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Electrochemistry of Cyclodextrin Inclusion Complexes of Pharmaceutical

Compounds
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Abstract: Electrochemistry of cyclodextrins (CDs) and cyclodextrin inclusion complexes with different pharmaceutical
compounds is reviewed. The article highlights some electrochemical investigations of the CD-drugs interactions in
solution. Cyclodextrin modified electrodes and their applications as electrochemical sensors in pharmaceutical analysis
based on the self-assembly of CD derivatives on metal electrodes and nanoparticles, and cyclodextrin-modified

multiwalled carbon nanotubes are also discussed.
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1. INTRODUCTION

Cyclodextrins (CDs) are a well-known class of natural
host molecules obtained from the enzymatic degradation of
starch [1-5]. They consist of n D(+) glucopyranose units
linked together by o-(1,4) bonds. Depending on the number
of sugar units that constitute the structure, the three
unmodified CDs are o, B and y-CD which correspond to n=
6,7 and 8, respectively (Fig. 1). The overall shape of CDs
looks like a truncated cone with the narrow side formed by
the primary 6-hydroxyl groups and the wider side by
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Fig. (1). Chemical structures of a-, -, and y-CD.
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secondary 2-and 3- hydroxyl groups. The cavity is lined by
the hydrogen atoms and the glycosidic oxygen bridges.
Therefore, CDs have a relatively hydrophobic cavity
compared to water, while the outer surface is hydrophilic. A
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ring of hydrogen bonds formed between the 2-hydroxyl and
the 3-hydroxyl groups of adjacent glucose units gives the CD
a remarkably rigid structure. The three natural cyclodextrins
o-,B-, and y-CDs differ in their ring size and solubility
(Table 1) [6].

2. CYCLODEXTRINS INCLUSION COMPLEXES

One of the most important characteristics of CDs is the
formation of inclusion complexes with various organic and
inorganic guest molecules [6-9]. Upon inclusion
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complexation, the characteristic properties of the guest
molecule inside the CD cavities, such as solubility, chemical
reactivity, electrochemical properties and spectral properties
will be changed significantly. This unique property has led to
widespread utilization of CDs in pharmaceutical, food,
chemical and other industrial areas. The stability of the
inclusion complexes depends on the size and the polarity of
the guest molecules, the nature of the medium, and the
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temperature. Based on size selective complexation properties
of CDs, the better the fit of guest molecules inside the cavity
of CD, the more stable the complex will be. The stability of
the complex is inversely proportional to the polarity of the
guest molecule. Several hypotheses have been proposed for
the driving forces for the CD inclusion complexation,
including van der waals interactions and hydrophobic
interactions between the hydrophobic moiety of the guest
molecules and the CD cavity, hydrogen bonding between the
polar functional groups of the guest molecules and the
hydroxyl groups of CDs, release of high-energy water in the
cavity in the complex formation, and release of strain energy
in the ring frame system of the CD. Among those forces,
hydrophobic interactions are frequently considered as the
main driving force for the complexation in aqueous media
between hosts containing apolar cavities and non polar guest
molecules.

Table1l. Some Properties and Dimensions of Four Most
Common CDs
Type of Cavity Molecular Solubility
CD Diameter A Weight (2/100 mL)
a-CD 4.7-5.3 972 14.5
B-CD 6.0-6.5 1135 1.85
vy-CD 7.5-8.3 1297 232
5-CD 10.3-11.2 1459 8.19

3. PHARMACEUTICAL APPLICATIONS OF CYCLO-
DEXTRINS

CDs and their derivatives have received considerable
attention in the pharmaceutical field for the past few years
and an increased number of reviews have been dedicated to
their pharmaceutical applications [10-20]. CDs and their
derivatives have well-known effects on drug solubility and
dissolution, bioavailability, safety and stability, and their
applications in different areas of drug delivery have been
also reported. However, the cavity size of a-CD is
insufficient for many drugs and y-CD is expensive. Among
CDs, B-CD is receiving increasing attention due to its low
cost and cavity size suitable for the widest range of drugs in
aqueous media. But the low aqueous solubility and
nephrotoxicity limited the use of B-CD especially in
parenteral drug delivery [21]. Chemical modifications of
parenteral CDs have been developed to extend the
physicochemical properties and inclusion capacity of parent
cyclodextrins [22,23].

4. ELECTROCHEMICAL STUDIES
DEXTRINS AND CYCLODEXTRIN
COMPLEXES

OF CYCLO-
INCLUSION

Cyclodextrins (CDs) with their largely hydrophobic
cavities of variable size and numerous ways of chemical
modification are the subject of intensive electrochemical
research including both their behavior in homogeneous
solutions and in thin films attached to the electrode surfaces
[24-26]. Electroanalytical methods measuring the current
response to the potential applied, linear scan, staircase, and
pulse voltammetries, and potential-step techniques such as
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chronoamperometry and chronocoulometry, allow to trigger
or to monitor changes in the redox states of the electroactive
sites in CD-based systems. Linear scan (LSV) or staircase
(SCV) cyclic voltammetries are the most frequently
employed electrochemical techniques for studies of
electroactive CD systems. They provide useful information
on the nature the reduced and oxidized forms of the studied
compounds, and on the mechanistic aspects of the electrode
processes. They also allow monitoring even very subtle
changes of the molecular environment of the redox centers
by following their redox potentials. If the concentrations of
the redox compounds in the solution or at the electrode
surface are low, and better sensitivities are needed than those
optimal for LSV and SCV, differential pulse (DPV), normal
pulse (NPV) and Osteryoung square-wave voltammetries
(OSWV) are more suitable [27]. They allow better
elimination of the capacitive/background currents and,
therefore, the measurement of smaller faradic signals
becomes easier. CDs are employed in electrochemical
sensing devices for the determination of selected analytes.
The characterization of cyclodextrin (CD) systems by
electrochemical methods, mainly by cyclic voltammetry has
been discussed by Matsue et al. [28]. The addition of CD to
the electrolyte solution causes a decrease in the peak current
and also a shift in the apparent half-wave potential in cyclic
voltammetry. Quantitative analysis in the both phenomena
affords the formation constants of CD complexes. The
formation or dissociation rate constants can be evaluated
from the cyclic voltammetric data at high scan rates.

