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Abstract Voltammetric study of the anti-inflammatory drug sulfasalazine was investigated employing polished silver solid amalgam electrode. One reduction and appropriate oxidation peak was recorded in wide range of pH. The reduction peak was well developed and easily evaluable and thus, it was chosen for further examination. The highest reduction response was observed in citrate buffer of pH 5 about the potential Ep = −0.1 V vs. Ag|AgCl. Parameters of adsorptive stripping square wave voltammetry were optimized and it was reached excellent repeatability of measurements (RSD = 2.79 %) and determinations (RSD ≤ 5.33 %) as well, low limit of detection (LOD = 2.5×10−9 mol dm−3) and quantification (LOQ = 8.3×10−9 mol dm−3). Developed method was applied to analysis of pharmaceutical preparation with excellent recovery (96.99 – 102.52 %). The designed method provides “environmental friendly” tool for sulfasalazine analysis and brings simple and sensitive tool for its determination.
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Introduction
Sulfasalazine (SSZ) is widely used an anti-inflammatory drug mainly administrated during treatment of some autoimmune diseases like ulcerative colitis and Crohn`s disease or applied to reducing symptoms of rheumatoid arthritis [1-3].  Molecule of SSZ consists of sulfapyridine (SP) and 5-aminosalycilic acid (5-ASA), which are connected by azo bond (Scheme 1). After reaching the colon, part of SSZ is absorbed unchanged but in the rest the azo bridge is broken by bacteria reduction and SSZ is converted to SP and 5-ASA. SP is almost completely absorbed and its positive effect was observed mainly in treatment of rheumatoid arthritis and other types of arthritis. It belongs to the group of disease modifying antirheumatic drugs (DMAD) [1, 4]. 5-ASA, which is a potential radical scavenger, mostly remains and acts directly in the colon and thus, its positive effects on the inflammatory bowel diseases were observed [5].
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Scheme 1 Chemical structure of SSZ.
Some analytical techniques have been already developed for SSZ determination including enzyme-linked immunosorbent assay (ELISA) [6], near-infrared spectroscopy [7] and various chromatographic methods, e.g. [8-11]. Electroanalytical methods belong to a modern analytical chemistry and offer interesting alternative to the above mentioned approaches. In general, their main advantages, in comparison with the widely used chromatographic methods, are low costs of instruments, time saving analysis or simple sample preparations. Moreover, they are commonly used for analysis of pharmaceuticals [12, 13]. In case of SSZ, mercury electrodes like dropping mercury electrode (DME) [14], static mercury electrode (SMDE) [14], and hanging mercury drop electrode (HMDE) [15] were employed for examination of its voltammetric behavior at first. 2e−/2H+ reduction of the azo bond followed by production of the hydrazo- compound was described as the reduction process [14]. Nowadays, this classic electrode material is often replaced by some alternative materials mainly due to the alleged toxicity of liquid mercury and some restriction of its use [16]. Concerning SSZ, some possible alternatives were developed and are briefly described below. Nigović et al. described working electrodes based on bismuth and antimony film, respectively, for rapid SSZ determination [17, 18]. Four working electrodes based on carbon, namely glassy carbon electrode (GCE) [19], GCE modified with poly(3-methylthiophene) [20], screen-printed carbon electrode modified with functionalized multiwalled carbon nanotubes and benzyl acetate [21], and carbon paste electrode (CPE) modified with molecularly imprinted polymer [22], were also tested for detection and/or determination of SSZ. 
Amalgam as a material of working electrodes for voltammetry was introduced in 2000 independently by two researchers groups [23, 24]. It combines advantages of mercury (high hydrogen overvoltage) and solid electrodes (mechanical stability, non-toxic material). Besides dental [24] and solid amalgam electrodes [23], they are nowadays used in various constructions and forms, like e.g. paste [25, 26], composite [27], renewable liquid [28] or crystallic [29]. Surface of the solid electrodes could be polished or modified mostly often by mercury in form of meniscus or film [23, 26]. The type of silver solid amalgam electrode (AgSAE) employed in the present paper is widely used and was already applied to inorganic, e.g. [23, 26, 30, 31] and organic analysis as well, e.g. [26, 31-48]. AgSAE contains none (polished, p-AgSAE) or minimal amount of liquid mercury (mercury meniscus modified, m-AgSAE), thus, it meets requirements of the recent trends of “green” analytical chemistry [25, 30]. To the best of our knowledge, no previous paper dealing with voltammetric analysis of SSZ employing p-AgSAE exists. The aim of this work was to examine voltammetric behavior of SSZ on p-AgSAE and to develop sensitive method for its precise determination.

