
1. Introduction
Guanidino compounds play a very important role in 
the functions of the human organism, as they are 
found in human physiological fluids and tissues. For 
example, guanidinoethanesulfonic acid, guanidinoacetic 
acid, guanidinosuccinic acid, N-acetylarginine, 
β-guanidinopropionic acid, creatinine, γ-guanidinobutyric 
acid, arginine, guanidine, methylguanidine, homoarginine, 
and α-guanidinoglutaric acid are present in the 
mammalian brain [1]. Being compounds of biological 
interest, they continue to be the subject of various studies 
[2–4]. Guanidino compounds are widely used in the 
pharmaceutical industry as components of drugs [5–8]. 
Zanamivir, belonging to a group of guanidinobenzoic 
acids, is a member of a new class of antiviral agents 
that selectively inhibit the enzyme neuraminidase in 
influenza A H5N1 and H1N1 viruses [9]. Peramivir, also 
containing a guanidine group, is another potent and 
selective neuraminidase inhibitor with demonstrated 
activity against the above-mentioned influenza viruses, 

and is undergoing human clinical trials [10]. Many 
guanidino compounds act as pesticides [11] or are used 
in organic synthesis. Therefore, it seems appropriate to 
seek new analysis methods for guanidino compounds 
using their electrochemical properties. Methods 
used for the analysis of these compounds are usually 
based on high performance liquid chromatography 
employing ultraviolet detectors or tandem mass 
spectrometry. Other analytical methods have been 
limited to spectrophotometric, spectrofluorometric, 
potentiometric, and high performance thin layer 
chromatographic determinations. Electrochemical 
methods such as linear sweep voltammetry, differential 
pulse voltammetry, or square wave voltammetry have 
also been applied to the compounds of pharmaceutical 
interest [12–15]. In general, these methods are faster, 
easier and cheaper than HPLC methods [16]. The 
sensitivity of the voltammetric determination is higher 
in stripping voltammetry or when a catalytic current 
is observed. Catalytic systems belong to the group of 
electrochemical methods, in which the analytical signal 
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The present review describes the recent results on the electrochemical activity of bio-guanidino compounds, such as famotidine, 
metformin, acyclovir, ganciclovir, zanamivir, moroxydine as well as guanidino compounds, such as S-[(2-guanidino-thiazol-4-yl)methyl]
isothiourea hydrochloride, 2-guanidino-1,3-thiazole, 2-guanidinobenzimidazole. The focus is on analyzing the electrode mechanism of 
the guanidino compounds at the hanging mercury drop electrode and at the silver amalgam film electrode, as well as on the character 
of the square wave (SW) voltammetric signals. It has been stated, that the compounds can act as electrocatalysts - they are protonated 
and adsorbed at the surface of the electrode, after which the protonated forms of the compounds are irreversibly reduced, yielding 
their initial form and hydrogen. The experimental adsorption data obtained by measuring the differential capacity of the double layer, the 
zero charge potential, and the surface tension at the zero charge potential have established the adsorption processes underlying their 
electrochemical activity. The analytical application of the obtained voltammetric signals in the determination of these compounds in 
biological samples is also presented. This review concentrates on our own results in the context of general developments in the field.
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can be greatly enhanced by the cyclic reaction at the 
electrode surface. In many cases, the accumulation 
and stripping of the accumulated substance can be 
combined with the catalytic reaction. According to 
their reaction mechanism, catalytic systems can be 
divided into six basic groups, which include the catalytic 
systems based on hydrogen ions [17]. Systems 
consisting of a catalyst and hydrogen ions are based 
on overvoltage in the reduction of hydrogen ions on the 
surface of the indicating electrode. Except for the highly 
dispersed platinum and other well-known conducting 
materials which may be used for preparing the 
indicating electrode, the highest hydrogen overvoltage 
is observed for mercury. However, in the presence of 
many substances, the hydrogen overvoltage decreases 
and the reduction of H+ occurs at more positive 
potentials; these include Pd, Pt, Ir, Rh and Ru ions and 
their complexes, as well as transition metal complexes 
and organic substances containing functional groups 
such as –NH2, =NH, -SH, -COOH, which may be 
adsorbed at the surface of mercury electrode [17]. Even 
at low catalyst concentrations, the reduction induces 
a very high response in the catalytic currents, which 
are in most cases proportional to the concentration 
of a given catalyst. This offers new possibilities for 
highly sensitive voltammetric determinations of organic 
ligands, such as metallothionein [18], hemoglobin, and 
cysteine [19]. Catalytic systems with cobalt ions can be 
used in cathodic stripping voltammetry for determining 
sulphide ions [20], as well as thiohydantoin derivatives 
of glycine [21] and phenylthiourea [22]. Catalytic 
hydrogen evolution has also been recorded in organic 
basic medium [23]. In spite of continuing wide interest in 
catalytic currents [24], relatively little attention has been 
devoted to organic compounds acting as electrocatalysts 
in catalytic hydrogen evolution. Even less has been 
reported on their electrode mechanisms.

