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Study of the Methionine Electrooxidation at an Electrode
Modified with Vitamin B1. and Multi-Walled Carbon Nanotubes

The electrochemical behavior of methionine at an electrode modified with vitamin B12 and multi-walled car-
bon nanotubes has been studied in this work. A possible mechanism of redox processes occurring on the
modified electrode is proposed. When the electrode is formed, vitamin Bz is fixed on the surface of a carbon-
containing electrode modified with multi-walled carbon nanotubes due to adsorption. In the process of ca-
thodic polarization, cobalt(l11) in cobalamin is reduced to cobalt(ll) to which a partially negatively-charged
sulfur atom in the methionine molecule is attached due to electrostatic interactions. During anodic polariza-
tion, cobalt(l1) in the complex is oxidized up to Co®*, the methyl group from methionine is transferred to co-
balamin, and homocysteine passes into the solution, which is proved by Raman spectra. Based on the study of
the dependence of current and potential on the sweep speed, it was found that the oxidation process is not re-
versible, the limiting stage is adsorption, and one proton and one electron participate in the electrochemical
stage. The following optimal conditions for recording an analytical signal were selected: the background elec-
trolyte is a tartrate buffer solution with pH = 4.01; the electrolysis potential is 1.6 V; the accumulation time is
up to 180 s. The metrological characteristics of the procedure for determining methionine were estimated.
The accuracy index did not exceed 29 %, the repeatability and intermediate precision indices did not exceed
14 % and 16 %, respectively. The range of detectable contents was (1-50)x10~7; the detection limit was
5.0x10°8 M. It was shown that a 10-fold excess of ascorbic acid, tryptophan, glycine, cysteine and tyrosine
does not have a noticeable distorting effect on the procedure for determining methionine.

Keywords: methionine, modified electrode, vitamin Biz, electrooxidation, cobalamin, electron, proton, strip-
ping voltammetry, multi-walled carbon nanotubes.

Introduction

Methionine is an essential amino acid that plays an important role as a precursor for all other sulfur-
bearing amino acids and their derivatives in living organisms. It involves in the regulation of metabolic pro-
cesses of the immune system and has antioxidant activity. The methionine concentration in the range of 5—
15 umol/l is considered normal for men and women. The increased content of methionine is associated with
damage caused to nucleic acids, with various types of cancer and cardiovascular diseases. The reduced me-
thionine concentration leads to neurodegenerative diseases [1-6]. In this regard, the determination of the me-
thionine content in foodstuff and biological fluids is a relevant task. Electrochemical methods of analysis are
promising for this purpose.

The mechanism of methionine electrooxidation remains ambiguous. In 1960, dehydro-methionine was
proposed in [7] as an intermediate of the product of anodic oxidation of methionine at a platinum wire elec-
trode with pH =7.0. Dehydro-methionine was also identified as a by-product of methionine oxidation using
various analytical methods [8-10]. A few years later, voltammetric determination of methionine at platinum
electrodes was reported in [11]. The authors observed a voltammetric wave between +0.7 and +1.0 V (calo-
mel electrode), which manifested itself only in acidic media and only in the presence of hydrogen and chlo-
ride ions [11]. Later, owing to the development of new electrode materials, more detailed studies were car-
ried out. In [12] the authors demonstrated methionine oxidation at a graphite electrode, which is an irreversi-
ble process controlled by diffusion. In [13], the authors reported that the oxidation potential of methionine at
a glassy-carbon electrode remains constant in the pH range from 3 to 7. The authors also noted that the volt-
ammetric wave of methionine oxidation strongly resembles cystine obtained in similar experimental condi-
tions [12] at the glassy-carbon electrode. In 1994, the authors [14] showed that the neighboring carboxylate
and amino groups of thioester, which modifies the electrode, play an important role in the methionine elec-

© 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 99


https://doi.org/10.31489/2022Ch4/4-22-21
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2022Ch4/4-22-21
mailto:shvv@chem.tsu.ru

V.V. Shelkovnikov, A.M. Altyev, M.S. Fryanova

trooxidation at the carbon electrode, even if these groups are not rigidly held in a fixed position relatively the
function of thioester in the molecular skeleton. Later, in 2011, glassy-carbon and diamond electrodes doped
with boron were used to study the electrochemical oxidation of methionine in a wide pH range using cyclic
and differential pulse voltammetry [15]. The results conform fully to the conclusions of the work [13]. In
[15] the oxidation reaction proceeds in two stages at the glassy-carbon electrode and in one stage at boron-
doped diamond electrodes, where, probably, the high oxidation current of the second peak is superimposed
on the first one. Oxidation reactions have been found to be irreversible, diffusion-controlled, and one-
electron processes, independent of pH at pH> 3.