5. CALCULATION OF THE STABILITY CONSTANTS
FOR HOST-GUEST COMPLEXES USING ELECTRO-
CHEMICAL METHODS

Among the various approaches for the determination of
stability constants, electrochemical methods are very useful,
especially when the guest molecule is electroactive. In the
case of a reversible electroreduction process, in which a
complex is formed between an electroactive guest G and a
host ligand H according to a general equation:

G+pH = GH,

The stability constant K and stoichiometric coefficient p
can be determined from:
RT RT

ER" =By -~ K -~ M

where E{\"’ and E}, are the half-wave potentials for the

complex and the guest, respectively, a; is the activity of the

host ligand, R is the gas constant, J mol! K, T is
temperature, K, n is the number of electrons transferred in
the electrode reaction and F is the Faraday constant 96484.6

C mol!. From the plot of EI%H)

concentration of the host H (assuming no strong deviation
from its activity) the value of p can be obtained from the
slope and K from the intercept. This equation assumes that
only the oxidized form of the guest is complexed and the
ligand concentration greatly exceeds that of the guest. When
the guest upon reduction to a lower oxidation state still forms
a complex with the host, the E;, dependence on ligand
concentration gives only the difference in p values and the

vs logarithm of the
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ratio of K values of the two complexes of the guest in the
two oxidation states. When an electroinactive guest is added
to a solution of an electroactive host, a titration curve is
obtained of E;, vs concentration of G [29]:

, RT | (1+K,.[G])
2nF - (1+K,,[G])

n+

El/z[G(H)] = E1/2 [G] (2)

where K, and K, are the binding constants of the guest G
with the host H in its m]" and n "oxidation states. Recording
the half-wave or mid-point potential value before and after
the addition of large excess of guest to an electroactive host
solution has often been used to evaluate the ratio of binding
constants in the oxidized and reduced form of the host [30].

Of special interest is the evaluation of the binding affinity
of a guest to a ligand immobilized on the electrode surface.
Cyclic voltammograms recorded for increasing concentration
of guest in the solution using a CD-modified electrode as
host allows us to calculate the binding constant to the
surface-immobilized cyclodextrin. The association constant
of the guest with surface-confined CD, K; is usually
determined by fitting the experimental data to the following
equation:

GI__ 1 1G] 5
1 K 1 1

Pa 17 max max

where I,,, is the anodic peak current for a given concentration
of guest [G] in the linear part of the I, vs [G] plot, L.y is the
maximum peak current when the current attains constancy.
K, is calculated from the x-intercept of the linear part of the
plots for different scan rates [31,32].

6. ELECTROCHEMICAL INVESTIGATIONS OF THE
CD-DRUGS INTERACTIONS IN SOLUTION

The formation of inclusion complexes is the point of
interest in most electrochemical investigations of CDs in
solution. Binding constants in solution are usually
determined from potentiometric titrations or plots of cyclic
voltammetry peak potentials vs CD concentration after
assessing the guest/host ratio in the complex [33,34].
Potentiometric measurements are more frequently used in
studying the inclusion complexes of pharmaceutical
compounds with cyclodextrins [35-48], and ion-selective
electrodes are employed, for the direct measurement of the
guest activity in the solution [49-52]. Decreased peak
currents in cyclic voltammetry and shifts in the oxidation
and reduction potentials are observed on complexation,
owing to the smaller diffusion coefficients of the complexes
than that of the guest alone, and to the relatively high
stability of these complexes.

The effects of B-cyclodextrin (B-CD) on the
electrochemical behaviour of barbitone sodium have been
studied using electrochemical techniques [53]. The redox
activity of barbitone sodium in both the absence and
presence of, B-CD was assessed by an electrochemical
method in 0.05 M potassium nitrate-nitric acid (pH 1.8)
solution. While the complexation reaction remains in
equilibrium, the apparent formation constant of the inclusion
complex was calculated to be 326 M under equilibrium
conditions at 20°C. A stable menadione-B-cyclodextrin
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inclusion complex was prepared and characterised by cyclic
voltammetry [54].

Electrochemical  properties  of  phenylhydrazine
hydrochloride (PH) in aqueous solutions in the presence of
B-cyclodextrin (B-CD) [55] and a-cyclodextrin (a-CD) [56]
have been investigated. It was found that its electrochemical
oxidability in aqueous solutions could be greatly suppressed
in the presence of a-CD and B-CD. For strongly adsorption
of PH on glassy carbon electrode, the formation constant
cannot be determined by voltammetric methods.

The inclusion of some pharmaceutically related
molecules, such as 14-benzoquinone (BQ), 9,10-
anthraquinone (AQ), anthracene (AN), acridine (AC),
phenothiazine (PT) and thianthrene (TH) within f-
cyclodextrin (B-CD) has been investigated using an
electrochemical method [57]. From the decrease in the peak
current, the formation constants (K;) of these inclusion
complexes were obtained. The experimental results suggest
that both the dimension and polarity of the guest molecule
affects the inclusion complex stability. B-CD is able to
accommodate both BQ and AQ, but due to the steric factor,
the two kinds of molecules penetrate into the cavity by
different models. AN, PT, TH and AC, whose dimensions
are similar, are included by B-CD with K¢ decreasing in the
order TH > AN > PT » AC. These phenomena can be
explained in terms of polarity, i.e. electron-accepting ability
of the hybrid atoms in 9,10-positions.

A new B-cyclodextrin (B-CD) derivative, mono[6 -deoxy-
6-(2-butenedinitrile-2,3-dimercapto sodium salt)]-B-CD (6-f-
CD), and its inclusion compound with a ferrocenium, have
been prepared and characterized by cyclic voltammetry (CV)
[58]. The interaction between the guest and the host with
side-arm in 6-mnt-B-CD/Fc’ resulted in smaller positive
potential shifts compared to that in the inclusion compound
[B-CD/Fc']BF4".

