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Abstract

The electrochemical behavior of isatin — a molecule with a broad range of applications in synthetic, biological and clinical activity — has been
investigated over a wide pH range at a glassy carbon electrode (GCE) using cyclic, square wave and differential pulse voltammetry. The oxidation
of isatin is an irreversible process, pH dependent and occurs with the formation of a main oxidation product that strongly adsorbs on the electrode
surface. The reduction of isatin is also a pH dependent irreversible process. Cyclic voltammograms show two consecutive charge transfer reactions.
The diffusion coefficient of isatin was calculated in pH 7.0 phosphate buffer to be Dy=4.9 x 1077 cm? s~!. The limit of detection obtained in a
solution of pH 7.0 phosphate buffer was LOD =0.194 wM, based on three times the noise level.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The indole is a powerful pharmacodynamic nucleus and has
been reported to possess a wide variety of important biological
properties such as anti-inflammatory, antibacterial, anticonvul-
sant and antioxidant properties [1-3].

Among the indoles, isatin (indole-2,3-dione) (Scheme 1), a
versatile heterocyclic compound present in mammalian tissues
and body fluids [4,5], is probably one of the most important.
The function of isatin as a modulator of different biochemi-
cal processes has been a subject of discussion during the past
decade. This substance was initially discovered as an inhibitor
of monoamine oxidase (MAQO), and subsequently identified as a
selective inhibitor of MAO B [4,6]. Further investigations have
shown that isatin acts as an antagonist of both atrial natriuretic
peptide-stimulated [7] and nitric oxide-stimulated [8] guanylate
cyclase activity. Isatin has a distinct and discontinuous distri-
bution in brain and other tissues; the highest concentrations
(0.1 pgg™"! or about 1 wM) in the brain are found in the hip-
pocampus and cerebellum [9,10].

In rat models, stress has been shown to cause an increase
of isatin levels in the brain, heart, blood plasma and also
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increased urinary output of isatin. In vivo isatin administration
causes a range of dose-dependent behavioral effects, including
anxiety at low doses (10-20mgkg™') and sedation at higher
doses (80200 mgkg~!) [10-12]. This suggests that different
biochemical mechanisms are involved in these diverse effects.
However, the functional significance of isatin in the physiology
of stress is not yet clearly established.

On the other hand, pathways for the synthesis and metabolism
of isatin in animal tissues have not been fully recognized. It
has been suggested that isatin is formed in tissues from pheny-
lalanine or tryptophan [7,13]. In vitro, isatin can be destroyed
easily by a high concentration of hydrogen peroxide. Moreover,
isatin is readily metabolized by xanthine oxidase, producing
hydrogen peroxide via the formation of superoxide [7,14 and
references therein]. However, at this stage it is unclear whether
this mechanism operates also in vivo.

In recent years, the chemistry of indoles has received a
lot of attention due to their wide application for analytical
and synthetic purposes. The synthetic versatility of isatin has
stemmed from the interest in the biological and pharmacolog-
ical properties of its derivatives [15]. Although the presence
of two carbonyl groups in isatin makes it an attractive target
to synthetic organic chemists, little is known about its redox
mechanism. Previous studies on the electrochemical reduction
behavior of isatin and analog compounds have been undertaken
using polarography at mercury electrodes [16-19]. Although
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Scheme 1. Chemical structure of isatin.

some investigations concerning the oxidation behavior of
isatin have been recently carried out at platinum, gold and
glassy carbon electrodes, more work has to be done to fully
characterize the isatin redox mechanism.

Investigations of the redox behavior of biologically occurring
compounds by means of electrochemical techniques have the
potential for providing valuable insights into the biological
redox reactions of these molecules. Due to their high sensitivity,
voltammetric methods have been successfully used to study the
redox behavior of various biological compounds [20-23]. The
present study is concerned with probing the redox properties
of isatin by using cyclic, square wave and differential pulse
voltammetry at a glassy carbon electrode.

2. Experimental
2.1. Materials and reagents

Isatin from Loba-Chemie Indoaustranal Co. (India) was used
without further purification. A stock solution of 1 mM isatin was
prepared in deionized water and was stored at —4 °C.