Recently, we have conducted voltammetric 
studies of selected compounds with the guanidine 
group –N=C(NH-)-NH-. The goal of the current 
paper is to summarize and compare the studied 
compounds representating a new group of hydrogen 
evolution electrocatalysts: famotidine (I), metformin 
(II), acyclovir (III), ganciclovir (IV), zanamivir (V), 
S- [(2-guanidino-thiazol- 4-yl)methyl] isothiourea 
(GTAMITU) (VI), 2-guanidino-1,3-thiazole (GTA) 
(VII), 2-guanidinobenzimidazole (GBI) (VIII), 
4-guanidinobenzoic acid (GBA) (IX) and moroxydine 
(X) (Fig. 1) [5–9,25,26]. In the first part of the review, 
the electrode mechanisms at the hanging mercury 
drop electrode (HMDE) and at the renewable silver 
amalgam film electrode (Hg(Ag)FE) are described. As 

the azomethine bond (C=NH) present in the guanidine 
moiety can be irreversibly reduced [27–30], the 
character of the square wave (SW) voltammetric signals 
is also discussed. The role of the adsorption process in 
the electrocatalytic activity of the guanidino compounds 
is explained in the next paragraph. The possibilities 
of using the signals of the hanging mercury drop 
electrode (HMDE) and the renewable silver amalgam 
film electrode (Hg(Ag)FE) [31,32] for the analytical 
purposes are presented at the end of paper.

2. Results and discussion
 
2.1. Electrode  mechanism  at  the  HMDE and  
       Hg(Ag)FE
The electrochemical study of the selected group of 
compounds began with famotidine (I) [7], and the 
electrode mechanism of the compound was described 
in detail. The results obtained for the subsequently 
studied guanidino compounds have been compared 
to the famotidine electrode mechanism. According to 
Squella and coworkers, famotidine exhibits a special 
behaviour at the dropping mercury electrode. The 
polarographic response is a catalytic proton reduction 
process, in which famotidine itself is not reduced [33]. It 
was the main reason why the hydrogen evolution catalytic 
electrode mechanism was studied both theoretically and 
experimentally using square-wave voltammetry (SWV) 
and applying a hanging mercury drop electrode (HMDE) 
[34]. The goal was an investigation of the relationships 
between the kinetic and thermodynamic properties 
of the specific surface catalytic mechanism based on 
the hydrogen evolution reaction under conditions of 
square-wave voltammetry. 

The following electrode mechanism was deduced:
 
                       k’f
Cat(ads) + H+

(aq) ↔ CatH+
(ads)               (I)

 
                      kb

CatH+
(ads) + e- → Cat(ads) + H(aq)              (II)

where k’f and kb are the rate constants of the 
protonation and dissociation reactions, respectively. 
The assumption that the Cat (famotidine), is adsorbed 
on the electrode surface was made. Its mass transfer 
during the experiment was neglected. The catalyst is 
protonated through the forward Reaction I characterized 
by the rate constant k’f. The concentration of protons 
at the electrode surface (c(H+)) was assumed to be 
constant as a buffered electrolyte solutions were 
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used. Thus, the rate of the forward Reaction I can be 
presented as the pseudo-first order rate constant defined 
as  kf = k’f c(H+).

The voltammetric behaviour of the system depends 
on the thermodynamic and kinetic parameters of both 
the preceding chemical Reaction I and the electrode 
Reaction II. The influence of the thermodynamic 
properties of the preceding chemical Reaction I is 
displayed by the equilibrium constant K, the effect of 
the kinetics of the chemical reaction is described by two 
kinetic parameters, i.e., ε =(kf + kb)/f (f is the frequency 
of potential modulation) and λ = kf/(kf + kb). The apparent 
reversibility of the electrode reaction (II) depends on the 
redox kinetic parameter ω = ks/f where ks is the electron 

exchange standard rate constant and the electron transfer 
coefficient α. The recorded voltammetric behaviour is a 
resultant of the irreversible surface electrode reaction 
[35], the simple surface catalytic reaction [36,37], and the 
electrode reaction coupled with the preceding chemical 
reaction (CE mechanism) [38,39]. Differential equations 
were solved under the boundary conditions [34] using 
the Laplace transforms. The numerical solution adopted 
for the simulation of voltammograms under SWV 
conditions was obtained with the aid of the Nicholson 
and Olmstead method [40]. Theoretical results which 
can be experimentally proven are presented in the form 
of the dependence of the dimensionless current Ψ on 
the frequency of potential modulation [34]. It was stated, 

