 0.5 mm and a total length of 60 mm. A metallic wire was 

wrapped around the metallic part of the pencil to supply electrical contact with the lead. 10 mm of lead was 

dipped in the working solution and this length corresponds to the 15.9 mm2 active electrode area. 

Measurements were carried out by repeating on a new PGE surface using supporting electrolyte solution. 

4.3. Procedures 

4.3.1. Preparation of standard solution 

A solution of all compounds and NIF (2000 mg/mL) was freshly prepared with supporting 

electrolyte. The studied compounds and NIF were used between 0.1 - 0.5 mg/mL of concentration range. 

Pure nitrogen gas was passed for sufficient time to remove oxygen from the solution. 

4.3.2. Detection of antioxidant activities of 1,4- DHPs derivatives and NIF with DPV method 

In this proposed study, PGE was dipped into 0.1 M TBAP-DCM supporting electrolyte and recorded 
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to obtain the original limiting current (I) of PGE electrode in the potential range of 0 and -2.00 V vs. 
Ag/AgCl reference electrode. Nitrogen gas was passed through the supporting electrolyte solution to 
remove oxygen and voltammogram was recorded and the residual peak current value (Ires) were obtained. 
0.1 - 0.5 mg/mL concentration amounts of 1,4 DHPs or NIF compounds were added to the supporting 
electrolyte solution to obtain the decrease of the oxygen peak current. Voltammograms were scanned and 
electrochemical reduction current (Ires) were obtainedcorresponding to the concentration of the added 
antioxidant at constant potential. 

The pulse amplitude (A), pulse increment (Es), pulse time (W) and pulse period (T) parameters of DPV 

method were as follows: 50 mV, 20 mV, 0.1 s and 0.5 s, respectively were applied in this study.  

* This research was partly presented at the 12th International Symposium on Pharmaceutical Sciences (ISOPS), 26 - 
29June 2018, Ankara, Turkey.   

Acknowledgements: This research is a collaborative project between Hacettepe University, Department of Analytical 
Chemistry and Department of Pharmaceutical Chemistry. 

Author contributions:Concept – İ.S., C.Ş., R.Ş.; Design – İ.S., C.Ş., R.Ş.; Supervision – İ.S., C.Ş., R.Ş.; Resources – İ.S., 
C.Ş., R.Ş.; Materials – C.Ş., R.Ş.; Data Collection and/or Processing – İ.S., S.E.K.; Analysis and/or Interpretation – İ.S., 
S.E.K., Literature Search – İ.S., S.E.K.; Writing – İ.S., S.E.K., C.Ş., R.Ş.; Critical Reviews – İ.S., S.E.K., C.Ş., R.Ş. 

Conflict of interest statement: The authors declared no conflict of interest. 

REFERENCES 

[1] Arulpriya P, Lalitha P, Hemalatha S. Cyclic Voltammetric Assessment of the Antioxidant Activity of Petroleum                 
Ether Extract of Samanea Saman (Jacq.) Merr Pelagia Res Libr.2010; 1(3): 24-35.  

[2] Li H, Xia N, Förstermann U. Cardiovascular effects and molecular targets of resveratrol. Nitric oxide. 2012; 26(2): 
102-110.[CrossRef] 

[3] Pérez-Tortosa V,López-Orenes A, Martínez-Pérez A, Ferrer MA, Calderón AA. Antioxidant activity and rosmarinic 
acid changes in salicylic acid-treated Thymus membranaceus shoots. Food Chem. 2012; 130(2): 362-369.[CrossRef] 

[4] Lino FMA, De Sá LZ, Torres IMS, Rocha ML, Dinis TCP, Ghedini PC, Somerset VS, Gil ES.Voltammetric and 
spectrometric determination of antioxidant capacity of selected wines.  Electrochim Acta. 2014; 128: 25-
31.[CrossRef] 

[5] Klein JA, Ackerman SL. Oxidative stress, cell cycle, and neurodegeneration. J Clın Invest. 2003; 111(6): 785-
793.[CrossRef] 

[6] Garrido J, Gaspar A, Garrido EM, Miri R, Tavakkoli M, Pourali S,Saso L,BorgesF, Firuzi O. Alkyl esters of 
hydroxycinnamic acids with improved antioxidant activity and lipophilicity protect PC12 cells against oxidative 
stress. Biochimie. 2012; 94(4):961-967.[CrossRef] 

[7] Halliwell B. Antioxidants in human health and disease. Annu Rev Nutr. 1996; 16(1): 33-50.[CrossRef] 

[8] Cocheme HM, MurphyMP. Can antioxidants be effective therapeutics. Curr Opin Investig Drugs. 2010; 11(4): 426-
431. 

