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Abstract We report a new type of solid-state electrode (type 1) of a simple design with polyvinyl chloride
membranes based on Mn(l11) tetraphenylporphyrin and with graphite as the electronically conducting substrate.
Enlargement of the membrane/graphite contact area by soaking graphite in the plasticizer with subsequent
conditioning of the electrode at 30 °C allowed us to shorten the time required to achieve steady potential values
of the sensors to just 3 days. These electrodes do not require a specially added RedOx system in the transducer
layer. Stabilization of the EMF response of type | electrodes is compared to type Il electrodes which contain a
Cu®/Cu? RedOx couple in the transducer layer. Type | sensors are suitable for measuring the salicylate ion
concentration in the clinically important concentration range down to 2.5x10* M with a sensitivity to salicylate
ion of —=59.0 mV decade™ in solutions with a high constant background of chloride ions of 0.12 M at pH=5.3,
making this a promising technique for an effective design of solid-contact ion-selective electrodes with

polymeric sensing membranes.

Keywords Solid-contact electrode, metalloporphyrin, graphite, large membrane/solid-contact area, oxygen-

containing groups, salicylate ion

Introduction

Interest in studying the physicochemical properties of porphyrins and their metal complexes has arisen due to
their essential role in many biological systems [1-4]. These substances have unique properties: their aromatic
structure, the ability to acquire axial coordination and to form stable compounds with almost all metals from the

periodic table. Owing to these properties, their field of application has been considerably extended over the last

1


mailto:y.mourzina@fz-juelich.de

few years. One such field is potentiometric sensing, i.e. the development of ion-selective electrodes (ISEs) with
membranes containing complexes of porphyrins with various metals. ISEs are cost-efficient to produce, and they
are simple to use and maintain, they allow the construction of portable instrumentation, non-destructive analysis
and continuous in-line monitoring [5-8]. Because of these advantages, ISEs meet the requirements for various
applications; in particular, they are frequently applied in pharmaceutical analysis [9].

Porphyrins and their derivatives are widely used as active compounds (ionophores) in ISE membranes
[10-16]. The mechanism of action of these compounds is based not only on ion exchange, but also on the
specific metal-ligand interaction in the presence of a charged metal center of metalloporphyrin, which makes it
possible to use these compounds in the membranes of potentiometric sensors with improved selectivity for
various anions [17,18].

We recently reported ISEs with membranes containing Mn(l11) tetraphenylporphyrin — Mn(I11)TPP*, as
a charged ionophore in various anionic forms of Mn(I11)TPPX, with X"=CI~, ClO,~, NOs~, SCN™ [19]. The
electrodes showed high selectivity for salicylate ion (Sal”). However, these electrodes were of the conventional
type with liquid contact, i.e. inner reference solution.

The salicylate anion and its derivatives are widely used as drugs with antimicrobial and analgesic
action. Consumption of drugs based on salicylic acid is currently increasing. Therefore, it is becoming necessary
to monitor salicylate ion concentrations in biological fluids. When a person takes such drugs, he should be aware
that salicylate ions could already be present in the body, because acetylsalicylic acid is frequently used as an
antiseptic and as a food preservative, and salicylate ions are found in fruit and vegetables and cosmetics. This is
particularly relevant for people with thrombophlebitis, since acetylsalicylic acid is the main component in
anticoagulant agents, and for people who take drugs that cannot be used together with salicylates (e.g. warfarin
and tolbutamide).

One of the essential methods for detecting salicylate ions is based on the Trinder reaction, according to
which the salicylate ion reacts with iron(l11) ions to form colored complexes in acidic media. The disadvantage
of this method is its low selectivity, because the colored complexes can be formed with many other compounds,
such as endogenous phenol compounds, and some drugs, e.g., phenothiazine [20]. Electrochemical methods,
cyclic voltammetry, amperometry, and potentiometry, matching the requirements of simple, low cost,
miniaturizable, and portable methods have been applied for the determination of the salicylate anion. For
example, salicylic acid, SA, was oxidized in alkaline solution at 0.7 V (vs SCE) and the product of oxidation was
extracted on the electrode surface by solid-phase micro-extraction. The anodic peak current of the extracted
species in differential pulse voltammograms was proportional to the concentration of salicylic acid in the range
of 5.00 - 200 uM with a detection limit of 5.00 uM at alkaline pH [21]. The electro-oxidation of salicylic acid
was enhanced at the multiwalled carbon nanotube (MWCNT) electrode compared to the glassy carbon electrode
[22]. The sensor based on the MWCNT electrode demonstrated a linear range with SA concentration from
2.0x10°° to 3.0x103 M and a low detection limit of 0.8x10°° M at alkaline pH. The mechanism of
electrochemical oxidation of SA on electrode surfaces at alkaline pH [22,23] and interaction of salicylate with
the electrode materials [24] have been also investigated.

