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Preface

In the modern pharmaceutical industry, selective, sensitive, and fully validated
analytical methods for drug analysis are major tools applied at all stages of drug
discovery, development, and production. Fast and effective development of rugged
analytical methods is efficiently undertaken with a thorough understanding of their
principles, theory, and instrumentation.

The main focus of this book is devoted to electroanalytical methods applied to
drug compound analysis. New electrode materials, sensors, biosensors, separation
methods with EC detection, their theory, advantages, and limitations have been
reported.

The unique performance, small size, and low cost of electrochemical devices
have led to many useful measuring systems. Given the impressive progress in
electroanalytical chemistry and its growing impact on drug analysis, this book
offers also an up-to-date, easy-to-read presentations of numerous recent applica-
tions in drug compound analysis.

In preparing this volume, we have tried to find an appropriate balance between
theory and practice, between “classical” and “modern” methods of electroanalysis,
and between electroanalytical methods. Only brief consideration, however, has
been given on sampling, method optimization, data analysis, and statistics.

This textbook contains nine contemporary chapters, sharing one goal in electro-
analysis of pharmaceuticals. In the first chapter, an overview of drug analysis is
presented to situate electrochemical methods in their analytical context. Chapter 2
contains polarography and its application on pharmaceuticals. The following chap-
ter includes modern voltammetric methods which are used most frequently in drug
analysis (Chap. 3). In Chap. 4, solid electrodes in detail for drug analysis are
described. Screen printed electrodes (SPE) are presented for the determination of
drug active compounds in Chap. 5, and the next chapter describes electrochemical
biosensors used for drug analysis (Chap. 6). Recent developments in the field of
separation methods, specifically liquid chromatography (LC) and flow injection
analysis (FIA) with electrochemical detection and the hyphenated techniques
related with it, are summarized in Chap. 7. Validation of electroanalytical methods


http://dx.doi.org/10.1007/978-3-662-47138-8_2
http://dx.doi.org/10.1007/978-3-662-47138-8_3
http://dx.doi.org/10.1007/978-3-662-47138-8_4
http://dx.doi.org/10.1007/978-3-662-47138-8_5
http://dx.doi.org/10.1007/978-3-662-47138-8_6
http://dx.doi.org/10.1007/978-3-662-47138-8_7

vi Preface

in pharmaceutical analysis, necessary parameters, and their calculations are
presented in Chap. 8. The last chapter includes examples of electrochemical
application on drug assays.

Readers from various fields will likely find new ideas and approaches to solve
typical analytical problems in this volume.

The completion of this book could not have been possible without the help,
inspiration, and encouragement from many people. Last but not least, we warmly
acknowledge the gracious support of our families, and we are very grateful to them
for their understanding and support throughout the entire process of writing and
editing.

We would like to thank colleagues (Mehmet Gumustas, Sevinc Kurbanoglu,
Burcin Palabiyik, Nurgul Karadas, and Burcu D. Topal) of Sibel A Ozkan for their
valuable help. We would like to special thanks to Dr. Heike Kahlert who made
useful and valuable comments based on a detailed addition to Chap. 8.

Finally, we would like to express our sincere gratitude to a unique set of
internationally leading authors, who accepted our invitation to join us and commit-
ted their valuable time and efforts to guarantee the success of this book.

We would like to express our appreciation and special thanks to Fritz Scholz for
his accurate and inspired revision and continuous support and enthusiasm in editing
this textbook.

Ankara, Turkey Sibel A. Ozkan
Brussels, Belgium Jean-Michel Kauffmann
Potsdam, NY Petr Zuman
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Chapter 1

Introduction
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1.1 Introduction

In the process of pharmaceutical research, aiming at the drug discovery (that leads
to invention of new lead compounds), in the drug development (characterization of
the candidate compounds and their clinical tests), as well as in the control of the
manufacture of drugs, reliable analytical procedures are needed. In some countries,
the final products must be analyzed in pharmacies as well.

By far, the most frequently used analytical methods in pharmaceutical research,
development, and quality control, are separation-based methods, in particular
HPLC and its variants [1-3]. The electrochemical methods are currently in more
frequently used, except in the Middle East and Asia, where the main driving force is
the considerably lower cost of the electrochemical equipment. To be more widely
used, the electroanalytical methods must offer for a given analytical problem some
considerable advantages. Among those perhaps the dominant are situations, in
which it is necessary to analyze very low concentrations (up to three orders of
magnitude below millimolar) or analyses of very small amounts of the working
compounds. Another advantage of electroanalytical methods is the high reproduci-
bility of some electroanalytical procedures with results accurate to £3 % or if
needed even better. Therefore, electroanalytical methods can offer reliable results
for comparison to those obtained in different laboratories [4, 5].

Electroanalytical methods are, of course, restricted to determination of com-
pounds, which can undergo electrochemical oxidation or reduction in the available
potential range, which depends on the structure of the analysed species [4—6]. For
organic compounds, it usually means the presence of conjugation of single bonds,

© Springer-Verlag Berlin Heidelberg 2015 1
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2 1 Introduction

like that of the C-halogen. For inorganic species, the oxidation or reduction usually
depends on the presence of at least two different stable oxidation states. Special
situation exists for application of analyses of special (inorganic or organic) which
form slightly soluble or complex compounds with mercury ions, such as halide ions
and S~ ions, and organic compounds, such as barbiturates, thiobarbiturates, and
some other heterocyclic compounds [6-8].

For more basic information about applications of polarography consult [7-30]
and for that about the theory of polarography [4, 31-33].

Currently, the most frequently used types of indicator or working electrodes in
pharmaceutical analyses are, nevertheless, solid electrodes, which are in the shape
of a disc, surrounded and shrouded by a chemically inert material, such as Teflon,
glass or epoxy. The electrodes can be made from noble metals (like Au, Pt, Ru, etc.)
or from various forms of carbon, such as carbon paste, glassy carbon, microfiber
carbon, or simply solid carbon [34-38]. All these electrodes enable reaching
positive potentials, and their main areas of application are oxidations, mostly of
organic compounds.

Among the techniques used, predominantly are various forms of voltammetry: in
practice it is predominantly (CV) or linear sweep voltammetry (LSV). Sometimes
are also used various pulse and square wave methods [39—42]. Details about
physical and chemical principles involved in applications of such techniques are
found elsewhere [43—48]; here the stress is on the description of a typical analytical
procedure and on the evaluation of electrochemical data. Attention is further paid to
the size, form, and surface of the working electrode, the structure and state of the
surface, and its cleaning process. It should always be kept in mind, that for a reliable
analysis and its results, an understanding of the electrochemical and chemical
processes involved is essential [41]. It is important to understand what takes
place at the electrode surface and its immediate vicinity. It is essential to understand
the sequence of electron transfers and the role of chemical processes, such as proton
transfers as well as the role of the working electrode material and surface; all play a
role in the development of reliable analytical procedures. They all are reflected in
advantages and limitations of described analytical procedures.

Relatively new trends in electroanalytical methods, used in pharmaceutical
analyses of drugs, are applications of screen-printed electrodes and of biosensors
[49-55]. The screen-printed electrodes may be reused or may serve for a single use,
so that contamination and memory effects are avoided. They may be applied for the
analysis of volumes as small as a few microliters. SPEs are mass produced with a
reproducibility of the working electrode area of less than 5 %. The advantage of the
screen-printed electrodes, as working ones, is an easy modification of its surface,
which opens many possibilities for extention of applications. They are most pop-
ular, but would need modification of the working electrode surface for selective and
accurate determination of the studied compound. It is anticipated, that robust
modified screen-printed electrodes, when applied with a proper validation proce-
dure, could find a successful application in many areas, where rapid drug control is
required [54-57].
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Biosensors, thanks to their hybrid structures, with a biological element placed in
close proximity of a physical transducer, can advantageously be considered in drug
assays since they may offer high selectivity and sensitivity due to signal amplifi-
cation [58]. They are well suited for studying the interaction of an immobilized
biological element with the target analyte or a family of related substrates [59]. The
results can be exploited for the quantification of a given analyte in a complex matrix
provided that the nature of the chemical reactions involved is well understood.
Thanks to their unique configuration, they are particularly suitable for investi-
gations devoted to the study of drug—biocomponent interaction. Incredibly small
microelectrodes [54, 56-59] are being used to probe biochemical events on the
cellular level. Voltammetric methods, which amazingly low detection limits, are
being used to monitor lead levels in the bloodstream.

Electrochemical methods of detection and determination of an electroactive
component in the effluent from a chromatographic column offer in some cases
advantage over other analytical methods, because of their sensitivity, relative
rapidity, and specificity [1-3, 60-64]. This will be particularly of importance
in recently developed variant UPLC using a shorter column and higher
pressure, requiring shorter analysis time than HPLC. As numerous modern pharma-
ceuticals are electroactive, such analyses are possible. Electroanalysis of separated
species can be detected and determined also in flow injection analyses (FIA) [1-3,
61, 65-70].

In this book the applications of various electrochemical modes, electrodes,
modifications and hyphenated techniques, etc. in the analysis of drugs and phar-
maceutical active compounds are presented in this book. Also, this book highlights
the role of various electroanalytical techniques and their corresponding electroan-
alytical techniques in the analysis of pharmaceuticals and their validation pro-
cedures. Examples of different types of application have been reported and as
with all other aforementioned techniques. Moreover, it should be kept in mind,
that the electrochemical techniques have not only advantages but also limitations.
Some of both types of such factors are pointed out in the following chapters.
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2.1 Principles of Polarography

Polarography is an electroanalytical technique based on recording of current—
voltage (i—FE) curves using electrolysis, with a dropping mercury electrode
(DME) as an indicator electrode. This technique has been invented in 1922 by
Heyrovsky [1]. For his invention, he was awarded in 1959 the Nobel Prize.
According to the Analytical Chemistry, polarography has been over the period
from 1950 to 1970 one of the five most frequently used analytical techniques. The
scope of its worldwide applications suffered a decline more recently, because of the
wide range of separation techniques in organic analysis. Similarly, the use of atomic
absorption (AA) and related techniques became predominant in the determination
of metal ions. As reflected by the number of references in the Tables, polarography
is currently used in those laboratories, where limited budgets do not allow acquiring
of more expensive instrumentation, as needed in AA and modern separation
techniques.

© Springer-Verlag Berlin Heidelberg 2015 7
S.A. Ozkan et al., Electroanalysis in Biomedical and Pharmaceutical Sciences,
Monographs in Electrochemistry, DOI 10.1007/978-3-662-47138-8_2
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The fundamentals of polarographic theory have been published in several basic
books [2-5], but the most important features for applications will be discussed here
to allow the reader a simple understanding of the contents of this monograph. In this
contribution the pre-1960 convention is used. This means that the reduction cur-
rents are recorded as positive, the oxidation currents (anodic) as negative. The
recording of each curves starts from left, at the least negative (or most positive)
potential and increasing voltage from left to right.

In the simple direct current polarography (DCP), a dropping mercury electrode
(DME) is immersed into the investigated solution placed in an electrolytic cell
together with a reference electrode. Linearly increasing voltage is applied to the two
electrodes, and the current, passing between the two electrodes, is recorded as a
function of the applied voltage. Such simple arrangements are sufficient for investi-
gations of aqueous solutions, commonly used in drug analysis, discussed in this
chapter. In the studies in nonaqueous media, a third electrode is used to eliminate
the role of resistance of the solution between the electrodes. In most electrode
processes, taking place at the surface of the DME, either reduction or oxidation of
the investigated species takes place (Table 2.1). In reductions, electrons are trans-
ferred from the surface of the electrode to the investigated species. In electro-
oxidations, electrons are transferred in the opposite direction, from the investigated
species to the electrode (DME). In polarographic convention, the reduction currents
are recorded above the current zero line. Such currents are denoted cathodic
currents and are recorded from positive voltages on the left to negative voltages

Table 2.1 Examples of polarographically active groupings

Bond types Bond Examples

Single Bonds C-X C-F, C-Cl, C-Br, C-1

c-O0 CO-CH-OH, 4-Py CH,OH

C-N CO-CH-NH;", 4-Py CH, NH;5*

0-0 R-O-O-R, R-O-O-H

S-S R-S-S-R, R-S-S-H, R-S-S-Ar

Double Bonds | C=0 R;R,C=0, Ar;COAR,, BzCOBz, BzCOR, BzCOH, Bz(1-CHO),
Bz(1,4-CHO), Bz(1,2-CHO), Bz(1-3-CHO), Py-4-CHO, Py-3-CHO,
corresponding CORCO in alicyclic and heterocyclic rings

C=C | Ar-CH=CH-R, R-CH=CH-CO-, R-CH=CH-CN,
R-CH=CH-C=NH,", R-CH=CH-COOH, R-CH=CH-COOR
C=N |R'-C=N-R? Ar-C=N-R, Ar-C=N-Ar, R-CO-CH=NR, RN=C~
C=NR, Ar-C=NR, R-CH=NOH, R—-CH=N-NH,

N=0O R-NO, CH=CH-NO, Ar-NO, Het-NO

Triple Bonds Cc=C R-C=C-R, R—-C=C-COR, R-C=C-Ar, R-C=C-Het,
C=N R—C=N, Ar—C=N, Het-C=N

Other Types of | NO, R-NO,, Ar—NO,, Het—-NO,,

Bonds Rings | Benzenoid aromatic, Heterocyclic aromatic, Others heterocyclic
COOH | Acids—oxalic, phthalic, terephthalic

Abbreviations used: R aliphatic chain, Ar Aromatic ring in general, Bz Benzenoid aromatic ring,
Het heterocyclic ring in general, Py Pyridine ring, substituent in any position, X Halogen
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on the right. The oxidation currents are recorded below the current zero line and
starting at negative to positive potentials (Fig. 2.1). Such currents are called anodic.

Most recently IUPAC, based on conventions in other areas of electrochemistry,
proposed another convention, in which anodic currents are positive and recorded
starting from positive voltages on the right. Cathodic currents are then considered to
be negative and recorded starting at a negative voltage on the left. Nevertheless, it is
strongly recommended to check in each publication, which kind of directions of
axes in used.

Fig. 2.1 Two conventions i
used for reporting the it (nA) a
current—voltage curves: (a) +
Used in polarography; (b)
recommended by [UPAC

Reduction
Cathodic Wave

=0
= E(V)
f—
Oxidation
Anodic Wave
il
-a | (RA) b
it i
Oxidation
Anodic Process
=0
—E,
—_—
Reduction
Cathodic Process
+
it
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Fig. 2.2 Shapes of polarographic i—E curves, indicating formation of the limiting current.
Polarographic waves of Pb>* ions in solutions of sodium hydroxide. The concentration of OH~
ions increases from /left to right and shifts the signal due to the complex formation between OH ™
and lead ions. Observe the reproducibility of limiting currents

In the presence of a reduced or oxidized species, the current depends on the
applied voltage, as shown in Fig. 2.2 (Tables 2.2 and 2.3). The current remains low,
before a potential is reached when electrolysis takes place. The current increases in
a shape, which is denoted as “polarographic wave.” The part of the recorded curve,
where the increased current reaches a practically constant value, is called “limiting
current” (ir). Another important factor is the potential at this point of the recorded
i—E curve where the current reaches one half of the limiting value. This potential is
called “the half-wave potential (E,).” The value of the limiting current offers
information about the concentration of the species undergoing electrolysis (that is
quantitative information) whereas the E, offers information about the nature of the
electrolyzed species (that is qualitative information).

The DMEs used in polarography are of two different types; both consist in a
small drop of mercury, formed at an orifice of a glass capillary of inner diameter
between 0.03 and 0.1 mm. The capillary (usually 5-10 cm long) is attached to a
reservoir of mercury. In the older type of this electrode, it is connected to the
mercury reservoir by a rubber or plastic tubing. This allows changing the mercury
pressure by varying the height of the mercury reservoir. The height of mercury
reservoir (k) is useful for identification of the kind of the transport of the
electroactive species from the bulk of the solution to the electrode surface.

This type of electrodes was used, when i—F curves were recorded using older,
analog instruments (polarographs). More modern instruments (polarographs) are
digital. They must be used in connection with an artificially controlled drop time.
This is advantageous for analytical applications. The problems with using this type
of electrode for basic research are that all of the theory of polarographic i—F curves
has been developed for transport to a naturally growing mercury drop. Dependence
of the limiting current on the drop time ¢, is less sensitive to the controlled drop time
than those obtained using electrodes with natural drop time for the dependence on
mercury pressure (4). The drop time (,), that is given by the time interval between
dropping off of the two consecutive drops, is usually between 2 and 5 seconds. The
measured limiting current depends also on the flow velocity of the out flowing

mercury (m), usually about 2mg L s~ .
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Table 2.3 Pharmaceuticals arrangement according to physiological activity

Pharmacological effect References

Analgesic [39, 40]

Anthelmintic [54]

Anti-estrogen [32]

Antibacterial; Antibiotic [14, 18, 19, 24, 29, 32, 33, 44, 48, 57, 60, 61, 63]
Anti-cancer; Anti-neoplastic [9, 27, 49]
Anti-convulsant, Anti-epileptic [67]

Anti-depressant [13, 16, 22]
Anti-fungal [25]

Anti-glaucoma [65]

Anti-histaminic [7, 17, 47]

Anti-HIV; Anti-viral [6, 9, 43]
Anti-hyperlipidemic [10]

Antihypertensive [37, 38, 40, 41]
Anti-inflammatory [15, 28, 30, 39, 40, 59, 62, 66, 68]
Anti-protozoal [23, 48, 55, 56]
Anti-psychotic [64]

Anti-tranquilizer [53]

Anti-ulcer [41, 42, 58]

Anxiolytic [69]

Bronchodilator [22]

Choleretic activity [12]

Hypnotic [26, 35, 36, 44, 46, 69]
Psycholeptic, sedative [26, 33, 69]

Provided that the values of m and ¢, are known as well as the solution compo-
sition, when the same supporting electrolyte and the same electroactive species of
known concentration are used, the i—F curve can be reproduced, if the starting and
final potentials and the rate of voltage scanning are known. Such curves can be
reproduced within =2-3 % from laboratory to laboratory as well as from country to
country, so no validation is needed.

