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ABSTRACT
An ultrasensitive voltammetric method is reported for the determination of
methotrexate using a polished modified silver solid amalgam electrode.
Electrochemical behavior of this compound was examined using cyclic,
linear sweep, and differential pulse voltammetry. Methotrexate provided two
reduction and one oxidation signal in acidic and neutral media. The first
reduction peak (Ep¼ � 350 millivolts vs. Ag|AgCl electrode) and supporting
electrolyte of pH 5 was chosen for further experiments. Different pulse
voltammetry parameters were optimized in combination with adsorptive
stripping and the applicability of the method was verified. A low limit of
detection (1.5� 10� 10moles per liter), good repeatability of determination
(relative standard deviation �3.5%, n¼ 5), and good repeatability of
measurements (relative standard deviation of 1.7% at 1.0� 10� 7mole per liter
methotrexate and n¼ 11) was obtained. The method was employed for the
accurate determination of methotrexate in a chemotherapeutic preparation.
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Introduction

40Methotrexate is a compound based on the pteridine, which is used for its biological activity as
a chemotherapeutic drug. It is often called antifolate, because methotrexate competitively inhibits
the enzyme dihydrofolate reductase (E.C. 1.5.1.3.), which leads to disruption of the metabolism of
folic acid and reduction of its biologically active derivative (e.g., tetrahydrofolates) concentration
(Martínková et al. 2007; Devlin 2011). This effect is used for treatment of various diseases. Methotrexate

45has demonstrated effective antineoplastic activity and thus, it is used in the treatment of certain forms of
cancer, psoriasis, rheumatoid arthritis, lupus, inflammatory bowel disease, and scleroderma (van den
Hoogen, Boerbooms, and van de Putte 1989; Scully, Anderson, and Cannon 1991; Murad et al. 1993;
Van Dooren-Greebe et al. 1994; Kuhn et al. 2002; Martínková et al. 2007; Saibeni et al. 2012).
Methotrexate is less toxic than other chemotherapeutic drugs. Moreover, it is the only cytostatic,

50which has an antagonist, tetrahydrofolate leucovorin, which can minimize its side effects, and there-
fore it can be administrated at high dosage by a particular schedule (van den Hoogen, Boerbooms,
and van de Putte 1989; Martínková et al. 2007; Devlin 2011; Saibeni et al. 2012).

Various methods for determination of methotrexate have developed due its biological significance.
The most widely used analytical methods for its determination are liquid chromatography and high-

55performance liquid chromatography, respectively, with various detectors including ultraviolet-visible
(Farid, Watson, and Stewart 1983; Aboleen, Simpson, and Backes 1996; Floridia et al. 1999; Turci,
Micoli, and Minoia 2000), fluorimetry (Šalamoun and František 1986; McCrudden and Tett 1999;

CONTACT Renáta Šelešovská renata.selesovska@upce.cz Faculty of Chemical Technology, Institute of Environmental
and Chemical Engineering, University of Pardubice, Studentská 573, 532 10 Pardubice, Czech Republic.
This paper is part of a special issue of papers presented at the Modern Electrochemical Methods XXXIV/47th Heyrovsky
Discussion Conferences in Prague, Czech Republic, organized by Dr. Tomáš Navrátil and Dr. Miroslav Fojta.
© 2015 Taylor & Francis

3b2 Version Number : 11.0.3184/W Unicode (Apr 10 2014)
File path : P:/Santype(JATS)/Journals/TandF_Production/LANL/v0n0/LANL996812/LANL_A_996812_J.3d
Date and Time : 31/8/15 and 13:11

http://dx.doi.org/10.1080/00032719.2014.996812
mailto:renata.selesovska@upce.cz


Merás, Mansilla, and Gómez 2005) and mass spectrometry (Turci, Micoli, and Minoia 2000;
Koufopantelis et al. 2009; Rodin et al. 2013). Other techniques such as spectrophotometry (Sastry

60and Lingeswara Rao 1996), capillary zone electrophoresis (Flores et al. 2005), and immunoassays
(Bore et al. 1984; Eksbors et al. 1996) have also been used for methotrexate determination.