Figure 1. The chemical structures of the studied guanidine compounds: famotidine (I), metformin (II), acyclovir (III), ganciclovir (IV), zanamivir (V), 
GTAMITU (VI), GTA (VII), GBI (VIII), GBA (IX), moroxydine (X), guanidine (XI).
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that the reaction mechanism mainly depends on the 
equilibrium constant, as well as on the forward and 
backward rate constants of the protonation reaction. 
In theoretical analysis, it was found that the overall 
catalytic effect depends on the dimensionless catalytic 
parameter defined as kcat = kf/f. 

If the rate of the preceding chemical reaction 
is slow, the effect of the frequency is insignificant. 
If, however, the catalytic regeneration of the electroactive 
material is fast, an increase in the frequency causes the 
net peak current to decrease exponentially (Fig. 4 in 
[34]). 

This dependence is one of the main diagnostic 
criteria for the catalytic electrode mechanism [9,10], as 
well as for many electrode mechanisms controlled by 
the rate of preceding chemical reactions [38,39]. The 
experimental dependences for zanamivir (V), GTAMITU 
(VI), GBI (VIII), and moroxydine (X), illustrated in 
Fig. 2A, are in very good agreement with the theoretical 
results, confirming the catalytic nature of the electrode 
mechanism of the studied compounds. By numerical 
simulations of the voltammetric response, it has been 
established that the most typical feature of the current 
catalytic mechanism is the linear dependence log(ΔΨp) 
vs log (kcat), which can be determined experimentally 
by analyzing log(ΔIp/f) vs log (f -1). The insets of 
Fig. 2A depict these plots measured in the presence 
of the studied compounds. Also the plots in Fig. 2B 
indicate the catalytic nature of the presented mechanism 
[34]. In conclusion, all of these experimental results 
corroborate the theoretical predictions for a surface 
catalytic electrode mechanism based on the hydrogen 
evolution reaction using HMDE.

Interesting results were obtained when the 
electrode mechanism of moroxydine was studied both 
at the HMDE and Hg(Ag)FE (Figs. 2A,2B). Although 
the Hg(Ag)FE is a film electrode containing 1% silver 
[32], it can be argued that the same theoretical model 
based on the type of assumed mass transfer can be 
proposed. The Hg(Ag)F electrode has been applied 
to voltammetric measurements relatively recently, but 
several ions have been determined using the cathodic 
current recorded at the electrode [41–50]. 

2.2. Character  of  the  voltammetric  signal of  
       guanidino compounds
It has been reported that some compounds containing 
a guanidine group do not give the voltammetric 
signal of the hydrogen evolution reaction [27–30]. 
Their electrochemical activity is often related to the 
reduction of other functional groups in the structure 
of the studied compounds. For example, amiloride 
[N -amid ino -3 ,5 - d iamino - 6 - ch lo ropyraz ine -2-

carboxyamide] was determined (differential pulse 
adsorptive cathodic stripping voltammetry, DP AdCSV) 
on the basis of the reduction of the –CH=NH bond 
[28] and imidacloprid [1-(6-chloro-3-pyridylmethyl)-
N-nitroimidazolidin-2-ylideneamine] on the basis of 
nitro group reduction (differential pulse polarography, 
DPP) [51]. Chlorhexidine, which contains four 
azomethine bonds (>C=NH), gave the best DPV 
(differential pulse voltammetry signal in the 
LiCl/LiOH medium, undergoing a reduction at the 
dropping mercury electrode (DME). In an acidic medium, 
a poorly defined peak was also observed, with the 
potential close to the reduction wave of the supporting 
electrolyte [27]. Differential pulse polarograms of 
7-methylguanosine at various pH values showed a 
reduction current of the N7=C8 bond of its guanine 
moiety [52]. The authors add that with decreasing pH 
the resolution of the reduction peak from the background 
discharge improves, but for pH < 3.2 the signal is 
inconstant as a result of the strong ill-defined hydrogen 
“abnormal wave”. The abnormal wave is not easy to 
define and the appearance of such a wave can result from 
a) catalytic reduction of protons, b) adsorption effect of 
the oxidized form of the depolarizer, or c) further faradaic 
response of the pyrimidine ring of the guanine moiety 
[52]. At the same time, guanosine, 1-methylguanosine 
and 2-methylguanosine are apparently inactive [52]. 
Creatine [glycine-N-(aminoiminomethyl)-N-methyl] is a 
surface active and an electroactive guanidino compound 
[53]. In a neutral or acidic medium it undergoes an 
electrochemical reduction at the hanging mercury 
drop electrode, giving one signal. A detailed analysis 
of the influence of pH on the recorded peak current 
revealed that at pH 3.8 the response is composed of 
two peaks. The appearing at more negative potentials 
a new peak, increases in proportion to the decrease of 
pH and its peak potential shifts in the positive direction. 
The authors believe [53] that the creatine peak at more 
negative potentials is related to the hydrogen evolution 
reaction, which is catalyzed by the adsorbed creatine or 
its reduction products.