Results and Discussion
Effect of supporting electrolyte pH on voltammetric behavior of SSZ 
Selection of the supporting electrolyte plays a crucial role during the designing of the voltammetric method. Medium influences the ongoing processes on working electrode, the electron transfer or the thermodynamics of the reaction. Therefore, this parameter was examined carefully using cyclic voltammetry (CV), Britton-Robinson buffer (BRB, pH 2-12) and 1×10−5 mol dm−3 SSZ. Significant and well developed reduction (cathodic) signal and particular oxidation (anodic) peak could be recorded in the range of pH values of 3-10, which is obvious from Figure 1. These results coincided with those obtained on mercury electrode [14] or other working electrodes [18, 22] and the 2H+/2e− reduction of the azo bond could be supposed also for p-AgSAE. Moreover, the reduction signal linearly moved to the more negative potentials with increasing pH, which is obvious from Figure 1 and 2, respectively, and particular equation of the linear dependence (Figure 2). Slope of this dependence is 65.6 mV/pH, which is characteristic for simple two-electron/two-proton electrochemical reduction [14]. Above that, a significant decrease of reversibility was recorded in the neutral and alkaline media (pH 6-10). Although, the oxidation signal also moved to the more negative potentials with increasing pH value, the shift was much slower. 
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Figure 1 Cyclic voltammograms of 1×10−5 mol dm−3 SSZ recorded on p-AgSAE in BRB of pH from 3 to 10. Parameters: Ein = Efin = +0.2 V, Evertex = −1 (pH 3)-−1.6 V (pH 10), v = 100 mV s−1.

Due to the shape and sensitivity, the reduction signal was chosen for further examination. It is apparent that SSZ provided the highest signal in slightly acidic and neutral media (pH 5-7) and electrolyte of pH 5 was selected for the rest of the analysis based on the comparison of the peak heights (Figure 2). Various buffer solutions of pH 5, such as BRB, acetate, phosphate, and citrate, respectively, were tested for SSZ electroreduction. The highest, well-developed, reproducible and almost identical signals were observed in BRB and citrate buffer. Thus, additional square wave voltammetry (SWV) measurements were carried out under the followed conditions: Ein = +0.2 V, Efin = −0.8 V, step potential of −0.005 V, A = 0.02 V, f = 25 Hz. After addition of 5×10−7 mol dm−3, one well-developed peak was observed in citrate buffer. On the other hand, wide and poorly shaped signal was recorded in BRB. Therefore, the citrate buffer was chosen for all further measurements, because of the higher and better developed peak, which was easily evaluable.
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Figure 2 Dependences between the reduction peak height (Ip) and position (Ep), respectively, and pH of the supporting electrolyte. Parameters are the same as in Figure 1.

The effect of scan rate
Voltammetric behavior of the studied compound at various scan rates (v) could reveal important information about the followed electrode reactions. Concerning SSZ, v was changed from 10 to 100 mV s−1 and 5×10−6 mol dm−3 solution of SSZ was employed. Citrate buffer of pH 5 was utilized as the supporting electrolyte based on the results of the previous experiments. CV between potentials from +0.2 to −0.8 V was used for this study and it was found, that the reduction signal increased linearly with scan rate under the specified conditions (data not shown). This linear dependence could be described by equation (1). Adsorption, as the controlling process, could be supposed from this result. A logarithmic dependence (log(Ip)_log(v)) was constructed for a clarification. A linear dependence, which could be described by equation (2), was obtained (data not shown). It is obvious that the slope (k = 0.988) equals to the theoretical value 1 on the level of significance of 95 %, which confirmed adsorption as the main controlling process. Therefore, application of an adsorptive stripping technique should be considered. Obtained results coincided with [14, 15].
Ip [nA] = (−0.1420±0.0044) v [mV s−1] + 0.20±0.24, 
R = 0.9971										(1)
log(Ip [nA]) = (0.988±0.047) log(v [mV s−1]) – 0.845±0.075, 
R = 0.9932										(2)

Analytical performance
Three voltammetric techniques, particularly linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), and SWV, were examined at first. The techniques were used without any optimization and the parameters are specified in Experimental part and in the caption of Figure 3. Tested concentration range of SSZ was from 5×10−7 to 2×10−6 mol dm−3. Obtained voltammetric curves and relevant dependences are depicted in Figure 3. It is obvious that SSZ provided linear concentration dependences in all three cases and parameters of the equations are summarized in Table 1. It is evident, from the Figure 3 and slopes declared in Table 1, that SWV provided the most sensitive approach of the tested methods and therefore, this method was selected for all further measurements.

Table 1 Parameters of the equations obtained for linear concentration dependences employing various voltammetric techniques.
	Voltammetric technique
	Intercept/nA
	Slope/nA mol−1 dm3
	R

	
	Value
	Confidence interval
	Value
	Confident interval
	

	LSV
	−1.0
	1.0
	9.90
	0.75
	0.9915

	DPV
	8.3
	2.4
	18.0
	1.7
	0.9862

	SWV
	9.7
	2.1
	38.8
	1.6
	0.9976
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Figure 3 Comparison of SSZ signal at various concentration levels (5×10−7-2×10−6 mol dm−3) recorded on p-AgSAE employing SWV, DPV, and LSV, respectively. Inset: Particular concentration dependences. Parameters: Ein = +0.2 V, Efin = −0.8 V, Eacc = +0.2 V, tacc = 5 s, Ereg = −0.8 V, treg = 20 s, LSV: v = 100 mV s−1, DPV: step potential of −0.01 V, modulation amplitude of 0.025 V, modulation time of 0.05 s, interval time 0.5 s, v = 20 mV s−1, SWV: step potential of −0.005 V, A = 0.02 V, f = 25 Hz;  supporting electrolyte: citrate buffer of pH 5.