The interaction of the anti-inflammatory drug
indomethacin (IMC) with o-, B-cyclodextrins (CDs) have
been investigated in the Britton-Robinson (BR) buffer (pH =
7.2) using voltammetric methods [59]. The measurements
show that the IMC molecule is inserted, from the p-
chlorobenzoyl part, into the cavity of the cyclodextrins. The
interaction of IMC with CDs causes pronounced changes in
the electrochemical behaviour of the drug. The stoichiometry
of complexes formed in solution is inferred to be 1:1. The
binding constants were calculated from the decrease in peak
current of IMC upon the addition of the host molecules. IMC
has a higher affinity for B-CD than for a-CD, as the IMC-§-
CD interaction is the most exergonic.

The inclusion of the antibacterial drug nalidixic acid
(NAL) in o- and B-cyclodextrin (CD) cavities has been
studied using voltammetric methods [60]. A pronounced
decrease in the peak currents of NAL was noticed upon the
addition of o- and B-CDs. From the changes in the peak
currents, it was concluded that NAL forms 1:1 inclusion
complexes with the various hosts, which was also revealed in
the phase solubility profile of the NAL-B-CD system, as a
representative example. From voltammetric data, the
logarithms of the binding constants were calculated to be
2.60 and 3.20 for a- and B-CDs, respectively. The magnitude
of the formation constants, as well as the Gibbs free energies
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for NAL with o- and B-CDs, showed that NAL was bound
more strongly to B-CD, with a more apolar cavity, than to a-
CD. These observations suggested that hydrophobic
interaction was the most important recognition element in
the binding process. It was inferred that the inclusion process
can occur through the 2-methylpyridine side. An additional
hydrogen bond was also found to be formed between the
carboxyl group of NAL, which remains outside the B-CD
cavity, and the secondary hydroxyl group of B-CD. This
hydrogen bond should, therefore, be operating as an
important second recognition element in the NAL-B-CD
system.

The host-guest inclusion behavior of anticancer drug
irisquinone with B-cyclodextrin has been studied [61]. The
variance of the reduction wave of irisquinone in the absence
and presence of P-cyclodextrin was examined by cyclic
voltammetry at the hanging mercury drop electrode. In pH
6.8 supporting electrolyte which was close to physiological
condition, the introduction of B-cyclodextrin resulted in both
decrease of reduction current and the positive shift of peak
potential of reduction wave of irisquinone. The electroactive
guest molecule irisquinone was complexed with host
molecule B-cyclodextrin to the formation of 1:1 inclusion
complex. The stability constant Ky was 1.92 x 10° M' by the
electric current method.

The inclusion complexes of catecholamines (dopamine,
DA, and adrenaline, AD) with B-cyclodextrin (3-CD) have
been studied by cyclic voltammetry (CV) using glassy
carbon electrode (GCE) for expanding the potential window
[62]. The variations of peak potential and peak current were
observed on cyclic voltammograms, when the electroactive
guest molecules, DA and AD were complexed with $-CD.
Dissociation constants of cyclodextrin inclusion complexes
have been calculated. The experimental results indicated that
both DA and AD can form 1:1 inclusion complexes with -
CD in aqueous solutions. Furthermore, it was found that
their electrochemical oxidation in the aqueous solutions
could be inhibited by B-CD.

The interaction of lumazine, an antibacterial drug, with
a-, B-cyclodextrins in aqueous solution has been studied by
differential pulse stripping voltammetry and cyclic
voltammetry at the hanging mercury drop electrode [63]. The
electrochemical and absorption spectral data indicated a 1:1
complex formation of lumazine with a-, B-cyclodextrins. It
was found that the complexation of lumazine molecules
enhances the stacking interactions which might facilitate the
formation of a perpendicularly stacked layer of lumazine-a-
cyclodextrin complex on the electrode surface. Based on the
variations in the current or absorbance, the formation
constants and consequently, the Gibbs energy of these
complexes were determined. The small size cavity of a-
cyclodextrin was found to have a greater affinity for
lumazine than the B-cyclodextrin.

The p-cyclodextrins-hexamethylenetetramine inclusion
complex produced a reduction peak on the 2.5 order
differential liner sweep voltammetry curve [64]. The peak
current ~was linear with the concentration of
hexamethylenetetramine and a method has been applied to
determine hexamethylenetetramine with satisfactory results
as compared with conventional method. The mechanism of
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the molecular recognition and the characters of inclusion
complex have been also studied.

The interactions between rutin or the inclusion complex
of rutin-p-cyclodextrin and DNA were investigated by cyclic
voltammetry [65]. The results showed that the benzopyranic-
4-one plane of rutin mainly intercalated into DNA in the
absence of B-cyclodextrin, while the catecholic portion of
rutin was located in the double helix of DNA in the presence
of B-cyclodextrin.

Cyclic voltammetry has been used to monitor the
inclusion phenomena of B-lapachone [66], a natural ortho-
naphthoquinone that has been shown to have a variety of
pharmacological effects, mainly anticancer activity, within
the cavity of B-cyclodextrin, together with studies
concerning the competitive effects of ethanol concentration
on this behavior. A value of 15 = 5 M was found for the
association constant between B-lapachone and B-cyclodextrin
in phosphate buffer, in the presence of 5% ethanol. The
electrochemical behavior of the B-lapachone reduced form
suggested external interactions between the hydroquinone
and B-cyclodextrin via the formation of hydrogen bonds.
Electrochemical studies were also performed in the presence
of oxygen, since the redox environment of B-lapachone
biological targets was considered very important for its
therapeutical efficiency. In the presence of O,, f-lapachone
has shown a catalytic reduction wave, related probably to an
electron transfer to oxygen, generating oxygen reactive
species and giving back the parent quinone, leading thus to a
redox cycle, with a kinetic apparent constant of 40 s™'. These
in vitro results correlated with in vivo activities.