In [16], we proposed a technique for determining methionine at an electrode modified with cyano-
cobalamin (vitamin Bi12). When choosing the technique for electrode modification, we proceeded from the
following assumptions: methionine entering the human body, when interacting with enzymes, and is reduced
to homocysteine [17]. Such reaction can serve as a prototype of the corresponding electrode process. We
proposed the use of cyanocobalamin as an auxiliary substance. It is an electroactive substance due to the
presence of cobalt(l11) in the corrin ring. The process of vitamin B1, chemisorption on mesoporous carbon is
known [18]. By attaching vitamin Bi. to the surface of the electrode due to adsorption, it is possible to create
conditions allowing the binding of methionine from the solution to form an electroactive compound at the
electrode. The purpose of this work is to establish the mechanism of methionine oxidation at the modified
electrode to optimize the conditions for the determination of methionine by stripping voltammetry.

Experimental

Equipment and reagents

Methionine (Sigma, USA), multi-walled carbon nanotubes produced by “Graphen” (USA), vitamin B1,
(Belarus) were used in the work. All measurements were taken using standard pH solutions purchased from
“Merck” (Germany). The solutions were prepared using deionized water obtained from “Sartorius” of the
arium® pro brand. All the experiments were carried out at room temperature. Electrochemical measurements
were performed using a TA-LAB voltammetric analyzer (NPO “Tomanalit™) in direct-current mode in a
three-electrode cell. The indicator electrode was a modified carbon-containing electrode; silver-chloride
electrodes in the 3 M KCI solution were used as an auxiliary electrode and a reference electrode. Multi-
walled carbon nanotubes (MCNT) were applied to the surface of the carbon-containing electrode by electrol-
ysis from a MCNT aqueous suspension by means of a universal power source UIP-2.

Modification of the carbon-containing electrode

MCNT were moistened with a small amount of ethyl alcohol; then water was added. After it MCNT
were placed into the ultrasound bath for 3 hours. The ready-to-use suspension was used to apply nanotubes
to the surface of the carbon-containing electrode by anodic polarization. A stainless-steel plate was used as
the cathode (counter electrode). After 8 s of the electrolysis, the applied MCNT were dried and vitamin B2
was deposited. Vitamin B1, was deposited at the electrode modified with MCNT by cycling the potential in
the range of —1.4... +1.0 V. The modification of the electrode is described in more detail in [18].

Results and Discussion

The choice of optimal conditions for the oxidation and/ or reduction processes of the substance is the
essential task in the development of a quantitative technique. Suitable conditions lead to an increase in the
sensitivity of the analysis. The effect of a number of factors, such as the pH of the background electrolyte,
accumulation parameters, and the potential sweep rate on the anode signal of methionine, was studied to se-
lect the optimal conditions for obtaining an analytical signal.

The effect of pH

The pH of the background electrolyte has a significant effect on the mechanism of redox processes in
voltammetric analysis. Standard buffer solutions from 1.65 to 12.43 were used to establish the optimal value
of the hydrogen ion concentration during methionine oxidation at the modified electrode.