	Based on the experiment described in the previous text, SWV voltammetry was chosen for all further measurements and its operating parameters including regeneration of the working surface were optimized. All of the experiments were carried out at the concentration level of SSZ 2.5×10−7 mol dm−3 and between potentials of +0.2 and −0.8 V. Advantage of AgSAE is possibility to regenerate the electrode surface electrochemically. Two principles are generally examined: i) one negative potential (commonly corresponding to the Efin) for tens of seconds or ii) potential “jumps” between 0 V and some negative potential (commonly Efin or more negative). In some cases, the regeneration step could be omitted. Concerning SSZ and p-AgSAE, all three ways of cleaning were investigated. Firstly, −0.8 V for 10 s applied before every scan proved very good results, which was confirmed by repeated measurements and calculation of relative standard deviation of 15 repeated measurements (RSD(15) = 2.79 %). Prolongation of the regeneration time did not cause any changes and thus, 10 s was found as a sufficient. Application of more negative potential specifically −1 or −1.2 V caused worsen of the repeatability and thus, −0.8 V was found as a suitable regeneration potential. Application of 30 potential “jumps” of duration 0.3 s between 0 and −0.8 V provided slightly worse results and RSD(15) of 4.51 % was obtained. Omitting of the cleaning step gave very similar outcomes as in case of 10 s at −0.8 V (RSD(15) = 2.93 %). Finally, the firstly tested mechanism was chosen for all further examination due to the excellent repeatability and rapid stabilization of the SSZ response. 
Next, the influence of step potential was examined. The parameter varied from −1 to −9 mV and the highest current response of SSZ was recorded at −2 mV. Increasing of the step potential caused slow decrease of the signal, thus, −2 mV was selected for all further experiments. Amplitude in the range from 10 to 80 mV was investigated thereafter. The best developed signal was observed, when A = 60 mV was applied and it was used in all further analyses. Variation of frequency in the range from 5 to 55 Hz was studied and 50 Hz was selected as an optimal value due to the favorable height and shape of the SSZ peak. 
In general, employing of adsorptive stripping voltammetry is favorable owing to the increasing of sensitivity of the studied method. Due to the results obtained in the chapter 3.2 and in the other papers [14, 15], possibility of electrochemical accumulation of the analyte could be supposed. Therefore, influence of potential (Eacc) and time (tacc) of accumulation on the SSZ response was studied more in detail. Changing of Eacc (tacc = 10 s) in the range from +0.2 to 0.0 V did not cause any significant change of the SSZ response. On the other hand, relevant decrease (about 60 %) was observed, if the accumulation was performed at −0.1 V or more negative. Therefore, Eacc = Ein = +0.2 V was selected for all next experiments. An influence of accumulation time was studied on two model solutions containing 2.5×10−7 and 1×10−8 mol dm−3, respectively. In both cases the peak height increased linearly in particular range of the applied accumulation time, specifically from 0 to 25 s (2.5×10−7 mol dm−3; equation (3)) and from 10 to 60 s (1×10−8 mol dm−3; equation (4)). Figure 4 illustrates voltammetric curves of 1×10−8 mol dm−3 SSZ at various tacc (10-90 s) and particular dependence between the peak height and accumulation time. 
Ip [nA] = (1.884±0.062) tacc [s] + 7.46±0.93, R = 0.9973			(3)
Ip [nA] = (0.623±0.011) tacc [s] + 13.74±0.48, R = 0.9991			(4)
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Figure 4 SW voltammetric curves of 1×10−8 mol dm−3 SSZ at various accumulation times. Inset: Particular dependence between the peak height and accumulation time. Parameters: Ein = +0.2 V, Efin = −0.8 V, Ereg = −0.8 V, treg = 10 s, Eacc = +0.2 V, tacc = 10-90 s, step potential of −0.002 V, A = 0.06 V, f = 50 Hz; supporting electrolyte: citrate buffer of pH 5.

Applicability of the developed method was firstly verified by 5 repeated analyses of the series of model solutions containing various SSZ contents. Standard addition method was employed and at least two standard additions were added in every analysis. Obtained results are summarized in table 2. It is evident that results are precise, repeatable, and correct. Thus, it could be concluded that developed method is applicable for proper determination of SSZ. 

Table 2 Results of five repeated determinations of SSZ in model solutions employing p-AgSAE and AdS SWV with optimized parameters.
	Added/mol dm−3
	Found/mol dm−3
	Recovery/%
	RSD/%

	1×10−7
	(1.029±0.037)×10−7
	99.2 – 106.6
	3.7

	5×10−8
	(4.990±0.075)×10−8
	98.3 – 101.3
	1.5

	1×10−8
	(1.048±0.055)×10−8
	99.3 – 110.3
	5.3



Besides determination of SSZ, various concentration dependences were constructed and three various linear concentration ranges could be recorded. They differed especially in applied length of the accumulation and were followed: from 5.0×10−9 to 2.0×10−8 mol dm−3 (tacc = 60 s, equation (5)), from 2.0×10−8 to 7.9×10−7 mol dm−3 (tacc = 5 s, equation(6)) and from 1.0×10−6 to 4.0×10−6 mol dm−3 (tacc = 0 s, equation (7)). The middle concentration dependence and obtained voltammetric curves are shown in Figure 5. From the lowest linear concentration range the statistical parameters were calculated and very low detection and quantification limit was reached (LOD = 2.5×10−9 mol dm−3 and LOQ = 8.3×10−9 mol dm−3). The obtained values confirmed potential of this method to detect and correctly determined SSZ even in nanomolar scale.
Ip [nA] = (1.120±0.049)×109 c [mol dm−3] + 0.53±0.95, 
R = 0.9952										(5)
Ip [nA] = (0.2983±0.0033)×109 c [mol dm−3] + 2.6±1.3, 
R = 0.9992										(6)
Ip [nA] = (0.0658±0.0035)×109 c [mol dm−3] + 54.7±9.5, 
R = 0.9972										(7)