2.1.1 Comparison with Voltammetric Methods

Current—voltage curves can be recorded using various electrodes, e.g., mercury,
gold, platinum, silver, and carbon. For historical reasons, the technique using
dropping mercury electrodes is called polarography, whereas techniques employing
any other electrode are summarized under the term voltammetry. These techniques
and their applications are discussed in another chapter in this volume [70].

The limits of applications for the most frequently used voltammetry with some
form of a carbon electrode and those of DME can be compared as follows: DME
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H(pA) DM

CARBON ELECTRODE

1.0 0.0 -1.0 -2.0 -2.5 E(V)SCE

Fig. 2.3 Potential ranges available when dropping mercury electrode (DME) and a carbon
electrode are used in recording of current—voltage curves

can be used within potential window from +0.4 V to —2.5 V, whereas a typical
carbon electrode can be used from +1.1 Vto —1.2 V (Fig. 2.3). This limits the types
of electroactive substances that can be investigated and the electrochemical pro-
cesses involved. Numerous oxidations of organic components take place at poten-
tials more positive than +0.4 V and can be studied using a carbon electrode. On the
other hand, numerous reductions occur at potentials more negative than about
—0.5 V. Thus, the potential windows at, e.g., carbon electrodes enable following
voltammetric oxidations of hundreds of organic compounds. On the other hand, the
much wider potential window of DME and much wider use of this electrode for the
recording of i—F curves resulted in observations of several thousands of reductions
of organic compound (Table 2.4).

There is one more difference between the use of carbon electrodes and DME:
The difference in the scan rate: in DC polarography (DCP) the typical scan rate is
between 100 mV/min and 300 mV/min, whereas in cyclic voltammetry it is
between few millivolts to several V/s. In these cases, when a chemical equilibrium
is established before the first electron uptake, it is possible to use such fast scan rate
to neglect the role of the re-establishment of the antecedent equilibria. This has
been demonstrated for the hydration—dehydration equilibrium of formaldehyde
[110] and involving 1,2-alicyclic diketones [111]. The effect of the scan rate on
the rate of acid-base equilibria, preceding electron transfer, has not been system-
atically investigated by voltammetry. By controlling the pH of the investigated
solution it is, on the other hand, possible to obtain information about the rate of the
re-establishment of the acid—base equilibria in the vicinity of the electrode, using
the pH dependence of the limiting currents, obtained using DME.
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Table 2.4 Other pharmaceutically important species and reactions

Properties and reactions | References
Alkaloids

Nicotine | [71]
Blood components

Hemin, protoporphyrin [72]
Hemoglobin [73]
Heparin [74]
Enzymes

Liposomes [75]
Lysozyme [76]
Enzyme inhibitor [77]
Materials in plants and herbs

Artemisin in artemisia [9]
Balcain [78]
Cimophilin [79]
5-Hyroxynapthoquinones [80]
Indigo [78]
Paeonol [78]
Piperin [78]
Thymogquinone [81]
Steroids

Progesterone | [82]
Vitamins

Nicotinamide [83]
K, [84]
Reactions with metal ions

Me (IT) with furazolidone [85]
Me (II) with tetracyclines [86]
W (VI) with cephalosporins [87]
Cd (IT) with antibiotics [88]
Cu (II) with isoniazid [89]
Mn (II)

with amino acids and vitamin B7 (biotin) [90]
with antibiotics and vitamin B6 [91]
with antibiotics and cefotaxin [92]
with antibiotics and cephradine [93]
with sulfodiazine and cefazolin [94]
with sulfonamides and cephalothin [95]
Ni (ID)

with curcumin [96]
with amoxycilin and ampicillin [97]
with antibiotics and cephradine [98]
with penicillamine [99]

(continued)
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Table 2.4 (continued)

Properties and reactions | References
Zn (II)

With antibiotics [100]
With amino acids and biotin [101]
With amino acids and nicotinamide [102]
With tetracyclines and antibiotics [103]
Investigations of other reactions

Nitazole, cleavage of [104]
Amino compounds, with 3,5-dinitrobenzoic acid [105]
Heparin, with Malachite Green [106]
Lysozyme, with Alizarin S [107]
Salicylamide, with HNO, [108]
NO generating [109]

2.2 Variants of Polarography

In addition to DC polarography (DCP) (Fig. 2.4a) lately numerous modifications of
the way in which i—F curves are recorded have been proposed. Among them, the
most frequently reported are: the differential pulse polarography (DPP) (Fig. 2.4b),
the square wave polarography (SWP) (Fig. 2.4c), and alternating current polaro-
graphy (ACP) (Fig. 2.4d). These techniques differ principally in the ways of the
time dependence of the applied voltage. In DPP the linearly increasing voltage is
superimposed during the lifetime of a single drop by an increase of voltage of small
amplitude. This increase is applied towards the end of the drop-time (Fig. 2.4). The
difference of the current before and during the voltage step is measured and plotted
as a function of the applied voltage. The recorded current—voltage curve is a
derivative of the i—FE curve. The maximum current (a peak) is usually a linear
function of concentration.

In the SWP, the voltage is increased by steps (Fig. 2.4¢), and the current is often
measured during a selected time interval, usually during the last 20 % of the voltage
step. Finally in ACP (Fig. 2.4d), the linearly increasing voltage sweep is
superimposed by an alternating voltage of small amplitude. The i—FE curve (as a
function of the increasing voltage) is recorded.

The DPP and SWP were developed to increase the sensitivity of the measured
current, but this applies only to reversible systems, where the equilibrium between
the oxidized and reduced forms at the electrode surface is rapidly established. For
such system, the low limit of concentration, in which the current can be accurately
measured, is decreased from about 5.10"> M in DCP to about 5.10~7 M in DPP.
Such increase in sensitivity is rarely needed in analyses of pharmaceuticals.
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Fig. 2.4 Types of voltage ramps used in various polarographic techniques: (a) DC polarography
(DCP); (b) differential pulse polarography (DPP); (¢) square wave polarography (SWP) [112];
(d) AC polarography (ACP). Plotted: Applied voltage as a function of time
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2.3 Record Keeping

For keeping records, describing the obtained polarographic i—FE curves, the follow-
ing information should be kept: (1) Composition of the studied solution, consisting
of information about the kind of the supporting electrolyte (such as pH, nature of
the buffer used, including concentration and kind of all components. The presence
of salts necessary for controlling the ionic strength—where needed, presence of
surfactants—when needed, and kind and concentration of all electroactive compo-
nents should be stated. (2) Temperature of the analyzed solution should be given, if
different from 25 °C. (3) Nitrogen or argon gases which are needed for removal of
oxygen should be described together with the way of their introduction. (4) The
kind of the reference electrode used and the way of its connection with the
investigated solution should be mentioned. (5) The scales of axes on the polarogram
should be given. For example: On axis x: How many mV correspond to 1 cm on this
axis. And for the y axis: How many microamperes correspond to 1 cm on this axis.
(6) Importantly, the characteristics of the glass capillary used should be stated: The
drop time (1) in seconds, the outflow velocity of mercury from the capillary (m) in
mg/cm, as well as the pressure of the column of mercury (%) given by the distance in
cm between the level of mercury in the reservoir and the orifice of the capillary
used. (7) The starting and the final potentials for the recorded curve are reported.
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(8) All this should be recorded in a hard cover booklet. All of this will be important
in the case of some legal or authorship problems.

If the above information is available, polarographic i—E curves can be
reproduced in laboratories around the world.

2.4 Supporting Electrolytes

In order to use successfully the polarographic method of analysis, it is necessary to
record polarographic curves with well-developed limiting currents. To obtain such
curves, a proper supporting electrolyte must be used. In cases of analyses, in which
the sample contains two or more electroactive species, the individual waves of each
kind of species present must be well separated, that means that they must occur at
sufficiently different potentials. To achieve such a goal is possible by a proper
choice of the supporting electrolytes.

The choice of supporting electrolyte depends on (a) the potential range available
in the given supporting electrolyte; (b) on the type and degree of interaction, either
with the investigated species or on its electrolysis product.

In investigation of reductions of metal ions, the complex formation of the cation
with the compound of supporting electrolyte is of importance. If the investigated
species can exist in two oxidation states (like Fe>* and Fe**), the complex formation
with both states can play a role. For reductions and oxidations of organic species,
most commonly the acidity or basicity of the supporting electrolyte, particularly the
pH value plays an important role. In some instances, for example, when borate
buffers are used, complex formation with the oxidized (e.g., 1,2-diols) or reduced
forms of the investigated compound can play a role.

As in analyses of pharmaceuticals, the establishment of the content of the
organic components usually plays a more important role than that of the inorganics;
the further discussion in this chapter will be restricted predominantly to investi-
gation of the reduction and oxidation of organic species. Exceptions are anodic
waves, observed in solution of species, which can form slightly soluble compounds
or complexes with mercury ions. In such processes, it is mercury—the material of
the indicator electrodes—that undergoes anodic oxidation, and the generated mer-
cury ions [both of Hg(I) and Hg(II)] react in the vicinity of the electrode surface
with studied species. Examples of such inorganic species, which can be determined,
using anodic waves of mercury compounds, are anions like C1—, Br—, or OH™. An
example of complex forming species is CN™ ions. Examples of organic species are
represented by anions like RS™ and some heterocyclic compounds, like barbitu-
rates, thiobarbiturates, uracils, etc.

The first consideration for the choice of the supporting electrolyte is the range of
available potentials. The range of potential limits, between which polarographic
i—F curves can be recorded, depends on two types of processes, which have to be
considered: At positive potentials, the limit is given by the potential, at which in a
given supporting electrolyte, the oxidation of mercury takes place. Commonly used
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anions of the supporting electrolyte are sulfates and perchlorates, which allow
recording up to about +0.4 V and chlorides which allow recording of i—F curves
up to +0.1 or 0.0 V (exact values depend on concentration of the anion). At negative
potentials, the available voltage ranges, to be reached, are limited by the kind of
cations of the supporting electrolyte which are reduced. Up to pH at about 10, it is
the potentials of reductions of hydrogen ions. This naturally depends on pH,
becoming more negative with increasing pH. In unbuffered solutions and
pH > 10, the most negative potential depends on the nature of the cation of the
supporting electrolyte. The nature of this cation controls the potential at which the
cation of the supporting electrolyte is reduced. In more frequently used buffered
solutions at pH > 10, the available range at negative potentials depends on the
nature of the cation of the electrolyte. Thus, if Na* or K™ are the cations of the
supporting electrolyte, the available limit at negative potentials is about —1.9 V.
For solutions containing Li*, this value is about —2.0 V. In the presence of
tetraalkylammonium ions, even —2.5 V can be reached.

Thus, from the practical point of view, the DME can be used between potentials
of +0.4 V and —2.5 V. Numerous organic compounds are reduced between about
+0.2 and —2.5 V, but only those, which are most easily oxidized (like ascorbic acid
and hydroquinone), form slightly soluble species with mercury ions or complexes,
with mercury ions can be successfully (directly) determined by DCP. Generally,
DME is an excellent electrode for reductions, but is also suitable for following the
most easily oxidized species. It is also useful for following anodic processes
involving formation of mercury ions and their reactions, yielding formation of
slightly soluble or complex species. For other oxidations, solid metal electrode or
a carbon based electrode are electrodes of choice.

The situation is reflected by the fact that reductions of more than 20,000 organic
compounds have been studied by DCP. Dropping mercury electrodes are thus
mostly used in studies of reductions, in which electrons are transferred from the
DME, functioning as a cathode, to the reduced species.

The choice of the supporting electrolyte is very important and must be paid
attention to. If no information is found in the literature for the given electroactive
compound or related compounds, a number of various supporting electrolytes must
be used, to find one in which the best developed waves are obtained, that are easy to
measure. It must be taken into consideration that the supporting electrolyte can have
several functions, which can be summarized as follows:

1. To keep low the resistance of the solution.

2. To minimize the migration of ionized species between the cathode and the
anode.

3. To convert the investigated species into a certain form: a complex for inorganic,
a protonated, dissociated, or uncharged form for organics.

4. To establish conditions, when best developed, polarographic waves are obtained
and their limiting currents are most accurately measurable.

5. To allow establishment of optimum conditions when the acid, or the base, or the
hydrated, or unhydrated form predominates.
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6. If the investigated solution contains more than one electroactive species to be
determined, to establish conditions (by applying a complexing agent or a buffer
of suitable pH or a strongly acidic or strongly alkaline solution), where the
waves of two or more electroactive species yield well resolved, separated waves.

As reductions of organic compounds are in most instances in aqueous solutions
accompanied by a proton transfer (either before or after the electron transfer),
electroreductions of organic compounds depend frequently on the composition of
the supporting electrolyte used. Role of pH reflects the general rule: “The conjugate
acid, the protonated form of the investigated species, is reduced more easily—
which means at more positive potentials—than the corresponding conjugate base.”
When oxidations are followed, it is the conjugate base, which is oxidized more
easily, that is at more negative potentials than the corresponding acid.

2.5 The Half-Wave Potentials and Limiting Currents

When the examined solution contains only supporting electrolyte and the applied
potential is gradually increased from positive to negative values, a very small
current increases (almost linearly). This increase continues until a potential is
reached, where hydrogen ions or the cation of the supporting electrolyte undergoes
reduction. In this potential range, the current continuously increases (Fig. 2.2); the
increase is very small and at the sensitivity used hardly noticeable. This small
current is known as “charging current,” as it is due to the charging of the double
layer of ions at the surface of the electrode. When DC polarography is used, the
analyzed solution usually contains between 1 mM and 0.01 mM concentration of
solution of the species to be determined. Under such conditions, the charging
current remains much smaller than the current due to the reduction. For the
measurement of the reduction current, it is usually sufficient to linearly extrapolate
the charging current before the rise of the wave to the potential range, where the
electroreduction takes place. In less than 10> M solutions of the electroactive
species, the role of the charging current must be taken into account. This can be
achieved by passing a linearly increasing current of opposite direction or using
some other advanced techniques, like the derivative polarography, the square wave
polarography (SWP), the differential pulse polarography (DPP), or AC polaro-
graphy (ACP). In pharmaceutical analysis, such problems are not frequently
encountered, as usually there is enough material available to prepare analyzed
solutions containing more than 10~> M electroactive compound.

In the presence of a reducible species, starting at a positive potential and
applying gradually more negative potential, the current first increases slightly due
to the charging current in the supporting electrolyte. At a certain potential, the value
of which depends on the nature of the electroactive (reducible) species present, the
current gradually increases. After a couple of hundred mV, the current reaches a
constant (practically) limiting value, which remains practically constant for at least
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a few couple of hundred mV. The increase of the current above the charging current
is called “limiting current” (Fig. 2.2). Often the shape of the i—F curve does not
depend on the direction of the applied voltage. That means that if the voltage is
applied from positive to the negative values or vice versa from the negative to
positive potentials, practically, the same curve is obtained. Only if the anodic wave
is due to a formation of slightly soluble or complex mercury compounds, the
potential must be applied from the negative to the positive potentials. Mostly, the
limiting current is a function of concentration of the investigated species, and often
the dependence of the limiting current (i;) on concentration is linear. The role of
concentration on the shape of the dependence of the limiting current on the
concentration of the electroactive species for various kinds of limiting currents is
discussed below. For anodic waves, corresponding to oxidation, the dependences
are a mirror image of that discussed above. Starting at negative potentials, a
gradually more positive voltage is applied. At a potential, characteristic for oxi-
dation of the given species in the supporting electrolyte, the anodic current starts to
increase, until it reaches a limiting value. Formation of an anodic wave is observed.
A potential, corresponding to one-half of the limiting current, and at the inflection
point of the i—F wave, is the half-wave potential of the anodic wave. This half-wave
potential of the anodic wave depends on the nature of the oxidized species and on
the supporting electrolyte used.

In a given supporting electrolyte, the half-wave potential depends on the nature
of the reduced or oxidized species. E;, is a function of the nature and structure of
the organic compound in the given supporting electrolyte, for example, of pH.

Hence, polarographic i—FE curves offer:

(a) Both qualitative (E,) and quantitative (/i) information about the nature and
concentration of the reduced or the oxidized species.

(b) The nature of the process involving the reduction or oxidation of organic
compounds.

(¢) Kind of limiting currents.

(d) Nature of the transport of the reduced or oxidized species to the electrode
surface.

When a potential sufficiently more negative is applied to DME in a solution of a
reducible organic compound, electrons are transferred from the mercury electrode
to the reduced species. This results in a decrease of concentration in the immediate
vicinity of the electrode surface. To re-establish the equilibrium condition in the
vicinity of the electrode, where electron transfers can occur, more of the
electroactive species is transported from the bulk of the solution towards the
electrode surface. This transport is caused by a process called diffusion. The area
around the electrode, from which the electroactive species can be transported to the
electrode, is called “diffusion layer.” Limiting currents which are controlled by the
rate of diffusion are called “diffusion currents” (ig).

Some organic compounds are present in aqueous solutions in equilibria, which
are relatively rapidly established—for example between some acids [113] and
conjugate bases or hydrated and non-hydrated forms [111, 114]. If one of the
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forms is more easily reduced than the other, the limiting current of the more easily
reduced acid form undergoes reduction. The reduction of the more easily reduced
form results in perturbation of the conditions in the vicinity of the electrode. To
re-establish the perturbed equilibrium, some amount of the more easily reduced
acid form is generated by conversion of some of the electro-inactive form into the
more easily reducible species. In such situations, the limiting current of the more
easily reducible species is converted by the rate of the conversion—for example, of
an acid from a base or of an unhydrated form from the hydrated one [115]. The
limiting currents in such situations depend on the rate of conversion of the less
reactive into more reactive (the acid or the unhydrated forms). Such currents,
controlled by the rate of a chemical reaction, are called “kinetic currents,” (iy).