Taking into account all the results, the criterion 
distinguishing the character of the SW voltammetric 
signal was discussed [54]. The type of the mechanism 
was evaluated through theoretical simulations and 
experimental results, both for the catalytic hydrogen 
evolution and the irreversible reduction of the azomethine 
bond. The logarithmic dependence of I/f ratio on the 
SW frequency can be very helpful in distinguishing the 
character of SW voltammetric signals, as can be seen 
in Fig. 3.

Curve 1 illustrates the experimental results recorded 
for the selected 2-guanidinebenzimidazole (VIII) (GBI) 
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[54] and is in good correlation with curve 2, which 
simulates the mechanism of the catalytic reduction of 
hydrogen according to the reaction:

GBI(ads) + H+
(aq) = GBIH+

(ads)                       (1)

GBIH+
(ads) + e- = GBI(ads) + H(aq)                                              (2)

In the second mechanism, GBI is considered 
electroactive itself [54], and is undergoing an irreversible 

reduction to an electroinactive product (Eqs. 3 and 4), 
which may be adsorbed or dissolved in the electrolyte 
solution.
 
GBI(aq) = GBI(ads)                                           (3)

GBI(ads) +ne- → P                (4)

Before the electrochemical reduction, GBI adsorbs 
on the electrode surface, forming a submonolayer free 

(a)

 

(b)

Figure 2. The influence of the frequency (f) on the net peak current (Ip) (Fig. 2B) and the ratio Ip/f (Fig. 2A) recorded at HMDE for (a) zanamivir 
[9], (b) GTAMITU [26], (c) GBI [54], (d) moroxydine [57], and at Hg(Ag)FE for moroxydine (Fig. 2A-e, 2B-e) [57]. The conditions of 
the experiments were: (a) c(zanamivir) = 3.6×10-5 mol L-1, citrate-phosphate buffer pH 2.2, amplitude Esw = 50 mV and step potential 
Es = 9 mV, (b) c(GTAMITU) = 1×10-5 mol L-1, citrate buffer pH 2, Esw = 30 mV, and Es = 5 mV, (c) c(GBI.) = 1×10-6 mol L-1, citrate buffer 
pH 2.5, Esw = 90 mV and Es = 15 mV, (d) c(moroxydine.) = 1 × 10-5 mol L-1, phosphate buffer pH 5.85, Esw = 80 mV and Es = 10 mV, 
(e) c(moroxydine) = 1 × 10-5 mol L-1, phosphate buffer pH 6.2, Esw = 60 mV, and Es = 15 mV. The inset shows the dependence of log(Ip/f) 
on the log(1/f) recorded at HMDE for (a) zanamivir, (b) GTAMITU, (c) GBI, (d) moroxydine.
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of lateral interactions and obeying the law of linear 
adsorption isotherm associated with the adsorption 
constant β. In the mechanism, the dimensionless 
function Ψ is primarily controlled by the adsorption 
parameter ρ and the electrode kinetic parameter ω. 
The adsorption parameter reflects the overall effect of 
adsorption, influenced by the strength of adsorption, 
the mass transfer rate (D), and the time window of the 
experiment (f) [54]. In general, Ψ vs. f is a nonlinear 
rising curve, as depicted by curves 3 and 4 in Fig. 3. 
The increase of Ψ with f is proportional to the strength 
of adsorption.