Figure 1 shows the dependence of the anode peak value of methionine on the pH of the background
electrolyte. With an increase in the pH from 1.65 to 4.01, the peak current of methionine oxidation increases.
The decrease in the signal at pH<4 is associated with the protonation of the amino groups of methionine and
cobalamin; the adsorption of methionine on the electrode is hindered as a result of electrostatic repulsion.
The signal intensity decreases when the pH shifts to the neutral and alkaline regions, which is due to the lack
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of protons required for methionine oxidation. The peak shift towards more negative values as the pH of the
buffer solution increases. A linear dependence can be observed between the peak potential and the pH:

Y = -0.0492X + 0.6930, (1)

The slope value of 49.2 mV/pH is close to the Nernst slope (59.0 mV/pH), which indicates an equal
number of electrons and protons participating in the electrochemical process.
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Figure 1. Dependence of the electrooxidation current of methionine at the modified electrode on the pH
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Figure 2. Dependence of the methionine oxidation current on the square root of the potential sweep rate (a),

the dependence of the potential on InW*? (b), the dependences of the current on the potential sweep rate (c)
and Igl on IgW (d)

CHEMISTRY Series. Ne 4(108)/2022 101



V.V. Shelkovnikov, A.M. Altyev, M.S. Fryanova

The effect of the potential sweep rate on the current and potential of the anode peak

The dependences of the anode peak current and potential on the potential sweep rate allow us to esti-
mate the mechanism of the electrochemical reaction. In this regard, the influence of the potential sweep rate
on the anode current of methionine was studied. To establish the mechanism of methionine electrooxidation
at the modified electrode, the dependences of the current on the square root of the sweep rate (Fig. 2a) and
the peak potential on In(W¥2) were plotted in Figure 2b.

The linear dependence for the current (Fig. 2a) is typical of both reversible and irreversible processes
while the linear dependence of the peak potential of methionine on InWY?2 evidences the irreversibility of the
process (Figure 2b). Figure 2b presents the dependence of the current on the sweep rate and a similar de-
pendence in logarithmic coordinates (Fig. 2d). The linearity of the logarithmic dependence (Fig. 2d) indi-
cates that diffusion is not a limiting stage of the process. The Semerano criterion (the slope of the depend-
ence of Igl on IgW) was 0.24, which indicates the absence of the effect of the diffusion process during the
oxidation of methionine on the electrode surface. The Semerano criterion should be 0.5 for the processes
limited by diffusion [19]. A similar dependence of the current on the sweep rate demonstrates that adsorption
is the limiting stage of the process.

The transfer coefficient of the irreversible process (methionine oxidation) was calculated based on the
Tafel dependence. The value of the transfer coefficient was 0.44. The obtained value shows that the first
electron participates in the limiting stage of the process.

The following formula was used to calculate the electrons in the case of an irreversible process:

47.7
—, ()
on

E,—E,|=
2
where Ep is the peak potential; Epy. is the half-peak potential.

The value of n = 1.08 indicates that one electron takes part in the oxidation reaction.

Earlier in [16] we proposed a possible reaction mechanism based on the Raman spectra of pure methio-
nine and its oxidation products from the electrode. Homocysteine has been shown to be the oxidation product
of the methionine complex with cyanocobalomine. Based on the study of the above-mentioned kinetics, it is
possible to conclude that one electron and one proton participate in the oxidation process of the complex.
This may be conditioned by the fact that cobalt, being in the corrin ring of vitamin B1», is oxidized to Co(lll)
during the anodic potential sweep. During cathodic polarization of the electrode, cobalt in cyanocobalamin is
first reduced to +2, and then it is the reduced complex that interacts with methionine. The reverse process of
cobalt oxidation occurs during anodic sweep: the methyl group of methionine is transferred to cobalamin and

passes into the homocysteine solution (Figure 3).
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Figure 3. Blank drawing of the methionine oxidation process
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The effect of accumulation parameters on the intensity of the electrooxidation signal

The range of values from —1.9 V to —1.1 V was studied when choosing the electrolysis potential (Fig-
ure 4a). The dependence of the anode peak current on the electrolysis potential passes through the maximum.
The anode peaks decrease when the potential is shifted to the negative region, which is most likely due to the
release of hydrogen that prevents the formation of the complex on the electrode surface. Therefore, the po-
tential of —1.6 V was chosen as optimal for concentrating methionine at the modified electrode. As can be
seen from Figure 4b, after accumulation for more than 300 s, the signal intensity changes slightly, which
may be conditioned by the complete filling of the electrode surface with a monolayer of the deposited methi-
onine. Therefore, during subsequent studies, the accumulation was carried out no more than 180 s.
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Figure 4. Dependence of the methionine electrooxidation current on the accumulation potential
at the modified electrode (t = 120 s, W = 80 mV/s, C = 5x10® mol/dm?3) (a) and the dependence of the methionine elec-
trooxidation current on the accumulation time (E¢ = 1.6 V, W = 80 mV/s, C = 2x10® mol/dm?) (b)