In above discussed types of currents—iy and i,—it is assumed that the processes
occur in homogeneous media. In some cases, adsorption either of the starting
material or of the product of electrolysis is taking place. In such cases, the
dependences of limiting currents on concentration are nonlinear [116]. Distinction
between two types of adsorption is discussed below, but all have in common a
nonlinear dependence of the limiting current on concentration.

There is one more type of processes, which yields a nonlinear dependence on
concentration. These are the catalytic currents. Most common type of such currents
involved an oxidation—reduction couple, like Fe(Il)/Fe(IIl) and a component (the
catalyst) of the supporting electrolyte which is able to reconvert Fe(I), formed by
electroreduction, back into reducible Fe(III). Another example of catalytic currents
involves the reduction of oxygen. This reduction occurs on DME in two steps: At
rather positive potentials O, is reduced to HO, which at more negative potentials is
reduced to water. In the presence of a catalyst, H,O, is converted back to O, and the
limiting current of O, is increased. In all these cases, the limiting current is a
nonlinear function of the concentration of the catalyst.

A completely different type of current, which is also denoted as “catalytic,” are
processes which result in a shift of the reduction of H* ions to move positive
potentials (so-called catalytic hydrogen waves [117]). The current at this potential
depends on the structure, on concentration of the catalyst, and on pH. To this group
belong organic substances bearing —SH and -NH;3* groups, such as amino acids,
peptides, and some proteins.

2.6 Identification of the Type of the Limiting Current

The nature of the electrode process involved in the electrolysis can be distin-
guished, based on the dependence of the limiting current involved on concentration
(C), mercury pressure controlled by the position of the reservoir of mercury (%), and
the role of composition of the supporting electrolyte, in particular of pH.

The most frequently encountered type of limiting currents are diffusion currents.
This type of current is controlled by the rate of the transport of the electroactive
species from the bulk of the solution to the electrode surface. As this transport is
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Fig. 2.5 Characterization of the types of currents, most frequently encountered in DCP:
(a) Dependence of diffusion currents on concentration of the studied species; (b) dependence of
diffusion limiting current on the square root of mercury pressure (h); (¢) dependence of the
limiting kinetic current on concentration of the studied species; (d) dependence of the inde-
pendence of the limiting kinetic current on mercury pressure (h); dependence of a limiting current
controlled by a rapidly established adsorption—desorption equilibrium on concentration of the
studied compound (e); dependence of the limiting current controlled by a relatively slowly
established adsorption—desorption process (f)

carried out by diffusion, this type of currents is called “diffusion currents” (iy).
These currents increase linearly with increasing concentration. The plot of iy =f(C)
is linear and passes through origin (Fig. 2.5a). The diffusion current is also a linear
function of the square root of the height of the mercury column above the orifice of
the capillary electrode (Fig. 2.5b).
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In another type of current, the electroactive form is generated from an excess of
electro-inactive form present in excess in equilibrium. This chemical reaction takes
place in the vicinity of the electrode within a reaction layer. The resulting current is
called “kinetic current” (iy). The kinetic current is also a linear function of concen-
tration (Fig. 2.5¢), but it is independent of mercury pressure (/) (Fig. 2.5d). These
currents often increase much more (5-10 %) with increasing temperature, whereas
the increase of i, is just 1.84 %, which is simply because the rate of chemical
reactions depends much more on temperature than the rate of diffusion.

Finally, there are adsorption currents (i,). These currents are observed, when the
oxidized, the reduced form, or both are adsorbed at the electrode surface. There are
two types of adsorption currents, depending on the rate of adsorption, which can be
distinguished based on the shape of the dependence of the limiting current on
concentration of the adsorbed species. If the formation of the adsorbed layer is
fast relative to the drop time, the reduction current first increases linearly with
concentration of the reduced species and then remains independent of concen-
tration. The concentration at the observed intersection of the two linear segments
(Fig. 2.5e) corresponds to a complete coverage of the electrode surface by the
adsorbed species, and the dependence of the limiting current as a function of
concentration shows a nonlinear increase (Fig. 2.5f). When the formation of the
adsorbate is slow, the current changes gradually with concentration of the adsorbed
species.

As adsorption currents may represent an unwanted complication, solubility
might be increased by 5—25 % of an organic co-solvent miscible with water,
such as acetonitrile. At higher concentrations of the co-solvent, the solvation of
the organic compound and its chemistry may be changed compared to its in water.

There are some other, less frequently encountered types of currents that may be
important in analytical applications that will not be discussed here. Examples are
catalytic currents. There are of two types: In one, in a reversible couple like Fe(II)
+e~ S Fe(l) or O,+2e” S H,0,, the reduction product (Fe(I) or H,0,) is
converted by a catalyst (that may be an enzyme) back to the oxidized form and
again reduced. In the second type, the catalyst causes a decrease of hydrogen
overvoltage, and the current of the reduction of H is shifted to more positive
potentials. Such catalytic currents are used in investigations of proteins [118].

2.7 Role of pH

Most reductions as well as of oxidation of organic compounds, the transfer of one or
more electrons is accompanied by transfer of one or more protons. This is
manifested on polarographic i—F curves by changes in pH. Such changes can
involve the values of half-wave potentials (£;/,), or changes in the limiting current
(i), or in both. Such changes represent an important tool in the elucidation of
mechanisms of electrode process involved. The proton transfers can occur either
before or after the electron transfer.
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This situation involves the reduction processes will be discussed first. Simplest
situation will be encountered in the pH range, where the limiting current (i ) and the
half-wave potential remain pH independent. The plot of £, =f (pH) (Fig. 2.6a) in
this pH range corresponds to a linear segment at pH < pK,, parallel with the pH
axis. This reflects the situation, in which the species of the reduced compound is in
the same form at the electrode surface and in the bulk of the solution. At pH > pK,,
the value of E; is shifted to more negative potentials. The plot of £, =f (pH) in
this potential range is linear, with slope different from zero. This slope depends on
the number of transferred electrons, on the number of involved protons, and the rate
of protonation. The limiting current remains pH independent as long as the conju-
gate base is completely protonated within the pH range studied. In this pH range,
the rate of protonation is sufficient to convert in the vicinity of the electrode all the
predominant base form into the more easily reducible acid form. From the pH at the
intersection of the linear segments, it is possible to determine the value of pK, of the
investigated compound. As within the investigated pH range, the rate of protonation
is sufficiently rapid to convert all of the base form into the more easily reducible
acid form; the limiting current in this pH range remains pH independent (Fig. 2.7).
In the case of some reducible organic compounds, it is possible to extent the pH
range higher than in the previous case. At a sufficiently high pH, the rate of the
protonation of the predominant base form becomes insufficient to convert in the
vicinity of the electrode surface all of the predominant base form into the more
easily reducible conjugate acid form. As the rate of protonation decreases with
increasing pH, the resulting i; decreases with increasing pH. In this pH range, both
the limiting current and E, change with changes in pH. The plot of i, =f (pH) has
a shape of decreasing dissociation curve. The pH at the inflection point of such a
curve is denoted pK’ (Fig. 2.6b). At pH=pK’ also the E;, =f (pH) plot becomes
pH independent.

When values of pK' are obtained from polarographic data (from
i, =f (pH) or/and E,, =f (pH) and the value of pK, is either available from the
literature or estimated from E;, =f (pH) plots, it is possible to calculate the rate
constant of the protonation. These are fast reactions with rate constant of the order
between 107 and 10" L mol ' s~

Situation dealing with evaluating dependences of £, and ii on pH for oxidative
processes is different and resembles mirror images of those discussed for reductions
alone. This reflects the fact that a base form is more easily oxidized than the
corresponding conjugate acid. When the investigation is limited to the pH range
in the alkaline region, where the E |, is constant and independent of pH and so is the
limiting current, the plot of E;,, =f (pH) corresponds to a line parallel with the pH
axis. At pH < pK,, the E | ; is shifted gradually to more positive values. The slope of
the E;p=f (pH) linear plot depends on number of electrons in the potential
determining step, number of H* (or OH™) transferred before the potential deter-
mining step, and the rate of this transfer (Fig. 2.6b). The value of pH at the
intersection of pH-independent line and of the line corresponding to potential
shift due to the formation of the electroactive anionic form corresponds to a pK,
value of the acid—base reaction (Fig. 2.6c).
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Fig. 2.6 Most frequently observed types of dependences of half-wave potentials (E,) on pH:
(a) reduction process, in which only the rapidly established acid—base equilibrium is accessible.
From intersection of the two linear segments, the approximate value of pK, can be found;
(b) similar type of dependence, when investigation is possible also to higher pH values. The
intersection at lower pH corresponds to pK,, that at higher pH to pK’. That is a pH, where the rate
of pre-protonation in the vicinity of the DME surface is rapid enough to convert 50 % of the
available conjugate base back into free acid; (¢) pH dependence of half-wave potentials of anodic
waves, corresponding to the oxidation of the conjugate base. The pH at the intersection of the
linear segments corresponds to the pK, of a reaction in which one half of the base is converted into
conjugate acid

Finally, in more acidic media, the E,, becomes again pH independent. The case,
where the limiting current decreases with decreasing pH and half-wave potentials
became pH independent, has been observed for oxidation of substituted benzalde-
hydes [119], where the acid—base reaction is the addition of OH™ ions to the CH=0
group. With accessible pK, and pK’ values, it was possible to calculate the rate
constants of the addition of OH™ with substituted benzaldehydes, in good agree-
ment with values obtained by other techniques. Slowly established acid-base
equilibria that are observed for some C-acids involving cleavage of the activated
C-H bond result in pH-dependent waves, the i;. of which is diffusion controlled
(Fig. 2.7).

Alternatively, the pH can affect i—F curves, where the establishment of an
equilibrium involving an electroactive species is pH dependent. This is the case
of hydration—dehydration equilibria, where the rate of the dehydration (Fig. 2.8),
yielding the reducible unhydrated form, is acid or base catalyzed. This results in a
diffusion controlled current in the medium pH range, with increasing current in
acidic solution controlled by the acid catalyzed dehydration. Similarly at pH higher
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Fig. 2.7 Example of the role of pH on polarographic i—FE curves involved in the reduction of an
acid. (a) Dependence of DC polarographic waves obtained in solutions containing 0.2 mM
solution of phenylglyoxylic acid in buffers of varying pH value. Limiting currents of the more
positive reduction wave of the acid form decreases with increasing pH; decrease is accompanied
by an increase of the wave of the conjugate base, the anion, at more negative potentials. (b) Plot of
the bulk concentration of the phenylglyoxylic acid (obtained by titration or spectrophotometry) on
pH. The inflection point of this curve (on the left hand side) corresponds to the pK, of
phenylglyoxilic acid. The plot at the right hand side corresponds to the dependence of the limiting
current of the more positive wave of phenylglyoxylic acid on pH. The inflection point of this curve,
where the limiting currents of the acid and the anion are equal, corresponds to pK'. The difference
between pK’ and pK, is the greater the faster the pre-protonation in the vicinity of the electrode
takes place

than about 7 or 8, the current increases due to a base catalyzed dehydration
(Fig. 2.8).

So the role of pH should be investigated for all studied reductions or oxidations
of organic compounds.
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2.8 Investigation of a New Compound

A “new compound” is meant here a compound, the behavior of which has not been
studied, or a compound, related compounds of which have not been critically
studied. So the first action should be a literature search for data [120] dealing
with electrochemical information for this or related species. If the search is nega-
tive, the following approach proved to be useful for development of a polarographic
method of analysis.

The solubility of the investigated compound is tested first to prove if it is
possible to prepare a 0.01 M stock solution of this compound in water. If the
solubility is too low, it is possible to add an electroinactive co-solvent. The best
is to add 5—25 % of organic co-solvent, such as acetonitrile, DMF, or THF.
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The concentration of co-solvent in the investigated solution should be kept
below about 25 %. At higher concentration of the co-solvent, changes in solvation
of the electroactive species as well as changes of the mechanism of the electrode
process might occur. Ethanol may be a suitable co-solvent, provided that it does not
change the solution chemistry of the electroactive species. It is also possible to add
0.01 M HCI or 0.01 M NaOH to increase the solubility of the investigated com-
pound, provided that no additional chemical reactions are involved.

For the initial investigation, a 0.01 M stock solution of the studied compound is
prepared in water, and if necessary, in the presence of an organic co-solvent. A
stream of nitrogen or argon gas is then passed through the investigated solution to
remove soluble, reducible oxygen. Usually 1-2 min of a vigorous stream of
nitrogen is sufficient to remove all of the interfering oxygen. While still introducing
nitrogen stream, an aliquot of the stock solution is added to a chosen volume of the
supporting electrolyte. It proved best to prepare the solution of the species to be
studied in 0.2 mM final solution for recording of the i—FE curves. If necessary,
0.02 mM solutions can also be investigated. This situation occurs when the studied
compound is slightly soluble or if a limited amount of the investigated compound is
available. At final concentrations lower than 0.01 mM, the role of the charging
current has to be considered. At concentrations higher than about 0.3 or 0.5 mM,
adsorption phenomena can play a role. Next the effect of pH on the behavior of
studied compound is followed. To obtain initial information, 0.2 mM solution is
prepared by addition of chosen volume of the stock solution of the studied com-
pound to obtain a 0.2 mM final concentration in the same volume of the following
solutions:

. 0.1 M HCI (pH about 1.0)
. Acetate buffer pH 4.7
. Phosphate buffer pH 6.8

. Borate buffer pH 9.3
. 0.1 M NaOH (pH about 13).

[ O R S

From resulting i—F curves, the following information is sought: (a) In which pH
range are polarographic waves present? (b) Is there a single wave or more waves
observed? (c) How does the wave height (ip) and the half-wave potential (E),)
change with pH? (d) Between which pH values are the changes in i and E)
largest?

It is also recommended to record i—F curves immediately after the removal of
oxygen and compared them with i—F curves obtained in solutions kept under
nitrogen for 15-30 min. Changes in wave heights or numbers with time indicate
presence of chemical reactions, occurring in the bulk of the solution, which can be
acid or base catalyzed. If such reactions take place, extrapolation of iy to r=0 is
necessary.

Comparison of changes of /i and E,, on curves obtained in the five supporting
electrolytes mentioned above enables distinguishing the range (or ranges) of pH in
which the values of i; and E;,, show largest variations. This information is used
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when making the choice of the supporting electrolyte to obtain enough data in those
pH region(s), where they are most informative and their variations are most marked.

Such well-planned experiments offer sufficient information about the role of pH
within the electrode process. In the pH range, where the change of obtained data is
most marked, the buffer used should differ by less than about 0.3—0.5 pH-units.
On the other hand, in the range where i and E,, show little variations, a difference
between two successive curves can be of the order of a unit of pH.

For preliminary, less detailed, information, the use of a general buffer (such as
the Britton—Robinson) is sufficient. This buffer contains boric acid, which can
interact with numerous organic compounds. Therefore for more reliable informa-
tion, the use of the following supporting electrolytes is recommended: 0.1 M HC1O,
or 0.1 M HCI (if the presence of chloride ions does not interfere) for pH about 1.0;
0.01 M HCI1O4 with 0.1 M NaClO, (or 0.01 M HCI with 0.1 M KCl) for pH about
2.0; phosphate buffers pH 2.3-3.5; acetate buffers pH 3.7-5.7; phosphate buffers
pH 5.8-7.8; borate buffers pH 8.3—10.3; phosphate buffers pH 10.5-11.7; 0.01 M
NaOH with 0.1 M NaClO, (or NaCl) for pH about 12.0; and 0.1 M NaOH for pH
about 13. If the 7| and E,, obtained in borate buffers do not fit the plots obtained in
phosphate buffers, an interaction of the studied compound with boric acid is
indicated. Then for the range between pH 8.3 and 10.3, different buffers have to
be used. If the investigated compound does not contain a C=0 or N=O group,
buffer pH 8.3-10.3 containing 0.1 M NHj; and varying concentration of NH,* ions
(e.g., from 0.01 M to 0.1 M NH,4CI) can be used. Alternatives can be veronal or
p-phenol sulfonate buffers.

From recording of i—E curves over the investigated pH range, plots of
ir=f (pH) and E,,=f (pH) are constructed. Plots of ii =f (pH) and
E» =f(pH) may already offer information about processes involved in the course
of electroreduction. The distinguishing of characters of individual observed waves
is often helpful. This can be achieved based on dependences iy =f (C), i =f (pH),
and E, =f (pH). Such information may not only help to understand the principles
of the electrochemical processes involved, but also to allow finding optimum
conditions for analysis, where the i—F recorded curves are best measurable and
time independent.

2.9 Structure of Organic Compounds and Polarographic
Activity

When polarographic analysis of a pharmaceutical is considered, it is the structure of
the physiologically active component that must be first taken into consideration. A
search of literature is carried out to learn, if such or a similar compound has been
investigated and the course of reduction or oxidation has been reported. If the result
of such search is positive and sufficient information about the role of the supporting
electrolyte is available, conditions for polarographic analysis can be chosen. When
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this is not the case, it is checked, if the studied compound bears one of the groupings
listed in Table 2.1.

In some cases, the presence of a single such grouping is sufficient for polaro-
graphic activity. In such situation, cathodic or anodic waves are observed on
polarographic i—FE curves, the limiting current of which is a linear function of
concentration of the studied species, in a suitable supporting electrolyte. If the
investigated compound contains one of the reducible groups depicted in Table 2.1
and no polarographic wave is observed on the i—F curve, in order to obtain a well
measurable polarographic wave within the available potential range, the studied
compound must contain an activating group.

In aliphatic and alicyclic compounds, the role of the activating group depends
strongly on the distance between the electroactive center and the activating group-
ing. The facilitation of the electrode process depends on the polar effect of the
activating grouping. When the activator is present on an aromatic ring, the acti-
vation depends on the mutual positions of the electroactive center and the activator,
for example, in meta- or para-position. In such cases, both polar and resonance
effects of the activator are of importance. Some effects of activating groupings can
be treated quantitatively [121]. In ortho-position also steric effects of the activator
play a role.