[image: ]
Figure 5 SW voltammetric curves of SSZ in the range of concentration from 2.0×10−8 to 7.9×10−7 mol dm−3 recorded on p-AgSAE. Inset: particular concentration dependence. Parameters: Ein = +0.2 V, Efin = −0.8 V, Ereg = −0.8 V, treg = 10 s, Eacc = +0.2 V, tacc = 5 s, step potential of −0.002 V, A = 0.06 V, f = 50 Hz; supporting electrolyte: citrate buffer of pH 5.

Interference study
Effect of various substances like biomolecules, ions or SSZ metabolites, which could be occurred in real samples, was tested in this set of experiments. 2.5×10−7 mol dm−3 SSZ was employed in the study and ten times lower (the concentration ratio was 1:0.1), the same (1:1), ten (1:10) and hundred (1:100) times, respectively, higher amounts of the interfering agent was used. Obtained results are summarized in Table 3. The interfering effect was evaluated as serious, if the Ip of SSZ changed in the presence of interferent of 5 % or more (highlighted values in Table 3). Concerning biomolecules, most of the studied ones did not cause any change of the SSZ response or caused just slight decrease in the higher concentration ratios (uric acid (UA) and creatinine(C)). The only serious disturbing action was recorded in case of folic acid (FA), which interfered even in low concentration. It can be concluded that presence of FA or folates might be a serious problem in analysis of the biological samples. Various commonly occurring ions were also subjected to this study. It was found that any of the tested substance did not interfere and maximums of the obtained changes of SSZ response are summarized in Table 3. The last examined molecules were two SSZ metabolites, which are produced by bacteria in the intestine and thus, their presence could be assumed in biological samples containing SSZ. Any of the substances did not undergo reduction under the used conditions; therefore, any reduction signal was not recorded after addition of SP or 5-ASA. Presence of SP did not cause any change of SSZ response at all concentration levels. Addition of hundred times higher amount of 5-ASA slightly reduced the followed response, which was caused by the earlier onset of the voltammetric background current.  
It can be concluded that p-AgSAE provided good selectivity and besides FA any of the studied substances, like biomolecules, ions and SSZ metabolites as well, did not interfere seriously.

Table 3 Effect of the tested potential interfering molecules and ions on SSZ voltammetric response.
	
	
	Change of height of SSZ peak in the presence of interferent /%

	
	
	SSZ : interferent 

	
	Interferent
	1:0.1
	1:1
	1:10
	1:100

	Biomolecules
	UA
	−3.53
	−0.37
	−5.68
	−6.43

	
	G
	−1.33
	+2.38
	−0.94
	−3.62

	
	C
	−1.98
	−3.31
	−7.23
	−11.88

	
	AA
	−4.10
	+0.66
	−4.04
	−0.24

	
	S
	−3.27
	−0.06
	−3.18
	−2.67

	
	BA
	+1.46
	+0.03
	−3.54
	−2.40

	
	OA
	−1.02
	−0.05
	−4.54
	−4.01

	
	U
	+3.09
	+3.83
	−2.15
	−0.22

	
	FA
	+1.77
	−6.71
	−71.53
	---

	Ions
	K+, Na+, Fe2+, Fe3+, Cl−, PO43−, SO42−, C4H5O6−
	≤ +4.25
	≤ +3.66
	≤ −4.96
	≤ −2.15

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	Metabolites
	SP
	−3.72
	+4.19
	−0.93
	−1.86

	
	5-ASA
	+0.78
	−1.97
	±0.00
	−9.06


Abbreviations: 5-ASA – 5-aminosalicylic acid, AA – ascorbic acid, BA – barbituric acid, C – creatinine, G – glucose, FA – folic acid, OA – oxalic acid, S – sucrose, SP – sulfapyridin, U – urea, UA – uric acid.
Bold values indicate the serious interfering effect when the Ip of SSZ changed in the presence of interferent of 5 % or more.

Analysis of pharmaceutical sample
Tablets Salazopyrin® EN containing 500 mg of SSZ in each tablet was used as a representative sample. The solution suitable for analysis was prepared as it was described in the Experimental part. Example of the obtained voltammetric curves is illustrated by Figure 6. Using standard addition method, it was reached excellent recovery of 97.0 – 102.5 % and 499±14 mg of SSZ was determined. RSD of 5 repeated determinations of 2.8 % proved high repeatability of the determinations. Thus, it could be concluded, that developed method is suitable for precise determination of SSZ in the pharmaceutical samples.
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Figure 6 Analysis of the pharmaceutical sample employing AdS SWV and p-AgSAE. Parameters: Ein = +0.2 V, Efin = −0.8 V, Ereg = −0.8 V, treg = 10 s, Eacc = +0.2 V, tacc = 5 s, step potential of −0.002 V, A = 0.06 V, f = 50 Hz; supporting electrolyte: citrate buffer of pH 5.