All supporting electrolyte solutions (Table 1) were prepared
using analytical grade reagents and purified water from a Milli-
pore Milli-Q system (conductivity < 0.1 uScm™").

Nitrogen saturated solutions were obtained by bubbling
high purity N, for a minimum of 10min in the solution and
continuing with a flow of pure gas over the solution during the
voltammetric experiments.

Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc.,
Woburn, USA). The pH measurements were carried out with
a Crison micropH 2001 pH-meter with an Ingold combined

Table 1
Supporting electrolytes, 0.2 M ionic strength
pH Composition
1.2 HCI1+KCl
2.2 HCI+KCl
34 HAcO + NaAcO
4.5 HAcO + NaAcO
5.3 HACcO + NaAcO
6.1 NaH2P04 +Na2HPO4
7.0 NaH,;PO4 + NayHPO4
8.1 NaHgPO4+NazHPO4
9.3 NaOH + Na;B,07
11.1 NaOH + KCl
12.8 NaOH + KCl

glass electrode. All experiments were done at room tempera-
ture (25 = 1°C).

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a wAutolab
running with GPES 4.9 software, Eco-Chemie, Utrecht, The
Netherlands. Measurements were carried out using a glassy car-
bon (GCE) (d=1.5mm) working electrode, a Pt wire counter
electrode, and a Ag/AgCl (3M KCl) as reference, in a 0.5 mL
one-compartment electrochemical cell. The experimental con-
ditions for differential pulse voltammetry (DPV) were: pulse
amplitude 50 mV, pulse width 70 ms, scan rate S mV s L

The GCE was polished using diamond spray (particle size
1 wm) before each experiment. After polishing, the electrode
was rinsed thoroughly with Milli-Q water for 30s; then it was
sonicated for 1 min in an ultrasound bath and again rinsed with
water. After this mechanical treatment, the GCE was placed
in pH 7.0 0.2M phosphate buffer electrolyte and various DP
voltammograms were recorded until a steady state baseline
voltammogram was obtained. This procedure ensured very
reproducible experimental results.

2.3. Acquisition and presentation of voltammetric data

All the voltammograms presented were background-
subtracted and baseline-corrected using the moving average
with a step window of 5 mV included in GPES Version 4.9 soft-
ware. This mathematical treatment improves the visualization
and identification of peaks over the baseline without introducing
any artifact, although the peak height is in some cases reduced
(<10%) relative to that of the untreated curve. Nevertheless, this
mathematical treatment of the original voltammograms was
used in the presentation of all experimental voltammograms for a
better and clearer identification of the peaks. The values for peak
current presented in all graphs were determined from the original
untreated voltammograms after subtraction of the baseline.

3. Results and discussion

Initial studies concerning the voltammetric behavior of isatin
at a GCE were carried out in pH 7.0 0.2 M phosphate buffer.
The cyclic voltammogram in Fig. 1 was obtained in a solution
of 330 uM isatin saturated with N». During the voltammetric
measurement a constant flux of N, was kept over the solution
surface in order to avoid the diffusion of atmospheric oxygen
into the solution of isatin.

Several peaks can be observed in Fig. 1. The reduction and
oxidation of isatin occur independently of each other and were
investigated separately.

3.1. Oxidation

3.1.1. Cyclic voltammetry

The oxidation of isatin at a GCE was studied by cyclic voltam-
metry (CV) in pH 7.0 0.2 M phosphate buffer. The CV obtained
in a 330 WM isatin solution at a scan rate v=50mV s~ (Fig. 2)
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Fig. 1. Cyclic voltammogram obtained in, N, saturated, 330 wM isatin in pH
7.0 0.2 M phosphate buffer solution, v=100mV s~

shows one anodic peak 1, that occur at Ep,, =+1.08 V. On scan-
ning in the negative direction, no reduction peak is observed,
showing that the oxidation of isatin is an irreversible process.
A decrease of the oxidation current occurs with the number of
successive scans and is due to the adsorption of isatin oxidation
products on the GCE surface.

CVs were also obtained for different scan rates in 330 uM
isatin in pH 7.0 0.2M phosphate buffer. By increasing the
scan rate, the peak 1, current increases, following a linear
relationship with scan rate. This can be explained taking into
consideration the adsorption of isatin molecules and/or their
oxidation products at the GCE surface. Such a kind of behavior
was already described for substances similar to isatin molecule
such that indole-3-acetic acid [24,25].