Among activating effects perhaps the most important one is the effect of
conjugation, which plays an important role both in aliphatic chains and in alicyclic
or aromatic rings. Such effects play an important role in heterocyclic rings, espe-
cially those containing -N=N- and >C=N- groupings.

Two rules have a general validity: In compounds, which can exist as an acid or
conjugate base, the acid form is always reduced at more positive potentials than the
conjugate base. Thus, the reduction of the conjugate acid takes place at more
positive potentials than that of the corresponding base. On the other hand, the
conjugate base form is more easily oxidized (that means at more negative poten-
tials) than the corresponding acid. In polarography, the normally used rate of
potential scan (100-200 mV/min) allows some acid—base reactions to occur in the
vicinity of the electrode surface, in the so-called reaction layers. Depending on the
rate of the establishment of the acid—base equilibria, this can be manifested either
by a shift of the half-wave potentials (for very rapidly established acid—base
equilibria) or by a change of limiting currents with pH.

Hence for investigation of any organic compound, that can be protonated in the
reaction layer, the half-wave potential, or wave height of the limiting currents, the
pH of the studied solution must be controlled. The same applies to anodic oxi-
dations, facilitated with increasing pH. Thus, the role of pH on reductions or
oxidations on DME cannot be overstressed.

In some cases, when the organic compound to be studied does not bear any of the
groupings given in Table 2.3 or when the potentially electroactive group is not
supported by an activating grouping, it is possible to introduce into the organic
molecule by a chemical reaction a grouping that is reducible. An example of this
type is the determination of morphine, which is converted into its nitro derivative
by a reaction with potassium nitrite in acidic media (Fig. 2.9).
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i(uA)

E (V)

Fig. 2.9 Example of waves of a compound formed in a chemical bulk reaction taking place before
recording of the DCP curve. For this determination a sample of morphine was converted into
nitromorphine in a reaction with potassium nitrite in acidic media. Curve 1—supporting electro-
lyte, curves 2-5 obtained at varying concentrations of morphine

2.10 Conclusion

General principles of polarography, experimental conditions, and mathematical
treatment of the theory involved can be found in monographs and original papers
[1-5, 70, 110-131]. Analytical applications reported between 1990 and 2012 are
summarized in Tables 2.2, 2.3, and 2.4 [6-69, 71-109]. In Table 2.2, the infor-
mation is arranged alphabetically according to the name of the drug. In Table 2.3
the information is arranged alphabetically according to the physiological effect and
kind of application of the drug. Finally, in Table 2.4 are listed some applications of
polarography in the course of reaction of medications with heavy metal ions and
references of some other reactions of pharmaceuticals are given.

As HPLC and AA and related techniques are currently predominant and LSV an
CV among electrochemical methods, polarography is currently used in countries
where research cannot afford more expensive analytical techniques. Use of LSV
and CV, in which solid electrodes (most often carbon electrodes) are used for
oxidations, polarography offers the possibility to analyze compounds that contain
reducible groupings. In analyses of pharmaceuticals, DCP is usually sufficient, as
analyses of trace amounts are not usually requested in analyses of pharmaceuticals.
The high reproducibility of polarographic i—F curves may allow avoiding validation
procedures. Hence, the use of polarography in routine analyses is rather limited, but
variations of polarographic limiting currents with time offer the use of polaro-
graphy in following chemical reactions in following the again of pharmaceuticals,
following kinetics of their degradations with time or solution components in both
chemical and enzymatic reactions as well as equilibria by following changes of
reacting species is possible from following such reactions based on the variations of
limiting currents with time makes polarography complementary to spectrophoto-
metric techniques.
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3.1 Introduction

Amongst the variety of electrochemical methods and techniques available for
drug analysis, voltammetry, i.e. the recording of the current, as a function of
applied potential, has become the most important and widespread.

Sweep voltammetry in unstirred solution, based on continuously varying the
potential that is applied across the electrode—solution interface and measuring the
resulting current, where the predominant mode of mass transport is diffusion, is one
of the most important and useful techniques for the study of electrochemical
reactions and their mechanisms [1-10]. The form of the current—potential curves
at stationary electrodes, in unstirred solution, depends on the rate of change of
applied potential. Analysing these curves can give information about the kinetics
and mechanism of reactions associated with electron transfer at the electrode
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surface, since the faradaic current that flows at any time is proportional to the rate of
the electrochemical reaction taking place at the electrode.
The current observed in a voltammetric experiment is dependent upon:

1. The rate at which material arrives from the bulk of solution to the electrode,
mass transport

2. The rate of electron transfer across the electrode—solution interface, the charge
transfer kinetics.

When the electron transfer rate is sufficiently fast, the electrochemical reaction is
limited by the rate of mass transport of ions or molecules from bulk solution to or
from the electrode surface.

There are three types of mass transport:

Convection
Migration
Diffusion

When any one of these types of movement is insufficient to transport the reactant
to, or the product from, the electrode surface concentration polarisation is observed
[1-10].

The simplest way of transferring reactants to the vicinity of the electrode surface
is by mechanical means such as agitation or stirring, i.e. forced convection. Forced
convection decreases concentration polarisation and is often not important on a
short time scale. In an unstirred solution, there may be effects of natural convection,
due to vibrations and temperature and density gradients. There is a group of
techniques, hydrodynamic techniques, based on forced convection of the solution,
in which the mass transport is defined by a combination of convection and diffu-
sion. An example is the rotating disc electrode.

Migration is the movement of charged particles in response to a local electric
field gradient. In bulk solution, ion movement is caused primarily by the influence
of the electric field. The influence of the migration of electroactive species is
generally made negligible by the addition of a fully dissociated inert electrolyte
of sufficiently high ionic strength, which acts as the principal ionic charge carrier.

Diffusion is the movement of molecules or ions from a region of higher
concentration to one of lower concentration. During an electrode reaction, the
concentration of electroactive species at the electrode surface decreases, and a
concentration gradient develops between the interfacial region and the bulk solu-
tion, which causes diffusion. Diffusion is common to all voltammetric experiments;
however, the current response depends on the flux at the electrode surface, which in
turn depends on the electrode size and geometry [1-10].

All electrochemical reactions are governed, at least in part, by the Nernst
equation [1-8]. This equation specifies the relationship between the potential of
an electrode and the concentrations of both oxidised (Cpy) and reduced (Cgreq)
species involved in the redox reaction at that electrode at equilibrium:



3.1 Introduction 47

In this equation, EY is the formal potential of the couple involving Ox and Red, Cox
is the concentration of the oxidised species and Creq is the concentration of the
reduced species. If an electrode reaction occurs at a particular applied potential,
then Cp, and Cgreq at the electrode surface do not have the same value as in bulk
solution. Hence, there is a driving force for transport by diffusion of analyte to or
from the electrode surface. The transports of the analyte to the electrode surface,
and the rate of oxidation or reduction of analyte at the electrode surface, together
determine the magnitude of the current. If electron transfer is sufficiently fast,
i.e. reversible electrode reactions, then the current is determined only by the rate
of mass transfer of analyte to the electrode surface and the concentration difference
between the electrode/solution interface and the bulk at the value of the applied
potential used, according to the Nernst equation.

The rate of diffusion can be expressed mathematically by Fick’s laws of diffu-
sion. Fick’s first law states that material will diffuse from a region of high concen-
tration to low concentration, in our case the electrode surface. This mass flux, J, in

one dimension is:
ocC
J=—-DlZX=
(%)

where D is the diffusion coefficient of the species being transported to the electrode
surface, and (0C/0x) is the partial derivative of concentration with respect to
distance from the electrode surface.

The change of concentration with time and space is described by Fick’s second
law:

dc o’c

dr T\ o

Fick’s equations in three dimensions allow mathematical solution of all diffusion
problems, which can be used for system characterisation.

The flux of species, J, is converted into a current by Faraday’s law, which states
that the current is equal to the flux multiplied by the number of moles of the species
undergoing oxidation or reduction, the number of electrons transferred and the
Faraday constant.

Thus, at a uniformly accessible planar electrode, the current is proportional to
the concentration gradient:
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Fig. 3.1 Electrochemical
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This is the fundamental relationship that is used to calculate the current in any
electrochemical experiment. Generally, the term (0C/0x)x— is dependent on time,
and on how the applied potential is varied with time and thus can be difficult to
evaluate, since the potential determines the ratio (Cox/Creq) at the electrode
surface. Diffusion always occurs and is thus often the most significant transport
process for many electrochemical reactions.

Generally, the potential of the working electrode is controlled versus a reference
electrode possessing a constant and known potential and the electrical circuit is
completed with an auxiliary electrode, which should be inert, e.g. platinum, and has
a large surface area compared to the working electrode. This three-electrode
arrangement is schematised in Fig. 3.1. A potentiostat that controls the potential
of the working electrode vs. the reference in such a way that the current flows
almost exclusively between the working electrode and the auxiliary electrode,
while a very small, practically negligible current is passing through the reference
electrode (usually Ag/AgCl or calomel (Hg/Hg,Cl,) electrodes are used). The
essential elements needed for such an electrochemical measurement are:

» The working electrode: usually made of an inert metal or carbon based material
(such as gold, platinum, glassy carbon, carbon paste and boron-doped diamond)

¢ The solvent: this usually has a high dielectric constant (e.g. water or acetonitrile)
to enable the electrolyte to dissolve and thus aid the passage of current.

* A background electrolyte: this is an electrochemically inert salt (e.g. NaCl in
water or tetrabutyl ammonium perchlorate (TBAP) in organic solvents) or
buffers (e.g. phosphate, acetate, borate and Britton-Robinson in water) and is
usually added in high concentration (0.1 M) to allow the current to pass and
suppress migration effects.

« The reactant: in low concentration typically between 10° and 107> M.
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Voltammetry is employed to investigate electrode reaction mechanisms and for
electroanalysis. A plot of potential vs. current is called a voltammogram. Normally,
the applied potential is controlled and the current response recorded but the
opposite, i.e. applying a current and record the change in potential, can also be
useful as will be seen in Sect. 3.5.3. Analysis of voltammograms can yield ana-
lytical, kinetic and thermodynamic information as well as information on other
phenomena such as adsorption on the electrode surface.

There are many forms of voltammetry, the most important of which will be
addressed in the following sections. Some selected applications in pharmaceutical
analysis will be discussed in other chapters.

3.2 Linear Sweep and Cyclic Voltammetry

Potential sweep methods, i.e. linear sweep voltammetry (LSV) and cyclic
voltammetry (CV), probably represent the most widely used diagnostic tool for
studying electrode processes [6—11]. The difference between LSV and CV is that
the former is just one single sweep whilstin CV the potential sweep is inverted to form
a cycle or multiple cycles. LSV and CV techniques were first reported in 1938 and
described theoretically in 1948 by Randles and Sevcik. CV has become a very popular
technique for initial electrochemical studies of new systems and has also proven very
useful in obtaining information about fairly complicated electrode reactions parti-
cularly in the field of organic chemistry and of pharmaceutical compounds. It is often
the first experiment performed in an electrochemical study. It is the most widely used
technique for acquiring qualitative information about electrochemical reactions and
mechanism and is also a powerful tool for the rapid determination of formal potentials,
detection of chemical reactions that precede or follow electron transfer or evaluation
of electron transfer kinetics. It enables the electrode potential to be rapidly scanned to
search for redox couples and makes possible the elucidation of the kinetics of
electrochemical reactions taking place at electrode surfaces. One can simultaneously
activate molecules by electron transfer and probe subsequent chemical reactions.

In conventional LSV and CV experiments, electrochemical measurements are
performed in a quiescent solution of an electroactive species in a chosen supporting
(inert) electrolyte. The concentration of the electroactive species is typically
between 10 pM and 1 mM while the supporting electrolyte typically has a concen-
tration of 0.10 M. The resulting solution may need to be deoxygenated, if reactions
in the negative potential range are to be studied, to avoid contributions from oxygen
reduction and possible secondary reactions with dissolved oxygen. Purging the
solution with nitrogen or argon for 5-15 min is done for this purpose.

The LSV/CV technique consists in the application of a potential, which
increases (or decreases) linearly as a function of time according to:

E=F +vt

where E; is the initial potential and v is the scan rate (expressed in mV s torvs™h.
The starting potential value, E;, is usually selected so that the chemical species
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under investigation is not initially oxidised or reduced. The potential is then swept
to a voltage .« or E i, (positive or negative sweep, respectively), at which point
the scan direction is reversed back to the original, or to a different, potential value,
E;. The potential limits, E ., and E,;,, are selected so that the potential interval
scanned includes the oxidation or reduction process of interest. The current
vs. applied potential curve is recorded over one sweep (linear sweep), one cycle
or multiple cycles (Fig. 3.2).
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Fig. 3.2 Cyclic voltammetry (CV): (a) typical potential triangular waveform, (b) current—
potential curve for a reversible system at different scan rates
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If, in a CV experiment, only the reduced (Red) form is initially present in
solution, a positive-going potential scan is chosen for the first half-cycle, starting
from a value where no oxidation occurs. As the applied potential approaches the
characteristic formal potential (EY) for the redox process, an anodic current appears
and begins to increase, reaching a maximum peak value, after which the current
decreases owing to depletion of electroactive species at the electrode surface. After
scan inversion at E,,, Ox species in the vicinity of the electrode surface can be
reduced back to Red, resulting in a cathodic peak (Fig. 3.2b). Thus, CV is capable of
generating a species during the forward scan and then probing its fate on the
reverse scan.

The important parameters in CV are the magnitudes of the peak currents, /;, , and
I, ., and the potentials at which peaks occur, E,, and E, .. Measuring accurate
values of peak currents is perhaps the biggest difficulty of analysing cyclic
voltammograms.

A redox couple in which both species rapidly exchange electrons with the
electrode, i.e. the potential—current profile is governed solely by diffusion and by
the Nernst equation, is termed an electrochemically reversible couple.

However, in most cases, the CV profile is more complicated. The main reasons
for deviations from reversible behaviour include:

— Slow kinetics of interfacial electron transfer

— The presence of parallel chemical reactions in the solution phase

— The occurrence of surface effects such as gas evolution and/or adsorption/
desorption and/or formation/dissolution of solid deposits

Furthermore, CV curves can be distorted by uncompensated ohmic drop and
capacitive effects in the cell [1-5, 11-16].

For a reversible system, the anodic peak current, /,,,, is given by the Randles—
Sevcik equation (T'=25 °C).

I =269 x 10°n32A D22

where I, , is the anodic peak current (in amperes), v is the scan rate (V sfl), nis the
number of electrons transferred per species, A is the electrode area (cmz), D is the
diffusion coefficient of the electroactive species (cm? s™') and C is the concen-
tration of analyte in bulk solution (mol cm ). For a cathodic peak, I, is given by
the same expression but with a negative sign. Beyond the current peak, the current
falls due to mass transport limitations to the electrode surface.

The value of E, is useful in characterising compounds and can be used for
identification. The midpoint potential of the anodic and cathodic peaks in the CV is
given by:
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where E” is the formal potential, and Do, and Dg.q are the diffusion coefficients of
the oxidised and reduced species. It can usually be assumed that Do, and Dg.q are
equal and in such cases the midpoint potential is nearly equal to the formal
potential.

The separation between anodic and cathodic peaks of the CV is given by:

57
AE,=E;,,—E,c=— mV (at25 °C)
n

All the information concerning LSV and CV for a reversible reaction controlled
by analyte diffusion can be summarised [1-5, 8—16].
For LSV

* I, is proportional to v

» E, is independent of scan rate, v

o E,—E,;»=156.6/nmV

[, increases linearly with concentration

and for CV

* AE,=E,,—E,.=57.0/nmV
o« U/l =1

Hence, in CV the peak separation can be used to determine the number of
electrons per molecule of analyte oxidised or reduced, and as a criterion for
Nernstian behaviour. In particular, if AE,, is greater than 57/nmV then the reaction
is not fully reversible.

Larger differences or nonsymmetric reduction and oxidation peaks are an indi-
cation of a quasi-reversible or irreversible reaction. For a quasi-reversible system,
the electron transfer reaction does not respond instantaneously to a change in
potential. The current is controlled by both charge transfer and mass transport.
Compared with a reversible voltammogram, the anodic peak is shifted to more
positive potentials and the cathodic peak to more negative potentials. The quasi-
reversible CV parameters can be summarised as [1-5, 8—16]:

* E, is dependent on v.

* AE, depends on v and increases with v.

+ [, depends on v in a non-linear way, due to the transition from a reversible to an
irreversible system.

I, is linearly dependent on concentration.

Moving towards irreversible CV systems, when the kinetics has a successively
greater effect in slowing the electron transfer, the current peaks become reduced in
height and broader, and anodic and cathodic peak potentials become more widely
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separated. In the irreversible limit, no reverse reaction is observed, as happens with
the oxidation of most pharmaceutical compounds. Totally irreversible electro-
chemical systems are characterised by a shift of the peak potential with the scan
rate, according to:

. RT K0 anFv\ 2
_ 0 _ C -
Ep=E" —— 1078 1nD1/2 + ln( >

where «a is the transfer coefficient, » is the number of electrons which are involved
in the charge transfer step and kg, is the standard rate constant of the electron transfer
reaction. For an irreversible system, the peak current is:

I, =2.99 x 10°n(an,) " *AD"*'/2C

where n, is the number of electrons in the rate-determining step of the electrode
process. In this irreversible case, LSV and CV are equivalent.
The parameters for irreversible reactions can be given as [1-5, 8—16]:

* E; depends on v.
[, is proportional to v,
* [, is linearly proportional to concentration.

For irreversible systems, the peak potentials of anodic or cathodic processes are
shifted toward more positive or negative potential values, respectively. In many
cases, the value of n, =1 but, in other cases where n appears to be 2, much care
must be taken in using the above equation as it can lead to incorrect deductions for
the value of a, for example, when n=2 in a mechanism corresponding to a
pre-equilibrium followed by a rate-determining step, each involving one electron.
For further information on such cases, see [3].