Electrochemical methods present a good alternative to the above mentioned approaches. The main
advantages are time and money saving analysis, low cost of instrumentation, high sensitivity, and
miniature/portable analyzers. Moreover, electrochemistry allows investigation of the bioactive proper-

65ties because many processes correlate to biological activities (De Abreau, Ferraz, and Goulart 2002) Q1.
Methotrexate is an electrochemically active compound and its polarographic and voltammetric

behavior have been primarily studied at mercury electrodes. Asahi focused on its polarographic
behavior using a dropping mercury electrode (DME) in 1959 (Asahi 1959). More than twenty years
later, Gurira and Bowers clearly described electrochemical processes of methotrexate and its main

70metabolite 7-hydroxymetothrexate on the DME and hanging mercury drop electrode (HMDE)
(Gurira and Bowers 1983, 1987). Afterward, several papers dealt with the voltammetric determination
of methotrexate on mercury electrodes especially on the HMDE by cyclic voltammetry (CV),
differential pulse voltammetry (DPV), (Ye et al. 2005) and adsorptive stripping differential pulse
voltammetry (DPAdSV) (J. Wang et al. 1986; Cataldi et al. 1988). Ordieres et al. applied also a.c.

75polarography on the DME (Ordieres et al 1990).
Recently, some reports have been focused on the voltammetric determination of methotrexate

using solid or paste working electrodes: carbon based (J. Wang et al. 1986; El-Hady et al. 2006;
Gao et al. 2007; F. Wang et al. 2009; F. Wang et al. 2012; Zhu et al. 2013; Šelešovská, Janíková-
Bandžuchová, and Chýlková 2014) and bismuth film electrodes (Asbahr et al. 2013). The develop-

80ment of new electrode materials, which can compete or replace mercury, is a major goal of modern
electroanalytical chemistry. However, mercury is still one of the most commonly used electrode
materials due to its excellent electrochemical properties, e.g., high hydrogen overvoltage and renewal
of the working surface after every analysis by a new drop. However, it has also some disadvantages
such as poor mechanic stability and the toxicity of the liquid mercury (Barek et al. 2001). The silver

85solid amalgam electrode (AgSAE) represent an intermediate step between mercury and solid electro-
des and combine their advantages (Novotný and Yosypchuk 2000; Barek et al. 2006; Yosypchuk and
Barek 2009). Various types of AgSAE based on the modification of the working surface exist: polished
(p-AgSAE), mercury meniscus modified (m-AgSAE), and mercury film modified (MF-AgSAE). The
polished modification, which is used as a working electrode in the present paper, is a totally liquid

90mercury free modification of the AgSAE and it represents a “green” alternative to the mercury
electrodes with similar electrochemical properties (Fadrná 2004). In recent years, our research group
focused on the voltammetric analysis of bioactive compounds including folates (folic acid and
leucovorin) or structurally similar compounds (methotrexate) with the m-AgSAE (Bandžuchová
et al. 2011; Šelešovská, Bandžuchová, and Navrátil 2011; Šelešovská et al. 2012) and p-AgSAE (folic

95acid (Bandžuchová and Šelešovská 2011) and leucovorin (Šelešovská et al. 2012)), respectively. It was
found, that AgSAEs represent a suitable alternative for voltammetric analysis of these compounds.

The voltammetric determination of methotrexate with liquid mercury free p-AgSAE is described
in the present paper. The behavior of this bioactive compound was examined using various
techniques and the applicability of optimized adsorptive stripping differential pulse voltammetry

100was investigated for the determination of methotrexate in a pharmaceutical preparation.

Experimental

Chemicals

All chemicals used for preparing of the standard solutions, supporting electrolytes and other stock
solutions were of suitable purity and were used as obtained. All solutions were prepared in distilled

105water. Methotrexate (Lachema, Brno, Czech Republic) was dissolved in 0.01mole per liter solution of
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NaOH (Lachema, Brno, Czech Republic) and was stored in the dark in a refrigerator. This solution
was stable for several weeks and no changes of consistency or color were observed. The analyzed
solutions were prepared by a dilution of the stock solution with distilled water daily. Britton-Robinson
buffer of a pH value from 3.0 to 12.0 was prepared from an alkaline component of 0.2mole per liter

110NaOH (Lachema, Brno, Czech Republic) and an acidic component consisting of H3PO4, H3BO3, and
H3COOH (all Lachema, Brno, Czech Republic) of the same concentration (0.04mole per liter).
0.05mole per liter Acetate buffer was prepared by mixing 0.5mole per liter sodium acetate and
0.5mole per liter acetic acid (both Sigma Aldrich) and diluted with distilled water to the required con-
centration. A solution of 0.2mole per liter KCl required for the activation of the working electrode was

115prepared by dissolving of a suitable amount of KCl (Lachema, Brno, Czech Republic) in distilled water.