Despite the fact that the participation of adsorption during electrooxidation of methionine at the elec-
trode has been established, it can be concluded that the mentioned factor does not prevent quantitative as-
sessment in the specified concentration range. The dependence of current on concentration is linear in the
range of (1-50)x10~" and obeys the equation:

I =0.024C + 0.003 (Ea=-1.6 V, t =150 s, W = 80 mV/s). (3)

The effect of other amino acids on the results of the determination of methionine was studied. The ulti-
mate transferable concentration was defined as the maximum concentration of a hindrance substance, caus-
ing an error in the determination of amino acids of no more than 5 % [19, 20]. The 10-fold excess of ascorbic
acid, tryptophan, histidine, glycine, arginine, cysteine and tyrosine does not have a noticeable distorting ef-
fect on the procedure for methionine determination.

Some metrological characteristics of the procedure for tryptophan and 5-hydroxytryptophan determina-
tion

According to ISR 61-2010, the indices of repeatability, intermediate precision, and accuracy were cal-
culated (Table 1).

Table 1

Metrological characteristics of the procedure for methionine determination (p =0.95, n =2, | = 15)

Concentrationx107~7, Repeatability index, | Intermediate precision index, | Accuracy index (relative accura-
mol/dm? or, % ORI, % cy limits at P = 0.95), +A, %
1 13.9 15.2 29.0
10 13.3 14.7 28.4
20 12.9 14.3 27.3
30 12.5 13.9 26.9
40 12.0 13.5 25.5
50 11.7 13.3 25.4
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Based on the obtained metrological characteristics of the developed procedure for methionine determi-
nation, it is possible to conclude that the accuracy index does not exceed 29 %, the repeatability and inter-
mediate precision indices do not exceed 14 % and 16 %, respectively.

The modified electrode makes it possible to obtain stable analytical signals for at least 25 cycles (blank
experiment, analyzed assay, spiked sample). Further, the electrode sensitivity decreases and the electrode
surface renewal is required. The electrode surface is cleansed by electrolysis for 300 s with a potential of
—0.5 V. Then a new film of vitamin B2 is applied to the surface by cyclic potential scanning.

Conclusions

One proton and one electron take part in the process of oxidation of methionine complex with cobala-
min. During oxidation, methionine takes one proton and one electron. In the process of cathodic polarization,
cobalt(l11) in cobalamin is reduced to cobalt(ll) to which a partially negatively-charged sulfur atom in the
methionine molecule is attached due to electrostatic interactions. In case of anodic polarization, cobalt(ll) in
the complex is oxidized to Co(lll), the methyl group is transferred from methionine to cobalamin, while ho-
mocysteine passes into solution. The process is controlled by adsorption. The following optimal conditions
for methionine determination have been selected: the background electrolyte is the tartrate buffer solution
with pH = 4.01; the electrolysis potential is 1.6 V; the accumulation time is up to 180 s. A number of metro-
logical indices have been established for the procedure of methionine determination: accuracy. repeatability
and intermediate precision indices. The range of detectable contents was (1-50)x10~7; the detection limit was
5.0x108 M.
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B.B. lllenkoBuukoB, A.M. AnteieB, M.C. ®psiHoBa

B12 1opyMeHi MeH KONKa0bIPFraJibl KOMIPTEKTi HAHOTYTIKIIeJIepMeH
MOAU(PUKANUSITIAHFAH JIEKTPOATA METHOHUHHIH 3JIEKTP TOTBHIFYbIH 3€pTTEY