In some cases, the electroactive species, or its oxidation or reduction products,
adsorbs on the electrode surface and continues to give a voltammetric response
(rather than just blocking the surface by adsorption). Alternatively, it may be
confined close to the surface within an immobilisation matrix or be covalently
linked to the surface. In the CV of such systems, the anodic and cathodic current
peaks are closer together, since diffusion from bulk solution has no role. In the CV
of reversible surface-confined species, the potentials of the anodic and cathodic
peaks are exactly the same and the peak current is directly proportional to the scan
rate (rather than square root of scan rate) [1-5, 8—16]. In this case the peak current,
exemplified for an oxidation, is given by:

_ n’F*AT
DA ART

in which I' is the surface concentration (sometimes called surface excess) of

. . . _2
electroactive species, expressed in mol cm™ "
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In modern digital potentiostats, it is not possible to directly apply a true linear
waveform without making use of digital to analogue and analogue to digital
converters, and a staircase waveform is used as an approximation. Hence, staircase
voltammetry (SV) can be considered as the digital version of LSV and
CV. However, there are some differences between LSV, CV and SV techniques.
LSV or CV furnishes a continuous current vs. potential curve, while SV consists of
many discrete current—potential points. Also, the peak currents obtained under
conditions of identical scan rates in linear scan and SV techniques may differ
considerably. Thus, care must be taken to ensure that the “SV” equivalent of CV
is implemented in such a way as to avoid any differences. Some more details on SV
will be given below in Sect. 3.3.

One of the most important applications of CV is for the qualitative diagnosis of
coupled chemical reactions that precede or succeed the redox process of inorganic,
organic or pharmaceutical compounds. It can also be used for clarifying and
understanding the redox mechanisms of many biologically important molecules
and pharmaceutically active compounds. The results of CV investigations into the
redox mechanism of pharmaceutically active compounds and biomolecules may
have profound implications for the understanding of in vivo redox processes, as in
neuroscience, or pharmacological activity [1-7, 10—19]. For example, dopamine
can easily be distinguished from serotonin by LSV or CV. In addition, by increasing
the potential scan rate, the current response of ascorbic acid, which normally
overlaps with that of the catecholamines, may be eliminated.

Most quantitative determinations are usually performed solely by LSV since
they are based on measurement of the current peak in the first scan. However, some
researchers prefer to use CV for the quantitative determination of pharmaceutical
compounds. The detection limit (LOD) in both techniques is mainly governed by
the ratio of the faradaic current to the background charging (capacitive) current.
Typical scan rates are between 25 and 1,000 mV s~ for analytical purposes. The
detection limits of CV and LSV are usually about 10~® M, so that these techniques
are not sensitive enough to determine drugs in body fluids after therapeutic doses.
However, they are well suited for the rapid, simple, sufficiently sensitive and
accurate determination of drug-active compounds in raw materials or in their
dosage forms. In routine analytical work, the main advantages of CV and LSV are:

1. 1.Specificity due to both a large available timescale and a good resolution of
peak-shaped curves

2. Quickly recorded current—potential curves

3. Sufficient sensitivity

4. Using LSV electrochemical detection in flow analysis, such as coupled with
HPLC, capillary electrophoresis and FIA

During recent years, there has been extraordinary progress in the discovery,
synthesis, sensitive analysis and means of delivery of pharmaceutically active
compounds used in the diagnosis, prevention and treatment of human diseases.
CV is an appropriate analytical tool, in complex media where chemical reactions
are coupled with electron transfer reactions, as is the case for many of these
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compounds. As a general rule, many drug-active compounds can be readily
oxidised or reduced in contrast to the excipients of pharmaceutical dosage forms
(tablets, sugar-coated tablets, capsules, syrup, etc.). Thus, sample preparation is
simple and usually consists of dissolving the drug-active compound in a suitable
solvent, filtered (or not) and directly analysed electrochemically without interfer-
ences from commonly encountered excipients. In the analysis of pharmaceutically
active compounds in their dosage forms, electrochemical methods have quite often
been shown to be superior to classical analysis techniques and to spectrophoto-
metric methods.

Biological sample analyses cannot be carried out directly. First of all, the serum
proteins and endogenous substances should be removed. Depending on the study,
sometimes the biological samples can be analysed after precipitation of the endo-
genous substances but in other cases extraction procedures are needed [6—11].

Most publications are related to the application of LSV and CV techniques to
drug dosage forms as seen in the numerous review articles and books published in
the field [6—11, 18-26]. Also, the literature shows [27-50] that CV is a convenient
technique for revealing the redox properties of drug-active compounds.

3.3 Step and Pulse Voltammetry

A variety of pulse electrochemical techniques has been developed which makes use
of the data acquisition capabilities in modern instrumentation [1-7, 15]. The poten-
tial step is the basis of pulse voltammetry, which comprises the application of
combinations of potential steps to the electrode.

The diffusion current resulting from a potential step (pulse) is given by the
modified Cottrell equation:

nFADY2C
d=—=——F—
Tt

where A is the electrode area, n is the number of electrons transferred, D is the
diffusion coefficient of the electroactive species and ¢, is the sampling time after
application of the step (pulse). The increase in sensitivity, compared to sweep or
similar voltammetric methods, is due to the short pulse duration, between 20 and
50 ms. The idea of imposing potential pulses and measuring the currents at the end
of each pulse was proposed by Barker and Gardner in 1958 [51]. However, the first
examples of affordable potentiostats which enabled pulse voltammetric techniques
to be performed appeared on the market only in the 1970s, because of limitations of
the electronics. In the 1990s, substantial progress in pulse voltammetric instruments
occurred with the advent of digitally controlled potentiostats.

Pulse techniques were initially developed for the dropping mercury electrode
(DME), the objective being to synchronise the pulses with drop growth and reduce
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the capacitive current contribution by current sampling at the end of drop life, as
well as increasing sensitivity—after applying a potential pulse, the capacitive
current dies away faster (exponentially) than the faradaic current, (dependence on
") referred to as pulse polarography [1-7, 52-54]. Nowadays, the DME is little
used, because of its large charging currents and difficult-to-control convection at
the electrode surface. Instead of the DME, static mercury drop electrode (SMDE),
hanging mercury drop electrode (HMDE), controlled growth mercury drop elec-
trode (CGMDE) or mercury film electrode (MFE) can be used for reduction studies
of pharmaceutically active compounds. At solid electrodes, where oxidations can
also be investigated and monitored, there is the additional advantage of discrimi-
nation against blocking of the electrode reaction by adsorption, to which mercury is
particularly prone.

Pulse voltammetric techniques enable lowering the detection limits of electro-
analytical methods. By substantially increasing the ratio between the faradaic and
non-faradaic currents compared to sweep techniques, and increasing sensitivity,
pulse techniques may permit a limit of quantitation at about 10~* M concentration
level and, with correctly chosen parameters, the measured current consists almost
solely of the faradaic current, Fig. 3.3. At solid electrodes there is the additional
advantage of discrimination against blocking of the electrode reaction by
adsorption.

Some important parameters in pulse techniques are [15]:

Fig. 3.3 Voltage pulse
resulting current—time
behaviour: /.—charging
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current, /,,,—total current,
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time current measuring
starts
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e Pulse amplitude (AE ~5-200 mV)
¢ Pulse width (¢ ~5-50 ms)

» Sampling period (4-15 ms)

e Pulse period (z~0.5-5 s)

Pulse amplitude is the height of the potential pulse, and pulse width is its
duration (¢ ~5-50 ms). Sampling period is the period of time near the end of the
pulse during which the current is measured (4—15 ms). For some pulse techniques,
the pulse period must also be specified, which is the time required for one full
potential cycle (7 ~0.5-5 s).

In order to increase speed and sensitivity, many forms of potential modulation
have been evaluated over the years. The most common are staircase (SV), normal
pulse (NPV), differential pulse (DPV), square wave (SWV) voltammetric tech-
niques, the most widely used being DPV and SWV.

3.3.1 Staircase Voltammetry

Staircase voltammetry (SV) has similarities with LSV and is the simplest step pulse
voltammetric technique. The theory of SV is more complex than LSV or CV
because more parameters must be taken into account in the derivation of the
theoretical equations. The “staircase sweep” is a series of equal potential steps
and was initially proposed as a useful tool for rejecting the background charging
current. Successive potential step height and duration are typically <10 mV and
50 ms, respectively. The current is measured at the end of each step, where the
charging current has decayed to a negligible value. Hence, this waveform couples
discrimination against charging current with the experimental speed of LSV/CV. It
had been estimated that the SV sampling time, expressed as a fraction of step width
(At), should be equal to either 0.25 or 0.5, depending on the type of working
electrode. Figure 3.4 shows a typical staircase waveform.

The current response is similar to that in LSV/CV. Indeed, as the steps became
smaller, the equations for the SV response converge with those of LSV [1-7]. Step
heights between 1 and 2 mV are sufficiently small to yield identical peaks for
identical scan rates in LSV/CV and SV [1-7]. The potential scan can be reversed in
SV, as in CV to produce a cyclic staircase voltammogram. Whilst LSV or CV gives
rise to a continuous current vs. potential curve, each staircase voltammogram
consists of a number of current—potential points.

SV was first suggested by Barker [1-7, 74]. It is faster than DPV and NPV
techniques since there is no delay time. The practical conditions have been outlined
where CV and SV give identical results. This technique can be used in LC detection
[75-77] since it has greater flexibility than other waveforms in flowing streams.

However, the SV technique implemented as SV, rather than assuming it behaves
as CV, is little used in pharmaceutical analysis.
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Fig. 3.4 Staircase voltammetry wave form. [Reprinted with permission from [15]]
3.3.2 Normal Pulse Voltammetry

The normal pulse technique was designed for use with the DME and was invented
in 1958 by Barker [1-7, 53, 54]. It was introduced to minimise the effect of the
DME charging current and hence to increase the sensitivity, consisting in the
application of pulses of increasing amplitude at each successive drop, near the
end of drop life.

At solid electrodes it is important to allow sufficient time between consecutive
pulses to restore the initial conditions at the electrode surface before application of
the next pulse, Fig. 3.5. Usually, the electrode is held for about 0.1-5 s between
pulses at a constant initial (base) potential, E;,, where no reaction of the analyte
occurs. The duration of each pulse, i.e. pulse width, ¢, (=7z—z” where 7’ is the interval
between pulses, see Fig. 3.5) is usually between 20 and 50 ms, and the increase in
pulse height, AE, between each successive pulse is 2-20 mV.

The current, which is almost faradaic near the end of the pulse, is sampled for a
few ms, averaged and then plotted versus pulse potential. The applied waveform
and resulting sigmoid-shaped voltammogram are shown in Fig. 3.4.

NPV is about ten times more sensitive than linear sweep voltammetry. At the
diffusion-limited maximum current, the NPV response does not depend on the
electron transfer rate, so is appropriate for the determination of diffusion coeffi-
cients of electroactive species. With this technique 10~ ° M analyte concentrations
can easily be measured. Since the initial (base) potential is applied during most of
the experiment, possible surface fouling problems, due to adsorbed reaction prod-
ucts, are lessened although an adsorption pre-wave may be observed. If the reactant
is adsorbed, a peak-shaped voltammogram may be obtained instead of a sigmoidal
shape [1-7, 11-14]. Stirring is recommended for NPV of irreversible systems in
order to remove depletion effects [55].

NPV does not allow the direct investigation of the products of the electrode
reaction. For carrying out this type of study, reverse pulse voltammetry (RPV) may
be employed. RPV consists of a pulse sequence that is a mirror image of NPV [1-7,
11-14, 56-59]. In RPV the electrode is held at an initial potential corresponding to
the NPV plateau before the application of a reverse pulse with current sampling. For
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Fig. 3.5 Normal pulse voltammetry: (a) potential waveform and (b) Schematic voltammogram.
[Reprinted with permission from [15]]

example, for a reversible redox couple one can easily record the oxidation current
of a previously reduced species. The current is sampled at the end of the reverse
pulse, and the RPV curve is a plot of the sampled current vs. the value of the pulse
potential (Fig. 3.5). RPV can permit a greater control of the reaction conditions,
minimisation of charging current effects, simplification of the mathematical treat-
ment and may be more convenient than RPV for quantitative assays [56-59].

3.3.3 Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) differs from NPV in that it uses a waveform
that consists of pulses of constant amplitude superimposed on a staircase waveform
(in older, analogue, potentiostats superimposed on a voltage ramp). The DPV
technique was proposed by Barker and Gardner [54] for the DME in order to enable
lower detection and quantification limits for electrochemically active compounds.

DPV is one of the most sensitive voltammetric techniques because the charging
current is strongly discriminated against with respect to the faradaic current, and the
ratio of faradaic to charging current is large. At solid electrodes, a better response is
clearly seen in many cases, especially involving organic pharmaceutically active
compounds, allowing the detection of analytes present in solution at a concentration
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as low as 10~® M. The higher sensitivity of DPV than of NPV is from differential
current sampling with constant height, small pulses.

In DPV potential, pulses of fixed, small amplitude (between 10 and 100 mV) are
superimposed on a changing base potential. The minimisation of charging current is
achieved by sampling the current twice, before pulse application and at the end of
the pulse. In typical conditions, the potential is changed from an initial value in
small steps (between 2 and 5 mV), and a voltage pulse (pulse width) of a short
duration (50 ms) is superimposed at the end of a long step (between 0.5 and
5s) [125].

As for NPV, the charging current is minimised by sampling the current near the
end of each pulse when the faradaic contribution is still large, but DPV differs from
NPV in that current is also sampled just before pulse application, Fig. 3.6a. By
subtracting this current from that at the end of the pulse, and plotting the difference,
Al against the staircase potential, a voltammogram is obtained that is a measure of
the change in current with potential.

A consequence of double sampling and representing A/ against potential is that
the DPV curves are peak-shaped, and the peak height is directly proportional to the
concentration of electroactive species, Fig. 3.6. The response using DPV is, there-
fore, similar to the derivative of the NPV response. It differs from NPV in that each
potential pulse is of fixed, small amplitude.

In a differential pulse voltammogram, Fig. 3.6b, the peak potential, E,, can be
related to E,, and E, can be used for the identification and for an indication of the
reversibility or irreversibility of the system.

With increasing irreversibility, £}, moves away from the reversible value of £,
at the same time as the peak width increases and peak height diminishes [1-7, 11—
15]. The peak potential (E,) for an oxidation is related to E;,, by the following
equation:

AE
Ep :El/z—T

where AE is the pulse amplitude, the negative sign being replaced by a positive sign
for a reduction. Thus, for an oxidation process the peak is shifted in the negative
direction as the pulse amplitude increases and for a reduction in the positive
direction. As AE increases, some deviations from theoretical calculations occur.
The faradaic current increases linearly with AE in the small-amplitude region, as
does the double layer charging current. Increasing the amplitude of AE improves
signal response and the signal-to-noise ratio whilst the faradaic to charging current
ratio stays constant.

The peak current, I,, is directly proportional to the concentration of electroactive
species:

; _ nFAD'?C (1-0
P at, l+o
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Fig. 3.6 Differential pulse voltammogram (DPV): (a) potential-time waveform: sum of staircase
and synchronised pulses and (b) schematic voltamogram. [Reprinted with permission from [15]]

where ¢ = exp(nF'AE,/2RT), and AE is the pulse amplitude. As AE increases, the

quotient (iﬁ) increases and finally reaches unity, but resolution may become

WOrse.
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The selection of pulse amplitude and potential scan rate usually requires a trade
off between sensitivity, resolution and speed and should be done in agreement with
the theory [125]. Larger pulse amplitudes can lead to broader peaks, the pulse width
(tn) 1s usually set at about 50 ms and pulse amplitudes of 25-50 mV coupled with a
5mV s~ scan rate are commonly employed in electroanalytical studies.

The DPV peak shape and current magnitude are strongly influenced by the
chemical and electrochemical steps involved in the electrode process. This can
have important implications in electroanalytical applications to pharmaceutically
active compounds.

Irreversible systems have lower and broader peak currents with less sensitive
and lower resolution than reversible systems [1-7, 11-15, 54]. Peak width at half
height, Wy, can give an indication of the reversibility of the electrode reaction,
which is

Wi = 90.4/n mV

for a reversible reaction. The minimum peak width for a reversible one-electron
reaction is 90.4 mV and for a reversible two-electron reaction it is 45.2 mV, and so a
value of Wy, of less than 90 mV shows that at least two electrons are transferred.

DPV is an extremely useful technique for measuring trace levels of pharma-
ceutically active compounds. The DPV technique can be used for the simultaneous
analysis of more than one electroactive species if the peak potentials are sufficiently
far apart (normally at least 0.15 V). When the peak potentials differ by less than
0.15 V, the peaks overlap and a deconvolution treatment is necessary. Peaks
separated by 50 mV can usually be distinguished in this way.

The greatest advantage of DPV is the reduction of charging current owing to
calculating the difference in current at two potentials differing by less than 100 mV,
while in NPV the charging current increases as E, increases. The increase in
faradaic to charging current ratio is manifested in a lower LOD value of about
107® M in a suitable supporting electrolyte. Hence, using DPV measurements of
pharmaceutical compounds in biological samples following the administration of
drugs on a routine basis can be more easily carried out. In addition to improvements
in sensitivity and resolution, DPV can provide information about the chemical form
of the analyte such as oxidation moiety and complexation. Due to its high sensi-
tivity, DPV is particularly useful for trace analysis, for drug-active compounds and
for forensic or environmental science. Because of these advantages and the avail-
ability of low-cost instruments, DPV is often the choice for the determination of
drug-active compounds in their dosage forms and in body fluids.

3.3.4 Square Wave Voltammetry

Square wave voltammetry (SWYV) is one of the major voltammetric techniques in
current use for electroanalysis. In SWV, a square wave is superimposed on a
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staircase ramp, with current sampling just before the end of each forward and each
backward pulse followed by subtraction of the currents; a plot is made of the
forward (Iy), backward (/) and the total net (I, =1 — I,)) currents vs. the staircase
potential. It has similarities with DPV, although it is faster, that can lead to
drawbacks with kinetically slow processes, when DPV is to be preferred. It is a
powerful electrochemical technique that can be applied in both analytical and
kinetic measurements [1-7, 11-18, 60-65].

