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Abstract

Objectives. The creation of ion-selective electrodes (ISEs) based on rare-earth element (REE) complexes in environmentally friendly
biosystems is of interest due to the increased relevance of environmental management. The work sets out to study the possibility
of using REE complexes for creating ISEs sensitive to cefazolin. The created potentiometric sensors can be used for rapid determination
of antibiotics in microvolume samples.

Methods. The work presents the synthesis of electrode-active REE complexes with cefazolin. In order to identify the obtained electrode-
active substances and investigate their physicochemical characteristics, the following methods were used: elemental analysis with
a scanning electron microscope, infrared spectroscopy, simultaneous thermal analysis, and potentiometry.

Results. Previously unstudied complexes of cerium and lutetium with cefazolin were obtained for use as an electrode-active substance
for creating ISEs. The physicochemical characteristics of the complexes were investigated. For the created ISEs, the following
characteristics were studied: performance characteristics, the dependence of electrode potentials on the analyte concentration, stability,
and the response time of the electrode placed in the sample under study. The created membrane electrodes are stable, have a concentration
range of operation of pC 1-3, and can be used in the pH range 4-8. Testing of the selectivity of the ISEs with respect to Na* and K* ions
showed that the electrodes are effective even in a thousandfold excess. The performance of the electrodes was tested using model systems.

Conclusions. Novel REE—cefazolin complexes were successfully demonstrated for use as electrode-active substances for the manufacture
of membrane ISEs sensitive to cephalosporin antibiotics.
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AHHOTaUuus

Hesmn. B HacTosiiee BpeMst OCTPO CTOUT BOIPOC COXPAHCHHUS OIAroNnpHATHON SKOJIOTUYCCKON 0OCTAaHOBKH HA IUIAHETE, TIOATOMY WHTE-
pecHBI paboTHI IO CO3AHUI0 HOHCEICKTUBHBIX 31eKTpoioB (MCD) Ha 6a3e KOMIUIEKCOB peiIko3eMelbHbIX dieMeHTOB (P3D) B aKonoru-
4yeckH Oe30macHbIX Ounocucremax. L{enb paboThl — U3y4YHTh BOBMOXKHOCTH HCIIOIB30BaHUs KoMminiekcoB P30 st cosnanus MCD ¢ o1-
KITMKOM Ha iedazonuH. Co3aBaecMble TOTCHIIMOMETPUICCKHUE CCHCOPBI MO3BOJISAT MPOBOAUTH IKCIIPECCHOE ONPEICICHUE aHTHONOTHKOB
B MHKPOOOBEMHBIX MPOOax.

Mertoasl. B pabote peann3oBaH CHHTE3 AIEKTPOJAKTHBHBIX KoMITIekcoB P30 ¢ nedazommuom. s naeHTH(UKAINH TOTyICHHBIX JIeK-
TPOJAKTUBHBIX BEIIECTB M U3YUCHNUS UX (PU3UKO-XUMUYECKHIX XapaKTEPUCTHK HCIIONB30BAaHbI 2JIEMEHTHBIH aHAIN3 C TIOMOIIBIO PacTpo-
BOTO JIEKTPOHHOTO MUKPOCKOTIA, HH(ppaKpacHast CIIEKTPOCKOINS, CHHXPOHHBIH TePMUUECKUIT aHATN3 ¥ TOTEHIIHOMETPHSL.

Pesynbrarsl. [TonyueHsl paHee HE HCCIIEI0BAaHHbBIC KOMILIEKCHI LIEPUS H JIFOTELHs ¢ 11e(a30InHOM C LEeIbI0 UX UCHOIb30BAHHUS B Ka-
YeCTBE HIEKTPOAAKTHBHOTO BemmecTBa Mt co3nanus VCD. M3ydeHsl ux GuU3NKo-XUMHAYECKHE XapakTepucTuku. s co3nannaeix MCD
UCCIIE/IOBAHbI UX KCIUTYaTal[MOHHBIC XapaKTEPUCTUKH, 3aBHCUMOCTD 3JICKTPOAHbIX MOTEHIIHAIOB OT KOHLEHTPALMH aHAJIUTA, & TAKKe
W3y4YeHbI cTaOMIBHOCTh co3MaHHBIX MICD M BpeMs OTKJIMKa CHTHajia 3JIeKTpoJa, MOMEIIEHHOTO B uccienyemyto mpoly. Co3naHHbIe
MeMOpaHHBIE AEKTPOABI CTAOMIIBHBI, UMEIOT KOHLICHTPAMOHHBIN qrana3oH skcruryaraun pC 1-3 1 MOTyT OBITh UCTIOIB30BAHEI B AH-
anasone pH 4-8. TIposepka cenektupHocTd MCD no otHommenuio k nonam Na' u K nokaszana, 4o s1ekTposisl 3p()EKTUBHBI 1asKe TP
UX THICAYCKPATHOM IIPUCYTCTBHHU. Pab0oTOCIIOCOOHOCTH MEKTPOIOB IPOBEPEHA HA MOJICIIBHBIX 00bEKTaX.