[9] Swarnalatha G. 1, 4-Dihydropyridines: a multifunctional molecule-a review. Int J Chem Tech Res. 2011; 3: 75-89. 

[10] Triggle DJ. Calcium channel antagonists: clinical uses—past, present and future. Biochem Pharmacol. 2007; 74(1):1-
9.[CrossRef] 

[11] Boer R, Gekeler V. Chemosensitizers in tumor therapy: new compounds promise better efficacy. Drug Future. 1995; 
20(5): 499-510. 

[12] Briukhanov VM, Zverev IF, Elkin VI. The effect of calcium antagonists on the development of inflammatory edema 
in rats. Eksp Klin Farmakol. 1994;57(2):47-49. 

[13] Bahekar S, Shınde D. Synthesis and anti-inflammatory activity of 1, 4-dihydropyridines. Acta Pharmaceutica, 2002. 
52(4): 281-287. 

[14] Gullapalli S, Ramarao P. L-type Ca2+ channel modulation by dihydropyridines potentiates κ-opioid receptor 
agonist induced acute analgesia and inhibits development of tolerance in rats. Neuropharmacology. 2002; 42(4): 
467-475.[CrossRef] 

https://doi.org/10.35333/jrp.2021.288
https://doi.org/10.1016/j.niox.2011.12.006
https://doi.org/10.1016/j.foodchem.2011.07.051
https://doi.org/10.1016/j.electacta.2013.08.109
https://doi.org/10.1172/JCI18182
https://www.sciencedirect.com/science/article/pii/S0300908411004706?casa_token=yDNmBkVQIa0AAAAA:KuR2Dw--Vv9H_0gUSG3pWURwyqiYni1Bjm2-KCZt7seWSx8lzC2iQVDT5gLGo23L-VXKXjym0A#!
https://doi.org/10.1016/j.biochi.2011.12.015
https://doi.org/10.1146/annurev.nu.16.070196.000341
https://doi.org/10.1016/j.bcp.2007.01.016
https://doi.org/10.1016/S0028-3908(01)00200-3


Süslü et al. 
Antioxidant activities of hexahydroquinoline derivatives 

Journal of Research in Pharmacy 

 Research Article 

 

 

 https://doi.org/10.35333/jrp.2021.288  
J Res Pharm 2021; 25(1): 52-62 

60 

[15] Cooper K, Fray MJ, Parry MJ, Richardson K, Steele J. 1, 4-Dihydropyridines as antagonists of platelet activating 
factor. 1. Synthesis and structure-activity relationships of 2-(4-heterocyclyl) phenyl derivatives. J Med Chem. 1992; 
35(17): 3115-3129. 

[16] Hamann SR, Piascik MT, McAllister Jr RG. Aspects of the clinical pharmacology of nifedipine, a dihydropyridine 
calcium-entry antagonist. Biopharm Drug Dispos. 1986; 7(1): 1-10.[CrossRef] 

[17]  Sorkin E, Clissold S, BrogdenR. Nifedipine. Drugs. 1985; 30(3): 182-274. 

[18] Stojek Z. Pulse voltammetry in Electroanalytical methods. Springer,2010, 107-119. 

[19] Molina A, GonzálezJ. Pulse voltammetry in physical electrochemistry and electroanalysis. Monographs in 
electrochemistry, 2016. 

[20] Adam V, Baloun J, Fabrik I, Trnkova L, Kizek R. An electrochemical detection of metallothioneins at the zeptomole 
level in nanolitre volumes. Sensors. 2008; 8(4):2293-2305.[CrossRef] 

[21] Scholz F. Voltammetric techniques of analysis: the essentials. ChemTexts. 2015; 1(4): 17.[CrossRef] 

[22]  Dospivova D, Smerkova K, Ryvolova M, Hynek D, Adam V, Kopel P,Stiborova M, Eckschlager T, Hubalek J, Kizek 
R. Catalytic electrochemical analysis of platinum in Pt-DNA adducts. Int J Electrochem Sci. 2012; 7(4): 3072-3088. 