Instrumentation

Voltammetric measurements were performed with a computer controlled Eco-Tribo Polarograph
(Polaro-Sensors, Prague, Czech Republic) equipped with Polar.Pro software for Windows XP version
5.1. All experiments were carried out with a three electrode set up, where p-AgSAE with a working

120surface of 0.28 square millimeter (Eco-Trend Plus, Prague, Czech Republic) served as the working
electrode, a Ag|AgCl|saturated KCl electrode was the reference, and platinum wire was the auxiliary
electrode (both from Monokrystaly, Turnov, Czech Republic). Oxygen was removed from the
measured solution by bubbling with nitrogen (purity class 4.0; Linde, Prague, Czech Republic) for five
minutes. The values of pH were measured using a Hanna 221 (Hanna Instruments, USA) and

125standard solutions of methotrexate were prepared using an ultrasonic bath Bandelin Sonorex (Schalltec,
Germany). All measurements were performed at a laboratory temperature (23� 2°C).

Voltammetric measurements

The voltammetric behavior of methotrexate was investigated by cyclic voltammetry (CV) at an initial
potential (Ein) of 0 millivolt, switching potential (Eswitch) of � 1300 millivolts, and a scan rate (v) of

130100 millivolts per second. The influence of pH on the compound was also investigated. Linear sweep
voltammetry (LSV) with Ein¼ 0 millivolt, Efin¼ � 1000 millivolts and v¼ 100 millivolts per second
was applied for an influence of a scan rate. Adsorptive stripping differential pulse voltammetry
with Ein¼ 0 millivolt, Efin¼ � 1000 millivolts, pulse width of 80 milliseconds, pulse height of � 50
millivolts, v¼ 20 millivolts per second, potential of accumulation of 0 millivolt, and thirty regener-

135ation cycles between 0 and � 1600 millivolts was used for the determination of methotrexate. The
accumulation time depended on the concentration of methotrexate in the analyzed solution.
0.05mole per liter Acetate buffer (pH 5) was used as the supporting electrolyte for measurements.
Purified nitrogen was passed through the solution for five minutes prior to measurements and was
maintained above the solution in the cell. All peaks were evaluated from the straight line connecting

140the minima before and after the peak. The displayed curves were not baseline corrected.
The limits of decision, detection, and quantification were calculated using the K*Sigma method

(Miller and Miller 2005) and the parameters of calibration curves (e.g., slope, intercept) were calculated
using Excel 2010 (Microsoft, USA).

Preparation of silver solid amalgam electrode

145A silver solid amalgam electrode was abraded on a soft emery-paper and polished using a kit
(Electrochemické detektory s.r.o., Turnov, Czech Republic) consisting of a polyurethane pad,
Al2O3 suspension (particle size 1.1 micrometer), and soft polishing Al2O3 powder (particle size 0.3
micrometer). It is suitable to polish the working surface once per week in the case of long term
measurements. Prior to beginning work, as well as after every pause longer than one hour, the

150electrode surface was activated in a solution of 0.2mole per liter KCl by applying � 2200 millivolts
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vs. the Ag|AgCl|saturated KCl electrode for five minutes with stirring. The regeneration step of the
electrode surface was incorporated into Polar 5.1 software method. The optimal process consisted
of thirty regeneration cycles between 0 and � 1600 millivolts (the limiting potentials were kept for
0.3 second) in the analyzed medium.

155Sample preparation

One tablet of the pharmaceutical preparation (2.500 milligrams methotrexate per tablet) was
powdered in a mortar, quantitatively dissolved in 100 milliters of 0.01mole per liter NaOH with soni-
cation, and filtered. A 9 microliters aliquot of the clear filtrate was diluted with supporting electrolyte
to 10 milliliters. Based on the label, the methotrexate concentration in the solution was 5� 10� 8

160moles per liter. The concentration of methotrexate was evaluated by the method of standard addition.