The application of SWV has become very popular in the last decade, it is highly
sensitive to surface-confined electrode reactions and the theory is well-developed.
Although it was invented by Barker et al [53] in 1952, it was little used at the time
owing to difficulties with the controlling electronics. The theory and applications of
SWYV are described in books and reviews [61, 62, 66-70].

This technique can be divided three basic types, namely the Barker, Kalousek
and Osteryoung types, the last of these being almost exclusively used in
electroanalysis.

1. Barker type SWV is a direct analogue to sinusoidal ac voltammetry with a
symmetric square wave of specified frequency and amplitude superimposed on
either a ramp or slow staircase waveform. Barker employed a small-amplitude
symmetrical square wave superimposed on a ramp and recorded the difference in
currents measured at the ends of two successive half-cycles, with the objective of
discriminating against the charging current.

2. Kalousek type SWV [64] is a lower frequency method, which measures the
current only on the reverse half-cycle of the square wave. The potential is
switched between a slowly changing ramp and a certain constant value to
study the reversibility of the electrode reactions [71-73].

3. Osteryoung type SWV [65, 68] is today the most common form, Fig. 3.7. The
Osteryoung waveform differs from the other SW waveforms in that the base
staircase potential increases by a constant increment for each full cycle of the

AE,,

Fig. 3.7 Square wave voltammogram: potential-time waveform. [Adapted with permission from

[15]]
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square wave. The current is measured at the end of each half-cycle, Fig. 3.7. The
difference between this and Barker SWYV is the use of a staircase rather than a
ramp.

As in DPV, the current is sampled at the end of the forward and reverse pulses,
and the values are subtracted so that the plot of current difference vs. staircase
potential yields a peak-shaped voltammogram. The main advantage of SWV is that
a response can be found at high effective scan rates of up to 1 V s, thus reducing
the scan time, whereas DPV normally functions with effective sweep rates between
1 and 10 mV s~ '. Because of this, SWV is employed more often than DPV in
pharmaceutical analysis. Besides greater speed, there are less problems with
blocking of the electrode surface. Many slow reactions such as the irreversible
reduction of dissolved oxygen produce very little faradaic response in a fast SWV
scan. Thus, the removal of oxygen by nitrogen or argon bubbling is not usually
necessary to obtain a good response for many species in the negative potential
range.

The two components of the SWV response, the current response of the forward
and reverse series of pulses, can be displayed as well as the net current. The
theoretical forward, reverse and difference currents (Al =1, =1I;— I,) are given in
Fig. 3.8a for a reversible process. The sensitivity is usually increased due to the fact
that the net total current (/,) is larger than either the forward or reverse components.
Hence, the sensitivity of SWYV is often higher than that of NPV and DPV.

SWYV experiments can be performed on solid electrodes or on static mercury
drop electrodes. SWV has very low detection limits of about 10~® M for fast
electrode kinetics, and the theoretical sensitivity is 4 and 3.3 times higher than
the DPV response, for reversible and irreversible systems, respectively.

Advantages of SWV to the electroanalyst are:

1. Detrimental effects of charging current are reduced, and so the scan rate can be
increased dramatically. Typical SWV measurements take only 1-5 s whereas
DPV may require much longer analysis times of 2-4 min. Frequencies of

a b

T i I VAN S VO [
-04 -0.2 0.0 0.2 0.4 -04  -0.2 0.0 0.2 0.4

n(E-E,) V n(E-E,) V

Fig. 3.8 Square wave voltammetry (SWV): (a) reversible and (b) irreversible reaction
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1-100 Hz permit the use of extremely fast equivalent potential scan rates. This
speed, coupled with computer control and signal averaging, allows experiments
to be performed repetitively and increases the signal-to-noise ratio. However,
detection limits for SWV are similar to the detection limits for DPV (10~ -
1073 M).

2. Oxygen need not be excluded from the analyte solution, in cases where its
reduction is not very slow, provided that the voltammetric peak is more negative
than that for oxygen reduction. The reason for this is that since forward and
reverse oxygen currents are equal at such potentials (diffusion-limited region),
they cancel out and do not appear in the net total current.

3. The difference in currents, the net total current, is larger than either the forward
or reverse current, so the peak height is usually quite easy to measure with
greater accuracy than in DPV.

Because of its fast response, SWV can be used to record an entire
voltammogram in a flow system such as FIA, LC or CE electrochemical detection.
The inherent speed of SWV can greatly increase sample throughput in batch and
flow analytical operations. Additionally, SWV detection can also be used to resolve
co-eluting or co-migrating species in these methods.

3.4 Alternating Current Voltammetry

Alternating current (AC) voltammetry is a faradaic impedance technique that
involves the application of a small-amplitude sinusoidal potential waveform, 5—
50 mV, on top of a slowly changing linear potential ramp, Fig. 3.9a. Usually, the
alternating potential has a frequency of 50-100 Hz, and the linear potential ramp
has a scan rate between 2 and 5 mV s~ '. Measuring the current response at the same
frequency as that of the applied sinusoidal signal, extracted from the total signal,
gives a symmetrical peak shape in the potential range where an oxidation or
reduction occurs, Fig. 3.9b. In such a voltammogram for reversible systems, the
peak potential is the same as the half-wave potential, the potential where the
sinusoidal perturbation has maximum impact on the value of the surface

Current (I)

a b

Potential (E)

Time (1) Potential (E)

Fig. 3.9 AC voltammetry: (a) potential-time waveform and (b) current—potential curve



66 3 Electroanalytical Techniques Most Frequently Used in Drug Analysis

concentration. However, for irreversible electrode reactions the peak potential is
shifted, as with pulse techniques. In addition to this, for the same number of
electrons the faradaic current for an irreversible process is smaller than that
obtained for a reversible process.

The usefulness of AC voltammetry derives from the fact that it is possible to use
electronic techniques to discriminate between the faradaic and charging (capaci-
tive) current [1-7, 11-18, 75]. The former shows a phase angle of 45° for a
diffusion-controlled reaction while the latter shows a phase angle of 90° relative
to the applied sinusoidal potential. This discrimination is possible because an AC
current passing through a capacitor is 90° out of phase with the applied potential
waveform, whereas faradaic contributions have both components that are in phase
and 90° out of phase with the applied potential. The charging current can thus be
rejected using a phase-sensitive lock-in amplifier or frequency response analyser.
For convenience, AC voltammetric processes can be divided into:

1. Reversible AC electrochemical processes
2. Quasi-reversible AC electrochemical processes, of two types:

(a) Reversible DC charge transfer
(b) Quasi-reversible DC charge transfer

3. AC electrochemical processes with adsorption or coupled chemical reactions.

The quasi-reversible AC category reflects the dual time domain of an AC
voltammogram. These processes are more common than complete reversibility
[1-7, 11-18, 75, 76].

For a reversible system, the response is the derivative of the DC voltammetric
response. The height of the AC voltammetric peak is proportional to the concen-
tration of electroactive species, important for analytical applications, and to the
square root of the frequency (w) of the sinusoidal perturbation (in rad s_l),
according to:

_ n’F*A\JoV/DCAE
P 4RT

where AFE is the amplitude. The peak width of 90.4/n mV (at 25 °C) is independent
of the AC frequency, but this is only valid under conditions when the applied
potential amplitude is less than 10/ mV, where n is the number of electrons
associated with the process, in order to ensure system linearity. These parameters
are convenient for checking the reversibility of the system.

The detection limit for analytical studies is about 10~7 M for reversible reac-
tions. Substantial loss in sensitivity occurs for compounds with slow electron
transfer kinetics. This may be advantageous for measurements of species with
fast electron transfer kinetics in the presence of another that is irreversible, such
as dissolved oxygen.

There is an intimate link between AC voltammetry and electrochemical imped-
ance. In the latter, a fixed dc potential is applied and the frequency of the AC
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perturbation is scanned, whereas in AC voltammetry the frequency is fixed and the
potential is scanned. Electrochemical impedance spectroscopy (EIS) is used mainly
for characterisation, but there are some analytical applications, mainly in
immunosensors.

AC voltammetry is little used at present owing mainly to the fact that control
instruments are digitally based and it is thus simpler, from an instrumental point of
view, to implement pulse techniques. Applications of AC voltammetry to pharma-
ceutically active compounds in the literature mostly use mercury working elec-
trodes, with some examples at solid electrodes.

3.5 Stripping Techniques

The detection limits of DC voltammetry, CV and LSV are only about 10> M due to
the contributions of charging and other background currents. They can be extended
down to 1077-1078 M using DPV and SWV, as described above.

Pre-concentration of an analyte on the electrode surface enables the detection
limits to be lowered further down to 10~ '°~107'? M by using pulse voltammetric
methods in the determination step, following the pre-concentration. Such methods
are normally known as stripping voltammetry (SV). SV is composed of different
related techniques, namely anodic, cathodic, adsorptive voltammetric and potenti-
ometric stripping.

Stripping voltammetry has the following advantages:

. Extremely low detection and determination limits (about 10710-1012 M)

. Multielement and speciation capabilities

. Wide spectrum of drug compounds’ electroanalysis

. High precision and accuracy

. Suitability for on-line and in-situ measurements

. Relative simplicity and rapidity

. Insignificant effect of the matrix from excipients (in drug dosage forms) or
endogenous substances (in biological media)

8. Low equipment cost

~N N RN

Growing concerns about trace amounts of pharmaceutically active compounds
and heavy-metal combinations have led to an increase in the monitoring of low
amounts of compounds or metals in a variety of matrices such as dosage forms or
biological samples. Traditionally, such measurements have been carried out in a
centralised laboratory, which implies time-consuming sample preparation, trans-
portation and storage steps.

Stripping analysis has a special place in trace drug analysis. The electroactive
compounds are accumulated from the solution phase onto a solid electrode or a
liquid mercury electrode before analysis, which increases sensitivity owing to the
timescale of accumulation relative to the timescale of the determination step [1-20,
78-84]. The pre-concentration step before analysis is done either by forming an
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amalgam or complex with the particular analyte and the electrode material (mer-
cury electrodes) or by adsorbing the substrate on the electrode surface [1-7, 11-18,
77-82]. The portable instrumentation and low power demands of stripping analysis
satisfy many of the requirements for on-site and in-situ measurements of trace
amounts of compounds.

SV consists of the following steps:

1. Accumulation or deposition of the compound on the electrode surface at open
circuit or under controlled applied potential.

2. Equilibration. This period may be up to 30 s, but in many cases can be
completely suppressed.

3. Determination, by oxidation or reduction (usually dissolution or stripping) of the
compound from the electrode surface using a linear scan, pulse (DPV, SWV)
technique or chemical reaction.

During the accumulation step, the solution is usually stirred or a rotating
electrode is used, to increase solution flow and thus deposition rate. This step
occurs during a preset time at a chosen applied potential. After equilibration, if
needed, and after stopping stirring, the measurement (stripping) step is carried out
[1-20, 78-84]. It is important that there is a linear relationship between the amount
of accumulated substance and concentration, which can reach saturation at higher
concentrations or for long deposition times. The length of the pre-concentration
time determines the analyte concentration, which in turn determines the detection
limit of the technique for the analyte. Thus, SV is used mainly for trace amounts of
compounds.

For analytical purposes, the influence of deposition time and its optimisation
should be investigated. The optimum deposition time is usually selected as a
compromise between stripping peak height and the requirements of analysis time.
At these low levels, the purity of the water and of the reagents used in the
preparation of the supporting electrolyte is extremely important.

Mercury has often been used as an electrode material because of its chemical
inertness in most aqueous solutions and because hydrogen is evolved only at very
negative potentials, thus providing access to a wider range of negative potentials
than other electrode materials. Thus, reductions of many compounds can be studied.
Mercury drops can be renewed between experiments providing a new, reproducible
surface for each determination. Also, mercury provides the opportunity for the
element in question to be absorbed within the mercury, depending on the target
compound, forming an amalgam, rather just adsorbing onto the surface [1-7, 77—
82, 85-88]. Mercury electrodes may be configured as either a HMDE/SMDE or thin
film. The thin film mercury electrode may yield a lower detection limit whilst the
HMDE is simpler and less prone to contamination.

There are some advantages and disadvantages for each of these electrodes which
are:

1. Reproducibility: The surface of the mercury electrode must remain constant
from one experiment to another. This is relatively easy to achieve with a SMDE/
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HMDE. A mercury thin film electrode on a carbon surface is, in fact, made up of
discrete mercury droplets, and it is not always easy to obtain a reproducible
surface.

2. Analyte accumulated: This depends on the surface area-to-volume ratio and the
rate of stirring, during the pre-concentration step. The thin film mercury elec-
trode has a larger surface area-to-volume ratio than the SMDE/HMDE, which is
more advantageous for a given deposition time.

3. Stability: The SMDE/HMDE is more physically stable than the mercury thin
film electrode. However, the combination of faster stirring and the higher surface
area-to-volume ratio results in greater efficiency in the deposition step for the
mercury thin film electrode, so that the deposition time is generally shorter.

In recent years, there has been growing concern about the use of pure mercury as
an electrode material in stripping techniques, owing to its toxicity. Intensive
research efforts have been devoted to the development of alternative electrode
materials, with performance at negative potentials approaching that of mercury. If
highly negative potentials are not needed, then carbon and metallic (gold, platinum,
silver, bismuth, etc.) electrodes either of conventional size or as micro-electrodes
can be used for the detection of trace levels of heavy metals, pharmaceuticals and
other substances.

Bismuth film electrodes have been developed since the year 2000 as an alter-
native to the mercury thin film electrode and have a large negative potential range.
The toxicity of bismuth is negligible, making these electrodes very attractive for
routine applications in environmental, trace metal and pharmaceutical analysis, as
reviewed in [126]. More recently, antimony film electrodes have been successfully
developed with the same aim [127]. A variety of new and newly introduced
materials such as dental amalgam, boron-doped diamond, carbon composite, car-
bon film and screen-printed carbon electrodes have also been used for stripping
voltammetry.

In pharmaceutical analysis, SV techniques are widely used and very popular
because of the low LOD and LOQ values, their accuracy and precision, as well as
the low cost of equipment compared to other analytical methods. Different types of
SV, classified primarily by the nature and scan direction of the pre-concentration
and the stripping steps, respectively, are described in more detail in the following
sections.

3.5.1 Anodic Stripping Voltammetry

Anodic stripping voltammetry (ASV) is the most widely used type of stripping
analysis, especially for determination of metal ions such as lead, cadmium, copper
and zinc. It involves the reduction of a chemically labile metal ion as the
pre-concentration step to the metal on the electrode surface or within a mercury
electrode as an amalgam, at a controlled, sufficiently negative potential. In the
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Fig. 3.10 Anodic stripping voltammetry (ASV): (a) potential-time profile and (b) anodic strip-
ping voltammogram

determination step, the metal is reoxidised, i.e. “stripped”, from the electrode
surface by means of a positive potential scan giving rise to an anodic dissolution
peak current (Fig. 3.10).

The process can be represented as:

Pre-concentration : M"" +ne” — M
Determination : M — M 4 ne~

where, in the case of mercury, M is absorbed within the mercury as amalgam and in
other solid electrode materials forms a solid aggregate on the electrode surface.
After measurements, the electrode is cleaned of any remaining metal deposits by
holding the potential at a sufficiently positive value during a period of time that is
determined by subsequent running of a blank experiment under the same experi-
mental conditions (and when no stripping peak should appear).

The very low LOD values of ASV, coupled with its accuracy, multiple simul-
taneous metal analysis and speciation capabilities, low cost and suitability for
on-site and on-line measurements, make it one of the most powerful techniques
for trace metal analysis. The peak potentials depend on the metal oxidation poten-
tial, and so mixtures of metal ions can be simultaneously identified and quanti-
tatively determined, since the peak current is proportional to analyte concentration.

Generally, the deposition potential is about 0.3-0.4 V more negative than the
reoxidation potential of the least easily reduced metal ion to be determined.
Solution stirring or electrode rotation is often done to increase transport, the
duration of this deposition step being selected according to the sample concen-
tration and other requirements. Usually, between 1 and 10 min periods are sufficient
for measurements in the range of 107'—10~ M.
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After an equilibration rest period, if needed, the potential is scanned positively,
by linearly sweep, by DPV or by SWV [1-11, 85-88]. Using pulse waveforms,
oxygen interferences can be reduced as well as giving higher sensitivity, parti-
cularly with SWV.

At mercury electrodes, the amalgam-forming pre-concentration step is

M"* + ne” + Hgs M(Hg)

The concentration of the metal in the amalgam (Cyy) is described by Faraday’s law
after a given preconcentration period:

Ity
C =
1 F Vg

where t4 is the deposition time, /1 is the limiting current for the deposition of the
metal and Vi, is the volume of the mercury electrode [1-11, 85-88]. After the
pre-concentration period, any forced convection is stopped. For reversible stripping
reactions, the applied potential controls the concentration at the mercury—solution
interface. In LSV of the reversible surface reaction at thin mercury film electrodes,
the stripping peak current, I,, is:

; PP 2AICY,
P 27RT

where A is the electrode surface area and / the thickness, v is the potential scan rate
and Cyyg is the concentration of the absorbed compound in the mercury film at the
end of the accumulation period.

Microelectrode arrays of carbon, iridium, platinum and gold, fabricated by
lithographic processes, offer a further advantage over individual macro-electrodes,
when ASV assays of very low concentration levels of metal ions have to be
performed. Developments in the technology of screen-printed electrodes (SPEs)
have also impacted on ASV measurements. Mercury-coated SPEs have been
developed for use as low-cost disposable metal-sensing devices.