[23] Sochor J, Hynek D, Krejcova L, Fabrik I, Krizkova S, Gumulec J, Adam V, Babula P, Trnkova L, Stiborova M, 
Hubalek J, Masarik M, Binkova H, Eckschlager T, Kizek R. Study of metallothionein role in spinocellular carcinoma 
tissues of head and neck tumours using Brdicka reaction. Int J Electrochem Sci. 2012; 7(3): 2136-2152. 

[24] Zheng W, Wang SY. Antioxidant activity and phenolic compounds in selected herbs.J Agric Food Chem. 2001; 
49(11): 5165-5170.[CrossRef] 

[25] Liu ZQ. Chemical methods to evaluate antioxidant ability. Chem Rev. 2010; 110(10): 5675-5691.[CrossRef] 

[26]  Šeruga M, Novak I, Jakobek L. Determination of polyphenols content and antioxidant activity of some red wines by 
differential pulse voltammetry, HPLC and spectrophotometric methods. Food Chem. 2011; 124(3): 1208-
1216.[CrossRef] 

[27] Zielinska D, Szawara-Nowak D,Zielinski H. Comparison of spectrophotometric and electrochemical methods for 
the evaluation of the antioxidant capacity of buckwheat products after hydrothermal treatment. J. 
Agric. Food Chem, 2007; 55(15): 6124-6131.[CrossRef] 

[28] Fabrik I,Krizkova S, Huska D, Adam V, Hubalek J, Trnkova L, Eckschlager T, Kukacka J, Prusa R, Kizek R. 
Employment of electrochemical techniques for metallothionein determination in tumor cell lines and patients with 
a tumor disease. Electroanal. 2008; 20(14): 1521-1532. [CrossRef] 

[29] Dorozhko EV, Korotkova EI.Biologically active substances studied by voltammetric and spectrophotometric 
techniques. Pharm Chem J. 2011; 44(10): 581-584. 

[30] Sochor J, Dobes1 J, Krystofova O, Ruttkay-Nedecky B, Babula P, Pohanka M, Jurikova T, Zitka O, Adam V, Klejdus 
B, Kizek R. Electrochemistry as a tool for studying antioxidant properties. Int J Electrochem Sci. 2013; 8(6): 8464-
8489. 

[31] Abdel-Hamid R, Newair EF. Electrochemical behavior of antioxidants: I. Mechanistic study on electrochemical 
oxidation of gallic acid in aqueous solutions at glassy-carbon electrode. J Electroanal Chem. 2011; 657(1-2): 107-112. 
[CrossRef] 

[32] Apetrei C,Apetrei IM, Saja JAD,Rodriguez-Mendez ML. Carbon paste electrodes made from different carbonaceous 
materials: application in the study of antioxidants. Sensors. 2011; 11(2): 1328-1344. [CrossRef] 

[33] Shapoval G,Babii LV, Kruglyak OS, Vovk AI. Antioxidant activity of thiamine and its structural analogs in 
reactions with electrochemically generated hydroxyl radicals and hydrogen peroxide. Theor Exp Chem. 2011; 47(1): 
55-60. 

[34] Korotkova EI, Karbainov YA, Shevchuk A. Study of antioxidant properties by voltammetry. J Electroanal Chem. 
2002; 518(1): 56-60. [CrossRef] 

[35] Korotkova EI, Voronova OA, DorozhkoEV. Study of antioxidant properties of flavonoids by voltammetry. J Solid 
State Electr, 2012; 16(7): 2435-2440. [CrossRef] 

