
www.elsevier.com/locate/bioelechem

Bioelectrochemistry 61 (2003) 39–49
Investigation of electrochemical properties of FMN and FAD adsorbed

on titanium electrode

R. Garjonytea,*, A. Malinauskasa, L. Gortonb

a Institute of Chemistry, Gostauto 9, LT-2600 Vilnius, Lithuania
bDepartment of Analytical Chemistry, University of Lund, P.O. Box 124, S-22100 Lund, Sweden
Received 14 April 2003; received in revised form 10 June 2003; accepted 14 June 2003
Abstract

The electrochemical properties (such as the values of the formal potentials, the dependence of the formal potentials on solution pH, the

reversibility of the electrochemical process) of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) adsorbed on a titanium

electrode were dependent on the electrolyte. The formal potentials of adsorbed FMN and FAD in phosphate, HEPES and PIPES buffers at pH

7 were similar to those for dissolved flavins (� 460 to � 480 mV vs. SCE) and changed linearly with a slope of about 52 mV per pH unit in

the pH region 3 to 8. In TRIS buffer, the formal potentials of adsorbed FMN and FAD were also pH-dependent, however, with invariance in

the pH range 4.5 to 5.5. In non-buffered solutions (KCl, LiCl, NaCl, CsCl, CaCl2, Na2SO4 at different concentrations), the electrochemical

behavior of adsorbed FMN and FAD differed from that of dissolved flavins and was dependent on the electrolyte (especially at pH 4.5 and

pH 5). Under certain conditions (electrolyte, concentration, pH), a two-step oxidation of FMN could be observed.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Flavins such as flavin adenine dinucleotide (FAD) and

flavin mononucleotide (FMN) are coenzymes for many

oxidoreductases and are known to undergo reversible redox

conversions in biochemical reactions. The common electro-

active moiety of FMN, FAD and related compounds, e.g.,

riboflavin (RF), (the structures are shown in Fig. 1) is the

isoalloxazine group that can exist in three forms: the fully

oxidized quinone form, the radical semiquinone (after the

first electron transfer) and the fully reduced hydroquinone

form (after the second electron transfer). Depending on the

solution pH, each of these species can exist in either neutral

or ionic forms [1,2]. The redox potentials of dissolved flavins

are rather low (about � 460 mV vs. SCE at pH 7 for both

FMN and FAD) and depend on solution pH. Both in acidic

and basic solutions, the values of the formal potentials (EjV)
shift with a slope of 58 mV per pH unit. In neutral and weak

basic media, the slope is 29 mV per pH unit [1,2]. The
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importance of the redox chemistry of flavin molecules in

biological systems has led to the investigation of the prop-

erties of electrodes with adsorbed flavins as possible tools for

bioanalytical purposes. For FAD adsorbed on graphite [3] or

mercury electrode [4,5] the values of the EjV and the

dependence of the EjVon solution pH followed that observed

for dissolved flavins. For RF adsorbed on highly orientated

pyrolytic graphite, the EjVchanged with solution pH with a

slope of 62 mV per pH unit at pH < 8.5 or 28 mV at pH>8.5

[6]. The electrochemical behavior of RF, FMN and FAD

adsorbed onto silica gel modified with zirconium oxide and

admixed to carbon paste was also similar to that in the

solution with an exception in the case of RF when certain

invariance of EjVwas observed in the pH range 4 to 5 [7].

Investigation of the electrochemistry of FMN and FAD

adsorbed on carbon fiber electrode modified with titanium

dioxide obtained by titanium tetrachloride hydrolysis [8]

revealed little change of the EjVof FMN and FAD in a pH

range between 4 and 8. Besides, the EjVvalues of FMN and

FAD were, respectively, � 245 and � 250 mV vs. SCE at

pH 7, i.e., about 200 mV more positive than those obtained

for FMN and FAD dissolved in aqueous solution or when

adsorbed on graphite or mercury. Similar shifts of the EjVs to



Fig. 1. Structures of RF, FMN and FAD.
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more positive values and independence on solution pH were

also observed for RF adsorbed on electrodes modified with

zirconium phosphate [9,10] and titanium phosphate [11].

However, according to the results of the research on the

electrochemical behavior of FMN and FAD adsorbed on

textured titanium dioxide layer that was formed onto con-

ductive glass by thermolysis of titanium ethoxide solutions

[12], the EjVwere found to be about � 410 mVat pH 6.1, i.

e, without a shift to more positive values (a detailed study of

the dependence of the EjVs on the solution pH was not

presented). Thus, the mode of preparation of titanium diox-

ide-modified electrodes had influenced the electrochemical

properties of adsorbed flavins.