Comparison with other methods
Based on the literature survey, the already published results are summarized in Table 4. The first electroanalytical study of SSZ reduction on mercury electrodes was described in 1996 [14]. Utilizing of two voltammetric techniques (FSDPV and AdSDPV) was reached excellent sensitivity, which was proved by low LOD at 10−10 mol dm−3 scale, which is comparable with our developed method but without production of mercury waste, which is undesirable. The designed method was successfully applied to determination of SSZ in pharmaceuticals [14]. Fogg et al. employed mercury electrodes for examination of SSZ reduction in the presence of sulfadimidine and copper ion. Sulfadimidine is not reducible but it can be accumulated on HMDE as a copper complex, which could disturb the determination of SSZ. This paper did not deal with determination of SSZ in real or spiked samples [15]. Two interesting alternatives to mercury electrodes (bismuth (BiFE) and antimony (SbFE) film electrodes) for SSZ determinations were introduced by Nigović et al [17, 18]. Both film working electrode provided good sensitivity but obtained LOD were about 1000 times higher than those provided by mercury electrodes or by our developed technique [14, 17, 18]. Both of the methods were found as suitable for analysis of pharmaceutical samples [17, 18]. Reduction, as the followed electrode reaction, was also utilized for SSZ determination in the papers [20-22]. GCE coated with poly(3-methylthiophene) [20] was used for simultaneous detection of 15 sulfonamide compounds in a mixture. It was proved, that 7 of them (including SSZ) could be determined on the working electrode with relatively good sensitivity. The variability is certainly advantage of this sensor, but the obtained LOD is about hundred times higher than LOD(p-AgSAE). Moreover, any practical application was not provided [20]. Almost similar LOD as in [20] was achieved in the paper of Sadeghi and Gamroodi [21]. Authors used screen-printed electrode (SPE) modified with a functionalized multiwalled carbon nanotubes and benzyl acetate for monitoring of SSZ reduction in blood serum, human urine, and tablets [21]. Also molecularly imprinted sensor based on modified carbon paste electrode (CPE) was applied to analysis tablets and serum. It was reached comparable LOD as for p-AgSAE [22]. Advantage of the modified electrodes is generally selectivity but on the other hand, the preparation is very often complicated and tedious. Our tested working electrode proved also good selectivity but its preparation is very easy even after prolonged pause. Moreover, only one method employing solid working electrode [22] reached similar LOD as our developed method, the rest of the examined techniques [17, 18, 21, 20] provided much higher values, therefore, lower sensitivity could be supposed.    
Due to the easily reducible azo bond, most of the papers were interested only in reduction of SSZ. Just one paper seriously dealt with oxidation process and its mechanism using GCE [19]. Parameters of DPV were optimized and it was possible to determine SSZ at micromolar scale. The advantage of this approach is performing analysis also in non-deaerated solution, which is necessary for recording of SSZ reduction [19]. On the other hand, procedures based on the SSZ reduction [14, 17, 18, 20-22] including our approach provided lower LOD, thus, higher sensitivity could be supposed than in case of SSZ oxidation.
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Table 4 Comparison of the already developed voltammetric methods for SSZ analysis.
	Working electrode
	Method
	Supporting electrolyte
	Ep/V
	Redox 
process
	LOD
/nmol dm−3
	Analyzed sample
	Ref.

	SMDE
	FSDPV
	BRB (pH 6.8)
	−0.375*
	reduction
	4.1
	tablets
	[14]

	
	AdSV
	BRB (pH 6.8)
BRB (pH 7.03)
	−0.375*
−0.400*
	
	1.1
0.53
	
	

	HMDE
	DPCSV
	BRB (pH 5.0)
	−0.220**
	reduction in presence of sulfadimidine and copper
	----
	----
	[15]

	BiFE
	SWV
	BRB (pH 4.5)
	−0.400**
	reduction
	1400
	tablets
	[17]

	SbFE
	SWV
	BRB (pH 4.0)
	−0.400**
	reduction
	780
	tablets
	[18]

	GCE
	DPV
	PB (pH 7.0)
	+0.790**
	oxidation
	3430
	----
	[19]

	P3MTGCE
	SWV
	BRB (pH 6.26)
	+0.910**
−2.000**
	oxidation
reduction
	----
250
	----
	[20]

	BA-SPCE MWCNTCOOH
	DPV
	BRB (pH 1.7)
	−0.040**
	reduction
	300
	tablets
urine
serum
	[21]

	MIP CPE
	DPV
	BRB (pH 4.5)
	−0.230**
	reduction
	4.6
	tablets
serum
	[22]

	p-AgSAE
	AdS SWV
	CB (pH 5.0)
	−0.100**
	reduction
	2.5
	tablets
	pres. paper


* vs. SCE 
** vs. Ag|AgCl|KCl(satur.)
Abbreviations: AdS SWV – adsorptive stripping square wave voltammetry, AdSV – adsorptive stripping voltammetry, Ag|AgCl|KCl(satur.) – argent chloride reference electrode, BA-SPCE MWCNTCOOH – screen-printed carbon electrode modified with a functionalized multiwalled carbon nanotubes and benzyl acetate, BiFE – bismuth film electrode, BRB – Britton-Robinson buffer, CB – citrate buffer, DPCSV – differential pulse cathodic stripping voltammetry, DPV – differential pulse voltammetry, FSDPV – fast scan differential pulse voltammetry, GCE – glassy carbon electrode, HMDE – hanging mercury drop electrode, MIP CPE – molecularly imprinted polymer incorporated in carbon paste electrode, p-AgSAE – polished silver solid amalgam electrode, P3MTGE – poly(3-methylthiophene) coated on glassy carbon electrode, PB – phosphate buffer, SbFE – antimony film electrode, SCE – saturated calomel electrode, SMDE – static mercury drop electrode, SWV – square wave voltammetry, tacc – accumulation time.