The host-guest interaction between cyclodextrins and
steroids has been studied by electrochemical techniques [67].
The interaction of estrone and estradiol with B-cyclodextrins
(B-CD) has been investigated by differential pulse
voltammetry (DPV) and  high-performance liquid
chromatography (HPLC) in mixed media [68]. The co-
solvent influence on the tendency of these estrogens to form
inclusion complexes with B-CD was examined. Thus,
acetonitrile (MeCN) and ethanol (EtOH) were used in a
mixed aqueous medium containing phosphate buffer. The
association constant (K,) of the inclusion complexes of
estrone and estradiol with B-CD were determined in two
different media by wusing both voltammetric and
chromatographic techniques. Estradiol was found to bind to
B-CD with higher affinities than estrone, irrespective of the
medium. A clear influence of the co-solvent on the K, value
was found, suggesting a competition of co-solvent molecules
with estrogens for binding to the cavity of B-CD.
Consequently, interaction between B-CD and the steroids
was weakened when acetonitrile was used. The formation of
inclusion complexes between estradiol and sulfobutyleter-f3-
CD (SBCD) and hydroxypropil-B-CD (HPCD) has been also
studied by chronocoulometric and differential pulse
voltammetry [69]. In presence of CD there was a decrease of
the cathodic peak current with the increase of the amount of
CD. This decrease was due to the lower diffusion coefficient
(D) of estradiol-cyclodextrin complex compared with the
free guest. The addition of CDs produced a maximum
decrease of 20%, 22% and 30% in the diffusion coefficient
with CD, SBCD and HPCD, respectively. Using the
variation in D, association constants of 132 + 18, 247 + 32
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and 276 + 28 M! for CD, HPCD and SBCD were
determined.

A systematic comparative study of the binding of
antitumor morin, morin-B-CD, and morin-Cu complexes
with DNA has been investigated in the Britton-Robison (BR)
buffer solutions using voltammetric and spectroscopic
methods [70]. The results showed that morin molecule,
acting as an intercalator, was inserted into the cavity of the
B-cyclodextrin (B-CD) as well as into the base stacking
domain of the DNA double helix. The interaction of morin-
Cu complex or the inclusion complex of morin-f-CD with
ds-DNA caused pronounced changes in the electrochemical
behavior of the morin complexes. The intercalation of
morin-Cu and morin-B-CD complexes with DNA produced
an electrochemically inactive supramolecular complex. The
binding constants were calculated from the decrease in peak
current of morin and its complexes upon the addition of the
host molecules.

7. PREPARATION OF CYCLODEXTRIN MODIFIED
ELECTRODES

Several techniques were used for the preparation of
cyclodextrin modified electrodes. Some of the common
methods are mentioned below:

7.1. Langmuir-Blodgett (L-B) Technique

Langmuir monolayers at the air-water interface and L-B
monolayers obtained on transfer of these films onto solid
substrates require that the molecules are amphiphilic and
organize into ordered layers, so several modifications of the
CDs have been proposed [71]. Various amphiphilic - and -
CDs functionalized with alkyl chains at the primary hydroxy
positions or modified on the secondary face form stable and
well-organized monomolecular layers at the air-water
interface [72,73]. They can then be used for the preparation
of L-B films on solid substrates. Electroactive CDs
persubstituted with electroactive groups, e.g.
terathiafulvalene (TTF) moieties [74], were transferred as L-
B films from the water surface with a transfer ratio of 1 to
the solid substrate. Charge-transfer interactions in the L-B
films were then studied and new sensing devices were
proposed [75-79].

7.2. Self-Assembly Method

Self-assembled monolayers (SAMs) provide a simple
way to functionalize coinage metal electrode surfaces by
organic molecules containing anchor groups such as thiols,
disulfides, or silanes. The monolayers are usually well
packed, ordered, and stable and can be easily tailored for
certain applications by changing the functional terminal
group in contact with the solution. Alkanethiol monolayers
can provide a membrane matrix useful for immobilizing
structures such as cylodextrins [80-82].

The formation and successful in sifu imaging of
“nanotube” structures of B-CD at controlled electrode
potentials has been described by Ohira et al. [83]. The self-
organization of B-CD into a “nanotube” structure similar to
that of CD-polyrotaxane was found to be induced by
potential-controlled adsorption on Au(Ill) surfaces in sodium
perchlorate solution. /n situ STM revealed that the cavities of
B-CD faced sideways not upward in the tubes. This ordered

Radi and Eissa

structure can form only under conditions where the
appropriate potential is applied to the surface. B-CD
molecules were in a disordered state on bare Au(III) surfaces
without potential control.

7.3. Cyclodextrin-Multiwalled Carbon Nanotubes
Modified Electrodes
Owing to their chemical stability and electrical

conductivity, carbon nanotubes (CNTs) are frequently
employed as an immobilizing matrix for chemical and
biological active species, including B-CD. Generally, CNT-
modified electrodes show improved sensing performance
with enhanced sensitivity for detecting various analytes.
Electrodes modified with multi-walled carbon nanotubes
(MWNTs) in which B-CD have been incorporated have
recently been successfully used to study and quantify some
pharmaceutical compounds, because of the promising
properties of both materials [84-89].

7.4. Preparation of Polymer Films

Thin polymer films of CDs can be prepared on an
electrode surface by polycondensation with dialdehyde or by
electropolymerization following derivatization. CD polymers
(CDP) as modifiers of metal and carbon electrodes have
been investigated by Kutner et al. [90-96]. In some cases the
stability of complexes embedded in the polymer matrix was
found to be enhanced [91, 97-99].

7.5. Carbon Paste Electrodes Modified With Cyclodextrins

Cyclodextrins can be used as a component in preparation
of carbon-paste electrodes. Since modified carbon paste
electrodes have acquired greater importance in the field of
electrochemistry due to their low residual current and less
noise and because they are very cheap and easy to prepare
and replace [100-102]. These electrodes have a wide range
of anodic and cathodic applications.