The aim of this work was to investigate the electrochem-

ical behavior of FMN, FAD and RF adsorbed onto a titanium

electrode. Among numerous reports on adsorption on titani-

um, there are practically no electrochemical studies. This can

be explained by passivation of the titanium surface with a

dense layer of titanium dioxide formed spontaneously in the

air or developed by anodization of titanium. Besides, titani-

um dioxide is known to be a semiconductor with the flat

band potential of about 0 V (vs. NHE) at pH 0 and a shift of

about � 60 mV for each pH unit increase [13]. Cyclic

voltammetry studies of the redox couples (with standard

potentials more positive than the flat band potential) at

titanium dioxide-modified electrodes showed only reductive

currents [13]. The EjVvalues of FMN and FAD are close to

the flat band potential of titanium dioxide, thus, the electro-

chemical reduction and oxidation of flavins adsorbed on
titanium dioxide modified electrodes was possible [12]. The

research was carried out using different surfaces, such as

titanium covered with electrochemically grown and addi-

tionally electrochemically treated layer of titanium dioxide,

titanium with etched surface (in order to remove titanium

dioxide) and titanium treated with hydrogen peroxide to

modify the oxide film and to produce titanium peroxy-gel

[14–18]. FMN and FAD were expected to immobilize on the

surface of Ti electrode by adsorption through phosphate

group (due to electrostatic interaction between negatively

charged phosphate and titanium oxide that was supposed to

be positively charged at pH 4, i. e., below the isoelectric

point of crystalline or colloidal titanium dioxide that was

found to be from pH 4.6 to pH 6.4 depending on surface

pretreatment [19–23]).
2. Experimental

FMN, FAD and RF were obtained from Sigma (St. Louis,

MO, USA). All other chemicals were of analytical grade.

The supporting electrolytes were 0.1 M HEPES (2-[4-(2-

hydroxyethyl)-piperazine 1-yl] ethane sulfonic acid), ICN

Biomedicals, Costa Mesa, CA, USA), 0.05 M PIPES (2-[4-

2-sulfoethyl)-piperazin-1-yl] ethane sulfonic acid), Sigma),

0.1 M TRIS (tris(hydroxymethyl)aminomethane hydrochlo-

ride, ICN Biomedicals), 0.1 M phosphate (KH2PO4, Merck,

Darmstadt, Germany) buffers with or without KCl (Merck),

Na2SO4 (Merck) and KCl, Na2SO4, LiCl (Merck), NaCl
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(Merck), CsCl (BDH Chemicals, Poole, UK), CaCl2 (Merck)

solutions of various concentrations (as indicated). The pH of

the solutions was adjusted by addition of either HCl or

NaOH. All solutions were prepared using water purified by

a Milli-Q system (Millipore, Bedford, MA, USA). The

solutions were deoxygenated with Ar before use.

The Ti electrode (Russia) was polished on fine emery

paper and sonicated for 2 min to remove the dust. The

titanium dioxide layer was further removed by etching the

electrode for 30 s in a mixture of 0.5 M H2SO4 and 0.2

mg/ml NaF.

In order to obtain a TiO2 layer of different thickness, the

Ti electrode was anodized in 0.5 M H2SO4, 0.5 M Na2SO4,

0.1 M, 1 M or 2 M NaOH, either galvanostatically by

applying various currents (1, 2, 20, 200 mA), potentiostati-

cally by applying various potentials (1000, 1500, 2500 mV)

or potentiodynamically by sweeping the potential from

� 1200 to 1500 or 2500 mV at different potential scan rates

(5, 10 mV/s). Further electrochemical treatment involved

cycling in the potential region between � 1500 mV (or

� 1000 mV) and 0 mV at a scan rate 50 mV/s in various

electrolytes (0.1 M KOH, 0.1 M KCl, 0.1 M HCl) until

constant voltammograms were obtained. For the experiments

with hydrogen peroxide-treated titanium electrode, the elec-

trode was polished on emery paper, sonicated for 2 min,

etched in a mixture of H2SO4 and NaF, washed with water

and immersed into 10% H2O2 for 14 h at room temperature.

For immobilization of FMN, FAD or RF, the pretreated Ti

electrode was carefully washed with water and immediately

immersed into a solution of FMN (1 mg/ml), FAD (1 mg/ml)

or RF (saturated solution obtained from 1 mg in 1 ml) in

HEPES at pH 4.

Electrochemical measurements were carried out using a

three-electrode electrochemical cell. The titanium rod (di-

ameter 6 mm) was fitted into a Teflon tube leaving the flat

front surface in contact with the solution. The modified

titanium electrode was used as the working electrode, a

platinum electrode as the counter electrode and a saturated

calomel electrode (SCE) as the reference electrode. All

potential values are referred to this electrode. An electro-

chemical analyzer (BAS 100W, Bioanalytical Systems, West

Lafayette, IN) was used connected to a PC computer for

potential control and data acquisition.
Fig. 2. Cyclic voltammograms of a non-modified Ti electrode (dotted line),

a Ti electrode with adsorbed FMN (solid line) and FAD (dashed line) in 0.1

M HEPES buffer at pH 3. Potential scan rate: 50 mV/s.
3. Results and discussion

3.1. Ti electrode with electrochemically grown titanium

dioxide

Any attempt to observe the electrochemistry of the flavins

adsorbed on the Ti electrode covered with an air-formed or

anodically grown titanium dioxide failed totally. Despite the

different conditions of anodization (electrolyte, galvano-

static, potentiostatic or potentiodynamic mode of anodiza-

tion, potential sweep rate, limiting potential) performed in
order to obtain the titanium dioxide layer with different

properties [24] and subsequent additional electrochemical

treatment by cycling in the cathodical potential region

supposed to change the electrochemical behavior of the

passive electrode [25,26], no electrochemistry of any of the

flavins could be traced.