Conclusion
Simple but rapid and sensitive approach for determination of the anti-inflammatory drug sulfasalazine was developed in this paper. Polished modification of silver solid amalgam electrode in combination with optimized AdS SWV demonstrated suitable tool for precise determination of this drug. Moreover, it was proved that the designed method gave comparable [14, 22] or significantly lower detection limit than already published voltammetric methods [17-22], which confirmed excellent sensitivity of the approach. The selectivity of the method was also investigated. Concerning biomolecules, only presence of folic acid disturbed even in low concentration. Above that, any of the studied anions and cations, respectively, and both metabolites of SSZ did not cause any significant changes of the SSZ response. Based on the results of the interference study, we would like to target our future examination to analysis of biological samples with complicated matrix like urine or serum. Finally, applicability of the developed method was verified by analysis of pharmaceutical preparation containing 500 mg SSZ with outstanding recovery. It can be concluded that our developed method represent reliable, sensitive and simple tool, which meets the requirements of the “green” analytical chemistry, and can be used in routine analysis of pharmaceuticals.
Experimental
Chemicals
All of the used chemicals were of the analytical grade purity and originated from Penta, Prague, Czech Republic if not stated otherwise. All solutions were prepared in the distilled water produced by a Milli-Q Plus system (Millipore, USA) and were stored in a refrigerator. 
Calculated amount of SSZ powder (purity 98 % declared by the producer Sigma Aldrich) was used for preparation of the standard solution (0.01 mol dm−3) by its dissolving in 0.1 mol dm−3 NaOH. BRB of various pH employed as a supporting electrolyte for the pH study was made by mixing of the alkaline (0.2 mol dm−3 NaOH) and acidic component consisting of H3BO4, H3PO4 and CH3COOH of the same concentration (0.04 mol dm−3). Acetate buffer of pH 5 was prepared from the mixture of 0.1 mol dm−3 acetic acid and 0.1 mol dm−3 NaOH. Phosphate buffer of pH 5 was made by mixing of 0.1 mol dm−3 solutions of Na2HPO4 and NaH2PO4. 0.1 mol dm−3 citrate buffer was prepared by blending of 0.1 mol dm−3 citric acid and 0.1 mol dm−3 NaOH to obtain the pH value 5. Solution of 0.2 mol dm−3 KCl utilized for the activation of p-AgSAE was made by dissolution of the appropriate amount of the salt in the distilled water. 
Solutions of the potential interfering agents (uric acid (UA), glucose (G), creatinine (C), ascorbic acid (AA), sucrose (S), barbituric acid (BA), oxalic acid (OA), urea (U), folic acid (FA), sulfapyridin (SP), 5-aminosalicylic acid (5-ASA), KCl, NaCl, Na3PO4, KC4H5O6, FeSO4, and Fe2(SO4)3) were prepared from the calculated amount of their standards (all from Sigma Aldrich) and suitable solvent (distilled water, 0.1 mol dm−3 NaOH or 0.1 mol dm−3 HCl).

Instrumentation
All measurements were carried out using electrochemical analyzer AUTOLAB PGSTAT 12 (Metrohm Autolab, The Netherlands) potentiostat/galvanostat controlled by NOVA 1.10 software in three electrodes set up, where p-AgSAE (Eco-Trend Plus, Czech Republic) served as a working, Ag|AgCl|KCl (sat.) as a reference and Pt wire as an auxiliary electrode (both Monokrystaly, Czech Republic). Air oxygen was removed from the analyzed solutions by nitrogen (purity class 4.0; Linde, Czech Republic) bubbling for 5 minutes before every analysis. The nitrogen atmosphere was maintained above the analyzed solution in a polarographic cell during the whole analysis. Values of pH were measured by pH-meter Hanna 221 (Hanna Instruments, Inc., USA). Solution of pharmaceutical sample was prepared using an ultrasonic bath Bandelin Sonorex (Schalltec GmbH, Germany). All of the measurements were carried out at laboratory temperature (23±2 °C).