8. APPLICATIONS OF CYCLODEXTRIN MODIFIED
ELECTRODE IN PHARMACEUTICAL ANALYSIS

Voltammetric responsive sensors based on organized
self-assembled B-cyclodextrin derivative monolayers on a
gold  electrode  (B-CD-SME) for  electroinactive
ursodeoxycholic and dehydrocholic acids have been studied
[103]. Both theoretical considerations and experimental
results proved that the reduction in the oxidation peak
current of the electroactive marker, ferrocene caboxylic acid,
at B-CD-SME was proportional to the concentration of the
target molecule and the formation constant of the inclusion
complexes with B-CD could be evaluated. The application of
the sensor as a detector for ursodeoxycholic and
dehydrocholic acids after capillary electrophoresis (CE)
separation has been tested. This sensor provided an
alternative approach for the detection of electroinactive
organic species, and was expected to find application in
liquid chromatography (LC) and CE detection.

A molecular imprinting method involving a three step
sequential self-assembly procedure has been applied to
prepare gold electrodes responsive towards ibuprofen [82].
The electrode modified with the cyclodextrin derivative
binds ferrocene to form an electroactive complex with the
ferrocene oxidation current decreasing in the presence of
ibuprofen in the solution. The competition of ferrocene and
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ibuprofen for the cyclodextrin cavities in the monolayer
provided a means for the determination of the binding
constants of ibuprofen with two derivatives of lipoylamide j3-
cyclodextrin of different hydrophobicity.

Electrode reactions of catecholamines were investigated
by employing a gold electrode covered with a monolayer of
a cyclodextrin derivative [104], which was prepared from bis
(o-carboxyundecyl) disulfide and 6-amino-6-O-deoxy- [-
cyclodextrin. The electrode reaction of L-DOPA was mostly
prevented by a l-monolayer at the surface of a gold
electrode. On the other hand, the electrode reactions of
dopamine, norepinephrine, and epinephrin still maintained
about 50-30% of their original values when compared with
corresponding anodic peak currents. Combining the results
on the electrode reactions of ferrocene derivatives at the 1-
monolayer modified electrode, we considered that the 1-
monolayer would recognize the presence or absence of the
carboxyl group in catecholamines.

Dopamine can be detected selectively in the presence of
ascorbate at a gold electrode modified by a -
cyclodextrin/thioctic acid mixed monolayer [105]. Gold
electrode with self-assembled D,L-cysteine grafted -
cyclodextrin sulfonic acid (Cys-B-CD-SO3) layer was also
used to investigate the electrochemical behavior of dopamine
[106]. The experimental results indicated that the self-
assembled Cys-f-CD-SO; layer modified gold electrode has
selective electrochemical response to dopamine with high
sensitivity and excellent tolerance of ascorbic acid.
Dopamine could be accurately determined in the presence of
ascorbic acid. The proposed sensor was successfully applied
to the determination of dopamine in human blood serum
samples.

The hydrophobic interactions between ferrocenyl
compounds, based on the tamoxifen skeleton (ferrocifens),
and non-polar molecular architectures, such as cyclodextrin
(CD) cavities and unsubstituted n-alkane chains, were
investigated in water and alcohol/water mixtures by cyclic
voltammetry through three different approaches [107]. In the
first one, the organometallic complex was covalently
attached to a glassy carbon electrode surface whereas the CD
was dissolved in homogeneous solution. The second one
consisted in preparing a self-assembled monolayer of a
mixture of synthesized per-6-thio-B-CD and of pentanethiol
chains at a gold electrode surface, whereas the ferrocifen
complex was initially present in solution. In the third
approach, the gold electrode surface was modified only with
alkane thiol monolayers having various lengths. As
expected, the complexation between the ferrocene moiety of
the tamoxifen derivative and the CD cavity became stronger
as the solvent polarity increased. Interestingly, two different
electrochemical behaviors could be evidenced for the neutral
starting complex and for the electrogenerated cationic
ferrocenium derivative owing to their different polarities.
Importantly, the reduction process of the cationic complex
followed a distinct behavior on adsorbed CDs and on alkane
chains. Notably, the presence of two aromatic rings in the
ferrocenyl structure proved to favor its facile penetration
through short alkyl chains C,H,,+1, n < 5. For much longer
chains (16 < n < 5) a faradaic oxidation current was still
observed for ferrocifen though progressively diminished.
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Screen-printed carbon-based electrodes modified with
thin films of the condensation polymers of f-cyclodextrin (j3-
CDP) or carboxymethylated B-cyclodextrin (B-CDPA) were
used as electrochemical sensors for determination of tricyclic
antidepressive drugs [108]. The azepine and phenothiazine
antidepressive drugs were determined by using a simple two-
step  procedure  developed which  comprised a
preconcentration step followed by the differential pulse
voltammetry quantification. The accumulation properties of
the B-CDPA film appeared to be favorable as compared to
those of the B-CDP film. A sensor featuring the B-CDPA
film-modified electrode was applied successfully for the
antidepressant determination in a model serum.

Accumulating properties of thin films of condensation
polymers of B-cyclodextrin (B-CDP) and carboxymethylated
B-cyclodextrin (B-CDPA) were compared with respect to the
selected azepine and phenothiazine type antidepressive drugs
[109] by using simultaneous measurements of cyclic
voltammetry and piezoelectric microgravimetry at an
electrochemical quartz crystal microbalance. At pH 7.4, the
drug accumulation by the film of B-CDPA in its anionic, i.e.,
cation-exchange, form was much higher than that of the B-
CDP nonionic film. This favorable property of the f-CDPA
film was due to concurrent effects of the supramolecular
complex formation between the B-CD inclusion sites of the
polymer and drug molecules as well as ion exchange of
cationic drugs at the carboxymethyl deprotonated groups.