3.2. Ti electrode with etched surface

3.2.1. Electrochemical behavior of adsorbed FMN and FAD

in buffered solutions

The surface of Ti is very active after the removal of the

oxide layer and can be oxidized again both by oxygen and

water [27]. When the etched electrode was cycled (immedi-

ately after the removal of the oxide) in 0.1 M HEPES at

various pH, 0.1 M KCl or 0.1 M HCl in the potential region

� 800 to 0 mV, oxidative currents attributed to titanium

dissolution and formation of an oxide layer [28,29] appeared

in the potential region � 700 to � 500 mV (depending on

the electrolyte). The currents decreased with each subsequent

scan. If the electrode was cycled in solutions at pH < 5, the

development of a new broad anodic peak in the potential

region � 800 to � 600 mV was observed. The position of

this peak was pH-dependent and was shifted to more

negative values with increasing pH. If the electrode was

cycled in a solution at pH>5 in the potential region � 800 to

0 mV this peak was not observed, however, it appeared when

the electrode was transferred to a more acidic solution.

Constant voltammograms were obtained after 10 to 12

potential scans. Fig. 2 (dotted line) shows the 10th scan

registered in 0.1 M HEPES buffer at pH 3. According to

previous investigations of the electrochemical properties of

Ti, the possible reactions in this potential region are: (1)

oxidation of adsorbed hydrogen, (2) oxidation of non-stoi-

chiometric titanium oxide species [30–32].



Fig. 3. Dependences of anodic and cathodic peak currents of FMN (solid

lines) and FAD (dashed lines) adsorbed on a Ti electrode on potential scan

rate.
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The first potential cycles of Ti that has been immersed

into HEPES buffer (without or with flavin) for 20 min

differed from those of the Ti electrode described above. No

oxidative currents were registered in the potential region

� 700 to � 500 mV during the first scan in 0.1 M HEPES,

0.1 M phosphate or 0.1 M KCl at various pH values.

Constant voltammograms with a broad anodic peak in the

potential region � 800 to � 600 mV at pH 3 were achieved

after three scans.

Constant peak currents in the voltammograms related to

the electrochemistry of FMN and FAD were obtained after

keeping the electrodes in the solutions of FMN and FAD for

15 min. Fig. 2 shows cyclic voltammograms of the Ti

electrode with adsorbed FMN (solid line) and FAD (dashed

line) in 0.1 M HEPES buffer at pH 3. In both cases the EjV
values (EjV=(Epa +Epc)/2, where Epa and Epc are the anodic

and cathodic peak potentials, respectively) were about� 240

mV. For RF, cyclic voltammograms with small peaks at

similar peak potential values (not shown) were recorded

when the electrode has been kept in RF solution for 2 h. The

peak currents decreased with each subsequent cycle indicat-

ing very low stability of the RF-modified titanium electrode,

thus confirming that phosphate moiety in the flavin was

essential to obtain flavin immobilization on the titanium

surface.

The stability of electrodes with adsorbed FMN or FAD

was dependent on the pH of the solution. After keeping the

electrode in a solution at pH 3 for 1 h, 30% to 40% of the

peak current related to flavin electrochemistry was lost. If the

electrode was kept in a solution at pH 8, the loss of electro-

activity was much faster (85–90% after 1 h). Repetitive

adsorption resulted in smaller currents, especially when the

electrode was kept in phosphate buffer. Cyclic voltammo-

grams were reproducible in terms of peak positions (the

differences in the values of the EjVof repeated measurements

did not exceed 5 mV), but not in peak height. Since it is not

possible to avoid the contact with air, the air-formed Ti

dioxide probably contributed to the loss of electroactivity. In

the case of phosphate buffer, phosphate from solution

probably competed for adsorption on the surface since it

has been determined that phosphate adsorbed specifically on

colloidal [33] or nanocrystalline [34] titanium dioxide.

Compared with the stability of modified graphite [3] or

mercury [4,5] electrodes onto which flavins were supposed

to adsorb through the isoalloxazine ring and to that obtained

when flavins were immobilized onto carbon fibers pretreated

with titanium tetrachloride [8], the stability of the Ti elec-

trode with immobilized FMN and FAD was significantly

lower. The electrodes could be used for measurements only

for about 2 days (after periodical immersion into a flavin

solution in order to restore the lost amount of FMN and

FAD).