02 0.4 0.6 0.8 1.0 12
E [V vs. Ag/AgCl

Fig. 2. Cyclic voltammogram obtained in 330 uM isatin in pH 7.0 0.2M
phosphate buffer solution: (—) first, (---) second and (---) third scan at
v=50mVsL
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Fig. 3. (A) 3D plot of oxidation DP voltammograms obtained in 50 wM isatin
as a function of pH. (B) Plot of (A) Ej, and (@) I, of peak 1, vs. pH.

3.1.2. Differential pulse voltammetry

The electrochemical oxidation of isatin was studied over
a wide pH range between 2 and 13 using differential pulse
(DP) voltammetry. The DP voltammograms (Fig. 3A) were all
recorded in solutions of 50 wM isatin in different electrolytes
with 0.2 M ionic strength. One main oxidation peak 1, appears
in all electrolytes and the potential depends on pH.

The peak 1, potential is displaced to more negative values
with increasing pH. The dependence is linear over the whole
pH range and follows the relationship Ep,, (V) =1.38 — 0.061pH
(Fig. 3B). The slope of the line, 61 mV per pH unit, shows that
the oxidation mechanism of isatin involves the same number
of electrons and protons. However, in all electrolytes, the width
at half-height of isatin oxidation peak 1, was Wi, =93mV,
meaning that the oxidation process of isatin involves the transfer
of one electron and one proton.

The plot of the variation of peak 1, current versus pH (Fig. 3B)
shows that the current increases with pH, reaching a maximum
in pH 7.0 0.2 M phosphate buffer, and this electrolyte was used
for further studies.

Successive DP voltammograms were recorded in a solution
of 50 uM isatin in pH 7.0 0.2M phosphate buffer (Fig. 4A).
The oxidation of isatin, peak 1,, occurs at Ep, =+0.95 V. During
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Fig. 4. Successive DP voltammograms: (—) first, (- - -) second and (- - -) third scan, in pH 7.0 0.2 M phosphate buffer; (A) 50 wM isatin and (B) after the transfer of

the GCE from the solution containing isatin to buffer.

a second DP scan, a new peak 2, occurs at Ep, =+0.42'V, and
its amplitude increases with the number of scans. This peak
corresponds to the oxidation of the product of oxidation of
isatin, Pjgatin, Which is strongly adsorbed on the electrode sur-
face. At the same time, the oxidation current of isatin decreases
gradually with the number of scans due to the decrease of the
available electrode surface area because of the adsorption of
isatin’s oxidation product, Pjgtin-

The adsorption of Pjigin at the GCE surface was confirmed
when, after several DP scans recorded in the solution of
isatin, the electrode was washed with a jet of deionized water
and then transferred to the supporting electrolyte. The DP
voltammogram obtained in these conditions (Fig. 4B) shows
only the oxidation of Pjigin, peak 2,. That means isatin
does not adsorb at the GCE surface. Moreover, successively
recorded DP voltammograms in buffer showed only a con-
tinuous, but slow decrease of the peak 2, oxidation current
(Fig. 4B).

3.1.3. Square wave voltammetry

The advantages of square wave (SW) voltammetry are greater
speed of analysis, lower consumption of the electroactive species
in relation with DP voltammetry, and reduced problems with
the poisoning of the electrode surface. The SW voltammograms
obtained in a solution of 50 uM isatin in pH 7.0 0.2M phos-
phate buffer, show only isatin oxidation peak 1,, Ep, =+0.98V,
and no isatin oxidation product peak 2, could be observed even
after several scans successively recorded in the same solution
(Fig. 5A).

In order to observe the adsorption of Pjg,in at the GCE sur-
face, a clean electrode was immersed in a solution of 50 uM
isatin in pH 7.0 0.2M phosphate buffer, where a potential of
+1.10V was applied during 60s (Fig. 5B). This conditioning
procedure caused the oxidation of isatin molecules that diffuse
from the solution toward the electrode surface and the produc-

tion of Pisatin. However, Pjsatin 1S also oxidized at +1.10 V and
the SW voltammogram obtained — not shown — presented only
a very small peak 2,.