BeiBoabl. Toka3aHo, 4To BrepBbIe CO3/IaHHbIC KOMIUIEKCH P3D ¢ 1e(ha3oniHOM MOTYT YCHEIIHO HCIONb30BaThCs B KAYECTBE AEKTPOIAK-
THUBHBIX BEIIECTB LISl U3roTOBIeHUsI MeMOpaHHbIX VICD Ha nedanocnoprHOBbIe aHTHOMOTHKH.
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INTRODUCTION

The rapid development of the chemistry of complex
compounds of rare-earth elements (REEs) has resulted
in the accumulation of a large body of factual material on
the physicochemical properties of the created complexes
and their areas of application based on their unique
properties. The individuality of individual representatives
of REEs was first noted by Dmitri Mendeleev as “one of
the true strengtheners of the Periodic Law™ [1].

Today, environmental management is the focus of
much attention. Therefore, studies on REE complexation
processes in various biosystems are of particular interest,
for example, when used in environmentally friendly
complexones derivatives of succinic acid (CDSA).
To minimize the negative impact of humans on the
environment, not only are the methods of REE extraction
and separation being improved, but also the various
methods for their secondary utilization. The use of
iminodisuccinic acid for the extraction of some REEs
by adsorption was described [2]. In passing, attention
should also be paid to the inverse problem involving
the patented synthesis of iminodisuccinic acid using
lanthanide catalysts [3].

Combined with the fact that these ligands in natural
conditions are capable of rapid decomposition and do
not accumulate in waste [4-7], the unique ability of
CDSA to exhibit high complexing properties has found
them a wide range of applications, including in “green
chemistry” [8—11]. Of interest are the results of studying
lanthanide complexes with biuret [12].

The introduction of REE ions into biosystems (for
example, the human body) significantly increases the
effectiveness of blood anticoagulants such as heparin.
In investigating the complexation of heparin with REE,
we conducted a thermochemical study of neodymium
complexes with heparin. The dehydration of the
Nd complex with heparin, which already begins at
a temperature of 40°C, continues up to 190°C. Following
dehydration at 190°C and up to 420°C, the glycosidic
bond and carbon skeleton of heparin are decomposed.
At a temperature of 400-450°C, some of the combustion
products combine with neodymium to form Nd,(SO,);.
During further decomposition (above 600°C), this is
decomposed to neodymium oxysulfate Nd,0,50, [13].
The lanthanide atoms are shown to be coordinated by
heparin through carboxylate, hydroxyl, sulfonate, and
aminosulfonate groups at a denticity of 4 [14].

The present paper presents the results of studying the
processes of complexation of REEs with antibiotics, in
particular, with cefazolin. It was previously shown that
cefazolin in REE metal complexes is bidentate [15] due
to the formation of coordination bonds through the amide
and carboxylate groups.

Research into novel antibacterial agents is in
demand due to their potential uses in the chemical and
pharmaceutical industries. While antibiotics represent
a widespread group of medicinal compounds, identifying
their potential hazards to human health is one of the
urgent problems of modern analytical chemistry. Diverse
areas in which it is necessary to determine and control the
content of antibiotics include pharmaceuticals, biological
fluids of the human and animal body, food products, and
wastewater from pharmaceutical enterprises [16].

Cephalosporin antibiotics are typically studied by
spectroscopic, chromatographic, electrochemical, and
other methods. The main methods used for determining
cephalexin, cefuroxime, and cefixime in medicinal
and biological media are chromatography [17, 18],
spectroscopy [19], and voltammetry [20, 21]. However,
such methods generally require expensive equipment,
reagents, and qualified operators; moreover, they take
a long time to complete and do not allow for rapid
determination of antibiotic content in clinical and
biochemical laboratories. Conversely, potentiometric
sensors have shown the possibility of rapid
determination of active substances even in microvolume
samples [16, 22]. The rapid determination of antibiotics
in biological fluids and dosage forms of drugs is
necessary for studying physiological and biochemical
processes occurring in the body, as well as for ensuring
effective drug controls.