Several articles devoted to ion-selective potentiometric sensors for detecting salicylate ion have been
published [6,25-32]. Unfortunately, a high concentration of ionophores in membranes, up to 3% w w, often
results in crystallization of the ionophore in the membrane phase or in high consumption of the ionophore

[6,26,32]. Another drawback of membrane electrodes based on metalloporphyrins is associated with the short pH
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range in which the electrodes have a theoretical potentiometric response [26,28]. Moreover, the presence of ionic
additives in the composition of the membrane phase leads to a complicated structure of the electrode and to
ambiguous interpretation of the ionophore’s contribution to the electrode response [26,28,31,32]. Moreover,
most known electrodes contain liquid contacts, which is disadvantageous in view of the miniaturization of ISEs
and their maintenance [25,29-32]. Currently, neither of the proposed membrane formulations has optimum
characteristics.

Various techniques are used for preparing solid-state electrodes with polymeric ion-selective
membranes [33-41] and the state of the art was recently reviewed in [40]. Glassy carbon and graphite are widely
used as solid-contact materials in solid-state ISEs [42-45]. It is well known that creating solid-contact electrodes
with the conversion of charge carriers from ions to electrons at the membrane/contact interface encounters
fundamental difficulties, which have not yet been completely solved [40,46,47]. In practice, one of the
difficulties is insufficient stability of the electromotive force (EMF) response of the solid-contact electrodes with
polymeric membranes [38,40]. In this report, we propose a new method for enlarging the contact area of the ISE-
membrane/graphite solid contact interface by soaking graphite in a plasticizer with subsequent conditioning of
the electrode at elevated temperature. This approach makes it possible to shorten the time required to achieve
steady potential values to just 3 days for solid-contact electrodes with polyvinyl chloride (PVC) membranes
containing metalloporphyrins and with graphite as the electronically conducting transducer. Based on this
approach, a new type of solid-state electrode (type 1) with a simple design was manufactured. These electrodes
do not rely on the use of a specially added RedOx system in the transducer layer, while type 1l electrodes rely on
the use of a RedOx system, which is common practice [48,46,49]. Stabilization of the potential response of type
| electrodes was compared to that of type Il electrodes containing a Cu%Cu?* RedOx couple in the transducer

layer.

Experimental methods

Chemicals and materials

MnTPPCI (Fig. 1), used as a charged ionophore in the ISE membranes, was synthesized as described in Ref.[19].

The purity of MnTPPCI was confirmed by thin layer chromatography (Silufol plates) and by
spectrophotometry using the Shimadzu 1650UV spectrophotometer. Characteristic peaks at wavelengths of 378,
403, 479, 582 and 617 nm were registered in chloroform (CHCIs).

Graphite rods EUZ-M were of the graphite grade whose mechanical properties show that most of the
carbon was in the graphite grid. Graphite rods do not refer to the material which provides a mechanism with high
capacity. Sodium salts with various anions X™: CI-, Br~, 17, SCN-, ClO4~, NO3~, NO, Sal-, CH3;COO™, S04,
HCO5, C,04* (analytical grade) were obtained from NevaReaktiv, St. Petershburg, Russia. Aqueous solutions of
these salts with different concentrations were prepared by sequential dilution using distilled water. Copper(Il)
sulfate and amino acids for the synthetic serum (Table S1) were supplied by Sigma-Aldrich Chemicals.
Centrifugal filter devices Centricon-30 (molecular weight cut-off > 30,000) were from Millipore. Citrate-

phosphate buffer was prepared as described in [50]. Cation exchange resin KU-23 was obtained from



NevaReaktiv, St. Petersburg. The organic solvents dibutyl phthalate (DBP), tetrahydrofuran (THF), and

chloroform (CHCIs3) were obtained from Vekton, St. Petersburg, and were purified prior to use.