Procedures
Before the first measurement, the surface of AgSAE was abraded on a soft emery paper followed by polishing with the polishing kit, which consisted of the polyurethane pad, alumina suspension (particle size 1.1 μm) and alumina powder (particle size 0.5) and originated from Electrochemical Detectors, Turnov, Czech Republic. The polishing was made regularly once a week. On the beginning of every working day, after pause longer than one hour or after polishing, p-AgSAE was activated in the stirring solution of 0.2 mol dm−3 KCl at potential +2.2 V for 300 s. In that way, p-AgSAE was ready to use. The regeneration of the working surface is suitable to optimize for every analyzed compound. Concerning SSZ, 10 s at potential −0.8 V was chosen as sufficient. Regeneration step was inserted before every scan and was realized directly in the analyzed solution.
CV was employed for the first set of measurements served for examination of SSZ voltammetric behavior depending on supporting electrolyte pH and scan rate, respectively. The measurements were carried out between the potentials from +0.2 to −1 V (pH 3)-−1.6 V (pH 10) with scan rate of 100 mV s−1 (influence of pH) and 10-100 mV s−1 (influence of v), respectively. LSV, DPV, and SWV, all in combination with adsorptive stripping (AdS), were tested as possible voltammetric techniques for determination of SSZ with the followed parameters:  initial potential (Ein) = +0.2 V, final potential (Efin) = −0.8 V, potential of accumulation (Eacc) = +0.2 V, accumulation time (tacc) = 5 s, regeneration potential (Ereg) = −0.8 V, regeneration time (treg) = 10 s. For the particular technique the specific parameters were used:  LSV (v = 100 mV s−1), DPV (step potential: −0.01 V, modulation amplitude: 0.025 V, modulation time: 0.05 s, interval time: 0.5 s, v = 20 mV s−1), and SWV (step potential: −0.005 V, amplitude (A) = 0.02 V, frequency (f) = 25 Hz). AdS SWV was chosen for further measurements and its parameters were optimized. The chosen values were following: Ein = +0.2 V, Efin = −0.8 V, Eacc = +0.2 V, step potential of −0.002 V, A = 0.06 V, and f = 50 Hz. Accumulation time depended on the concentration of SSZ in the analyzed solution and was elected before every measurement. 
The linear least-square regression in OriginPro 9 (OriginLab Corporation, USA) was used for the evaluation of calibration curve and the relevant results (slope and intercept) were reported with confidence interval for 95% probability. The limit of detection and quantification, respectively, was calculated as three and ten, respectively, times the standard deviation for the blank solution (supporting electrolyte) divided by the slope of the calibration curve. Graphical dependences were constructed using MS Excel software (Microsoft, USA).

Preparation and analysis of pharmaceutical sample
Five tablets of Salazopyrin® EN (containing 500 mg of SSZ per tablet declared by the producer Pfizer, Czech Republic) were weighted and powdered in a grinding mortar. Amount equivalent to one tablet was transferred to volumetric flask with 0.1 mol dm−3 NaOH and sonicated for 30 minutes. The obtained solution was filtered and filled up to the mark (100 cm3) with NaOH solution. Solution prepared by this way should contain 0.00126 mol dm−3 SSZ (calculated from the content of SSZ declared by the producer). This solution was diluted to the supposed concentration of 1×10−4 mol dm−3 and 50 mm3 of this solution was added to 10 cm3 of electrolyte and analyzed. The content was determined utilizing standard addition method and at least two standard additions of 50 mm3 of 1×10−4 mol dm−3 SSZ standard solution were added during every analysis.
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Tables
Table 1 Parameters of the equations obtained for linear concentration dependences employing various voltammetric techniques.
	Voltammetric technique
	Intercept/nA
	Slope/nA mol−1 dm3
	R2

	
	Value
	Confidence interval
	Value
	Confidence interval
	

	LSV
	−1.0
	1.0
	9.90
	0.75
	0.9830

	DPV
	8.3
	2.4
	18.0
	1.7
	0.9727

	SWV
	9.7
	2.1
	38.8
	1.6
	0.9952




Table 2 Results of five repeated determinations of SSZ in model solutions employing p-AgSAE and AdS SWV with optimized parameters.
	Added/mol dm−3
	Found/mol dm−3
	Recovery/%
	RSD/%

	1×10−7
	(1.029±0.037)×10−7
	99.2 – 106.6
	3.7

	5×10−8
	(4.990±0.075)×10−8
	98.3 – 101.3
	1.5

	1×10−8
	(1.048±0.055)×10−8
	99.3 – 110.3
	5.3






Table 3 Effect of the tested potential interfering molecules and ions on SSZ voltammetric response.
	
	
	Change of height of SSZ peak in the presence of interferent /%

	
	
	SSZ : interferent 

	
	Interferent
	1:0.1
	1:1
	1:10
	1:100

	Biomolecules
	UA
	−3.53
	−0.37
	−5.68
	−6.43

	
	G
	−1.33
	+2.38
	−0.94
	−3.62

	
	C
	−1.98
	−3.31
	−7.23
	−11.88

	
	AA
	−4.10
	+0.66
	−4.04
	−0.24

	
	S
	−3.27
	−0.06
	−3.18
	−2.67

	
	BA
	+1.46
	+0.03
	−3.54
	−2.40

	
	OA
	−1.02
	−0.05
	−4.54
	−4.01

	
	U
	+3.09
	+3.83
	−2.15
	−0.22

	
	FA
	+1.77
	−6.71
	−71.53
	---

	Ions
	K+, Na+, Fe2+, Fe3+, Cl−, PO43−, SO42−, C4H5O6−
	≤ +4.25
	≤ +3.66
	≤ −4.96
	≤ −2.15

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	Metabolites
	SP
	−3.72
	+4.19
	−0.93
	−1.86

	
	5-ASA
	+0.78
	−1.97
	±0.00
	−9.06


Abbreviations: 5-ASA – 5-aminosalicylic acid, AA – ascorbic acid, BA – barbituric acid, C – creatinine, G – glucose, FA – folic acid, OA – oxalic acid, S – sucrose, SP – sulfapyridin, U – urea, UA – uric acid.  