It has been established that molecules with
antimicrobial activity are necessarily amphiphilic, i.e.,
also include hydrophobic regions [23]. The low water
solubility of sufficiently hydrophobic REE complexes
with cefazolin permits their use as an electrode-active
substance in the manufacture of membrane ion-selective
electrodes (ISEs) sensitive to cephalosporin antibiotics.

Thus, the present work is aimed at developing
a new direction of research of the physicochemical
characteristics of REE complexes with cefazolin to
establish the possibility of creating ISEs sensitive to
cefazolin.

EXPERIMENTAL

The potentiometric characteristics of the REE complexes
with cefazolin were determined and the pH of the
medium was monitored using an I-160MP ion meter
(Izmeritelnaya Tekhnika, Moscow, Russia). The electrode
response time was measured with a stopwatch. To record
IR spectra, samples were prepared in the form of tablets
with KBr (reagent grade, Baza No. I Khimreaktivov,
Russia). The spectra of the samples containing 2 mg of
the test substance per 200 mg of KBr were recorded with
an Alpha Fourier transform infrared spectrometer (Bruker,
Germany) in the range of 4000-400 cm™!. Simultaneous
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thermal analysis of the samples was performed with
an STA 449 F3 Jupiter simultaneous thermal analyzer
(Netzsch Group, Germany) in an air atmosphere. Elemental
chemical analysis of the samples was carried out with
a JEOL JSM-6610LV scanning electron microscope
equipped with an Oxford INCA energy dispersive
spectrometer (Oxford Instruments, United Kingdom).

An ISE sensitive to cefazolin was created using
cefazolin sodium salt (NaCzl, Deko, Moscow, Russia). The
exact concentrations of REE chlorides solutions prepared
from reagents of chemical purity grade (Khimkraft, Russia)
were established by complexometric titration [24].

Electrode-active substances were obtained by mixing
aqueous solutions of cerium or lutetium chloride and
sodium cefazolin in a molar ratio of 1 : 4. Next, the
resultant substances were separated by centrifugation
and dried at room temperature (20°C) in a desiccator
over a layer of silica gel. The thus obtained samples
were stored in a desiccator over a layer of silica gel
in a closed cabinet to avoid exposure to light. The
stock solution of cefazolin having a concentration of
0.1 M was prepared by dissolving a weighed sample
to form a basis for additional solutions obtained
by dilution. Membranes were prepared using S-70
polyvinyl chloride (PVC, SAYANKHIMPLAST, Russia),
dioctyl phthalate (DOP, Khimprom-M, Russia), and
cyclohexanone (Baza No. 1 Khimreaktivov, Russia).
The created ion-selective membranes contained 1 wt %
electroactive substance, 1 wt % DOP, and 98 wt % PVC.

Before the experiment, the ISEs were soaked for 1 h
in a 0.01 M cefazolin solution. The electrode potentials
were recorded in the following electrochemical cell:

Ag | AgCl AgCl | Ag

Cefazolin solution (0.01 M) +
+ KCl solution (0.1 M)
Ton-selective membrane

Test solution
Saturated KCl solution

Table. Results of elemental analysis

RESULTS AND DISCUSSION

Table presents the calculated and experimentally
determined elemental compositions of the metal
complex. On the basis of the obtained data, the inner
sphere of the metal complex can be unambiguously
determined, with the exception of hydrogen atoms,
which cannot be detected by X-ray electron microprobe
analysis.

According to the obtained data, the samples do not
contain sodium and chlorine. The composition of the
inner sphere of the metal complex was established to
correspond to the molar ratio [metal] : [ligand] =1 : 3.

The similarity of the obtained spectra when
comparing the IR spectra of pure sodium salt and
synthesized compounds (Fig. 1) confirms that the
interaction of cefazolin sodium salt with REE cations
does not cause changes in the chemical structure of
cefazolin.

Interpretation of the IR spectrum of cefazolin sodium
salt showed that the broad band at 3430 cm™! corresponds
to vibrations of the hydroxyl group, which participates in
the formation of hydrogen bonds with coordinated water
molecules [25, 26].

NaCzl /
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0.64 .
054"
0.4

0.3 4

0.2 4

Transmittance coefficient

0.1+

0.0 4
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Wavenumber, cm !