Cl

Fig. 1 Manganese tetraphenylporphyrin chloride (Mn(111)TPPCI)

Electrode preparation

To prepare type | electrodes, graphite rods with a diameter of 6 mm were soaked in DBP for 2-3 days to allow
the DBP to penetrate into the graphite pores. The lateral surface of the rods was then insulated with PVC tubing,
leaving only the butt ends open. To prepare type Il electrodes, the butt ends of graphite rods (without treatment
in DBP) were covered with a copper layer by the electrochemical deposition of copper from 0.3 M CuSO, by
passing a cathodic current of 10 mA for 15-20 min.

It has been shown [51] that real graphite structures are porous and contain defects of different types.
Water and oxygen are adsorbed on the graphite surface when the latter is in contact with aqueous electrolyte
solutions. In the course of reducing molecular oxygen, carbon is charged positively, and is then able to attract
anions [52,53]. Carbonyl, carboxyl, phenolic, hydroxyl and other oxygen-containing groups may be
spontaneously formed on the graphite surface. Quantitative determination of these groups in graphite was
performed [51]. Prolonged graphite soaking in solvent plasticizer, e.g. DBP, increases the area of the
DBP/graphite interface. Penetration of DBP into graphite has been confirmed by IR spectroscopy [53,52].

The ISE membranes with two layers were prepared as follows: the outer (sensor) layer with pure ionic
conductivity and the transducer layer with mixed ionic-electronic conductivity. The membrane cocktail for the
sensor layers of electrode types | and Il contained PVC, 33% (w w™?), DBP, 66% (w w1), and Mn(lI1)TPPCI,
1% (w w?), corresponding to 0.02 M, dissolved in the cocktail solvent THF as described elsewhere [54,15,55].
An appropriate portion of the cocktail was poured into a Petri dish. After full evaporation of THF (~24 h), a
membrane for the sensor layer was obtained with a thickness of about 0.5 mm. Discs with a diameter of 6 mm
were cut from membranes of the sensor layer using a cork borer.

In order to prepare the transducer layer of the type | electrode, dispersed graphite was added to the
membrane cocktail used for the sensor layer. The cocktail to dispersed graphite ratio was 2:1 by weight. In order

to prepare a transducer layer of the type Il electrode, the membrane cocktail used for the sensor layer was doped
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with dispersed graphite and cation exchanger resin KU-23 in a mixed Cu?* + H* form. The cocktail cation
exchanger resin KU-23 carbon black ratio was 2:1:0.6 by weight.

Cocktails of the transducer layers of type | and Il electrodes were directly deposited on the top (butt
ends) of the graphite rods of type I and Il electrodes (prepared as described above in Section 2.2), respectively.
Next, the membrane discs of the sensor layer were glued (the cocktail was used as glue) on top of the transducer

layers. Four replicate ISEs of both types were used in the study.

Apparatus and measurements

Schematics of the proposed operation mechanisms of solid-state type | and Il electrodes are shown in Fig. 2.

The potentiometric measurements with ISEs of both types were performed using an electrochemical cell
with a double-junction Ag/AgCI reference electrode (Metrohm) containing saturated KCI as an inner reference
solution and 1.0 M NH4NOs in the outer chamber:

Cu‘Ag‘AgCI, KCl (sat.): NH,NO, (1.0 M):sample solution ‘membrane‘graphite|Cu m

A voltmeter/pH meter Mettler Toledo S40 with an input resistance of 10** ohm was used for the EMF
measurements. The pH measurements were performed using a pH meter pH-150 (Izmeritel, Gomel, Belarus)
equipped with a glass pH electrode ESL-63-07 (Izmeritel, Gomel, Belarus) and the same reference electrode.

All measurements were performed at room temperature: 22+1 °C.

Scanning electron microscopy (SEM) investigations were performed at a Quanta 200 3D Fei Holland

device.
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Fig. 2 Schematics of the operation mechanisms of type | and 1l solid-state electrodes. Symbol Q represents the