[36] Qian P, Ai S, Yin H, Li J. Evaluation of DNA damage and antioxidant capacity of sericin by a DNA electrochemical 
biosensor based on dendrimer-encapsulated Au-Pd/chitosan composite. Microchim Acta. 2010; 168(3-4): 347-
354.[CrossRef] 

https://doi.org/10.35333/jrp.2021.288
https://doi.org/10.1002/bdd.2510070102
https://doi.org/10.3390/s8042293
https://doi.org/10.1007/s40828-015-0016-y
https://doi.org/10.1021/jf010697n
https://doi.org/10.1021/cr900302x
https://doi.org/10.1016/j.foodchem.2010.07.047
https://doi.org/10.1021/jf071046f
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Krizkova%2C+Sona
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Huska%2C+Dalibor
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Adam%2C+Vojtech
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hubalek%2C+Jaromir
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Trnkova%2C+Libuse
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Eckschlager%2C+Tomas
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kukacka%2C+Jiri
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Prusa%2C+Richard
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kizek%2C+Rene
https://doi.org/10.1002/elan.200704215
https://doi.org/10.1016/j.jelechem.2011.03.030
https://doi.org/10.3390/s110201328
https://doi.org/10.1016/S0022-0728(01)00664-7
https://doi.org/10.1007/s10008-012-1707-6
https://doi.org/10.1007/s00604-009-0280-x


Süslü et al. 
Antioxidant activities of hexahydroquinoline derivatives 

Journal of Research in Pharmacy 

 Research Article 

 

 

 https://doi.org/10.35333/jrp.2021.288  
J Res Pharm 2021; 25(1): 52-62 

61 

[37] Ziyatdinova G, Labuda J. Complex electrochemical and impedimetric evaluation of DNA damage by using DNA 
biosensor based on a carbon screen-printed electrode. Anal Methods. 2011; 3(12): 2777-2782.[CrossRef] 

[38] Yashin YI, Nemzer BV, Ryzhnev VY, Yashin AY, Chernousova NI, Fedina PA. Creation of a databank for content of 
antioxidants in food products by an amperometric method. Molecules. 2010; 15(10): 7450-7466.[CrossRef] 

[39] Brainina KZ, Varzakova D, Gerasimova E. A chronoamperometric method for determining total antioxidant 
activity. J Anal Chem. 2012; 67(4): 364-369.[CrossRef] 

[40] Bond AM, Mahon PJ, Schiewe J, Vicente-Beckett V.An inexpensive and renewable pencil electrode for use in field-
based stripping voltammetry. Anal Chim Acta. 1997; 345(1-3): 67-74.[CrossRef] 

[41] Wang J, Kawde AN, Sahlin E. Renewable pencil electrodes for highly sensitive stripping potentiometric 
measurements of DNA and RNA. Analyst. 2000; 125(1): 5-7.[CrossRef] 

[42] David IG, Bizgan AMC, Popa DE, Buleandra M, Moldovan Z, Badea IA, Tekiner TA, Basaga H, Ciucu AA. Rapid 
determination of total polyphenolic content in tea samples based on caffeic acid voltammetric behaviour on a 
disposable graphite electrode. Food Chem. 2015; 173: 1059-1065.[CrossRef] 

[43] David IG, Popa DE, Calin AA, Buleandra M, Iorgulescu EE. Voltammetric determination of famotidine on a 
disposable pencil graphite electrode. Turk J Chem. 2016; 40(1): 125-135. 

[44] Fard GP, Alipour E, Sabzi REA. Modification of a disposable pencil graphite electrode with multiwalled carbon 
nanotubes: application to electrochemical determination of diclofenac sodium in some pharmaceutical and 
biological samples. Anal Methods. 2016; 8(19): 3966-3974.[CrossRef] 

[45] Aziz MA, Kawde AN. Gold nanoparticle-modified graphite pencil electrode for the high-sensitivity detection of 
hydrazine. Talanta. 2013; 115: 214-221.[CrossRef] 

[46] David IG, BadeaIA, Radu GL. Disposable carbon electrodes as an alternative for the direct voltammetric 
determination of alkyl phenols from water samples. Turk J Chem. 2013;  37(1): 91-100.[CrossRef] 

[47] David IG, Popa DE, Buleandra M. Pencil graphite electrodes: a versatile tool in electroanalysis. J Anal Methods 
Chem. 2017; 2017: 1-22.[CrossRef] 

[48] Kawde AN, Baig N, Sajid M. Graphite pencil electrodes as electrochemical sensors for environmental analysis: a 
review of features, developments, and applications. RSC Adv. 2016; 6(94): 91325-91340.[CrossRef] 

[49] Korotkova EI, Avramchik OA, Angelov TM, Karbainov Y.Investigation of antioxidant activity and lipophilicity 
parameters of some preservatives. Electrochim Acta. 2005; 51(2): 324-332.[CrossRef] 

[50] Korotkova EI, Mamaeva EA, Bashkatova NV, Bakibaev AA.  Electrochemical determination of the antioxidant 
activity of 1, 4-benzodiazepine. Pharm Chem J. 2004; 38(3): 170-171. 