The dependences of the peak currents on the potential

scan rate were investigated in 0.1 M HEPES buffer at pH 3.

Both for FMN and FAD, both anodic peak (ipa) and cathodic

(ipc) currents depended on the scan rate (10 to 200 mV/s)
linearly (Fig. 3, solid and dashed lines for adsorbed FMN

and FAD, respectively) as expected for electroactive species

immobilized onto the electrode surface. The increase in peak

separation (DEp) with scan rate was in both cases similar:

from about 30 to 130 mV for scan rates 10 and 200 mV/s,

respectively, indicating lower reversibility of the electro-

chemical processes with increasing scan rate. (The variation

of the peak current at about � 700 mV with both scan rate

and square root of scan rate was, however, not linear

indicating a complex behavior of the electrochemistry of

titanium oxide.)

According to the theory, for the ideal case the peak width

at half height (Efwhm) should be 90.6/n [35], where n is the

number of electrons participating in the reaction. For FMN

and FAD adsorbed onto titanium, the values of Efwhm

depended both on buffer composition and solution pH and

were significantly higher (125 to 250 mV) than the theoret-

ical values for one- or two-electron processes. The highest

values (200 to 250 mV) were observed for FMN-modified

electrode in TRIS buffer at pH 4 to 6.

The dependence of the EjVvalues of adsorbed FMN and

FAD on buffer pH is shown in Fig. 4a and b, respectively.

The values of the EjV of FMN and FAD in phosphate,

HEPES and PIPES buffers differed 10 to 20 mVand changed

with a slope of about 52 mV per pH unit. (For FAD, the

dependence of the EjVon solution pH in phosphate buffer is

shown from pH 3 to 6 (Fig. 4b, dotted line) since the peaks in

cyclic voltammograms at higher pH were poorly defined and

the evaluation of the EjVwas not possible.) The effect of pH
on the EjV of the adsorbed flavins was similar to that

observed for these species in aqueous solution.

Both for adsorbed FMN and FAD, the dependences of the

EjV on pH in TRIS buffer were not linear with certain

invariance of the EjV in the pH region 4.5 to 5.5 (Fig. 4a,

solid line and Fig. 4b, solid line, for FMN and FAD,

respectively). Similar exception (an invariance of the EjV



Fig. 4. (a) Dependence of the EjVof FMN adsorbed on a Ti electrode on

solution pH in 0.1 M phosphate buffer (dotted line), 0.05 M PIPES (long-

dashed line), 0.1 M HEPES (short-dashed line) and 0.1 M TRIS (solid line).

(b) Dependence of the EjVof FAD adsorbed on a Ti electrode on solution

pH in 0.1 M phosphate buffer (dotted line), 0.05 M PIPES (long-dashed

line), 0.1 M HEPES (short-dashed line) and 0.1 M TRIS (solid line).

Fig. 5. (a) Dependence of the EjVof FMN adsorbed on a Ti electrode on

solution pH in 0.1 M phosphate buffer + 0.1 KCl (dotted line), 0.05 M

PIPES+ 0.1 M KCl (long-dashed line), 0.1 M HEPES+ 0.1 M KCl (short-

dashed line) and 0.1 M TRIS + 0.1 M KCl (solid line). (b) Dependence of

the EjV of FAD adsorbed on a Ti electrode on solution pH in 0.1 M

phosphate buffer + 0.1 M KCl (dotted line), 0.05 M PIPES+ 0.1 M KCl

(long-dashed line), 0.1 M HEPES+ 0.1 M KCl (short-dashed line) and 0.1

M TRIS + 0.1 M KCl (solid line).
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values also only in TRIS buffer at pH between 4 and 5) in the

electrochemical properties of carbon paste electrodes con-

taining FMN, FAD and RF adsorbed onto silica gel modified

with zirconium oxide was observed only for RF-containing

electrodes [7]. This was explained by immobilization of RF

onto silica gel–zirconium oxide matrix through the isoal-

loxazine ring. In the case of Ti electrode, stable immobili-

zation of RF through the isoalloxazine ring was not obtained,

however, similar invariance of the EjV of both adsorbed

FMN and FAD was observed. Probably some interaction of

zirconium and titanium oxides with TRIS (different from that

with phosphate, HEPES or PIPES) should not be excluded.

Addition of KCl to phosphate buffer had little effect on

the EjVvalues of adsorbed FMN and FAD (Fig. 5a, dotted

line and Fig. 5b, dotted line, for FMN and FAD, respective-

ly). For PIPES (Fig. 5a, long-dashed line and Fig. 5b, long-

dashed line for FMN and FAD, respectively) and HEPES

(Fig. 5a, short-dashed line and Fig. 5b, short-dashed line, for

FMN and FAD, respectively), addition of KCl resulted in a

shift of the EjVof 10 to 20 mV to more positive values. The
dependence of the EjV on pH remained the same (with a

slope of 52 mV). In TRIS, a shift of the EjV(about 40 mV) to

more positive values was observed only at pH 4 to 5 for

FMN and at pH 4.5 (about 70 mV) for FAD. The dependence

of the EjVon pH in TRIS changed with the addition of 0.1 M

KCl but still was not linear (Fig. 5a, solid line and Fig. 5b,

solid line, for FMN and FAD, respectively).