Results and discussion

Effect of supporting electrolyte

The choice of supporting electrolyte is essential for the optimization process. The influence of pH of
the supporting electrolyte on the voltammetric behavior of 1� 10� 5mole per liter methotrexate was

165examined using cyclic voltammetry in Britton-Robinson buffer (pH from 3.0 to 12.0). Methotrexate
provided two reduction (cathodic) signals (Ep1¼ � 350 millivolts, Ep2¼ � 760 millivolts in medium of
pH 5) in acidic and neutral solutions. At pH values above 7, the second peak rapidly decreased and
disappeared. Only one oxidation (anodic) signal (Ep1¼ � 320 millivolts; pH 5) was recorded over the
tested pH range. A reversible electrode process is proposed by the difference of 21 millivolts between

170the positions of the first reduction and the oxidation peak. Example cyclic voltammograms of
methotrexate at pH 5 and pH 8 are shown in Figure 1. The third reduction peak observed on mercury
electrodes (Gurira et al. 1983) Q2or electrodes with mercury surface (Šelešovská, Bandžuchová, and
Navrátil 2011) were not recorded due to the narrower potential window of p-AgSAE. This peak also
probably overlapped a signal from the decomposition of the supporting electrolyte.

175The height and the position of reduction signals were strongly dependent on pH. The highest
current response of peak 1, which was selected for further analytical examination due to its good
shape and evaluability, was recorded at pH 5 (Figure 2). Therefore, media of pH 5 – Britton-Robinson
buffer and 0.05mole per liter acetate buffer were chosen for further examination. It was ascertained
that the reduction peak was more stable and intense in the acetate buffer, which was used as the

180supporting electrolyte for all subsequent experiments. The positions of the reduction signals also
varied with pH. The peaks moved linearly to more negative potentials with increasing pH. This shift

Figure 1. Cyclic voltammogram of 1� 10� 5 mole per liter methotrexate in Britton-Robinson buffer at pH 5 (bold line) and of pH 8
(thin line) on the polished silver solid amalgam electrode. Conditions: Ein¼ 0 millivolt, Eswitch¼ � 1300 millivolts, n¼ 100 millivolts
per second.
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shows that protons participate in the reduction processes on the p-AgSAE. This dependence is
linear over the entire studied pH range (peak 1) and 3 to 8 (peak 2), respectively. The slopes
[� 62.9 millivolts (peak 1) and � 62.3 millivolts (peak 2)] were very close to the theoretical value from

185the Nernst equation (� 59.2 millivolts), which corresponded to a mechanism involving the same
number of electrons and protons. It can be assumed that the electrode processes on the p-AgSAE
involved two electrons and two protons in neutral and acidic media with simple reduction in alkaline
solutions as reported by Gurira et al. (1983) on mercury.

Effect of scan rate

190Useful information including the electrochemical mechanism (rate-limiting step) may be observed
from the dependence of the peak current on the scan rate. The effect of the scan rate (v) on the
voltammetric behavior of 5� 10� 6moles per liter methotrexate was examined employing linear sweep
voltammetry from 10 to 300 millivolts per second. Peak 1 increased linearly with the scan rate and
this dependence was approximated by equation (1) with a coefficient of determination R2¼ 0.9974.

195This result suggested an adsorption-control electrode process. The “log(Ip)� log(v)” analysis was applied
for elucidation of controlling processes of the reduction as well. A linear dependence was obtained.
Nevertheless, the slope of the equation k¼ (0.8770� 0.0079) was not equal 1 or 0.5 with p� 0.05.
Therefore, it can be assumed that the investigated process is more complicated and cannot be
characterized as only adsorption controlled only or only diffusion controlled.

Ip nA½ � ¼ ð� 0:210� 0:012Þv ½mV s� 1� � 3:3� 1:2 ð1Þ
200

Analytical figures of merit

Adsorptive stripping differential pulse voltammetry is an effective electrochemical technique,
which has already been applied for analysis of numerous biologically active compounds. Accordingly,

205potential of accumulation (Eacc), time of accumulation (tacc), and parameters of electrochemical
regeneration of the p-AgSAE working surface were examined in order to optimize conditions
for the determination of methotrexate. All experiments (except investigations of accumulation time)
were carried out at 1� 10� 7mole per liter methotrexate in 0.05mole per liter acetate buffer.