oxygen-containing surface groups capable of oxidation and reduction

Results and discussion

Characterization of a graphite-dibutyl phthtalate interface

The state of a graphite-dibutyl phthtalate system was studied by IR-spectroscopy [52,53] to prove the DBP
presence in graphite and determine the content of DBP in graphite. It was shown that DBP penetrated into
graphite pores either upon the direct contact with DBP or upon the contact with the membrane plasticized with
DBP. Electroactive compounds (ionophores) bought into contact with the DBP-plasticized membrane did no
penetrate into the graphite structure. Analysis of characteristic frequencies in the spectra of the DBP-graphite
system pointed to interactions between DBP and graphite unambiguously. As graphite in real conditions can
have positive charges, it can be supposed that C* and DBP interact via donor-acceptor mechanism [52]. DBP and
graphite can also interact via m-m-interactions mechanism [56,57]. This idea is confirmed by a recent study,
where it is shown that the adsorption of dimethyl phthalate on carbon nanotubes is an endothermic spontaneous
reaction and governed by the n- electron interactions [57]. Adsorption of organic molecules on carbon materials
as a complex interplay between electrostatic and non-electrostatic interaction was reviewed in [56]. Aromatic
compounds are physisorbed on carbon materials essentially by dispersion interactions between the n-electrons of
the aromatic ring and those of the graphene layers. Stronger interactions than the dispersion ones in these
systems likely involve an electron donor-acceptor or charge-transfer mechanism [56]. The penetration of the
plasticizer into the graphite pores makes the membrane solution interface bulky and extends the contact area
between the electronic and ion conductor, which is favorable for the creation of the high-surface-area solid
contacts [40].

Fig. 3 presents the SEM structural characterization of the graphite and graphite-dibutyl phthtalate
system as used for the solid contact. One can observe more dense and ordered surface structure in the graphite-
dibutyl phthtalate system compared to the initial graphite surface. The results of the SEM structural
characterization are thus in agreement with the previous results of IR-spectroscopy pointing out to the
penetration of DBP in graphite pores and interactions between DBP and graphite. This may be also one of the

reasons for a better stability of the potential of the type I electrode as shown below.
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Fig. 3 SEM images of (a-c) graphite and (d-f) graphite-dibutyl pht

solid contact.

Influence of pH on the potentiometric response of solid-state electrodes

Among other anions, hydroxide forms the strongest complexes with metalloporphyrins. Hydroxide can influence
the potentiometric response and the detection limits of ISEs with metalloporphyrin-based membranes, whatever
the anion in the axial position of the metalloporphyrin complex. Therefore, it is necessary to study ISE behavior
at different pH values.

The initial axial ligand in the metalloporphyrin complex is CI~. Therefore, pH interference was studied
using NaCl as the background electrolyte. The aim was to achieve unambiguous interpretation of the pH
influence on the potentiometric response of these solid-state electrodes, which is impossible in the case of
salicylate ions. When the solution pH is lower than 5.0, salicylate precipitates as salicylic acid.

The potentials of the solid-state ISEs of types | and 11 in 0.1 M NaCl were measured over a wide range
of pH from 2.3 to 10.2. The measurements started from pH 2 adjusted by additions of HsPOs. The pH was
gradually increased up to pH 10.5 by the addition of small aliquots of aqueous NaOH. The ISEs reached stable
potentials within 15 s at all pH values. The latter were controlled with a glass pH electrode. The pH dependences

of the potentials of type I and Il solid-state electrodes in 0.1 M NaCl are shown in Fig. 4.
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Fig. 4 pH dependence of the potentials of solid-state electrodes of type I (o) and II (@) in 0.1 M NaCl

It can be seen that the dependence of the ISE potentials on pH exhibits a sigmoid curve with two
plateaus at pH<6.5 and at pH>9.5. Similar results were also displayed by conventional ISEs with the same
membrane [19].

Within the pH range from 2.0 to 6.5, OH™ ion activity is too low, and OH™ cannot compete with CI~ ion
for the axial coordination position in the metalloporphyrine molecule. However, at pH>6.5, hydroxide is able to

replace chloride according to the reaction below:

Mn(TPP)X -H,0 + OH Mn(TPP)OH-H,0+ X (1)
organic phase aqueous phase  organic aqueous phase

M

7

This reaction was confirmed by a two-phase spectrophotometric titration of the Mn(I11)TPPCI with

potentiometric pH control [58].

Slope, selectivity and response time of the solid-state electrodes

The dynamic range and slope of the electrode function in solutions of NaX sodium salts with different anions
(X~ =CI, Sal, SCN~, ClO47, Br~, I, CH3COO~, NOs;~, NO;") was determined by EMF measurements. Prior to
the measurements, the ISEs were conditioned in 0.1 M NaX solutions for 2-3 days to ensure full conversion of
Mn(HIDTPPCI in the membrane into the respective Mn(I11)TPPX form. The measurements were performed at pH
5.3 maintained with citrate-phosphate buffer. This buffer was chosen because preliminary studies showed
negligible interference from citrate and hydrogen phosphate ions on the potentials of electrodes based on
Mn(I11)TPPCI.