Although the EjVvalues of adsorbed FMN and FAD in

HEPES, phosphate and PIPES buffers were similar, cyclic

voltammograms in HEPES remarkably differed from those

recorded in phosphate or PIPES in terms of the shifts of Epa

and Epc values with increasing buffer pH. In HEPES buffer,

two regions of pH could be observed, i.e., pH < 5 and pH>5

(Fig. 6, full symbols). In the pH region 3 to 4.5, the Epa (Fig.

6a, full triangles down) of adsorbed FMN decreased from

about � 200 to � 265 mV (a shift of 65 mV) whereas the

shift of the Epc (Fig. 6a, full triangles up) from about � 275

to � 395 mV was significantly higher (120 mV). At pH 5,

both Epa and Epc were sharply shifted: Epa to more positive



Fig. 6. (a) Dependence of the anodic (full triangles up) and cathodic peak

potentials (full triangles down) of cyclic voltammograms of a Ti electrode

with adsorbed FMN in 0.1 HEPES and anodic peak potentials (blank

triangles up) and cathodic peak potentials (blank triangles down) in 0.1 M

HEPES+ 0.1 M KCl on solution pH. (b) Dependence of the anodic (full

triangles up) and cathodic peak potentials (full triangles down) of cyclic

voltammograms of a Ti electrode with adsorbed FAD in 0.1 HEPES and

anodic peak potentials (blank triangles up) and cathodic peak potentials

(blank triangles down) in 0.1 M HEPES+ 0.1 M KCl on solution pH.

Fig. 7. (a) Cyclic voltammograms of a Ti electrode with adsorbed FMN in

0.1 M HEPES (solid line) and 0.1 M HEPES+ 0.1 M KCl (dashed line) at

pH 5. Potential scan rate: 50 mV/s. (b) Cyclic voltammograms of a Ti

electrode with adsorbed FAD in 0.1 M HEPES (solid line) and 0.1 M

HEPES+ 0.1 M KCl (dashed line) at pH 5. Potential scan rate: 50 mV/s.
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value of about � 140 mVand Epc to more negative value of

� 580 mV. In the pH region 5 to 7, Epa decreased from� 140

to � 390 mV (a shift of 150 mV) while the Epc increased

from � 580 to � 540 mV with a lower shift (about 40 mV).

For adsorbed FAD, the dependences of the Epa (Fig. 6b,

full triangles up) and Epc (Fig. 6b, full triangles down) on

pH of HEPES buffer were very similar. The absolute values

of the shifts of the Epa also were lower compared with those

of the Epc at pH 3 to 5 and higher at pH 5 to 7 probably

reflecting different interactions of the oxidized and reduced

forms of FMN and FAD with the electrode surface (prob-

ably positively charged at pH < 5 and negatively charged at

pH>5). After addition of 0.1 M KCl (or 0.5 M KCl or 0.1 M

Na2SO4), the shifts of both the Epa (Fig. 6, blank triangles

up) and Epc (Fig. 6, blank triangles down) with pH became

similar and did not differ from those in phosphate or PIPES

(both with and without KCl).
Addition of KCl to HEPES buffer had a large effect on

the reversibility of the redox processes of the adsorbed FMN

and FAD in HEPES. At pH 5, the dependences of DEp on

pH of HEPES buffer had maximum values (about 440 mV

for FMN and about 280 mV for FAD). After addition of 0.1

M KCl, the DEp decreased indicating that the reversibility

was significantly improved. The dependence of the DEp on

pH became almost linear with the increase from 50 mV at

pH 3 to 115 mVat pH 8 and was similar to those obtained in

phosphate and PIPES buffers (with and without 0.1 M KCl).

If the electrodes were transferred back to HEPES buffer

without any additional electrolyte again poor reversibility at

pH 5 was obtained.

In TRIS (both with and without KCl), the dependence of

the DEp on solution pH was not linear, the lowest revers-

ibility being at pH 4.5 to 5.5 (DEp about 200 mV).

By comparing the cyclic voltammograms in the potential

region of � 800 to � 600 mV, it could be seen that the

current related to the electrochemistry of titanium oxide was

higher after addition of KCl to HEPES buffer (Fig. 7, dashed

lines) compared to those in HEPES (Fig. 7, solid lines). In



Fig. 8. (a) Cyclic voltammograms of a Ti electrode with adsorbed FMN

(solid line) and FAD (dashed line) in 0.1 M KCl at pH 4. Potential scan rate:

50 mV/s. b: Cyclic voltammograms of a Ti electrode with adsorbed FMN

(solid line) and FAD (dashed line) in 0.1 M Na2SO4 at pH 4. Potential scan

rate: 50 mV/s.
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TRIS at pH 4.5 to 5.5 where the invariance of the EjVwas
observed, the currents related to electrochemistry of titanium

oxide were also suppressed (compared to those recorded in

phosphate or PIPES buffers) probably confirming some

difference in the interaction of surface oxide with TRIS

and/or adsorbed FMN and FAD. After addition of 0.1 M

KCl to TRIS, the currents in the potential region � 800 to

� 600 mV were not developed, contrary to HEPES with

KCl.