XKympicta Bi2 BHTaMHHIMEH >koHE KONKAOBIPFalbl KOMIPTEKTi HAHOTYTIKTEpMEH MOIU(UKanWsUIaHFaH
JJIEKTPOATAFBl METHOHHHHIH JJIEKTPOXUMHUSIBIK TOpTiOi 3eprrenreH. MoandukanysuiaHFaH 3JIeKTpOATa
OoJIaTBIH  TOTBIFY-TOTBIKCHI3IaHy ~ IPOIECTEPiHIH  BIKTUMAl MEXaHW3Mi YCHIHBUIFaH.  DJIEKTPOATHI
KQJIBINTACTEIpy Ke3iHae Bi2 mopymeni amcopOumsi eceOiHeH KONKAaOAaTTHI KOMIPTEKTI HAHOTYTIKIIETIEpMEH
MOIU(UKAISIIAaHFaH KeMipTeri 0ap >JeKTpoATHIH OeriHe OekiTtineni. KaToarer monmspuzamus kesiHge
kobamamuHAeri ko6anpT (I1I) xobanet (1) meitiH a3asapl, OFaH DJEKTPOCTATHKAIBIK ©3apa OPEKETTecysep
ece0iHeH METHOHUH MOJICKYJIACHIHIAFHI KapThUIail Tepic 3apsATaifaH KYKIPT aTOMBI KOCBUIAZBl. AHOATHI
nojspusauus kesinge kemengeri kobamst (1) Co%* nmellin TOTHIFa[bl, METHOHMHHEH METHJI TOOBI
KoOalaMHHTe ayblcaabl, OYI peTTe TOMOLMCTEHH EpPITIHAIre OTell, AFHU OyJl KOMOMHAIMSIBIK INAIIBIPAy
CIIEKTpJIepiMEH JaJieNieHreH. TOK TeH IOTeHIMANIBIH jKalMalay S>KbUIIaMBIFbIHA TIYCNIUIriH 3epTTey
HETI3iH/e TOTHIFY MPOIeci KAUTBIMChI3 eKeHIIr aHbIKTaIAbL. [llekTey caThichl ancopOIust OO TaObLIAIbI,
aJ1 Oip MPOTOH MeH 0ip MEKTPOH IEKTPOXUMHUSUIBIK CAThIFA KaThICAIbl. AHATUTHKAIBIK CUTHAIIBI TIpKEYIiH
KeJieci OHTAWNBl MIapTTapbl TaHJAIABL: (OHIBIK DJICKTPOJIHUT-TapTparThK Oydepmik epitinmi pH =4.01;
anekTponu3 noteHimansl — 1.6 B; xunHakray yakeitel — 180 ¢ geitin. MeTHOHMHII aHBIKTAy OAICIHIH
METPOJIOTHSUIIBIK CHITaTTaMajlapblHa Oaramnay xyprisingi. Jonmik kepcerkinn 29 %-man acmaiinel. Kalitanany
JKOHE apalbIK JOIAIK KepceTkimTepi colikeciHme 14% sxome 16% Kypaasl. AHBIKTaTFaH KypamAapabIH
nuanasonsl  (1-50)x107; aHBIKTay IIeri — 5.0x10°8 M. ACKOpPOWH KBIIIKBUIBIHBIH, TPHUNTO()AaHHbIH,
TJIMIMHHIH, IMCTCHHHIH XKoHE THPO3MHHIH 10 ece apThiK 00Jybl METHOHHH/I aHBIKTAY 9JIICIHE alTapJIbIKTail
OypMaayIibl 9cep eTIEeHTIHI KOpPCeTireH.

Kinm ce3dep: MeTHOHHMH, MOAW(UKAIMSIAHFAH JJIEKTPOA, Bi2 BUTaMMHI, 37IEKTp TOTBIFY, KOOalaMuH,
JNIEKTPOH, MPOTOH, HHBEPCHSIBI BOJIbTAMIIEpPMETPIIEY, KOTIKAObIPFaIbl KOMIPTEKTi HAHOTYTIKTep.