The values of the slopes, lower detection limits, and linear ranges of the electrodes under investigation

are presented in Table 1.



Table 1 Values of slopes (S), lower detection limits (DL), and linear ranges (LR) of type I and Il electrodes of in
various NaX solutions at pH 5.3

NaX S/mV log(ax)™ DL/M LR/M
type | type Il type | type Il type | type Il
1.0x10™*- 1.0x1074-
NaSCN -59.7 -59.1 1.0x10°° 1.0x10°°
5.0x10* 5.0x107
1.0x1074- 1.0x1074-
NaSal -59.0 —58.4 1.0x10°° 1.0x10°°
5.0x10* 5.0x107
1.0x1074- 1.0x1074-
NaClO4 -52.0 —51.5 1.0x10* 1.0x10*
5.0x10* 5.0x107*
1.0x10™- 1.0x107°3%-
NaBr —47.0 —44.0 5.0x107* 5.0x107*
5.0x10* 1.0x1073
1.0x1073- 1.0x1073%-
NaNO; —42.7 -43.1 1.0x10°3 1.0x10°3
5.0x10°3 5.0x1073
1.0x10°3- 0.1x10°%-
NaCl -36.5 -36.5 5.0x107 5.0x107*
5.0x1073 5.0x1073
0.1x10°3%- 1.0x10°3-
NaNO; —36.0 —35.6 5.0x10* 5.0x10*
5.0x1073 5.0x1073

Both types of electrodes exhibit Nernstian responses in NaSal and NaSCN solutions. Clinically relevant
concentrations of salicylate are in the millimolar range.

The potentiometric selectivity of the electrodes assuming salicylate to be the primary ion was
determined by the separate solutions method using 0.1 M sodium salts of salicylate and X~ as a respective

interfering anion. The selectivity coefficients were calculated as:

E,-E
log Keax = _szal / 2)

where Esa, Ex are the EMF values measured in NaSal and in NaX solutions, respectively, and S is the
slope of the electrode function. The selectivity coefficients of the electrodes under investigation, together with
that of the conventional ISEs with liquid contact (inner filling solution) in aqueous solutions, are presented in
Table 2.

Table 2 Selectivity coefficients of the electrodes with membranes based on Mn(l11)TPPCI

) logKsaix
Anion X~ )
Conventional ISE[19] Type | Type Il
Sal” 0.00 0.00 0.00
NOs~ —2.78 —2.74 —2.67
NO2~ —2.16 -2.13 -2.11
SCN~ 0.32 0.24 0.30
ClI —2.43 —2.64 —2.60



Br- —2.30 —2.45 —2.42

I~ —1.65 —-1.63 -1.51
ClOs~ -1.01 -1.19 -1.01
CH3COO~ -181 —2.04 —1.96
SO4* -3.64 -4.01 -3.91
HCOs -2.36 -2.39 -2.37
C.04* -2.42 -2.36 -2.30

The electrodes (type | and type I1) show the following selectivity series for anions:

SCN™> Sal" > ClIO4 > I" > CH3COO™ > NOz > C204* > HCO3> Br > Cl~ > NO3 > SO4%,
which differs from the selectivity series (Hofmeister series) for the electrodes based on quaternary ammonium
bases [59,60]:

ClO4 > 104 >SCN > Sal">1">Br >NO; >ClI">HCO; > F~

The selectivities of the lipophilic PVC nplasticized membranes based on anion-exchangers are
determined by variation of the free energy of solvation during migration of ions being determined from aqueous
solutions to the membrane phase resulting in the Hofmeister series for anions whereby more lipophilic anion
such as ClOy4 is preferentially incorporated into the membrane phase [59,61,62]. To create electrodes selective to
Sal” changing the Hofmeister series should be employed. Deviation from the Hofmeister series can be achieved
due to the specific interactions of ions in the solution with the active components introduced into the membrane
phase. Incorporation of metalloporphyrins as an active component into the membrane phase can result in the
selectivity of the membrane sensors to a particular sort of ions due to the specific interaction of the active
component with the ions in the solution [2,7]. Electrode selectivity of these membranes in not governed by anion
lipophilicity as in the case of anion-exchangers. The membranes with Mn(llII)TPP as an active component
deviate from the Hofmeister series due to the selectivity imparted by the interaction of anion as an axial ligand
with the manganese centre of the porphyrin macrocycle [61]. The relative affinity of an anion as an axial ligand
dictates selectivity. For example, perchlorate is considered to be a weak Mn(I11) porphyrin axial ligand and this
may account for a low potentometric response to this lipophilic anion [59,63]. The SOs%, PO,*, and NO3 do not
yield a product with the Mn(l11) porphyrin complex [64,65], which explains a low potentiometric response to
these anions. The easy of precipitation of Mn(l11) porphyrins complex was found to follow the order 1= > Br~ >
CI~ > F [65] and is in agreement with selectivity determined for the sensor. It was additionally supposed that n-x
interactions with porphyrin ring might be responsible for the initial extraction of salicylate into the ISE
membrane [60].

ISEs with membranes based on Mn(lI)TPPCI, whether with solid contact or with aqueous inner
reference solution, showed selectivity for salicylate and thiocyanate anions over a number of interferences,
including perchlorate, Table 2. These data are consistent with our earlier findings [19]. As seen, the selectivity
series for the electrode with an inner reference solution correspond to the selectivity series for the solid-state
electrodes, Table 2. This confirms that our preparation methods for solid-state electrodes were successful.

The response time of type | electrodes is 10 s at concentrations of 10-° to 10> M, and 5-10 s at 0.1-1.0 M.

Type 1l electrodes showed a slower response: 20-30 s over the whole dynamic range. The variation of the

potential value of type I electrodes is 5-7 mV at concentrations 10-° to 10-* M and 1-2 mV at concentrations 10-2
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to 1.0 M. The variation of the potential value of type Il electrodes is 10-15 mV. Type | solid-state electrodes
exhibit faster and more reversible potentiometric response than type Il electrodes.

A series of type | electrodes have been prepared and used only in the diluted solutions of salicylate ions in a
concentration range of 107 - 10 M. When the electrodes were used only in diluted solutions, the electrode
demonstrated a linear response with a slope of 58.8 mV dec?® down to 2x10° M of salicylate ions with a
detection limit of 1106 M. The response time of type | electrodes in this concentration range was 10-15 s. The
variation of the potential value was 7-8 mV. If the electrodes were used in the higher concentration ranges of Sal-
ions, the sensitivity in a lower concentration range was diminished seriously and required a prolonged (up to 24
h) washing procedure in a 107 M Sal to regenerate the electrode for working in the lower concentration ranges.

A test for the presence of a water layer [47] was also carried out. For this purpose, the investigated
electrodes were kept in a solution of 0.1 M NaSal for 30 min, and after that the electrodes were placed in a
solution of 0.1 M NaCl. The potentials of the solid-state electrodes changed rapidly and remained stable during
all the measurements. Then the electrodes were placed again in NaSal solution. The potentials of both types of
investigated electrodes of returned to their initial value. This confirms that ISEs do not have an aqueous layer
between the solid contact and the sensing membrane.

The selectivity for salicylate ions makes the type | electrode a promising candidate for salicylate ion
control in medical and biological applications. Therefore, the sensor response was studied by measuring the ISE
potentials in model solutions with a high constant background concentration of 0.12 M NaCl and different
concentrations of NaSal at pH 5.3. This concentration of CI™ ions was chosen because it corresponds to the
average total concentration of chloride ions in urine of 110 to 250 mmol day?, while the daily amount of urine is
1.2-1.5 liters. Other organic ions are found in smaller amounts in urine and will not interfere with the
determination of Sal~, as shown previously in [6]. pH 5.3 is typical of urine [66]. The sensor response of type |

solid-state electrodes in the model solutions is shown in Fig. 5.

360 -
B 1 - potentially fatal overdose; /,»"
320 2 - significant overdose;
B 3 - moderate overdose /'
280 - o
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Fig. 5 Potentials of type | solid-state electrodes in NaSal +NaCl (0.12 M) solutions at pH 5.3

As can be seen, the concentration of salicylate ion may be determined down to 2.5x10* M with a

constant background of 0.12 M chloride ions. Three clinical salicylate ion concentrations are shown in Figure 5,
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which correspond to varying degrees of salicylate overdose: potentially fatal overdose (2.2 mmol I'%), significant
overdose (1.7 mmol IY) and moderate overdose (0.9 mmol I'). The electrodes retain Nernstian slopes —58.14 mV
log(asa) ™ in the clinically important concentration range of salicylate. Therefore, these electrodes may provide
an alternative device for the determination of salicylate in urine in a wide range of clinical concentrations of
salicylate ions.