The dependences presented in Fig. 3 can be 
treated as a criterion for distinguishing the character 
of SW voltammetric signals. This is especially useful 
at present, as the direct current (DC) voltammetry with 
dropping mercury electrode (DME) is no longer used 
in out-of-laboratory applications. Working with SW 
voltammetric methods and using diluted solutions, the 
catalytic nature (based on hydrogen evolution) of the 
electrode reaction can be ascertained. It is important 
to develop new techniques for identifying the character 
of the current. For example, in electroreduction at 
a mercury electrode with a large surface area and 
DME involving the formation of reactive products or 

intermediates, the processes in these two techniques 
can follow different reaction patterns. Furthermore, 
the products obtained using these techniques may be 
different [55–56].

2.3. Adsorption measurements
Theoretical and experimental results of the catalytic 
hydrogen evolution reaction in the presence of adsorbed 
guanidino compounds by square-wave voltammetry 
suggest the significant role of the adsorption process. 
Two problems arise from the catalyst adsorption: when a 
dropping mercury electrode is used the equilibrium state 
cannot be achieved during the short lifetime of each drop 
and surface concentration is not accurately given by the 
adsorption isotherm [23]. On the other hand, if a hanging 
mercury electrode is using instead, an adsorption 
equilibrium can be attained upon the prolonged contact 
with the solution at a given potential. When the potential 
is scanned, the equilibrium is disturbed by a shift in the 
value of the adsorption coefficient. In an optimal situation, 
the diffusion-controlled adsorption of the catalyst is the 
rate-determining step, than a kinetic equation relating 
the current to the catalyst and the reactant concentration 
can be provided [23].

Figure 3. Experimental results (curve 1, right axis). Logarithmic dependence of the ratio ΔIp/f on the SW frequency, f of 5×10-6 mol L-1 GBI recorded 
in citrate buffer at pH 2.5 at accumulation time 10s, initial potential 0 V. The conditions of the experiments were amplitude Esw = 90 mV 
and step potential ΔE = 15 mV. Theoretical results (left axis). Logarithmic dependence of the dimensionless net peak current, ΔΨp on 
the SW frequency for the hydrogen evolution surface catalytic mechanism (Eqs. 1 and 2) (curve 2) and adsorptive irreversible reductive 
mechanism (Eqs. 3 and 4) (curves 3 and 4). The conditions of the simulations were: (curve 2) pH = 1, log(kf) = 3, log(kb) = 0 and (curves 
3 and 4) D = 5×10-6 cm2 s-1 and log(β) = 0 (3) and 3 (4). The other conditions are common for both mechanisms: ks = 1 s-1, α= 0.5 and 
n = 1. The parameters of the potential modulation were: f = 25 Hz, Esw = 50 mV, and ΔE = 5 mV [54].
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The effect of the adsorption on mercury was 
studied for ganciclovir (IV), GTAMITU (VI), GTA (VII), 
and guanidine (XI) (the last compound is not presented 
in our previous research) [8,26,57]. Comparing the 
differential capacity curves of the solutions of studied 
compounds with the one of the supporting electrolyte 
(background) (Fig. 4A) allows distinguishing the 
potential ranges. In the first potential range, an increase 
in the differential capacity of the supporting electrolyte 
was observed in the presence of the guanidino compound 
at E > -800 mV for ganciclovir and GTA, and at 
E > -600 mV for GTAMITU. Subsequently, the differential 
capacity curves of the studied compounds decreased 
within a wide potential range (for example from 
-800 mV to -1200 mV for GTA, from -600 mV to 
-1100 mV for GTAMITU), in proportion to the 
increase in the concentration of the compound. In 
the case of GTAMITU, the potential range in which 
the differential capacity curves decline with rising 
compound concentration is narrower. It is worth 
emphasising that for the highest studied concentrations 
(above 2×10-4 mol L-1), at the potential of -700 mV, a 
differential hump appears on the differential capacity 
curves. When the concentration of GTAMITU increases, 
the hump shifts towards the more negative potentials. 
The appearance of the differential hump is characteristic 
of the strong adsorption of polar compounds and can 
be the consequence of changes in mutual, mainly 
electrostatic, interactions between the adsorbed 
molecules [58]. For all of the studied compounds, a 
larger increase in differential capacity appears with 
increasing concentration in the region of more negative 
potentials,. This behaviour might be attributed to a 
change in the orientation of adsorbed molecules or to 
the desorption processes [59,60].