These buffer composition-dependent electrochemical

properties of adsorbed FMN and FAD probably were related

to different adsorption of the ions from the electrolyte on the

electrode surface. It has been determined that phosphate

adsorbed strongly [33,34], chlorides were also detected on

the titanium dioxide surface [20] whereas no adsorption of

HEPES was observed [36]. Any literature data concerning

adsorption of PIPES and TRIS on titanium dioxide could not

be found.

3.2.2. Electrochemical behavior of adsorbed FMN and FAD

in non-buffered solutions

In non-buffered solutions of various concentrations, cy-

clic voltammetry revealed some differences in the electro-

chemical properties of adsorbed FMN and FAD, especially

in pH region 4 to 6. Fig. 8a and b shows cyclic voltammo-

grams recorded for FMN- (solid lines) and FAD- (dashed

lines) modified Ti electrodes in, respectively, 0.1 M KCl and

0.1 M Na2SO4 at pH 4. The value of the EjVof FMN in 0.1 M

KCl was about � 300 mV, i. e., shifted by 25 mV to more

negative potential compared to that of FAD (� 275 mV)

whereas in 0.1 M Na2SO4 at pH 4 the EjVfor both adsorbed

FMN and FAD were similar (about � 295 mV). The values

of Efwhm for FMN were higher (170 mV) compared to that of

FAD (115 mV). Besides, broad anodic peaks in the potential

region � 800 to � 600 mV were more developed for the

electrodes with adsorbed FAD compared to those of the

electrode with adsorbed FMN probably reflecting some

difference in the interaction between the electrode surface

with the species in the solution and/or the adsorbed flavin.

(Similar suppression of the currents in the potential region

� 800 to � 600 mV was also observed in buffered solutions

of 0.1 MHEPES and 0.1 M TRIS at pH 5; however, similarly

both for FMN- and FAD-modified electrodes).

With increasing pH, the differences in the electrochemical

behavior of adsorbed FMN and FAD became more obvious.

In 0.1 M KCl at pH 4.5, the EjVof FMN was shifted about

230 mV to more negative potential and varied little in the pH

region between 4.5 and 8 (Fig. 8a, solid line). If this was

connected only with a possible decrease of pH at the

electrode surface (since during the reduction of flavins

protons were consumed) one could expect that the shifts of

the EjVof adsorbed FMN or FAD in various non-buffered

solutions should be similar. However, sharp shifts to more

negative potential values and small variation of the EjV
values with solution pH in more concentrated KCl (Fig.

9a) and in solutions of Na2SO4 at various concentrations
(Fig. 9b) were observed mostly for adsorbed FMN. The pH

values of the shifts in more concentrated solutions were

different, i.e., pH 4 for 1 M KCl (Fig. 9a, dotted line) and pH

5 for 0.5 M Na2SO4 (Fig. 9b, dashed line). The EjVvalues in
Na2SO4 solution in the pH region 5 to 8 were about 70 mV

higher compared to those in KCl. For adsorbed FAD, the EjV
decreased almost linearly in the pH range 3 to 6.5 (Fig. 10)

except in the case of 0.5 M KCl (Fig. 10a, dashed line) when

at pH 4.5 the EjVwas sharply (about 220 mV) shifted to a

more negative value of about � 500 mV that practically did

not vary in the pH region 4.5 to 8.

There are breaks in the dependences of the EjV of

adsorbed FMN on solution pH in 0.5 M KCl (Fig. 9a, dashed

line) at pH 4.5, in 0.1 M Na2SO4 (Fig. 9b, solid line) at pH

4.5 and in 1 MNa2SO4 (Fig. 9b, dotted line) at pH 5 since the

cyclic voltammograms in 0.5 M KCl at pH 4.5 (Fig. 11a,

solid line), in 0.1 M Na2SO4 at pH 4.5 (Fig. 11a, dashed line)

and in 1 M Na2SO4 at pH 5 (Fig. 11a, dotted line) had two

poorly defined peaks at about� 420 and � 225 mV during

anodic scan, indicating a two-step course of FMN oxidation.

During the cathodic scan, two peaks were not resolved. For



Fig. 10. (a) Dependences of the EjVof FAD adsorbed on a Ti electrode on

solution pH in 0.1 M KCl (solid line), 0.5 M KCl (dashed line) and 1 M

KCl (dotted line). (b) Dependences of the EjVof FAD adsorbed on a Ti

electrode on solution pH in 0.1 M Na2SO4 (solid line), 0.5 M Na2SO4

(dashed line) and 1 M Na2SO4 (dotted line).