N-Acetyltyramine was synthesized and electropoly-
merized together with a negatively charged sulfobutylether-
B-cyclodextrin on a boron-doped diamond (BDD) electrode
followed by the electropolymerization of pyrrole to form a
stable and permselective film for selective dopamine
detection [110]. The selectivity and sensitivity of the formed
layer-by-layer film was governed by the sequence of
deposition and the applied potential. The modified BDD
electrode exhibited rapid response to dopamine within 1.5-2
s and a low detection limit of 4-5 nM with excellent
reproducibility. Electroactive interferences caused by 4-
dihydroxyphenylalanine, 3,4-dihydroxyphenylacetic acid,
ascorbic acid, and uric acid were completely eliminated,
whereas the signal response of epinephrine and norepine-
phrine was significantly suppressed by the permselective
film.

A glassy carbon electrode surface was modified with an
electropolymerized film made of pyrrole and B-cyclodextrin
1:1, exhibits interesting electrocatalytic activity toward the
electrochemical oxidation of neurotransmitters such as
dopamine (DA) and norepinephrine (NE) [111]. Well-
resolved and reversible cyclic voltammograms (CVs) were
obtained for these organic compounds. The diffusion
coefficients D for the studied molecules were determined by
means of the measurement of the effect of the scan rate on
the CVs of the neurotransmitters. All the results showed that
the electron transfer was predominantly diffusion controlled
at the conducting polymer/solution interface. Interference
phenomenon due to ascorbic acid (AA) toward the
neurotransmitters was also investigated. The novel modified
electrodes presented capability to resolve perfectly the AA
and neurotransmitters oxidation peaks. This performance
could be achieved even at a concentration 20 times higher
than the neurotransmitters.
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A procedure for the determination of dopamine in large
excess of ascorbate using a-cyclodextrin modified gold
electrode has been proposed [112]. Dopamine incorporated
in the a-cyclodextrin sites anchored to the electrode surface
was found to provide electrochemical contact of the
electrode with the solution-resident dopamine. Dopamine
present in the a-cyclodextrin cavities has different properties
compared to dopamine in the bulk buffer solution and can
act as a mediator for the dopamine molecules diffusing to the
electrode. This unique mediation effect led to improvement
of the sensitivity of dopamine determination using the a-
cyclodextrin modified electrode.

A highly selective and sensitive electrochemical sensor
modified with carboxymethylated B-cyclodextrin (CM-B-
CDP) polymer film was fabricated for the determination of
dopamine (DA) in the presence of ascorbic acid (AA) [113].
The electrochemical behavior of DA and AA at the
chemically modified electrode was investigated by cyclic
voltammetry (CV) and differential pulse voltammetry. The
response mechanism of CM-B-CDP film for DA was based
on the combination of electrostatic and inclusion interaction
of CM-B-CDP for DA, which was distinguished from the
response mechanism of the charged polymer film modified
electrode that only relied upon the electrostatic interaction
between charged polymer film and DA (or AA) to realize the
separation of overlapping peak potential of DA and AA. The
CM-B-CDP film showed preferable analytical performance
characteristics in catalytic oxidation of DA compared with
the B-CDP polymer film. Under optimized conditions, it was
feasible for the electrode modified with the CM-B-CDP film
to selectively determine DA in the presence of a large excess
of AA. This electrochemical sensor showed excellent
sensitivity, repeatability, stability, and recovery for the
determination of DA.

A functionalized stable film of poly-3-methylthiophene
combined with y-cyclodextrin (P3MT/y-CD) in tetrabutyl-
ammonium hexafluorophosphate/acetonitrile solution has
been prepared and used as a sensor for dopamine, 1-dopa and
chlorpromazine [114]. A potentiostatic mode was employed
for the film growth. Cyclic voltammetry and electrochemical
impedance spectroscopy were used for the characterization
of the new film. The resulting conducting polymer sensor
offered interesting analytical performances as fast and linear
responses towards the studied compounds with low detection
limits of 2 x 107, 10, and 107 M, respectively, and
simultaneous detection and well-resolved signals between
the compounds of interest and ascorbic acid. Optimization of
parameters such as interference effect, perm-selectivity, and
mechanical stability of the sensor were discussed.

A B-cyclodextrin  (B-CD)-based sensor has been
developed for a simple and sensitive determination of
rifampicin (RIF) [115]. B-CD was fixed onto a Pt electrode
by means of pyrrol electropolymerization. RIF was deposited
on the surface of the modified electrode through complex
formation and quantified amperometrically. The experi-
mental variables were optimized using an experimental
design, taking into account all the possible interactions
between them. Under these conditions, repeatability,
reproducibility and stability of the modified electrode have
been analysed. Interferences from other anti-TB compounds
were investigated. The modified electrode was applied to the
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RIF determination in pharmaceutical preparations and
biological samples.

A film of polypyrrole/ycyclodextrin (PPY/yCD) was
synthesized at a gold electrode and used for the
electrochemical detection of neurotransmitters [116]. The
film was synthesized by the simple electropolymerization of
a 1:1 mixture of yCD and pyrrole monomer in aqueous
solutions and electrochemical impedance spectroscopy (EIS)
was used to characterize its electrical properties. The
PPY/yCD films exhibit interesting properties such as a wider
potential range for electroanalytical exploration that yields to
easier and improved electrochemical detection of
neurotransmitters such as dopamine, L-dopa, epinephrine,
norepinephrine, and isoproterenol. Well resolved and
reversible cyclic voltammograms (CVs) of these organic
compounds could be obtained easily at the modified
electrode with a negative shift of their oxidation potentials as
compared with the response at bare gold electrodes. The plot
of the neurotransmitters' catalytic currents vs their
concentrations gave good linear relationship. Attempts to use
the PPY/yCD sensor on real human serum for L-dopa
exploration yield encouraging data. The preliminary results
showed that the obtained modified electrode is mechanically
stable and features good permselectivity toward interferences
such as ascorbic acid at a concentration of more than 500-
fold for some neurotransmitters. Cyclodextrin- polypyrrole
(CD-Ppy) was also fabricated on gold electrodes and used as
sensors to detect concentrations of the muscle relaxant
rocuronium bromide [117], where concentrations of 1 ppm
could be detected.