Table 4 Comparison of the already developed voltammetric methods for SSZ analysis.
	Working electrode
	Method
	Supporting electrolyte
	Ep/V
	Redox 
process
	LOD
/nmol dm−3
	Analyzed sample
	Ref.

	SMDE
	FSDPV
	BRB (pH 6.8)
	−0.375*
	reduction
	4.1
	tablets
	[14]

	
	AdSV
	BRB (pH 6.8)
BRB (pH 7.03)
	−0.375*
−0.400*
	
	1.1
0.53
	
	

	HMDE
	DPCSV
	BRB (pH 5.0)
	−0.220**
	reduction in presence of sulfadimidine and copper
	----
	----
	[15]

	BiFE
	SWV
	BRB (pH 4.5)
	−0.400**
	reduction
	1400
	tablets
	[17]

	SbFE
	SWV
	BRB (pH 4.0)
	−0.400**
	reduction
	780
	tablets
	[18]

	GCE
	DPV
	PB (pH 7.0)
	+0.790**
	oxidation
	3430
	----
	[19]

	P3MTGCE
	SWV
	BRB (pH 6.26)
	+0.910**
−2.000**
	oxidation
reduction
	----
250
	----
	[20]

	BA-SPCE MWCNTCOOH
	DPV
	BRB (pH 1.7)
	−0.040**
	reduction
	300
	tablets
urine
serum
	[21]

	MIP CPE
	DPV
	BRB (pH 4.5)
	−0.230**
	reduction
	4.6
	tablets
serum
	[22]

	p-AgSAE
	AdS SWV
	CB (pH 5.0)
	−0.100**
	reduction
	2.5
	tablets
	pres. paper


* vs. SCE 
** vs. Ag|AgCl|KCl
Abbreviations: AdS SWV – adsorptive stripping square wave voltammetry, AdSV – adsorptive stripping voltammetry, Ag|AgCl|KCl – argent chloride reference electrode, BA-SPCE MWCNTCOOH – screen-printed carbon electrode modified with a functionalized multiwalled carbon nanotubes and benzyl acetate, BiFE – bismuth film electrode, BRB – Britton-Robinson buffer, CB – citrate buffer, DPCSV – differential pulse cathodic stripping voltammetry, DPV – differential pulse voltammetry, FSDPV – fast scan differential pulse voltammetry, GCE – glassy carbon electrode, HMDE – hanging mercury drop electrode, MIP CPE – molecularly imprinted polymer incorporated in carbon paste electrode, p-AgSAE – polished silver solid amalgam electrode, P3MTGE – poly(3-methylthiophene) coated on glassy carbon electrode, PB – phosphate buffer, SbFE – antimony film electrode, SCE – saturated calomel electrode, SMDE – static mercury drop electrode, SWV – square wave voltammetry, tacc – accumulation time.


Figure Captions
Scheme 1 Chemical structure of SSZ.

Figure 1 Cyclic voltammograms of 1×10−5 mol dm−3 SSZ recorded on p-AgSAE in BRB of pH from 3 to 10. Parameters: Ein = Efin = +0.2 V, Evertex = −1 (pH 3)-−1.6 V (pH 10), v = 100 mV s−1.

Figure 2 Dependences between the reduction peak height (Ip) and position (Ep), respectively, and pH of the supporting electrolyte. Parameters are the same as in Figure 1.

Figure 3 Comparison of SSZ signal at various concentration levels (5×10−7-2×10−6 mol dm−3) recorded on p-AgSAE employing SWV, DPV, and LSV, respectively. Inset: Particular concentration dependences. Parameters: Ein = +0.2 V, Efin = −0.8 V, Eacc = +0.2 V, tacc = 5 s, Ereg = −0.8 V, treg = 20 s, LSV: v = 100 mV s−1, DPV: step potential of −0.01 V, modulation amplitude of 0.025 V, modulation time of 0.05 s, interval time 0.5 s, v = 20 mV s−1, SWV: step potential of −0.005 V, A = 0.02 V, f = 25 Hz;  supporting electrolyte: citrate buffer of pH 5. 

Figure 4 SW voltammetric curves of 1×10−8 mol dm−3 SSZ at various accumulation times. Inset: Particular dependence between the peak height and accumulation time. Parameters: Ein = +0.2 V, Efin = −0.8 V, Ereg = −0.8 V, treg = 10 s, Eacc = +0.2 V, tacc = 10-90 s, step potential of −0.002 V, A = 0.06 V, f = 50 Hz; supporting electrolyte: citrate buffer of pH 5.

Figure 5 SW voltammetric curves of SSZ in the range of concentration from 2.0×10−8 to 7.9×10−7 mol dm−3 recorded on p-AgSAE. Inset: particular concentration dependence. Parameters: Ein = +0.2 V, Efin = −0.8 V, Ereg = −0.8 V, treg = 10 s, Eacc = +0.2 V, tacc = 5 s, step potential of −0.002 V, A = 0.06 V, f = 50 Hz; supporting electrolyte: citrate buffer of pH 5.  

Figure 6 Analysis of the pharmaceutical sample employing AdS SWV and p-AgSAE. Parameters: Ein = +0.2 V, Efin = −0.8 V, Ereg = −0.8 V, treg = 10 s, Eacc = +0.2 V, tacc = 5 s, step potential of −0.002 V, A = 0.06 V, f = 50 Hz; supporting electrolyte: citrate buffer of pH 5.
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