This can be improved when, after the first conditioning stage
described above, a second conditioning stage, where a potential
of +0.30 V is applied for 60 s, is applied. During this period, the
Pjsatin oxidized during the first conditioning stage is reduced and,
the SW voltammogram obtained shows peak 2, at £,, =+0.45V
(Fig. 5B). The reversibility of peak 2, is confirmed by plotting
the forward and backward components of the total current where
the oxidation and the reduction currents are equal. Moreover, the
identical value of the potential of peak 2, on the forward and
on the backward current components is also an indication of the
adsorption of Pjgatin on the GCE surface [26].

The product of the 1-electron and 1-proton oxidation of isatin,
on the basis of molecular orbital calculations, leads to the forma-
tion of oxo-isatin [27]. The oxo-isatin moiety can also undergo
reversible oxidation as demonstrated by SWV studies (Fig. 5). A
mechanism for the oxidation of isatin in pH 7 0.2 M phosphate
buffer is proposed (Scheme 2) based on the results presented.

3.2. Reduction

3.2.1. Cyclic voltammetry

The reduction of isatin at a GCE was first studied in pH 7.0
0.2 M phosphate buffer N, saturated solutions. Cyclic voltam-
mograms recorded in 330 wM isatin for v <300 mV s~ ! revealed
that the reduction of isatin is an irreversible process that occurs
in two steps, peaks 3. and 4. (Fig. 6).

The cathodic peak 3, Epc = —0.48 V, appears to be due to the
reduction of the carbonyl group at position 3 of the isatin moiety
[16]. On the other hand, it is known that in acidic media, isatin is
reduced in a 1-electron step giving rise to a radical that can react
with an isatin molecule leading to the formation of the dimer
isatide [16]. Therefore, the cathodic peak 4. at Epc =—0.59V
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Fig. 5. SW voltammograms recorded in 50 wM isatin in pH 7.0 0.2 M phosphate buffer: (A) without ((—) first, (---) second and (- -
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conditioning the GCE in the 50 wM isatin in pH 7.0 0.2 M phosphate buffer for 60 s at +1.10 V followed by application of +0.30 V during 60 s (for more details see
Section 3.1.3), f=50Hz, AE; =2 mV, pulse amplitude 50 mV; I; — total current, /f — forward current, I, — backward current.

could be due to the reduction of isatide, formed at the electrode
surface after reduction of isatin, as shown in the proposed reduc-
tion mechanism (Scheme 3). However, scanning in the positive
direction, no oxidation peak is observed showing that the reduc-
tion of isatin is an irreversible process. Also, no decrease of
the cathodic current occurs with successive scans leading to the
conclusion that no adsorption of isatin or its reduction product
occurs at the GCE surface.

CVs were also obtained for different scan rates in a N, satu-
rated solution of 330 wM isatin in pH 7.0 0.2 M phosphate buffer.
From Fig. 6 it was also observed that increasing the scan rate
above 300mV s~!, only peak 3. occurs. The disappearance of
peak 4 in these conditions could be explained considering that
for v>300mV s, the potential is scanned faster than the rate
of the chemical reaction that leads to the formation of the dimer
isatide.

On the other hand, by increasing the scan rate, the peak
3. potential is slightly displaced to more negative values. It is

known that for a diffusion-controlled irreversible system, the
peak potential is given by

12
—1
~|—2I1

aen’ Fu

RT

RT Do
0.780 + In
oachn 0

Epe = E? —
where a. is the cathodic charge transfer coefficient, n’ the num-
ber of electrons in the rate-determining step, Dy the diffusion
coefficient and kg is the standard rate constant of the electro-
chemical reaction [28]. From this equation it can be concluded
that |d Ep/dIn v =—29.6/(a.n’). In case of isatin, the depen-
dence of peak potential is linear with log of the scan rate
with a slope of —21 mV decade™!, allowing the calculation of
acn’ =14,

Also, increasing the scan rate the cathodic current of peak
3. increases following a linear relationship with v!/?. The peak
current for a diffusion-controlled irreversible system is given by
Ipe (A)=—2.99 x 10°n(acn’)?A[O]scDo "*v!"? where A is the

peak 2,
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Scheme 2. Proposed oxidation mechanism of isatin in pH 7 0.2 M phosphate buffer.
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Scheme 3. Proposed reduction mechanism of isatin in pH 7 0.2 M phosphate buffer.