It was necessary to optimize the parameters of the regeneration process to ensure the reproduci-
210bility of the current on the p-AgSAE. The regeneration step was inserted directly into the controlling

software before every analysis in the analyzed solution. Two mechanisms of the surface regeneration
were tested: application of a constant negative potential for a given time and a few tens of polarizing
cycles, respectively. The second mechanism proved more efficient for the regeneration of the electrode

Figure 2. Cyclic voltammetric dependence of peak height (Ip) on the pH value of supporting electrolyte. Conditions: Ein¼ 0
millivolt, Eswitch¼ � 1300 millivolts, n¼ 100 millivolts per second.
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surface. The optimal regeneration process included the application of thirty cycles between � 1600
215millivolts and 0 millivolt, when the limiting potentials were maintained at treg¼ 0.3 second. The efficiency

of the surface regeneration was confirmed by repeated measurements and the relative standard deviation
(RSD) of eleven repeated measurements on the same p-AgSAE surface was 1.68%. This value was
comparable with that obtained on the HMDE (Šelešovská, Bandžuchová, and Navrátil 2011) where the
surface regeneration was realized by the new mercury drop. The relative standard deviation of eleven

220repeated measurements of 1� 10� 7mole per liter methotrexate measured on the HMDE was 1.75%.
These results show that the regeneration process was highly efficient for methotrexate on the p-AgSAE.

As the reduction of methotrexate is partly influenced by adsorption, this biomolecule may be
adsorbed on the surface at a suitable accumulation potential. Thus, the effect of the accumulation
potential on the response of methotrexate was varied from 0 to � 600 millivolts at a constant

225accumulation time (ten seconds). The highest response was found at 0 millivolt and lower accumu-
lation potentials reduced the response. Thereby, this value was employed in subsequent experiments.
The possibility of preconcentration and thus increasing sensitivity of the method was also confirmed,
as when the accumulation time was extended, the peak increased linearly up to forty seconds
(Figure 3). Equation (2) describes the linear dependence between the response of 1� 10� 7mole per liter

230methotrexate and accumulation time from zero to forty seconds (the inset of Figure 3). Longer times
resulted in a decreased growth of the current response and a limiting value at approximately sixty
seconds. A suitable accumulation time was optimized for every concentration of methotrexate.

Ip ½nA� ¼ ð� 0:181� 0:010Þ tacc ½s� � 2:69� 0:28; R2 ¼ 0:9970 ð2Þ

The optimized differential pulse voltammetry conditions were applied for the determination of metho-
235trexate. The obtained results are summarized in Table 1, showing good accuracy. The concentration

dependence of 1� 10� 8 to 7� 10� 8moles per liter methotrexate on the p-AgSAE is shown in Figure 4.
The inset of Figure 4 shows that the peak current increased linearly with methotrexate concentration as
described by EQ3. The linear dynamic range was from 5� 10� 10 to 3� 10� 6moles per liter. Due to the
use of various accumulation times, it was not possible to measure this dependence in one analysis.

Ip ½nA� ¼ ð� 0:0640� 0:0011Þ c ½nmol L� 1� � 0:0570;R2 ¼ 0:9997 ð3Þ

240Other statistical parameters including the limit of decision, limit of detection, and limit of quantification
were determined to be 8.0� 10� 11, 1.5� 10� 10, and 2.2� 10� 10moles per liter, respectively. The low
limit of detection confirms the high sensitivity of the method.

Figure 3. Adsorptive stripping differential pulse voltammograms of 1� 10� 7 mole per liter methotrexate measured at various
accumulation times: (1) 0, (2) 5, (3) 10, (4) 15, (5) 20, (6) 25, (7) 30, (8) 35, and (9) 40 seconds on the polished silver solid amalgam
electrode. Inset: Dependence of the peak height (Ip) on the accumulation time (tacc). Conditions: Ein¼ 0 millivolt, Efin¼ � 1000
millivolts, pulse width of 80 milliseconds, pulse height of � 50 millivolts, n¼ 20 millivolts per second, Eacc¼ 0 millivolt,
tacc¼ 0–40 seconds, no. of regeneration cycles thirty, Ereg1¼ 0 millivolt, Ereg2¼ � 1600 millivolts, treg1,2¼ 0.3 second.
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Methotrexate is primarily excreted unchanged in urine (Tian and Cronstein 2007) but this matrix
245contains also high concentrations of folates that have similar structure as methotrexate and thus may be

potential interferents. Folic acid and folates provided similar voltammetric response as methotrexate
and therefore methotrexate was not determined accurately in their presence. Therefore, separation is
required before determination in urine and, consequently, no further interference studies were performed.