The reproducibility of the slope of the calibration curves was within £1.2 mV decade™ over a period of
2 months.

To illustrate the feasibility of the electrode in practical analysis, it was employed to determine “free”
salicylate in synthetic and human blood serum samples using a spike procedure [67]. The clinical range of
salicylate in serum required for anti-inflammatory therapy is 15 - 30 mg dI* (1.1 - 2.2 mM) [68]. Signs and
symptoms of toxicity begin to appear at levels higher than 30 mg/dL. A 6-hour salicylate level higher than 100
mg/dL is considered potentially lethal and is an indication for hemodialysis. Recovery studies were conducted
with a synthetic serum samples containing 0.9x10° - 6.2x10-® M salicylate. The composition of the synthetic
serum sample is given in Table S1 [69,70]. A synthetic serum sample solution was diluted (1:3) with a 0.05 M
phosphate buffer, pH 5.8. The calibration curve was prepared using salicylate standards prepared in 88.8 mM
NaCl and diluted (1:3) with a 0.05 M phosphate buffer, pH 5.8. Human blood serum samples were ultrafiltrated
through centrifugal filter devices Centricon-30 (molecular weight cut-off > 30,000). The samples were diluted
(1:2) with a 0.05 M phosphate buffer, pH 5.8. The recovery results in Table 3 demonstrate that the type |
electrodes can be used for the selective monitoring of salicylate level in biological samples in the clinically

important concentration range.

Table 3. Recovery of salicylate in synthetic and blood serum samples using a type | Sal- -selective electrode.

Salicylate content in a Salicylate added, mM Salicylate found, mM Recovery, %, ®
diluted human blood

serum sample, mM @

synthetic serum samples

0.92 0.96 104.3
1.0 1.02 102.0
1.80 1.86 103.3
3.80 3.75 98.7
6.20 6.27 101.1
human blood serum
0.62 0 0.81 131
0.62 0.25 0.94 108
0.62 0.50 1.11 99

a- determined by the colorimetry method in a local hospital; ® - three replicates were performed.
Comparison of the performance of salicylate solid-state sensors
It should be noted that salicylate-selective solid-state electrodes based on Mn(lII)TPPCI have never been

comprehensively studied. Table 4 compares the membrane compositions, slopes of the electrode functions, linear
12



ranges, detection limits, working pH ranges, and response times of the salicylate-selective solid-state electrodes
reported previously [27,28,70,71].

Table 4 Comparison of different parameters of the salicylate-selective solid-state electrodes based on

Mn(IIDTPPCI (type 1) with other previously reported salicylate solid-state sensors

Parameters / Ref. Thiswork  [27] [27] [28] [70] [71]
Membr. PVC 33.0 32.0 38.5 25.0 30.0 32.0
comp. plasticizer ~ 66.0 DBP  65.8 DOP 57.6 DOP 50.0 NPOE 63 NPOE 63 NPOE
(ww?) MAC 1.0 2.2 2.8 20.0 5.0 5.0
MnTPPCI Al salophen  Snsalophen CuTPP-GO  TCN TOA BSB
Add. - - 1.1 5.0 2.0 HTAB 20
TOMACI NaTPB PctAICI
Slope (mV dec?) -59.0 -59.2 -57.2 -57.8 -59.2 -57.9
Linear range (M) 5.0x107°-  1x10°®- 1x107®- 5x1077 - 1x107®- 1x107*-
1.0 1x107? 1x10? 5x1071 1x1072 1x107?
Detection limit (M) 1.0x107°2  1x10°® 8x1077 8x107® 7x1077 -
Response time ~10s ~20-30s ~20-30s ~10-20s <10s ~10s

* - a detection limit of 1x10-° M can be achieved when working in a concentration range of 1077 - 107+ M.

The proposed sensor (type 1) is superior to previously reported salicylate-selective solid-state sensors in
terms of membrane composition and response time. It is more cost-effective, since it requires a lower
consumption of ionophore, while demonstrating a Nernstian response. Moreover, this electrode does not require
the introduction of ionic additives. The sensor is applicable in the clinically important concentration range of
salicylate. The sensor performance demonstrates that stabilization of the electrode potential may be effectively

achieved using the proposed technique.