[51] Korotkova EI, Avramchik OA, Kagiya TV, Karbainov YA, Tcherdyntseva NV. Study of antioxidant properties of a 
water-soluble vitamin E derivative—tocopherol monoglucoside (TMG) by differential pulse voltammetry. Talanta. 
2004; 63(3): 729-734.[CrossRef] 

[52] Beretta G,Granata P, Ferrero M, Orioli M, Facino RM. Standardization of antioxidant properties of honey by a 
combination of spectrophotometric/fluorimetric assays and chemometrics. Anal ChimActa. 2005; 533(2): 185-
191.[CrossRef] 

[53] Stratil P, Klejdus B, Kubáň V. Determination of total content of phenolic compounds and their antioxidant activity 
in vegetables evaluation of spectrophotometric methods. J Agric Food Chem. 2006; 54(3): 607-616. [CrossRef] 

[54] Güngör N, Özyürek M, Güçlü K, Çekiç SD, Apak R. Comparative evaluation of antioxidant capacities of thiol-
based antioxidants measured by different in vitro methods. Talanta. 2011. 83(5): 1650-1658.[CrossRef] 

[55] Grippa E, Pavone F, Gatto MT, Petrucci R, Marrosu G, Silvestrini B, Saso L.  In vitro evaluation of antioxidant 
activity by electrophoresis and high performance liquid chromatography. Biochim Biophys Acta. 2000; 1524(2-3): 
171-177.[CrossRef] 

[56] Proestos C,  Chorianopoulos N, Nychas GJ, Komaitis M. RP-HPLC analysis of the phenolic compounds of plant 
extracts. Investigation of their antioxidant capacity and antimicrobial activity.J Agric Food Chem. 2005; 53(4): 1190-
1195.[CrossRef] 

[57] Brito A, Ramirez JE, Areche C, Sepúlveda B, Simirgiotis MJ.  HPLC-UV-MS profiles of phenolic compounds and 
antioxidant activity of fruits from three citrus species consumed in Northern Chile. Molecules. 2014; 19(11): 17400-
17421.[CrossRef] 

https://doi.org/10.35333/jrp.2021.288
https://doi.org/10.1039/c1ay05403a
https://doi.org/10.3390/molecules15107450
https://doi.org/10.1134/s1061934812020050
https://doi.org/10.1016/S0003-2670(97)00102-5
https://doi.org/10.1039/a907364g
https://doi.org/10.1016/j.foodchem.2014.10.139
https://doi.org/%2010.1039/c6ay00441e
https://doi.org/10.1016/j.talanta.2013.04.038
https://doi.org/10.3906/kim-1203-49
https://doi.org/10.1155/2017/1905968
https://doi.org/10.1039/c6ra17466c
https://doi.org/10.1016/j.electacta.2005.04.031
https://doi.org/10.1016/j.talanta.2003.12.030
https://doi.org/10.1016/j.aca.2004.11.010
https://doi.org/doi:%2010.1021/jf052334j
https://doi.org/10.1016/j.talanta.2010.11.048
https://doi.org/10.1016/S0304-4165(00)00154-9
https://doi.org/10.1021/jf040083t
https://doi.org/10.3390/molecules191117400


Süslü et al. 
Antioxidant activities of hexahydroquinoline derivatives 

Journal of Research in Pharmacy 

 Research Article 

 

 

 https://doi.org/10.35333/jrp.2021.288  
J Res Pharm 2021; 25(1): 52-62 

62 

[58] Ehala S, Vaher M, Kaljurand M. Characterization of phenolic profiles of Northern European berries by capillary 
electrophoresis and determination of their antioxidant activity. J Agric Food Chem. 2005; 53(16): 6484-6490. 
[CrossRef] 

[59] Bektaşoğlu B, Çelik SE, Özyürek M, Güçlü K, Apak R. Novel hydroxyl radical scavenging antioxidant activity assay 
for water-soluble antioxidants using a modified CUPRAC method. Biochem Biophys Res Commun. 2006; 345(3): 
1194-1200.[CrossRef] 