Table 1 presents the values of potentials of zero 
charge ( zE ) and the values of surface tension at the 
potential of zero charge (gz) on the interface Hg/buffer 
and Hg/buffer in the presence of ganciclovir, GTA, 
GTAMITU, and thiourea [61,62]. As it can be seen from 
the table, the values of the potential of zero charge Ez 
shift towards more positive potentials with increasing 
concentration of the guanidine compounds. This 
suggests that the studied compounds adsorb at mercury 
with the guanidine group pointing to the electrode 
surface and consequently, the molecules are not lined 
parallel to the surface, which makes the interaction 
between the ring electrons and mercury difficult [63]. 
This is confirmed by comparing the zero charge potential 
values of thiourea [61], well adsorbed at mercury, and 
GTAMITU (containing isothiourea in its structure). The 
gz values presented in Table 1 indicate that an increase 
in the concentration of the studied compound causes a 

slight decrease in the surface tension. The decrease of 
gz values with increasing concentrations of  ganciclovir, 
GTA, and GTAMITU reflects the increased adsorption 
of the investigated substances on mercury. 

Interesting results were obtained for guanidine. 
Differential capacity curves recorded for this compound 
differ from the curves of GTA or GTAMITU and show 
that guanidine does not adsorb on mercury. As it can 
be seen from Fig. 4B, the differential capacity curves of 
the double layer interface Hg/phosphate–citrate buffer 
(pH 2.9) and Hg/phosphate–citrate buffer (pH 2.9) in 
the presence of different concentrations of guanidine 
overlap each other. This proves that guanidine 
molecules do not influence mercury. On the other hand, 
in our SW voltammetric study of guanidine in Britton-
Robinson buffers (pH from 2 to 8), a voltammetric signal 
was not detected. The same situation was observed in 
voltammetric studies of other guanidino compounds 
(dodine, cyromazine, creatine), which could potentially 
act as electrocatalysts in the hydrogen evolution 
reaction. The adsorption process at mercury can 
explain any voltammetric signal of these compounds: if 
the compound adsorbs at the surface electrode and the 
adsorption proceeds via the guanidine group, electron 
transfer of the protonated form of the compound is 
possible. It is the basis of the electrocatalytic action, 
where the initial form of the catalyst and hydrogen are 
obtained through an irreversible reduction process.

2.4. Analytical application
2.4.1. Hanging mercury drop electrode (HMDE)
The applicability of the voltammetric method as an 
analytical technique for the determination of famotidine 
(I), metformin (II), acyclovir (III), ganciclovir (IV), 
zanamivir (V), GTAMITU (VI), GTA (VII), GBI (VIII), 
GBA (IX), and moroxydine (X) at the hanging mercury 
drop electrode was tested. Tables 2 and 3 present 
the obtained results [5–10,26]. The typical linear 
range in square wave voltammetry was around 1×10-7 
to 1×10-6 mol L-1. In the case of famotidine, where square 
wave adsorptive stripping voltammetry was employed, 
limit of quantification (LOQ) was obtain at the level of 
1.6×10-10 mol L-1 and the linear range was from 5×10-10 to 
6×10-8 mol L-1. It is worth emphasizing that the famotidine 
determination method is one of the most sensitive ones. 
Generally, the voltammetric methods using catalytic 
hydrogen systems are in some cases limited by the 
nonlinearity of the relationship between the catalytic 
current and the concentration of the catalyst, which is 
characteristic of this kind of currents [64]. As it was shown 
in the frequency investigations, the recorded current is 
of catalytic nature, and the process of adsorption plays 
an important role in the electrode mechanism. As a 
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result of electrocatalyst adsorption, catalytic currents 
increase according to the Langmuir adsorption isotherm 
[65]. It can be assumed that the process can affect the 
concentration dependence of the peak current even 
at the low concentrations of the adsorbed compound. 
For guanidino compounds like clothianidin, two ranges 
of linearity are detected [25]. As it can be seen from 
Tables 2 and 3, the peak potentials of the hydrogen 
catalytic evolution catalyzed by the studied compounds 

are similar. Voltammetric methods using catalytic 
hydrogen systems suffer from poor selectivity. Many 
substances which catalyze the reduction of hydrogen ions 
exhibit a similar shift of hydrogen ion signal in the same 
medium. Hence, when they are present simultaneously 
in the analyzed solutions, an overall catalytic signal is 
observed and the individual components are impossible 
to determine. To avoid their interference, they should be 
separated or masked. One solution could rely on the 