Fig. 1. IR spectra of (1) cefazolin, (2) cerium metal complex,
and (3) lutetium metal complex

Sample Molecular formula Elemental composition C, % N, % 0, % S, % Me, %
Calculated 33.51 22.34 12.76 19.15 9.30
CeCzl, C,,Hy,CeN,,0,,S,
Found 34.94 22.34 13.05 19.72 9.36
Calculated 31.68 21.11 15.07 18.12 10.99
LuCz, CyHyoLuN,, 04,8,
Found 31.66 21.07 15.05 18.09 10.95
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According to the published research data [26, 27],
the carboxyl group is characterized by a wavenumber
of 1761 cm™!, while the band at 1680 cm™! corresponds
to the amide group —C=0. These wavenumbers of the
characteristic absorption bands of the carboxyl and
amide groups of cefazolin agree with the data given in an
earlier work [19]; here, the shift of the band at 1545 cm™!
for symmetric stretching vibrations of the carboxyl
group is noted to imply coordination through this group.
We consequently assigned the band at 1490 cm™! to
vibrations of C=C of the aromatic structure. The bands at
1241, 1183, 1100, and 1062 cm™! characterize vibrations
of the CN group.

The presented spectra of our samples show a shift
of the hydroxyl group band (3439 cm™'), a shift of the
amide —C=0 vibration band (1681 cm™!), and a shift of
the symmetrical stretching vibration band of the carboxyl
group (1566 cm™1).

Since no significant shifts of the CN vibration bands
were found, it can be concluded that nitrogen atoms do
not participate in the coordination.

The coincidence of the v(C—S—C) stretching vibration
bands in both the sodium salt (669 cm™') and the metal
complexes (670 cm™!) of the thiazole ring indicates that
the sulfur atom does not participate in the complexation
process. A similar picture was also observed in the
spectrum of the lutetium metal complex.

Taking into account the shifts of the absorption bands
of the amide and carboxylate groups, we conclude that

DSC, uV/mg

| exo Mass change: —1.48%
4{

Peak: 61.2°C, 0.1157 pV/mg

Onset: 189.1°C

Peak: 222.7°C, —2.7804 pV/mg

61 Peak: 522.0°C, —5.8461 pV/mg

cefazolin is coordinated bidentately through the amide
and carboxylate groups.

Figure 2 presents the results of thermal analysis
of CeCzl (thermogravimetry (TG) and differential
scanning calorimetry (DSC) curves). The mass loss in
the temperature range from 39 to 120°C is due to the
evaporation of the adsorption and crystallization water:
the mass change in this range was 1.48%, while the
mass change in the range from 100 to 120°C was 0.31%.
The peak at 222.7°C corresponds to the destruction
of the metal complex structure and oxidation of the
ligand [15].

The evaluation of ISE stability confirmed that potential
drift remains approximately constant, amounting to
2-5 mV/day. According to the stopwatch, the response
time is about 45 s for 107'-1073 M solutions. Figure 3
depicts the dependence graphs of the ISE potentials on
the cefazolin concentration both for membranes with the
cerium metal complex and those used with the lutetium
metal complex.

In the range of negative decimal logarithms of
concentrations of pC 1-3, the experimental points are
described by a straight-line equation. The linear portion of
the electrode function indicates the possibility of practical
use of the ISE for determining cefazolin. We also took
into account that the operation of the electrode can be
affected by both the pH of the medium and the presence
of accompanying cations. The selectivity coefficients for
Na' and K* (1.5-1073 and 1.4-1073, respectively) were

TG, %

[13]
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Fig. 2. TG/DSC curves of CeCzl sample
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Fig. 3. Dependence of the ISE potentials of (/) the metal
complex of cerium and (2) the metal complex of lutetium
on the cefazolin concentration

determined by the mixed solution method. The electrode
potential is shown to be independent of the acidity
of the medium in the pH range of 4-8 at a cefazolin
concentration of 0.1 M.

Figure 4 illustrates the dependence of the
electromotive force (emf) of the created ISEs on the
pH of the cefazolin solution. As can be seen from the
figure, the ISE potential is independent of the pH of the
solutions in the range of 4-8.

This indicates that the created ISEs have a fairly
high stability. However, at pH < 4 and pH > &, jumps
in the electrode potential are observed, indicating
a nonlinear change in the concentration of the antibiotic
in an alkaline and acidic medium, which is typical for
most ISEs [28].

CONCLUSIONS

The conducted studies confirm that ISEs in which the
electrode-active substances are REE complexes with
cefazolin are promising for use in determining antibiotics
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