The feasibility of an inclusion complex between a self-
assembled B-cyclodextrin (B-CD)-derivative monolayer B-
CD-SAM with some steroids such as cortisol and cortisone
has been evaluated [118]. The selectivity of the f-CD host
surface was verified by using electroactive species
permeable and impermeable in the B-CD cavity. The redox
probe was selected according to its capacity to permeate the
B-CD monolayer and its electrochemical behavior. The
formation constant of the surface host-guest by p-CD-SAM
and the steroids under study was calculated.

A new alternative for the electrochemical determination
of catecholamines based on B-cyclodextrin-Sonogel-Carbon
electrodes has been reported [119]. The incorporation of f3-
CD and graphite in the preparation of the Sonogel-Carbon
material led to a modification of the electrode surface
properties which causes a significant increase in the
oxidation peak current of biomolecules such as dopamine, 1-
epinephrine,  d,l-norepinephrine and catechol. This
phenomenon might be attributed to the formation of an
inclusion complex between B-CD and the catecholamines.
The amount of B-CD necessary to form the Sonogel
electrode was studied and optimization of electrochemical
parameters, perm selectivity and mechanical stability of the
sensor are discussed. Cyclic voltammetry (CV) and
Adsorptive  differential pulse voltammetry (AdDPV)
measurements were used to explore the electrochemical
behaviour of the electrode versus the quoted catecholamines.
The B-CD-Sonogel-Carbon electrode offers fast and linear
responses towards dopamine, norepinephrine, epinephrine
and catechol, with good and low detection limits: 0.164,
0.294, 0.699 and 0.059 pM™', respectively.
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A simple, accurate and sensitive voltammetric method
for determination of Anagrelide (ANG) using cyclodextrin
modified carbon paste electrode (CDMCPE) has been
developed [120]. CDMCPE exhibited significantly increased
sensitivity and selectivity for ANG compared to bare carbon
paste electrode. The proposed method has been successfully
applied for the determination of ANG in spiked serum
sample, urine samples and pharmaceutical formulations.

Carbon paste electrodes modified with B-cyclodextrin
have been investigated for the differential pulse
voltammetric determination of the tricyclic antidepressants -
imipramine, trimipramine and thioridazine [121]. Host-guest
interaction was studied and experimental conditions of the
working procedure were optimized. The accumulation ability
of B-cyclodextrin leads to detection limits down to
nanomolar concentrations for 120 s accumulation. The
electrode was applied to the determination of imipramine
and thioridazine in pharmaceuticals.

The reduced Cgo-[dimethyl-(B-cyclodextrin)], and Nafion
chemically modified electrode (CME) has been shown to
catalyze the electrochemical response of norepinephrine
(NE) at an electrode [122]. A pair of well-defined redox
waves was obtained and the standard rate constant was
calculated. Results indicated that reduced CME acted as a
promoter to the electron transfer of NE.

Carbon paste electrodes modified with B-cyclodextrin
have been investigated for voltammetric determination of
nitrendipine [123]. The immobilization of the B-cyclodextrin
on the carbon paste led to a modification of the electrode
surface that caused a significant increase in the peak current
of the nitrendipine reduction, probably due to formation of
an inclusion complex between f-cyclodextrin and
nitrendipine. This property was used with analytical
purposes by developing a stripping differential pulse
voltammetric (SDPV) method to determine nitrendipine.

The electrochemical behavior of sparfloxacin [124],
ofloxacin (OF), norfloxacin (NF), gatifloxacin (GF), and
lomefloxacin (LF) [125] at B-cyclodextrin modified carbon
paste electrode (CDMCPE) has been studied. Compared with
bare carbon paste electrode (CPE), the B-cyclodextrin
modified carbon paste electrode exhibited a marked
enhancement of current response of Sparfloxacin, OF, NF,
GF, and LF. These increases in the peak currents from the
techniques CV and DPV were attributed to the complex
formation of quinone group of the drugs with B-cyclodextrin.
Cyclic voltammetric (CV) studies indicated that the process
was irreversible and adsorption controlled. The experimental
parameters, which influence the peak current responses of
Sparfloxacin, OF, NF, GF, and LF were studied. The
interference of metal ions in the peak current response for
OF, NF, GF, and LF was also studied. The modified
electrode exhibited good sensitivity and stability. The
proposed method was applied to the determination of
Sparfloxacin, OF, NF, GF, and LF in both commercially
available drugs and spiked human urine samples.

Osteryoung square wave cathodic or anodic voltammetry
has been used for the determination of (+)-catechin (CAT) at
physiological pH using -cylcodextrin modified carbon paste
electrode [126]. A reproducible and reliable method using
cathodic and anodic voltammetry was achieved. The

The Open Chemical and Biomedical Methods Journal, 2010, Volume 3 81

proposed method was applied successfully for the
determination of CAT in commercial tea samples with
acceptable recovery. The extraction of CAT from
commercial tea samples was rather simple, making it
suitable for studies with a large number of commercial tea
samples giving high accuracy of the proposed method.

The redox-sensing abilities of a synthesized conjugate,
Ferrocene with a B-cyclodextrin unit bound to one or both
cyclopentadienyl rings through the secondary face, towards
bile salts (sodium cholate, deoxycholate, and
chenodeoxycholate) has been evaluated using
electrochemical methods (cyclic and differential pulse
voltammetry) [127]. These techniques allowed the
determination of stability constants, mode of inclusion, and
diffusion coefficients for complexes formed with the neutral
and, in some cases, the oxidized states of the ferrocenyl
conjugates.