V.C. Diculescu et al. / Analytica Chimica Acta 575 (2006) 190-197 195

0.5 pA

I I T I 1 I T I 1
-0.8 -0.6 -0.4 0.2
E/V vs. Ag/AgCl

Fig. 6. Cyclic voltammogram obtained in, N, saturated, 330 uM isatin in pH
7.0 0.2 M phosphate buffer solution: (—) 50 mV 7! (---)100mV s~ and (- - )
300mvs~l.
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electrode area in cm?, Dy the diffusion coefficient in cm~s™",
[O]so the concentration in molem™2 and v is in Vs~! [28].
By plotting Ipc versus V2, the Dy of isatin was determined
from the slope of —5.05 x 107¢ A (Vs~1)~12 to be equal to
4.9 x 1077 ecm? s~ ! in pH 7.0 0.2 M phosphate buffer. The GCE
electroactive area was calculated to be 0.0310 cm? using a solu-
tion of 0.5 mM hexacyanoferrate pH 7.0 0.2M in phosphate
buffer, where the diffusion coefficient of hexacyanoferrate is
7.35 x 1079 cm? s 7! [29].

3.2.2. Differential pulse voltammetry

The electrochemical reduction of isatin was studied over a
wide pH range between 1 and 13 using DPV. The DP voltam-
mograms (Fig. 7A) were all recorded in solutions of 50 wM isatin
in different electrolytes with 0.2 M ionic strength. Only peak 3.
occurs in all supporting electrolytes.

The peak 3. potential is displaced to more negative
values with increasing pH. The dependence is linear over the
whole pH range from 1 to 9.3 and follows the relationship
Epc (V)=-0.09 —0.059pH (Fig. 7B). The slope of 57mV per
pH unit, shows that the same number of electrons and protons
is involved in the reduction mechanism of isatin. However, the
width at half-height of peak 3. was always Wy, =60 mV, which
suggests that the reduction of isatin occurs with 2-electron
transfer, hence also two protons.
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Fig. 7. (A) 3D plot of reduction DP voltammograms obtained in 50 uM isatin
as a function of pH. (B) Plot of E},c of peak 3 vs. pH.

For pH >9.3, the isatin reduction peak 3. does not depend
on pH. The change in the slope was from 57 to 0 mV per pH
unit, indicating a mechanism above pH 9.3 involving only two
electrons and no protons, possible if the isatin reduction product
undergoes chemical deprotonation in alkaline solutions.

3.3. Analytical determination of isatin

Although the procedure for the analytical determination of
isatin following the reduction peak 3. is more time-consuming,
requiring the deaeration of the solutions, it is preferable since
the oxidation of isatin occurs at high potentials and involves
complications with the adsorption of isatin oxidation products
on the GCE surface.

Two different procedures for the electroanalytical deter-
mination of isatin were investigated. DP voltammograms
were recorded for standard additions of isatin corresponding
to bulk concentrations between 0.2 and 12uM isatin in
N, saturated pH 7.0 0.2M phosphate buffer. The detection
limit (LOD) was determined as the substance concentration
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that led to a peak with a height three times the baseline
noise level. Using the equation I, =1I,(Cisain), the obtained
LOD=3 x S.D. x (sensitivity)"!. The quantification limit
(LOQ) is the lowest concentration of a substance that can be
quantified with acceptable precision and accuracy. A typical
signal/noise ratio of 10 is generally considered to be acceptable;
therefore: LOQjsain = 10 X S.D. X (sensitivity)~!.

In the first procedure the electrode surface was polished,
between measurements, and conditioned in order to ensure a
clean GCE surface. The results obtained for isatin reduction
(Fig. 8A and Table 2) show linearity for concentrations of isatin
lower than 10 wM. The high relative standard deviation of 40%
(n=3) was due to the fact that each measurement was done with
a freshly polished GCE, a process that led to modifications of
the electrode surface.