Fig. 9. (a) Dependences of the EjVof FMN adsorbed on a Ti electrode on

solution pH in 0.1 M KCl (solid line), 0.5 M KCl (dashed line) and 1 M

KCl (dotted line). (b) Dependences of the EjVof FMN adsorbed on a Ti

electrode on solution pH in 0.1 M Na2SO4 (solid line), 0.5 M Na2SO4

(dashed line) and 1 M Na2SO4 (dotted line).
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FAD, however, voltammograms recorded under the same

conditions (and in other non-buffered solutions as well) had

only one peak (Fig. 11b). Probably the orientation of the

isoalloxazine ring of adsorbed FMN was favourable for the

interaction with electrode surface in such a way that a

semiquinone form was stabilized whereas the orientation

of the isoalloxazine ring of adsorbed FAD was influenced by

adenine moiety. In the case of electrodes with adsorbed FMN

(Fig. 11a), the currents in the potential region � 800 to

� 600 mVwere suppressed at pH 4.5 in 0.5 M KCl (Fig. 11a,

solid line) and 0.1 M Na2SO4 (Fig. 11a, dashed line) while

for the electrodes with adsorbed FAD these currents were

registered probably reflecting different interaction of surface

oxide and immobilized flavin.

3.2.3. Effect of cation

In order to investigate the effect of cation of the electro-

lyte on the electrochemistry of the flavins in non-buffered

chloride solutions (especially at pH 4.5 and pH 5), the

experiments were also carried out in 0.1 and 0.5 M solutions

of lithium, sodium, cesium and calcium chloride.
In LiCl, the electrochemical behavior of both adsorbed

flavins was similar. At pH 4.5, the values of the EjVwere
sharply shifted to � 490 and � 450 mV for, respectively,

FMN and FAD in 0.1 M LiCl and to lower values of � 540

and � 520 mV for, respectively, FMN and FAD in 0.5 M

LiCl. In both cases the EjVvaried little in the pH region 4.5 to

8. The differences were observed in NaCl, CsCl and CaCl2.

A two-step course of FMN oxidation was recorded in 0.1 M

NaCl at pH 4.5 (Fig. 12a, solid line), in 0.1 M CsCl at pH 4.5

(Fig. 12a, long dashed line), in 0.5 M CsCl at pH 4.5 (Fig.

12a, medium dashed line) and in 0.5 M NaCl at pH 5 (Fig.

12a, short dashed line). In 0.1 M CaCl2 at pH 4.5 (Fig. 12a,

dotted line), the position of the cyclic voltammogram was

very similar although two peaks were not resolved. Voltam-

mograms of FAD-modified electrode recorded under the

same conditions (Fig. 12b) did not show a similar two-step

oxidation. In all these solutions the values of the EjVfor both
FMN and FAD varied little in the pH range 5 to 8 and were in

the potential region � 470 to � 500 mV.

Cyclic voltammograms with double peaks obtained in

various non-buffered electrolytes at different concentrations



Fig. 11. (a) Cyclic voltammograms of a Ti electrode with adsorbed FMN in

0.5 M KCl at pH 4.5 (solid line), 0.1 M Na2SO4 at pH 4.5 (dashed line) and

1 M Na2SO4 at pH 5 (dotted line). Potential scan rate: 50 mV/s. (b) Cyclic

voltammograms of a Ti electrode with adsorbed FAD in 0.5 M KCl at pH

4.5 (solid line), 0.1 M Na2SO4 at pH 4.5 (dashed line) and 1 M Na2SO4 at

pH 5 (dotted line). Potential scan rate: 50 mV/s.

Fig. 12. (a) Cyclic voltammograms of a Ti electrode with adsorbed FMN in

0.1 M NaCl at pH 4.5 (solid line), 0.1 M CsCl at pH 4.5 (long dashed line),

in 0.5 M CsCl at pH 4.5 (medium dashed line), in 0.5 M NaCl at pH 5

(short dashed line) and in 0.1 M CaCl2 at pH 4.5 (dotted line). Potential

scan rate: 50 mV/s. (b) Cyclic voltammograms of a Ti electrode with

adsorbed FAD in 0.1 M NaCl at pH 4.5 (solid line), 0.1 M CsCl at pH 4.5

(long dashed line), in 0.5 M CsCl at pH 4.5 (medium dashed line), in 0.5 M

NaCl at pH 5 (short dashed line) and in 0.1 M CaCl2 at pH 4.5 (dotted line).

Potential scan rate: 50 mV/s.
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and pH values were very similar, probably indicating that

under those conditions the electrode surface state was very

similar and favourable for the stabilization of the semioxi-

dized form of FMN. Probably those pH values (pH 4.5 for

0.5 M KCl, 0.1 M Na2SO4, 0.1 M NaCl, 0.1 M CsCl, 0.5 M

CsCl and pH 5 for 1 M Na2SO4, 0.5 M NaCl when double

peaks of adsorbed FMN in the cyclic voltammograms were

recorded) were very close to the isoelectric point of titanium

oxide where titanium oxide became deprotonated.