Stability of the potentiometric response of the solid-state electrodes over time

The interpretation of the directly measured signal, the EMF, in terms of the activity or the concentration of the
analyte in the sample relies on the ISE calibration parameters. Therefore, the stability of these parameters, i.e.
the slope of the electrode function, S, and the standard potential value, E®, are of great importance for the
practical use of ISEs. The slope of the calibration curve is typically stable over time. However, the standard
potential tends to vary with time, especially for solid-state ISEs [40,47,48].

The long-term stability of the ISE potentials was studied by measuring the EMF in 0.1 M NaSal as a
reference solution over a period of about two months. The EMF values registered for type | and 1l electrodes of

in this solution at 22 °C are shown in Fig. 6.
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Fig. 6 Potentials of electrodes of types I (o) and II (e) in 0.1 M NaSal at 22 °C over time

Immediately after immersing ISEs into 0.1 NaSal, the EMF was measured every 30 minutes for the first
4 hours. During this initial time, the difference between the values of the electrode potentials within a set of 4
replicate type | electrodes was 5 to 7 mV. Later, the measurements were performed at intervals of several days.
After 20 days of contact with the solution, type | electrodes showed a variation in the potential value of 3-5 mV
within a set of electrodes. Type 1l electrodes displayed a more significant variation of the potential values of 15
to 20 mV. The potential of the type | electrodes achieved a steady value of 200 to 210 mV after 33 days of
measurements. At days 40 and 60, the type | electrodes showed the same value. No significant electrode
potential deviations from the steady value were observed. It can be assumed that the decrease in the potential
values of type | electrodes could be caused by a reduction of carbonyl groups on the graphite surface to hydroxyl
groups. The potential of type Il electrodes achieved a steady value of 200 to 210 mV similar to type | electrodes.
However, type Il electrodes did not demonstrate a steady value even at day 50. We assume that an increase of
the standard electrode potential for type Il electrodes in the first days of the experiment corresponds to the
oxidation of copper. Copper ions appear in the transducer layer because atmospheric oxygen absorbed by the
membrane oxidizes the metal copper deposited on the graphite surface. The positive charge of copper ions is
counterbalanced by salicylate ions. Apparently, the RedOx equilibria, where phenolic groups and copper are
involved, facilitate the transition from electronic to ionic conductivity in the transducer layer and stabilize the
ISE potentials.

Unlike type Il electrodes with a copper layer deposited on the graphite substrate, type | electrodes do
not contain any specially added RedOx agents. Therefore, the RedOx buffer capacity of type | electrodes is
lower. This appears to be the reason for the faster change of the potentials in these electrodes over time.

The RedOx reaction rate can be increased by conditioning the electrodes at elevated temperatures.
Therefore, the ISEs immersed in 0.1 M NaSal were conditioned at 30 °C and 50 °C in a thermostat for 3 days.
After that, the EMF values were measured in 0.1 M NaSal at room temperature (22 °C). The dynamics of the

electrode potentials after conditioning in 0.1 M NaSal over time are shown in Fig. 7.
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Fig. 7 Potentials of the electrodes in 0.1 M NaSal over time. Type | (a): conditioning at t=30 °C (A ) and t=50 °C
(@), type II (b) conditioning at: t=30 °C (A), t=50 °C (o)

As can be seen in Fig. 7, both types of electrodes achieve potential values of about 210 mV after 3 days,
which is significantly faster than without conditioning at elevated temperature. Therefore, conditioning of the
electrodes in the solution at 30 °C may be recommended to speed up stabilization of the ISE potentials in a
reference solution at a steady value.

Conclusions

We propose a new type of solid-state salicylate-selective electrode based on Mn(111)TPPCI with a simple design
and discuss the dynamic processes, which occur in the described systems of the solid contacts. The proposed
solid contact allows a faster and more reversible potentiometric response to be achieved. This effective method
of manufacturing solid-contact electrodes without specially added RedOx agents in the transducer layer (type |
electrodes) and conditioning at 30 °C may be recommended for wider application, in particular for ISEs with
membranes based on porphyrins and metalloporphyrins. The solid-contact electrodes of this type with
membranes based on manganese tetraphenylporphyrins were applied for measuring salicylate ions in biological
samples.
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