[60] Sugihara T, KinoshitaT, Aoyagi S, Tsujino Y, Osakai T. A mechanistic study of the oxidation of natural antioxidants 
at the oil/water interface using scanning electrochemical microscopy. J Electroanal Chem. 2008; 612(2): 241-
246.[CrossRef] 

[61] Lu X, Hu L, Wang X. Thin‐Layer Cyclic Voltammetric and Scanning Electrochemical Microscopic Study of 
Antioxidant Activity of Ascorbic Acid at Liquid/Liquid Interface. Electroanal. 2005; 17(11): 953-958.[CrossRef] 

[62]  Tur'yan YI, Gorenbein P, Kohen R. Theory of the oxygen voltammetric electroreduction process in the presence of 
an antioxidant for estimation of antioxidant activity. J Electroanal Chem. 2004; 571(2): 183-188. [CrossRef] 

[63] Sürücü Ö, Bolat G, El-Khouly A, Gündüz MG, Simşek R, Abacı S, Kuralay F, Şafak C.Electrochemical Detection of 
Antioxidant Activities of 1, 4-Dihydropyridine Derivatives.Hacettepe J Biol Chem. 2016, 44 (4): 535–548. 

[64] Kadish K, Ding J, Malinski T. Resistance of nonaqueous solvent systems containing tetraalkylammonium salts. 
Evaluation of heterogeneous electron transfer rate constants for the ferrocene/ferrocenium couple. Analy Chem. 
1984; 56(9): 1741-1744.[CrossRef] 

[65] Kadish KM, Anderson JE. Purification of solvents for electroanalysis: benzonitrile; dichloromethane; 1, 1-
dichloroethane and 1, 2-dichloroethane. Pure Appl Chem. 1987; 59(5): 703-714.[CrossRef] 

[66] Baydar E, Gündüz MG, Krishna VS, Şimşek R, Sriram D, Öztürk Yıldırım S, Butcher RJ, ŞafakC. Synthesis, crystal 
structure and antimycobacterial activities of 4-indolyl-1, 4-dihydropyridine derivatives possessing various ester 
groups. Res Chem Intermed. 2017; 43(12): 7471-7489. [CrossRef] 

This is an open access article which is publicly available on our journal’s website under Institutional Repository at http://dspace.marmara.edu.tr.      

https://doi.org/10.35333/jrp.2021.288
https://doi.org/10.1021/jf050397w
https://www.sciencedirect.com/science/article/pii/S0006291X06010850?casa_token=oH8m3wcNzgAAAAAA:0QALo_1Kb18ey4fVL5hE3lQvBVnFHjVC1zgqBKo2AbvIf-pRh2bJLNR8TE2uVKX0VZ9ay8BdLQ#!
https://www.sciencedirect.com/science/article/pii/S0006291X06010850?casa_token=oH8m3wcNzgAAAAAA:0QALo_1Kb18ey4fVL5hE3lQvBVnFHjVC1zgqBKo2AbvIf-pRh2bJLNR8TE2uVKX0VZ9ay8BdLQ#!
https://www.sciencedirect.com/science/article/pii/S0006291X06010850?casa_token=oH8m3wcNzgAAAAAA:0QALo_1Kb18ey4fVL5hE3lQvBVnFHjVC1zgqBKo2AbvIf-pRh2bJLNR8TE2uVKX0VZ9ay8BdLQ#!
https://doi.org/10.1016/j.bbrc.2006.05.038
https://www.sciencedirect.com/science/article/pii/S0022072807004561?casa_token=tc92Oo0Pb-IAAAAA:EQ2d6GqkRp_OmL2iGsHjVzOvSqQIz_HCykKwewgCGK3oUVrY8SrRuyg9DLQzc4fH_4yS3j8yLQ#!
https://doi.org/10.1016/j.jelechem.2007.09.029
https://doi.org/10.1002/elan.200403201
https://doi.org/10.1016/j.jelechem.2004.05.008
https://doi.org/10.1016/j.jelechem.2004.05.008
https://doi.org/10.1351/pac198759050703
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1007/s11164-017-3087-0
http://dspace.marmara.edu.tr/