B.B. lllenkoBaukoB, A.M. AnteieB, M.C. ®psiHoBa

H3yuyenue npouecca 31eKTPOOKHCICHUA METHOHUHA HA MOAU(PUIMPOBAHHOM
BHTAMUHOM B12 1 MHOTOCTEHHBIMH YIJICPOAHBIMH HAHOTPYOKAMM 3JIeKTPOIe

B cTaThe H3y4eHO ANEKTPOXHUMHYECKOE MOBEACHUE METHOHHHA Ha 3JIEKTPO/Ie, MOTH(DHUIPOBAHHOM BUTAMH-
HOM B12 1 MHOTOCTEHHBIMH YTI€pOIHBIMU HAaHOTpyOKamH. IIpesyioxkeH BO3MOKHBIH MEXaHU3M OKHCIIUTEINb-
HO-BOCCTaHOBHTENBHBIX IPOILIECCOB, MPOTEKAIONINX HAa MOAU(UIMPOBAaHHOM 3MekTpose. I1pu hopmupoBanun
anekTpoaa BUTaMUH B12 3akperuisiercs Ha MOBEPXHOCTH YINIEPOJCOJEPIKAILErO IEKTPOAa MOAUPUIMPO-
BaHHOTO MHOTOCTEHHBIMH YTJIEPOAHBIMHM HaHOTPYOKaMu 3a cueT aacopOumu. [Ipu xaTtoaHOW monspu3anuu
ko6ansT (I11) B koGanamune BoccranapuBaercs 10 kobanbra (11), Ha KOTOpPBIi, 38 CYET AMEKTPOCTATHIECKUX
B3aMMOJCHCTBHH, IPUCOSTUHACTCS] YaCTUYHO OTPHULATENBHO 3apSDKEHHBIH aTOM Cepbl B MOJICKYJIe METHOHH-
na. [pu anonHo#t monspusanun ko6ast (11) B kommekce okucisiercs no Co%*, MeTnbHAs TPyTTa ¢ METHO-
HHMHA [IEPEHOCUTCS Ha KOOAlaMKH, IPH 3TOM B PAaCTBOP MEPEXOAUT FOMOLMCTEHH, YTO JOKAa3aHO CIEKTPaMU
KOMOMHAIMOHHOTO paccesiHust. Ha OCHOBaHMH M3y4YeHHs 3aBUCHMOCTH TOKa M MOTEHIMAa OT CKOPOCTH pas-
BEPTKH OBUIO YCTaHOBJIEHO, YTO MPOLECC OKHCIEHHUs HeoOpaTtuM. JIMMHUTHpYOIEeH cTaaueil sBisercs aj-
copOuusi, a B MEKTPOXUMHUYECKOI CTaJiM y4acTBYIOT OAMH IPOTOH M OJUH AJIEKTPOH. BbUIM 1mogo0paHb
CJIYIOIINE ONTHMAIIBHBIC YCIOBHS PETUCTPAIMU aHATUTHYECKOTO CHIHANA: ()OHOBBIH NEKTPOIUT — TapT-
patHblii Oydepnsiii pactBop pH = 4,01; motenuuan siekrpoinza — 1,6 B; Bpems Hakorenus — mo 180 c.
[IpoBeneHa OIEHKa METPOJIOTMUECKHX XapaKTEPUCTHK METOIMKU OIpeneieHHs MeTHOHuHA. [lokasaTens
ToyHOCTH He TpeBbiman 29 %. [TokazaTenn MOBTOPSAEMOCTH M MPOMEXKYTOUHOH NMPEIM3NOHHOCTH HE TIPEBBI-
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mwami 14 u 16 % cooTBeTcTBEHHO. J[Mana3oH onpeaeiseMblx coaepxanuii coctapua (1-50)x1077; mpenen
o6uapyxkenus — 5,0x108 M. Tlokazano, uto 10-KpaTHBIH H3OBITOK aCKOPOMHOBOW KHMCJIOTHI, TPUNTO(AHA,
IJIMIMHA, IUCTEMHA U TUPO3HHA HE OKA3bIBAET 3aMETHOTO MCKAKAIOIIETO BIMSHUS HAa METOAUKY OIpeere-
HUS METHOHUHA.

Kniouesvie crosa: MeTHOHUH, MOTU(DHUIIUPOBAHHBII JIEKTPOJI, BATAMUH B12, SJIEKTPOOKHUCIICHHE, KOOATaMUH,
3JIEKTPOH, IPOTOH, HHBEPCHOHHAS BOJBTAMIIEPOMETPHS, MHOTOCTEHHBIC YIIIEPOIHBIC HAHOTPYOKH.
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