A simple method based on a combination of multi-walled
carbon nanotubes with incorporated B-cyclodextrin (f-CD-
MWNTs) and a polyaniline (PANI) film-modified glassy-
carbon (GC) electrode has been successfully developed for
determination of dopamine (DA) in the presence of ascorbic
acid (AA) [84]. The acid-treated MWNTSs with carboxylic
acid functional groups promoted the -electron-transfer
reaction of DA and inhibited the voltammetric response of
AA. Sensitive detection of DA was further improved by the
preconcentration effect of formation of a supramolecular
complex between B-CD and DA. Therefore, the analytical
response  of the B-CD-MWNTs/PANI film to the
electrochemical behavior of DA was better than that of a
MWNTSs/PANI film, a PANI film, or a bare glassy carbon
electrode (GCE). Interference from AA was effectively
eliminated and the sensitivity, selectivity, stability, and
reproducibility of the electrodes were excellent for
determination of DA.

An electrochemical sensor modified with multi-walled
carbon nanotubes/B-cyclodextrin (MWNTs/B-CD) film was
fabricated for the determination of rutin [85]. The
electrochemical behavior of rutin at the chemically modified
electrode was investigated by cyclic voltammetry (CV). The
response mechanism of MWNTs/B-CD film for rutin was
based on the inclusion interaction of B-CD for rutin. The
MWNTs/B-CD  film  showed preferably analytical
performance characteristics in electrocatalytic oxidation and
reduction for rutin compared with the MWNTs film and bare
glassy carbon electrode (GCE). This electrochemical sensor
showed excellent sensitivity, selectivity, stability and
recovery for the determination of rutin in urine samples.

The electrochemical behavior of sodium cholate (CA)
and deoxycholate (DCA) was investigated on ITO electrodes
coated with B-cyclodextrin (B-CD) modified multi-walled
carbon nanotubes (MWNTSs) in aqueous solution [88]. B-CD
modified MWNTs (MWNT-CDs) showed electrocatalytic
effect on the reduction of CA, while electrochemical
response of DCA was not observed. To further understand
the mechanism of the electrochemical process, the
electrochemical behavior of CA and DCA on bare ITO
electrode and the electrode modified with MWNTs
possessing carboxyl groups (MWNT-COOHs) was also
discussed. The results indicated that the electrochemical
response of CA could be improved through the use of carbon
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nanotubes. The introduction of cyclodextrin moieties
enhanced the selectivity of the electrodes to CA and DCA.

A GCE modified with MWNTs and B-cyclodextrin (-
CD) complex (MWNTs + B-CD/GCE) was prepared for
comparing its electrochemical behavior with those modified
with multi-wall carbon nanotubes (MWNTs) and succinogly-
can monomers and electrochemically characterized for
monitoring quercetin that was dispersed in an aqueous
electrolyte solution [87]. Square wave voltammograms
showed about sixteen times of higher sensitivity as compared
with the measured sensitivity of the (MWNTs + B-CD)/GCE.

The selectivity of the succinyl-B-CD-modified, multi-
wall carbon nanotube (MWNT)-coated, glassy carbon
electrode to quercetin and rutin was investigated [86]. 'H
NMR and MALDI-MS data confirmed molecular structure
of the synthesized succinyl-B-CD. As a dopant in
carboxylated MWNT-modified -electrode, succinyl-B-CD
clearly separated the peak potential (E;) of quercetin from
that of rutin. The measured peak potential separation (AE,)
was 110 mV. More favorable complexation between
succinyl-B-CD and quercetin may enhance relative
selectivity to  quercetin of the (succinyl-B-CD +
MWNT)/GCE in quercetin-rutin mixture as compared to the
B-CD-modified GCE.

Multilayer films of multiwalled carbon nanotubes
(MWCNTs) with B-CD have been assembled on glassy
carbon (GC) electrode and studied with respect to the
electrocatalytic activity toward dopamine (DA) [89]. Two
steps have been used for the electrode modification: first,
MWCNTs interacted with B-cyclodextrin (B-CD) with the
aid of sonication to form f-CD-MWCNTs nanocomposite,
then the B-CD-MWCNTSs nanocomposite was assembled on
GC electrode using layer-by-layer (LBL) method based on
electrostatic interaction of positively charged biopolymer
chitosan and negatively charged MWCNTSs. The assembled
B-CD-MWCNTs multilayer films were characterized by
scanning electron microscopy (SEM) and cyclic
voltammetry. Compared with the MWCNTs multilayer films
without B-CD, the MWCNTs multilayer films with B-CD
possesses a much lower capacitive background current and
higher electrocatalytic activity in phosphate buffer, which
was ascribed to the relatively compact three-dimensional
structure of the MWCNTs multilayer films with B-CD and
the excellent molecule recognition function of -CD.

The application of lipophilic B-CDs as ionophores for
sensing acetylcholine chloride using an amperometric
biosensor has been described [128]. Amperometric
biosensors were assembled by modifying screen-printed
electrodes with a ferrocenyl charge shuttle, enzymes
(horseradish ~ peroxidase, choline  oxidase  and/or
acetylcholine esterase) and a thin film comprising a
polyurethane matrix, 2,3,6-triethyl-B-CD, a plasticizer and a
large anionic salt. The resulting sensor, which was capable
of detecting subpicomolar levels of acetylcholine, was highly
specific and was stable to storage in air and in solution.
Interference from endogenous electroactive compounds was
minimal.

A supramolecular approach was used for adsorbing a
monolayer of adamantane-modified phenylalanine dehydro-
genase on P-cyclodextrin-coated Au electrodes [129]. The

Radi and Eissa

reversible nature of this immobilization approach was
confirmed. The enzyme electrode showed a linear
amperometric response with a lower detection limit.

CONCLUSIONS

Because of their complexation ability with various
pharmaceutical compounds, cyclodextrins are continued to
be the subject of intensive electrochemical research
including both their interactions in solution and in thin films
attached to the electrode surfaces. Electrochemical
measurements are often employed to provide information on
the selectivity and stability of the complexes and to explain
the chemical reactions taking place inside the cavity and to
rationalize the catalytic properties of the CD
microenvironment. CDs can be immobilized on the working
electrodes in ways which are typically used for the
preparation of chemically modified electrodes. Preparation
of CDs modified electrodes promises new electrochemical
sensors and remains a very active field of research for
applications in pharmaceutical analysis.
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