These analytical data were improved, since neither isatin nor
isatin reduction products adsorb on the GCE surface. Thus, in
the second procedure, DP voltammograms for isatin reduction
were consecutively recorded in solutions of different concentra-
tions of isatin (Fig. 8B). Good linearity was obtained for isatin
reduction for concentrations lower than 5 wM isatin (Table 2). A
relative standard deviation of 3.5% (n=3) for within-day mea-
surements was obtained.

In order to evaluate the long-term stability of the sensor, one
calibration curve was recorded every day and the current for a
fixed isatin concentration of 2 uM was measured. After 3 days,
the sensor showed a decrease of about 9% with respect to the
initial response.

The reproducibility of this method was evaluated by
plotting different calibration curves after polishing the GCE
surface only at the beginning of each experiment. The results
showed a relative standard deviation of 5% calculated from the
sensitivities of three calibration curves.

The results obtained with the electrochemical reduction
method were compared with UV-vis studies. Absorption spec-
tra were recorded for bulk concentrations between 1 and 10 uM
isatin in pH 7.0 0.2 M phosphate buffer (Fig. 9). Isatin presents
several absorption bands and the calibration curve was obtained
by plotting the absorption at Apax = 240 nm versus isatin concen-
tration, since at this wavelength higher absorbances are obtained.
Good linearity was found over the whole concentration range
used in this study following the equation:

A = (0.014 £ 0.001) + (0.023 & 0.004)C,
(R*> =0.991, S.D.=0.006, n=27)

where A is the absorbance in arbitrary units, and C is the isatin
concentration in wM. However, the detection limit calculated

Table 2

0.39 UM
1.18 uM
1.57 uM

1.96 uM

234 1M

10 nA

T T T y T y 1
-0.6 -0.5 -0.4 -0.3
(A) E 'V vs. Ag/AgCl

0.19 uM
0.59 uM
0.99 uM
1.38 uM
1.76 uM

2.15 uM

10 nA

| v I t I ! 1
-0.6 -0.5 -04 -0.3

(B) E [V vs. Ag/AgCl
Fig. 8. DP voltammograms in N saturated pH 7.0 0.2 M phosphate buffer in

different concentrations of isatin using (A) procedure 1 and (B) procedure 2.
For more details see Section 3.3.

Sensitivities, intercepts, limits of detection, limits of quantification and other linear fit parameters calculated from isatin calibration curves (see Fig. 8A and B)

obtained by two different procedures

Method Sensitivity (nA uM—h Intercept LOD (uM) LOQ (uM) R? S.D. Linearity range (uM)
Procedure 1 11.72 + 0.60 1.00 £+ 0.73 0.211 0.712 0.984 0.835 10
Procedure 2 10.96 + 0.24 0.30 + 0.35 0.194 0.646 0.992 0.709 5

For more details see Section 3.3.
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Fig. 9. UV-vis spectra of (—) 1 pM, (---) 3uM and (- - -) 5 M isatin in pH
7.0 0.2 M phosphate buffer.

with the UV—-vis method, LOD =0.804 pM, was several times
higher than the LOD obtained using the electrochemical reduc-
tion method, LOD =0.194 uM.

The electroanalytical method developed for the determi-
nation of isatin using the cathodic process is very important
because it avoids interferences with many compounds such as
glucose or uric, glutamic and ascorbic acids, since all these sub-
stances are oxidized at the GCE, besides presenting a lower
detection limit than using UV-vis absorption methods.

4. Conclusions

This study shows that isatin, a molecule with a broad range of
applications in synthetic, biological and clinical activity, under-
goes oxidation and reduction at a glassy carbon electrode.

The oxidation of isatin is a pH dependent, irreversible pro-
cess and occurs in a single step, with the one electron and one
proton transferred, leading to the formation of an electroactive
oxidation product that strongly adsorbs on the GCE surface.

The reduction of isatin is also irreversible. Using cyclic
voltammetry, two consecutive electron transfer reactions
were identified. In electrolytes with pH less than 9.3 the
reduction of isatin follows a mechanism involving the transfer
of two electrons and two protons, whereas in more alkaline
supporting electrolytes with pH >9.3 the ratio of protons and
electrons transferred shifts from 1 to 0, suggesting a chemical
deprotonation of the isatin reduction product.

An electrochemical method was developed for the deter-
mination of isatin in pH 7.0 0.2M phosphate buffer with
LOD=0.194 pM.
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