Comparison with other voltammetric methods

250On the basis of a literature survey, the mercury electrodes (J. Wang et al. 1986, Cataldi et al. 1988,
Ordieres et al. 1990; Ye et al. 2005; Šelešovská, Bandžuchová, and Navrátil 2011), carbon based
working electrodes (J. Wang et al. 1986; El-Hady et al. 2006; Gao et al. 2007; F. Wang et al. 2009;
F. Wang et al. 2012; Zhu et al. 2013) and bismuth film electrode (Asbahr et al. 2013), respectively,
have been successfully applied for the voltammetric determination of this chemotherapeutic. Our

255research group also reported the use of the m-AgSAE (Šelešovská, Bandžuchová, and Navrátil
2011) and boron-doped diamond electrode (Šelešovská, Janíková-Bandžuchová, and Chýlková
2014). A comparison between the analytical performance of this method and other electrochemical
methods for determination of methotrexate is summarized in Table 2. The combination of the
p-AgSAE and adsorptive stripping differential pulse voltammetry provides the lowest limit of

260detection. Moreover, p-AgSAE is made from a non-toxic silver amalgam and does not contain liquid
mercury (Fadrná 2004). It is also mechanically and chemically stable and its preparation and pretreat-
ment is simple and time saving in comparison with the working electrodes described in the literature
(F. Wang et al. 2009; F. Wang et al. 2012; Zhu et al. 2013). These results confirm the excellent
electrochemical properties of the p-AgSAE for the determination of methotrexate.

265Analysis of a pharmaceutical preparation

The applicability of proposed method was verified by the analysis of a pharmaceutical preparation
with declared content of methotrexate of 2.500 milligrams per tablet. The sample solution was

Table 1. Determination of methotrexate in standards.
Added (mole per liter) Found (mole per liter) Recovery (%) Relative standard deviation(%)

1.000� 10� 8 (1.001� 0.010)� 10� 8 99.1–101.1 1.9
5.000� 10� 9 (4.990� 0.120)� 10� 9 97.4–102.2 0.4
1.000� 10� 9 (1.020� 0.020)� 10� 9 100.0–104.0 3.4

Figure 4. Adsorptive stripping differential pulse voltammograms in (1) absence and presence of methotrexate at various
concentrations levels: (2) 1� 10� 8, (3) 2� 10� 8, (4) 3� 10� 8, (5) 4� 10� 8, (6) 5� 10� 8, (7) 6� 10� 8, and (8) 7� 10� 8 moles
per liter on the polished silver solid amalgam electrode. Inset: Dependence of the peak height (Ip) on the concentration of
methotrexate (c). Conditions: Ein¼ 0 millivolt, Efin¼ � 1000 millivolts, pulse width of 80 milliseconds, pulse height of � 50 millivolts,
v¼ 20 millivolts per second, Eacc¼ 0 millivolt, tacc¼ 20 seconds, no. of regeneration cycles thirty, Ereg1¼ 0 millivolt, Ereg2¼ � 1600
millivolts, treg1,2¼ 0.3 second.
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prepared as described above using the method of standard addition. The determined content was
(2.499� 0.012) mg/tablet (99.48–100.44% recovery) as the average of five replicates with a relative

270standard deviation of 0.7%. These results demonstrate an accurate and precise determination.
An example of a voltammogram is provided in Figure 5.

Conclusions

A polished silver solid amalgam electrode was used for the voltammetric determination of metho-
trexate. It was shown that this working electrode in combination with differential pulse voltammetry

275provided suitable determination of this bioactive compound. The sensitivity was increased by the
insertion of an accumulation step before analysis to rapidly determine nanomolar amounts of
methotrexate. The obtained limit of detection is lower or fully comparable with those previously
described in the literature. Thereby, it can be concluded that the reported method is an effective,
sensitive, and environmentally acceptable tool for the determination of methotrexate and other folates.
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