The importance of ASV has increased awareness of the chronic toxic effects of
metals and metal ions. Cadmium, lead and mercury are toxic even in trace amounts.
However, zinc and copper are essential for living organisms in trace amounts, but
high concentrations are toxic. ASV can detect and selectively determine a variety of
these metals in environmental and physiological matrices.

One of the major advantages of ASV over other techniques used for trace
analysis of metal ions is its multielement detection capability, so long as the
stripping peaks do not overlap. Nevertheless, there may be formation of inter-
metallic compounds such as zinc—copper or surface blockage by surfactants or
organic compounds. In this context, addition of a complexing agent that has
different affinities for different metal ions may be beneficial.
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ASV has been widely used for the determination of trace metal or organic
compounds without interference from the matrix. A particular advantage of ASV,
over the other stripping methods, is that measurement of the chemically labile
fraction of the metal in solution is possible, whereas other methods such as atomic
absorption spectroscopy usually only yield the total metal concentration. It can be
used for the assay of trace metal ions in biological media such as blood, serum,
plasma, urine and tissues. The absence of interference from alkali metals makes this
method extremely powerful for the analysis of biological, pharmaceutical and
environmental samples.

3.5.2 Cathodic Stripping Voltammetry

Cathodic stripping voltammetry (CSV) differs from ASV in that accumulation is
performed by oxidation to a compound of the metal in question and stripping by
reduction, i.e. CSV is the mirror image of ASV. This means that Hg electrodes can
normally only be employed if the pre-concentration potential is negative, except for
some anions (see below) so that solid electrode materials which have a positive
potential range are often used. CSV can be employed to measure some anions as
well as cations [1-11, 89-91]. However, solid electrodes can sometimes lead to
poor reproducibility and low sensitivity, and irreversible reduction of hydroxides as
a result of irregularities on the electrode surface may occur.

An example of a cation is Mn>*, which is difficult to determine by ASV since
accumulation potentials of the order of —1.8 V vs. SCE are necessary. Oxidation of
Mn>* on a carbon or platinum electrode leads to formation of a deposit of stoichio-
metric MnO; in the pre-concentration step:

Mn2t +2H,0 — MnO, + 4H" + 2¢”

which is subsequently reduced to Mn>* in the determination step.

For anions, exemplifying at mercury, the potential is held at an oxidising
potential for Hg in order to form a sparingly soluble mercury compound on the
electrode surface.

Deposition

X" +Hg —  HgX-+ne

These species are stripped from the electrode surface by a negative-going potential
scan that reduces the mercury salt to metallic Hg:

Strippin
HgX + ne™ e Hg + X"~

Pre-concentration occurs only on the electrode surface of the SMDE/HMDE or
MFE. Hence, selectivity, precision and accuracy can be improved by isolating the
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analyte from the sample matrix such as removing inactive ingredients from phar-
maceutical dosage forms and endogenous substances from biological samples.

CSV has been used for the detection and determination of inorganic ions such as
halide ions (iodide, chloride and bromide), selenide and sulphide ions and a number
of organic pharmaceutical compounds, nucleic acid bases and pesticides, etc. [91—
95].

In general, interfacial complications, such as surface saturation, interferences
between working analytes and other experimental difficulties have limited the use
of CSV for routine analysis. Also, uncertainties exist with respect to the selectivity
of CSV for the analysis of organic drug-active compounds.

3.5.3 Adsorptive Stripping Voltammetry

Adsorptive stripping voltammetry (AdSV) involves three main steps, which are
similar to those employed in ASV and CSV. The difference is that the
pre-concentration step is by adsorption accumulation either at open circuit or
assisted by an applied potential (Fig. 3.11).

More specifically:

Step 1: Interfacial accumulation:

M™ +nL~! — ML, (aqueous) (3.1)
ML, (aqueous) — ML,, (adsorption) (3.2)

Addition of a complexing or chelating agent to enable the formation of an adsorb-
able metal complex or chelate in solution, usually at an optimised pH, is followed
by pre-concentration of the metal complex or chelate by adsorption (3.2).

Step 2: Equilibration (rest) period: up to 30 s.
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Fig. 3.11 The determination of carvedilol using (a) DPAdSV and (b) SWAdSV. (1) Supporting
electrolyte [0.2 M H,SO, with a constant amount of methanol (20 %)]; (2) 1 x 107° M;
3)4x10°M; @) 6 x10° M. Ag/AgCl was used as reference electrode
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Step 3: Stripping (or analysing) step:
ML, (adsorption) 4+ ne~ — M"" 4 nL™! (3.3)

This step involves an application of a negative or positive potential sweep to cause
reduction or oxidation of the adsorbed molecule, complex or chelate. The resulting
stripping peak currents are directly proportional to analyte concentration
(Fig. 3.11).

The sensitivity of AASV methods depends on the following electrochemical and
chemical factors:

e Selected accumulation or adsorption potential
¢ Selection of the complexing or chelating agents and solution composition
» Reduction or oxidation potential of the adsorbed compound or complex

Thus, detailed and carefully controlled potential optimisation studies and of
added ligand (in the case of complex formation) should be carried out. The analysis
step can be done by linear scan or pulse techniques as with ASV or CSV.

Besides trace metals, AdSV techniques have been shown to be highly selective,
sensitive and suitable for analysing organic compounds that exhibit surface-active
properties. The most used working electrodes are mercury based such as HMDE,
SMDE and MFE for measuring reducible species for the analysis of drugs. These
electrodes offer the advantages of not needing surface cleaning, reproducible
surface area and electrochemical response and can be used in a wide negative
potential range [70-84, 115-123].

AdSV can be carried out at solid electrodes such as GC, BDD, CPE,
wax-impregnated graphite, Pt, Au, Ru or at some modified electrodes. Micro-
electrodes and ultra-microelectrodes have been successfully used, especially for
some metal assays, mostly after plating with mercury. Bi film electrodes have been
recently used for AASV methods for the determination of some metals. At chemi-
cally modified electrodes (CME), not only purely adsorptive accumulation, but also
chemisorption can take place under controlled conditions. Metallic and carbon
based solid electrodes are suitable for studying adsorbable substances that can be
oxidised at the electrode [115-128].

A necessary requirement is that the reducible or oxidisable component must be
close to the electrode surface and, as the adsorbed complex is usually formed as a
single molecular layer on the electrode, that nearly all adsorbed compounds or
complex are reduced during the potential scan. AdSV techniques can work over a
wide concentration range between 10~'" and 10> M with approximately 10~'* M
detection limit.

Lower detection limits can be accomplished by coupling the very efficient
adsorptive accumulation of electroactive species or inorganic complexes on the
electrode surface with different processes such as catalytic reactions. This is called
catalytic adsorptive stripping voltammetry (CAdSV). Many metal complexes can
be adsorbed onto electrode surfaces by catalytic reactions with electro-inactive
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oxidising agents or induce catalytic hydrogen evolution. In other cases, the addition
of an oxidising agent can increase the sensitivity of AdSV significantly by enabling
chemical oxidation of reduction products generated from the electrochemical
reduction step. The resulting electrochemical responses are due to both adsorption
and the catalytic reaction. Examples of CAdSV are for single or two-electron
reduction reactions of inclusion complexes of metals or ions (e.g. Co, Cr, Fe, Pt,
Ti, nitrite, nitrate, chloride, chlorate, bromated, peroxide and hydrogen ions) [70—
84, 115-123].

The main disadvantage of AdSV is interference from other substances in the
sample solution. Such compounds are usually organic but can also be inorganic
such as halides; competitive complexation of other metals by the selected
complexing agent can also occur. Interference effects can often be minimised by
applying the right accumulation potential, shorter accumulation time and appro-
priate electrolyte parameters (e.g. pH, buffer, ionic strength).

AdSV techniques are well established and represent a large area with many
possible applications in the analysis of pharmaceutical active compounds in their
dosage forms or in biological media. AASV with pulse techniques is highly selec-
tive, sensitive and precise for detecting ultra-trace amounts of pharmaceutically
active compounds [102—111], important in research into drug design, bioavaila-
bility and safety.

3.5.4 Abrasive Stripping Voltammetry

Abrasive stripping voltammetry (AbSV) enables analysis of electroactive solid
substances and was introduced by Scholz et al [112—-119]. In this technique, a
trace amount of a solid sample is mechanically transferred onto the electrode
surface by abrasion, usually with paraffin-impregnated graphite electrode used for
this technique. However, chemical vapour deposition diamond electrodes have also
been used in this technique for analysing some metals [120, 121]. Subsequently, a
suitable voltammetric measurement technique is used for the electrochemical
stripping step in which the abraded material is electrochemically stripped off and
measured by conventional electroanalytical methods such as DPV, SWV and
CV. The transfer of solid compounds is only mechanical, by rubbing [112—
120]. The tested materials are independent of the fraction properties and hardness
of the electrode. Generally, soft alloys, minerals, pesticides and inorganic powders
can be analysed [120]. After each measurement, the solid electrode surface is
cleaned by rubbing the electrode onto a smooth filter paper [11, 112—120]. The
ADbSV technique allows easy and fast analysis, including fingerprint identification
of inorganic and organic solid substances, and avoids the dissolution of the sample.
However, the applications of AbSV in drug analysis are very limited [122—124].
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3.5.5 Potentiometric Stripping Analysis

Potentiometric stripping analysis (PSA) was suggested in 1976 by Jagner and
Graneli [96] as a novel electroanalytical technique for the determination of trace
metal ions and organic compounds. It is a variant of the previously used
“Chronopotentiometric Stripping Analysis (CPSA)” [97]. The CPSA method has
several different versions. In the galvanostatic version of CPSA, after the
pre-concentration of analyte at the electrode, a fixed current is applied to oxidise
(or reduce) the accumulated species, and the E—¢ curve is recorded. During the
stripping process, the potential remains close to a constant value, during a time
known as the transition time, 7, which is directly proportional to the concentration
of analyte in solution. CPSA can also be used without application of a current and
takes place because of a redox reaction between the concentrated analyte and an
oxidant in solution such as oxygen or permanganate [96, 98]. Both of these can be
used in PSA.

PSA has been recently successfully applied in routine analysis due to the
tremendous progresses in computer control allowing rapid control and data record-
ing [26, 99-105]. After pre-concentration at a controlled fixed potential, determi-
nation can be done by an external current or by chemical oxidation, e.g. with
oxygen or mercury ions present in solution:

M(Hg) + Oxidant — M"" + Hg + ne™

Oxidation reactions follow the sequence corresponding to the equilibrium poten-
tials of the accumulated species, making it possible to detect and determine them
individually in the same experiment, Fig. 3.12a. Whilst each species is being
oxidised the potential hardly changes, and when it has all been removed the
potential changes rapidly to the potential corresponding to oxidation of the next
species.

(a) | Evs.SCE (b)
-1.2 - dt (dE)™" arbitrary scale
Sn
3
-1.0 cd
B 2 Cd
-0.8 i sn ||Pb
-0.6 0 -
— T T T
30 ms -1.4 -1.0 -06 Evys SCE

Fig. 3.12 PSA method: (a) Typical stripping potential-time steps and (b) d#/dE versus E curve.
[Reprinted with permission from [102]]
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The main innovation of PSA is to calculate the derivative d¢/dE of the E— curve
and plot this vs. potential, Fig. 3.12b. A series of peaks is obtained, the position of
which identifies the element, and the peak current is proportional to concentration.
In this way, the information is displayed in a similar way as to other stripping
techniques.

Adsorptive accumulation can also be used in PSA. This type of
pre-concentration step allows determination of a large number of organic com-
pounds such as pharmaceutically active compounds. As with AdSV, conditions are
chosen so that the pre-concentration adsorption is a mass transport controlled
process, with stirring or forced convection to reduce pre-concentration time.

Advantages of PSA are:

1. In PSA by chemical oxidation, there is no current during the stripping step, so
there is no charging current effect on the measurements.

2. PSA has been proved to be feasible in samples with ionic strengths down to
107 M, as well as in polar organic solvents such as acetic acid, ethanol,
methanol and propanol and in the presence of organic electroactive compounds,
provided that they are not deposited on the electrode or are themselves oxidised.

3. Oxygen can be used as the oxidising agent; hence, deoxygenation is not neces-
sary which may be required for ASV without pulse stripping.

4. The rate of transport of oxidants is affected similarly to that of adsorbable
interferents, so that reproducibility is not affected.

5. The potential is controlled by an oxidation process, the “scan rate” is self-
optimised and so signal discrimination in d#/dE vs. E plots is better, with less
peak overlap than in ASV.

Disadvantages of PSA are:

1. The decrease in oxidant concentration during pre-electrolysis.
2. Direct PSA with adequate sensitivity is only feasible for a small number of
analytes, especially when dissolved oxygen is used as the oxidant.

The applications of PSA and CPSA are identical to those of ASV for elements
such as Bi, Cd, Cu, Ga, In, Pb, Mn, Tl, Zn, Co, Ni, Fe and Se at MFEs. Other
elements such as Hg, Ag, As, Sb and Sn can be determined at gold electrodes. PSA
is a non-destructive method which permits the simultaneous determination of trace
levels of metals (ppb) in biological samples.

3.6 Conclusions

Modern electroanalytical techniques, especially voltammetric methods, provide
reliable, sensitive, selective and reproducible data for the quantification of
electroactive analytes such as drug-active compounds. Advances in electro-
chemical instrumentation, particularly involving pulse techniques, have allowed
increased precision, accuracy, sensitivity and automation, which have found
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important applications in the electroanalysis of drugs. The improvement of the
quality of life has stimulated considerable research in drug design, bioavailability
and safety. Hence, for realising these targets highly sensitive, selective, rapid,
accurate, precise and simple electroanalytical methods can be easily developed
and applied for routine use.

The electroanalytical methods discussed in this chapter and more detailed on
applications in Chapter 7 and 9 are effective for detecting and determining a
number of drug-active compounds and metals in their dosage forms in a variety
of matrices down to extremely low concentration levels, particularly by stripping
techniques. A very broad field of applications of voltammetry is opening for the
analysis of organic and inorganic drug-active compounds. There are thus many
reasons to believe that electroanalytical methods for pharmaceutical assays should
continue to develop considerably in the future. Electroanalytical methods represent
an excellent tool for comparison purposes and for accuracy control in quality
assurance systems and in all steps of validation studies.
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Solid Electrodes in Drug Analysis
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4.1 Introduction

New platforms for electroanalytical research, and applications of electroanalysis
involving electrochemical signal transduction at solid electrodes for detection and
sensing of a great variety of chemically, biologically and environmentally impor-
tant analytes, have been developed and employed for more than five decades [1].

Although the first electroanalytical applications used the dropping mercury
electrode, experiments using solid electrodes are much easier to perform, either
in stationary or in flow through systems.

As electroanalytical methods continue to develop, the range of solid working
electrode materials is also expanding, and the analyst must become more aware of
the materials available and their electrochemical properties. A great challenge for
high-quality electroanalytical determinations is reproducibility, a low background
current, an easily renewable electrode surface, and a fast electron transfer rate for
the target analyte.

© Springer-Verlag Berlin Heidelberg 2015 83
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Applications of solid electrodes to the electroanalysis of pharmaceuticals in their
dosage forms and biological samples are very wide. The electroanalytical determi-
nation of many drugs will be discussed in subsequent chapters.

4.2 Why Solid Electrode Materials?

Electrochemistry is concerned with phenomena associated with charge separation
at an electrode surface. The choice of a solid electrode material depends to a great
extent on the electrode’s useful potential range, in a particular solvent, Table 4.1,
and should always be chosen from the best quality and purity material. The
potential range within which the electrode can be used is called the working
potential window of the electrode, because only this potential range can be used
for analytical measurements. The limits are usually determined by solvent oxi-
dation and reduction, e.g. in water solvent to oxygen and hydrogen, respectively.

The increasing applications of solid electrodes are due to the fact that they have
good, or at least reasonable, negative and positive potential ranges compared with
the limited, almost non-existent, mercury electrode positive potential range [1-
19]. Solid electrode surface reproducibility is more difficult to control than the
renewable mercury electrode surface, but this is compensated by the advantage of
the solid electrode being more mechanically stable as well as their larger positive
potential range than mercury-based electrodes.

Table 4.1 Potential range of Hg, Pt and carbon electrodes

B v Hso0,
I v kC
Hg
I v NeOH
I 0.1 M Et,NOH

N 1M Hso,
Pt s 1 mka
I 1 M NaoH

C I 1 v HCio,
I o.1m kal

I | I | | I |

E (V vs. SCE)
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Hydrogen ion reduction on mercury electrodes is very slow and occurs at
significantly more negative potentials than required by thermodynamics. This
phenomenon is called hydrogen overpotential and makes mercury a very useful
cathode. By contrast, mercury is easily oxidised at positive potentials.

Hydrogen ion reduction on Pt, Au, carbon, Bi and other solid electrode materials
occur at much less negative potentials but are much better in the positive potential
range (Table 4.1). In particular, working potential range of carbon electrodes is very
wide because of their high hydrogen overpotential and good stability under anodic
polarisation compared with most other solid electrode materials.

Research into the electron transfer oxidation reactions of many organic mole-
cules can only be undertaken using solid electrodes with an appropriate positive
potential range. In the selection of the solid electrode material, two factors have to
be taken into consideration: the redox behaviour of the investigated analyte and the
background current of the solid electrode over the potential region required for the
measurements.

At the surface of the solid working electrode, dissolved electroactive analytes
exchange one or more electrons. The solid electrode should have a reproducible
response and a high signal-to-noise ratio. The electroanalytical method will mea-
sure the current, which is proportional to the analyte concentration, on applying a
potential difference to the working electrode with respect to the reference electrode,
the latter having a constant potential.

The composition and the geometry of the solid electrode must be considered
since they will influence the performance and development of the electroanalytical
method.

4.3 Properties of Solid Electrode Materials

In the selection of the solid electrode material, the redox behaviour of the analyte,
the nature of the supporting electrolyte, the pH and the potential region required for
the measurement of the redox processes of electroactive drugs have to be
considered.