Investigation of adsorption of ions on crystalline titanium

dioxide in various concentrated alkali halides [37] revealed

that the isoelectric point started to shift to higher pH values

with increasing ionic strength and the effect of potassium

salts was more pronounced than that of corresponding

lithium salts. At higher electrolyte concentrations (about 1

M), there was no isoelectric point in solutions of lithium and

sodium salts (i. e., the surface titanium dioxide remained

positively charged). However, for potassium and cesium

salts, the isoelectric point shifted back to lower pH values.

This complicated situation was related to different concen-
tration-dependent interactions of lithium and sodium with

water molecules at the interface titanium dioxide/solution

(compared to those of potassium and cesium) and to their

different adsorption properties. The increase of the amount

of adsorbed lithium and sodium with an increase in concen-

tration was higher than that of adsorbed potassium or cesium

(depending also on the nature of the anion). The conclusion

was that lithium showed a high affinity to titanium dioxide

and was accumulated at the surface. The fact that the

electrochemical behavior of FMN and FAD adsorbed on

the titanium electrode was similar in LiCl solution (with

large shift of the EjVto the negative direction at pH 4.5 and

further invariance with solution pH) and differed from that in

sodium, potassium, cesium or calcium chloride was probably

somehow related to co-adsorption of ions from the electro-

lyte on the electrode. (Phosphate probably also was co-

adsorbed on the electrode surface. The properties of both
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FMN and FAD in phosphate buffer were very similar and

were practically not influenced by addition of other electro-

lyte.) Probably different pH of the shifts of the EjVvalues in
concentrated electrolyte solutions (pH 4 for 1 M KCl and pH

5 for 0.5 M Na2SO4) reflected the shifts of the isoelectric

points.

3.3. Hydrogen peroxide-treated Ti electrode

Cyclic voltammograms of hydrogen peroxide-treated Ti

electrode with adsorbed flavins were very similar to those

recorded for the etched Ti electrode with an exception that

the height of the peak at about 720 mV (in 0.1 M HEPES

buffer at pH 3) varied with repetitive electrode preparations

indicating that the reproducibility of the electrode surface

was poor. This was confirmed by different colors of the

electrode surface (blue, golden, dark gray) that appeared

after a few potential scans although initially all surfaces had

the same gray-yellowish color. (Electrode surfaces with

anodically grown titanium dioxide also had different colors

due to different thickness of titanium dioxide. However, in

those cases the electrochemistry of FMN or FAD was not

observed.) Titanium peroxy-gel produced during the reaction

of titanium with hydrogen peroxide [15–18] probably pos-

sessed more porous structure compared to that of anodically

grown titanium dioxide and this allowed observing the

electrochemistry of adsorbed FMN and FAD. In the case

of RF, the adsorption was not stable.

The electrochemical properties of FMN and FAD

adsorbed on peroxide-treated titanium electrode were similar

(in terms of the EjVvalues and the dependence of the EjVon
buffer pH and composition) to those of FMN and FAD

adsorbed on the etched Ti surface, with the exception that

double peaks in the cyclic voltammograms of adsorbed FMN

in 0.5 M KCl, 0.1 M Na2SO4, 0.1 M CsCl at pH 4.5 or 0.5 M

NaCl at pH 5 were not resolved (although broadening of

anodic peaks in voltammmograms was observed in all these

cases) and DEp values were 10 to 20 mV higher. The

electrodes could be used for measurements for about 2 days.
4. Conclusions

The electrochemical behavior of immobilized FMN and

FAD could be observed in those cases when the passivating

layer of titanium dioxide was removed from the electrode

surface by etching or by treating Ti surface with hydrogen

peroxide. Phosphate moiety in the flavin molecule was

essential for obtaining flavin immobilization onto Ti elec-

trode. Solution composition-dependent electrochemical be-

havior of adsorbed flavins probably reflected different

interaction of species in solution with surface oxide and/or

adsorbed flavin. The differences in the electrochemical

behavior of FMN- and FAD-modified Ti electrodes in non-

buffered solutions suggested that adenine moiety in FAD

molecule influenced the orientation of the isoalloxazine ring
since under certain conditions (electrolyte, concentration,

probably at pH close to isoelectric point of titanium oxide) a

two-step oxidation could be observed only for adsorbed

FMN. Probably the orientation of the isoalloxazine ring in

FMN molecule was affected by relatively large HEPES,

PIPES, TRIS molecules; thus, in buffered solutions, a two-

step oxidation was not observed. The values of the EjV, the
dependence of the EjVon buffer pH and the reversibility of

the electrochemical processes were similar both for FMN

and FAD and were dependent on buffer composition espe-

cially in pH range 4.5 to 5.5 (probably at pH values around

the isoelectric point of the surface oxide) in HEPES and

TRIS buffers.
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