Figure 4. (A) The differential capacity curves of double layer interface (a) Hg/phosphate-citrate buffer (pH 2.35), (b) Hg/phosphate-citrate buffer 
(pH 2.96), (c) Hg/citrate buffer (pH 2) in the presence of (a1) 5×10-5 mol L-1, (a2) 5×10-4 mol L-1 of ganciclovir [8], (b1) 1×10-4 mol L-1, 
(b2) 2×10-4 mol L-1 of GTA [26] and (c1) 8×10-5 mol L-1, (c2) 2×10-4 mol L-1 of GTAMITU [26]. (B) The differencial capacity curves 
of double layer interface (a) Hg/citrate buffer, (pH 2.96) in the presence of (b) 1×10-4 mol L-1, (c) 6×10-4 mol L-1, (d) 1×10-3 mol L-1 
concentrations of guanidine.
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fact that different catalysts need a specific buffer pH to 
be adsorbed and to undergo protonation. For example, 
electrocatalytic pharmaceuticals such as famotidine, 
metformin, acyclovir, ganciclovir or zanamivir present 

the optimal signal for the measurements at different 
pH values. It can be expected that hydrogen reduction 
electrocatalysts, which produce well-shaped signals in 
strongly acidic media, will not cause interference in the 
media used for the famotidine determination (pH 6.7). 
On the other hand, the common reducible substances 
exhibit electrochemical activity at much higher positive 
potentials than those arising from  the hydrogen evolution 
reaction. The studied compounds produce the strongest 
signals in an acidic medium. An organic catalyst must 
be able to bind a proton, which subsequently enters the 
electrode reaction. This is why, obviously, the catalytic 
wave occurs in buffer solutions at a pH close of the pKa 
of the catalyst [23]. Optimized voltammetric procedures 
have been successfully applied in the determination of 
famotidine [6] and metformin [5] in the patients’ urine 
and zanamivir [9] and moroxydine [57] in spiked urine. 
The studied urine samples required dilution prior to the 

Table 1. 

c

[μM]

Ganciclovir [8] GTA [26] GTAMITU [26] Thiourea [59]
- Ez

[mV]

gz

[mN m-1]

- Ez

[mV]

gz

[mN m-1]

- Ez

[mV]

gz

[mN m-1]

- Ez

[mV]

gz

[mN m-1]

0 425.6 423.8 433.0 422.00 426.0 422.8 469.9 423.5
5 425.3 423.7
8 425.1 423.6
10 425.0 423.4 433.0 422.00 425.2 422.0
30 424.9 423.3 432.8 421.10 423.1 420.2
50 424.5 422.0 432.2 419.80 422.1 418.9
80 424.1 421.2 431.9 419.30 422.0 418.0

100 423.8 420.3 431.0 418.90 421.8 417.6
300 420.3 415.9 429.3 418.47 418.7 414.1
500 417.0 411.6 427.2 417.60 415.9 410.6 478.0 423.4
1000 491.0 423.2
3000 519.0 423.0

Potential of zero charge (Ez) vs. Ag/AgCl electrode and surface tension (gz) for Ez of phosphate-citrate buffer + ganciclovir [8], phosphate-
citrate buffer + GTA [26], citrate buffer + GTAMITU [26], NaClO4 + thiourea [59] systems.

Table 2. Results of voltammetric determination of guanidine compounds - pharmaceuticals at HMDE.

Famotidine
[6]

Metformine
[5]

Aciclovir
[7]

Ganciclovir
[8]

Zanamivir
[9]

Moroxydine
[57]

Method
SW AdSV 

Eacc = 0.22 V
tacc =  240s 

SWV SWV SWV SWV SWV

Peak potential
[V] -1.45 -1.43 -1.33 -1.35 -1.33 -1.70

Supporting
electrolyte,

buffer
MOPS acetic nitric acid citrate-phosphate citrate-phosphate phosphate

pH 6.7 4.7 1.9 2.35 2.2 5.85
Linear range

[×10-6 mol L-1] 0.0005-0.06 0.1-2 0.2-2 0.8-9 0.5-12 0.02-1

LOD [mol L-1] 4.9×10-11 1.8×10-8 0.07×10-6 1.3×10-7 1.5×10-7 1.0×10-9

LOQ [mol L-1] 1.6×10-10 5.9×10-8 0.2×10-6 4.3×10-7 4.8×10-7 5.0×10-9

Correlation 
coefficient, R 0.997 0.997 0.987 0.999 0.998 0.997

Table 3. Results  of  SW  voltammetric  determination  of  guanidine  
      compounds at HMDE.

GBI 
[54]

GBA GTAMITU 
[26]

GTA 
[26]

Peak potential
[V] -1.2 -1.4 -1.4 -1.4

Supporting
electrolyte,
buffer

citrate citrate-
phosphate citrate citrate-

phosphate

pH 2.35 2.2 2.0 2.9

Linear range
[×10-6 mol L-1] 0.1-1 1.1-7.4 0.1-1 0.8-8

LOD [mol L-1] 3.5×10-8 3.4×10-7 4×10-8 2.3×10-7

LOQ [mol L-1] 1×10-7 1.1×10-6 1×10-7 7.5×10-7
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voltammetric scanning. Urine is a composite matrix, 
whose composition partially varies depending on the 
person and his or her eating habits. The concentration 
of the components is rather high for voltammetric 
techniques, so the dilution of urine is an important step 
in the procedure. Hence, no significant interferences 
were observed when the voltammetric method was 
applied to considerably diluted urine samples.

2.4.2. Silver amalgam film electrode Hg(Ag)FE
Moroxydine was determined using not only an HMDE, 
but also a renewable silver amalgam film electrode, 
Hg(Ag)FE [57]. To the best of our knowledge, 
the electrode has not been used so far for the 
determination of an organic compound. The application 
of the electrode corresponds well to the definition of 
“green chemistry”. HMDEs are useful due to their high 
sensitivity, reproducibility and linearity. However, the 
fears of mercury toxicity (although, according to Barek 
and co-workers, unsubstantiated [71]) have started 
to limit the usage of mercury electrodes in analytical 
practice. The increased risks associated with the use, 
manipulation and disposal of metallic mercury have led 
to a quest for an alternative sensor that would utilize Hg 
either in the safe form of an amalgam, or in very small 
amounts, making it less hazardous. A non-toxic dental 
amalgam electrode developed by a research group in 
Trondheim [66-68] has been found to be suitable for 
the determination of many heavy metals in stripping 
voltammetry (SV). Alternative working electrodes 
based on solid amalgams have been developed by 
a research group in Prague,  e.g. so-called polished 
metal solid amalgam electrodes (p-MeSAE) or, after 
the modification of their surface by a mercury meniscus 
(m-MeSAE) or mercury film–polished MeSAE covered 
by a mercury film (MF-MeSAE) [69-70]. Such electrodes 
have recently been used in the determination of various 
inorganic and organic compounds [71]. The problem 
of limiting the amount of mercury or its soluble salts 
used in analytical procedures can be solved with the 
help of the renewable silver amalgam film electrode 
(Hg(Ag)FE) [72]. The electrode is designed in 
such a way that the thin liquid layer can be easily 
regenerated before each measurement cycle. Such a 
procedure ensures a good reproducibility of results. 
The first proposal for the construction of a Hg(Ag)FE 
and the principles of its operation were described 
in [73,74].

Determination of moroxydine at the Hg(Ag)FE [57] 
shows that the catalytic hydrogen evolution reaction 
can be recorded at the electrode. On the other 
hand, the process of moroxydine adsorption at the 
Hg(Ag)FE seems to be less effective, as the LOD (limit 
of detection) or LOQ for this electrode is higher 
than that for the HMDE (Table 1 in [57]). Stronger 
adsorption enables easier electron transfer, 
and the reduction current is recorded even 
at low moroxydine concentrations. Nevertheless, 
it has to be emphasized that the Hg(Ag)FE allows 
the determination of moroxydine in the higher 
concentration range (at the level of µmol L-1), which may 
be adequate for some determinations in the selected 
matrix.

3. Conclusion
The results obtained from voltammetric studies of 
selected guanidino compounds lend themselves to the 
following conclusions: a) the adsorption of the above-
mentioned compounds on the electrode is decisive for 
their electrochemical activity, b) only the compounds 
which adsorb on the electrode with the guanidine group 
pointing to the surface have the possibility of electron 
transfer, which is the basis of their electrochemical 
activity, c) these compounds can act as electrocatalysts 
in the hydrogen evolution reaction according to 
the electrode mechanism presented earlier, d) the 
character of the recorded current can be studied using 
the discussed criteria, e) the obtained voltammetric 
signal can be used in the analytical determinations of 
guanidino compounds in biological samples. 

It is also worth emphasizing that the catalytic 
hydrogen evolution reaction can be recorded at the 
renewable silver amalgam film electrode (Hg(Ag)FE) 
instead of using the hanging mercury drop electrode 
(HMDE). This is important nowadays, as alternative 
working electrodes, corresponding to the definition of 
“green chemistry”, are developed by different research 
groups.
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