Solid electrodes can be made of different conducting materials and have differ-
ent geometries, sizes, hydrodynamic conditions under which they can operate and
active surface chemical modifications. Solid electrode surfaces are always much
more rough than a liquid mercury surface, but this also means that solid electrodes
can have a bigger electroactive surface area than the geometric area.

The performance of an electroanalytical method depends on the geometry and
material composition of the solid electrode. Thus, chemical inertness and electro-
chemical stability over a wide range of conditions, electrical conductivity, fast
electron transfer for a wide variety of redox systems, reproducible electrical and
chemical properties, must be taken into account when it is being developed. The
material should be easy to obtain and manufacture, non-toxic and inexpensive.
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Fig. 4.1 Disc solid electrodes [Reprinted with permission from BAS Inc.]

Solid electrodes can be used in stationary, rotating and flow systems and have
different configurations such as planar, rod or tube.

The most common solid electrode geometry consists of a disc of the solid
conducting electrode material, attached by conducting glue to a short cylindrical
conducting metal (such as brass) rod. This is inserted within a tightly fitting tube of
insulating material that is chemically inert in aqueous and non-aqueous electrolytes,
such as Teflon, PEEK, glass or epoxy resin, so that only the disc surface contacts
with the solution, the external electrical contact being made at the back, Fig. 4.1.
Such an inlaid disc is the most convenient form for cleaning and polishing.
However, precautions should be taken to avoid contamination of the solid surface
(e.g. with epoxy resin if this is used) during the preparation steps.

Diffusion of analyte to the solid electrode surface is influenced by the electrode
size (macro- or micro-) and geometry. Disc electrodes with diameters greater than
100 pm are called macroelectrodes, and the measured currents are in the pA to mA
range. Double working solid ring—disc electrodes have been used in rotating
systems, Fig. 4.2, and in flow systems such as wall-jet or thin-layer electrochemical
detectors.

Other solid electrode configurations include ultramicroelectrodes and micro-
fabricated screen-printed electrodes or silicon-based thin-film electrodes. Micro-
electrodes with dimensions less than 100 pm have currents in the pA to nA range.
Although the currents at microelectrodes are small and may require specialised
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Fig. 4.2 Photographs: (a) rotating disc electrode (RDE), (b) rotating ring—disc electrode (RDE).
(With permission from reference [20])

electrochemical equipment, they have a greater signal-to-background ratio owing to
enhanced diffusion and thence higher current density and, being small, find use in
applications where the small size is required.

The solid electrode surface can also be chemically modified in many ways
enabling a large number of applications in industry, quality control of drugs and
food, determination in pharmaceutical dosage forms, environmental
monitoring, etc.

4.4 Surface Cleaning Pre-treatments

The application of solid electrodes to drug analysis needs to take into consideration
the organic compound character of most medicinal drugs. Their redox processes are
usually accompanied by strong adsorption of the drug, its redox products or both, in
which case the solid electrode surface can be poisoned, leading to difficulties with
reproducibility. For this reason, and to ensure good reproducibility, surface
cleaning pre-treatment is usually required.

Electrode surface cleaning pre-treatments can be electrochemical and/or
mechanical that will always to have to be adjusted to the electroanalytical proce-
dure and drug analyte, and chemical pre-treatments with solid smooth electrode
surfaces can also be employed. Solid metal electrodes are usually polished mecha-
nically and are sometimes chemically etched with nitric acid or aqua regia. Suitable
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pre-treatment of the electrode surface should always precede any drug analysis
using a solid electrode.

Mechanical pre-treatment to a smooth mirror finish is achieved using abrasives,
such as diamond spray or alumina slurry, depending on the hardness of the
electrode material, on polishing tables or on cloths. Both diamond and alumina
abrasives are available in various particle sizes, and polishing should start using a
relatively large particle size and following with successively smaller sizes, usually
finishing with 1 micron particles. In some extreme cases, it may also be necessary to
use ultrasound after mechanical polishing with diamond or alumina to completely
remove all the abrasive particles from the pores of the electrode surface.

Electrochemical pre-treatment is usually achieved by cycling the electrode
potential between chosen limits in the supporting electrolyte until a steady state
baseline is obtained. The objective of this procedure is to activate and oxidise or
reduce the impurities or undesirable functionalities on the solid electrode surface.

In the case of metal electrodes, care should be taken that the electrochemical
pre-treatment only uses a cyclic voltammetry potential range between a positive
potential limit that is before the formation of the metal oxide layer and a negative
potential limit before hydrogen evolution.

A solid electrode surface conditioning cleaning procedure comprising mecha-
nical followed by electrochemical pre-treatment ensures very reproducible experi-
mental results.

4.5 Solid Electrode Materials

Many different solid materials are used for constructing working electrodes, such as
metals, different forms of carbon and surface-modified electrodes, and less com-
monly metal oxides and conducting polymers. The physical properties of the solid
electrode materials used in electroanalysis will now be reviewed.

4.5.1 Metal Electrodes

The most used solid metal electrode materials are Pt and Au. The first solid
electrode used in voltammetry was Ag [1-4, 21]. However, this electrode has an
extremely limited potential window and, therefore, restricted electroanalytical
applications. Other solid metal electrodes such as Bi, Pd, Rh, Cu, Ru, Ni, Cd, Sn
and In have also been used for specific electroanalytical applications. As an
example, Cu, Ni and Ag can be used for some specific applications on polar
aliphatic compounds such as carbohydrates and amino acid in different buffered
media.

Metals are very important solid electrode materials, with the advantage of high
conductivity and low background current. They are most often used for studying
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electron transfer kinetics, mechanism determination, thermodynamic parameters
and seldom in electroanalytical applications, although forced convection easily
increases their sensitivity and reproducibility. Metal electrodes usually have the
form of disc, ring or short wire electrodes.

In general, solid metal electrodes have low background currents, surfaces suit-
able for various sensing and detection applications and provide reproducible results.
Nevertheless, it should be kept in mind that their inertness is relative: at certain
applied potentials, oxides are formed by reaction between the electrooxidised metal
and oxygen, or hydrogen can adsorb on the metal surface. This can occur in aqueous
and in some non-aqueous solutions. An important factor in using solid electrodes is
the dependence of the response on the surface state of the electrode. Fundamental
studies of the electrolyte solution/metal electrode interface can only be made by
using well-defined single crystal electrodes.

Noble metals are commonly considered to be inert, but under certain electro-
chemical conditions electrochemical dissolution of the metal can occur; the metal
electrodes’ highly active surface can be covered by a surface oxide film over a
broad range of positive potentials. This will influence the electrode oxidation
processes since the electrochemical charge transfer reactions will occur at the
surface oxide rather than at the metal surface. Their limited use in electroanalytical
methods is also because of their rather low hydrogen overvoltage [1-4, 8-
12]. Using non-aqueous media, these difficulties and problems are less severe,
and noble metal electrodes are often an ideal choice.

For trace metal analysis, as an alternative to mercury film electrodes, Bi film
working electrodes are successfully used in stripping voltammetric methods and
they have been found to be more attractive and a good solid material to substitute
mercury film electrodes [1-5, 10-19]. Bi is an environmentally friendly element
and has low toxicity. Bi-modified electrodes are usually prepared in situ on a carbon
disc substrate, the most common being glassy carbon; they have a high hydrogen
overpotential, lead to wide linear dynamic ranges, low limits of detection and
excellent resolution of neighbouring peaks.

4.5.1.1 Platinum Electrodes

Of the noble metals, platinum is the most widely used electrode material. The main
advantage and widespread electrochemical use of Pt electrodes arises from its
relatively high chemical inertness, electrocatalytic properties, clear separation of
the potential regions for hydrogen and oxygen adsorption, excellent corrosion
resistance and ease of fabrication in many forms. For quantitative electroanalytical
studies, Pt electrodes of various geometries, Fig. 4.3, are mainly small discs, short
straight or helical wires and nets; disposable screen-printed Pt electrodes are also
available and will be described.

The biggest disadvantage in the use of Pt electrodes at positive potentials higher
than +0.8 V vs. SCE is formation of a Pt oxide layer, Fig. 4.4. The Pt oxide film can
strongly alter and slow down the kinetics of the electrode reaction or react with the
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Fig. 4.3 Pt electrode different geometries [Reprinted with permission from BAS Inc.]
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Fig. 4.4 Current—potential curve for platinum surface oxide formation and reduction in 0.5 M
H,SO,4 (Reprinted with permission from [22])

analyte giving rise to unexpected behaviour, leading to irreproducible data [1-4, 12,
19]. Care must be taken to only use Pt at less positive potentials in order to keep the
electrode surface free from Pt oxide, Fig. 4.4 [22].

Another disadvantage of the use of Pt electrodes, besides its high cost, is that the
presence of even small amounts of water or acid in the electrolyte leads to the
reduction of hydrogen ion so that hydrogen evolution occurs at less negative
potentials, and at these potentials the Pt electrode is partially covered by a layer
of adsorbed hydrogen atoms, Fig. 4.4 [22].

The cyclic voltammogram for Pt in acid solution, Fig. 4.4, clearly shows the
anodic peaks corresponding to Pt oxide formation and the very broad cathodic peak
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corresponding to subsequent Pt oxide reduction. At more negative potentials,
cathodic peaks occur corresponding to the reduction of the adsorbed hydrogen on
Pt followed on the reverse scan by the anodic peaks of adsorbed hydrogen on Pt.
Various pre-treatments can be used to clean the Pt electrode surface. Application
of very negative potentials should be avoided because, when scanning in the anodic
direction, anodic dissolution of adsorbed hydrogen can lead to incorrect results

being obtained.

4.5.1.2 Gold Electrodes

The second most widely used solid metal electrode is gold, usually less expensive
than platinum, but it is not as electrochemically inert. Similar to Pt, the Au electrode
in aqueous electrolyte at potentials higher than +0.8 V is covered by an Au oxide
film [1-4, 12, 19], making its use in the positive potential range reduced, Fig. 4.5.
Cyclic voltammograms of a monocrystalline Au electrode in 10 mM NaF,
Fig. 4.5, clearly show anodic peaks corresponding to Au oxide formation and a
very broad cathodic peak corresponding to subsequent Au oxide reduction [23].
Gold electrodes are much more useful than Pt electrodes in the negative potential
region for reduction studies, since hydrogen is not adsorbed to an appreciable
extent. After hydrogen evolution, Au electrodes show practically none of the
hydrogen dissolution current associated with Pt electrodes but, on the other hand,
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Fig. 4.5 Cyclic voltammogram of a Au (210) electrode in
(Reprinted with permission from [23])

10 mM NaF, sweep rate 20 mV/s
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the electrocatalytic activity for most charge transfer reactions is considerably lower
than at Pt electrodes.

In chloride-containing media, such as hydrochloric acid, Au electrodes should
not be used for anodic reaction studies due to the formation of a complex with
chloride, limiting the useful potential limit to~+0.6 V.

The other drawback of Au electrodes is adsorption blocking of the surface by
sulphur-containing species such as thiols, mercaptans and other inorganic sulphur
species such as hydrogen sulphide. The Au-S bond is very strong, but such
adsorption can be used to good effect to form self-assembled organosulphur mono-
layers. Au electrodes are also widely used as substrates for stripping analysis of
trace metals.

Similarly to Pt electrodes for quantitative electroanalytical studies, Au elec-
trodes of various geometries are used, mainly small discs or short wires. Various
cleaning pre-treatments can be used to clean the Au electrode surface depending on
the application [1-4, 12-19].

4.5.2 Carbon Electrodes

Carbon, in different forms, is the most widely used solid electrode material. All
carbon allotropes have been used, but the way the building blocks are put together is
different and the properties of the carbon allotropes themselves can vary widely.
The electronic properties, surface microstructure, surface chemistry, microstructure
and electronic properties are different, and this can influence redox system elec-
trode reaction kinetics and mechanisms.

The carbon allotropes most used are reticulated vitreous carbon (RVC), glassy
carbon (GC), graphite, highly oriented pyrolytic graphite (HOPG), carbon films,
carbon paste (CP), wax impregnated graphite (WIP), pencil lead graphite, boron-
doped diamond (BDD), carbon felt and cloth, carbon fibres, screen-printed carbon
(SPC), fullerenes, carbon nanotubes (CNT), graphene, Kel-graph, whiskers, tita-
nium carbide, etc. [1-4, 24-27]. All of these can be used for the electrochemical
analysis of organic electroactive drugs by reduction or oxidation, even at high
positive potentials by oxidation, and they are generally inexpensive.

Carbon fibres are the highest strength fibres, graphite one of the best lubricants,
diamond the strongest crystal and hardest material and glassy carbon is macroscopi-
cally non-crystalline but one of the best helium gas barriers, besides new forms of
carbon such as fullerene molecules and hexagonal polytypes of diamond.

Electrochemical reactions on carbon-based electrodes are normally slower than
at noble metal electrodes, the electron transfer kinetics being dependent on struc-
ture and surface preparation, and some background current, but they have a wider
potential range than metal electrodes in the negative and particularly so in the
positive direction, generally showing chemical inertness, and are of low cost.

The carbon atom has six electrons of which four, in its valence shell, fill the sp,
sp” and sp> hybrid orbitals which are responsible for the bonding structures in
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diamond, vitreous carbon, graphite, fullerene, pyrolytic carbon, nanotubes, etc.
This explains the ability of carbon to bond with itself and with other atoms in
very many combinations of chain and ring forms.

The study of the structure—function relationships at carbon-based electrodes has
to consider the surface chemistry, especially, the variety of surface oxygen func-
tional groups, particularly on sp>-bonded carbon materials, such as carboxy, car-
bonyl and hydroxyl, that occur on the oxidised carbon surface; the structure of
surface oxides on carbon is very complex. These influence reactivity, and thence
also chemical derivatisations that are possible on, for example, carbon paste, glassy
carbon, graphite and diamond surfaces. The high degree of delocalisation of ©
electrons, together with weak van der Waals forces, provide good electrical con-
ductivity and influence the electrical double layer, molecular adsorption and elec-
trode polarity.

The graphitic sp® atomic structure is present in different carbon materials such as
pyrolytic graphite, carbon nanotubes, graphene, vitreous carbon and carbon fibres.
Diamond, fullerene and allotropic lonsdaleite are sp® atomic structure forms.
Within all used carbon electrode materials, graphite is by far the softest and
diamond is one of the hardest known materials [1-4, 15, 24-39].

The high surface activity of carbon materials explains their susceptibility to
poisoning by adsorption of organic compounds and especially by electroactive
pharmaceutical compounds.

Many pre-treatment cleaning procedures have been developed, depending on the
type of carbon, both renewing the surface and activating carbon-based electrodes,
and play a role in increasing the & electron transfer rates. Carbon electrode surfaces
do not interact with the accumulated or adsorbed compounds, a feature which rules
out the appearance of a systematic error caused by such interactions, but the
stability, surface area and reproducibility parameters in the analytical performance
largely depend on the surface after cleaning.

The successful application of carbon electrodes in electroanalytical studies of
electroactive pharmaceutical compounds is due to the high chemical and electro-
chemical stability of carbon materials, relatively high hydrogen and oxygen
overpotential in different electrolytes, a broad working potential range, simplicity
of mechanical renewal of the electrode surface and availability of different carbon
materials.

4.5.2.1 Graphite Electrodes

Graphite is one of the carbon allotropes and is produced with different sizes and
percentages of crystalline graphite, and consequently different conductivity and
stability. Graphite is a thermodynamically stable form of elemental carbon; it is one
of the softest minerals known to man and is a good conductor of electricity, Fig. 4.6
[1-4, 8-10, 15-19]. The electronically conductive carbons are derived from the
hexagonal crystalline modification of graphite. Graphite materials, such as
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Fig. 4.6 Structure of graphite

pyrolytic graphite, carbon fibre, vitreous carbon, carbon black and others are
aggregates of graphite crystallites, referred to as polycrystalline graphite.

A single sheet of graphite is called graphene, consisting of carbon atoms packed
in a hexagonal lattice. Every carbon atom is bonded to three adjacent carbon atoms
that lie at the vertices of equilateral triangles by four valence electrons available to
participate in the formation of chemical bonds. Three of these electrons are used in
forming strong covalent bonds with the adjacent carbon atoms packed in a hexa-
gonal lattice in the sheet. This covalent bond has a short length and high strength
due to electrons shared between atoms. The fourth electron is free to wander over
the surface of the sheet making graphene an electrical conductor.

In graphite, the individual sheets of carbon atoms exist in parallel stacked layers,
in a layered structure, connected by van der Waals forces to form crystallites,
Fig. 4.6. The conductivity parallel to the carbon sheets is high and perpendicular
to them is low. Each sheet of carbon atoms is translated (offset) by one-half of a unit
such that alternate sheets are in the same position. The spacing between the layer
planes is relatively large (0.335 nm) or more than twice the spacing between atoms
within the basal plane (sheet) of 0.142 nm and approximately twice the van der
Waals radius of carbon. Because these forces are weak, the sheets can easily slide
past each other and graphite, unlike diamond, is therefore extremely soft, whereas
the graphene sheet has strong covalent bonding between the carbon atoms.

Graphite is remarkable for the large variety of materials that can be produced
from its basic form such as extremely strong fibres, easily sheared lubricants,
gas-tight barriers and gas adsorbers, and the sliding sheets give graphite its softness
for writing and its lubricating properties [1-4, 8—10, 15-19].

The choice of exposed basal or edge plane alters the electrochemical response
owing to the different structure of the exposed surface, see Fig. 4.6. The graphite
edge orientation is more reactive than is the graphite basal plane towards electron
transfer and adsorption. Different edge-to-basal plane ratios of carbon-based
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materials display different observed electron transfer kinetics for the investigation
of a redox active compound.

Large single crystals of graphite are rare; therefore, graphite is employed in
polycrystalline form (solid blocks, paste electrodes, suspensions, etc.). Neverthe-
less, some carbons prepared by chemical vapour deposition (pyrolytic carbons)
match the properties of a graphite single crystal [1-4, 8-10, 15-19].

Pores arising in graphite are sometimes impregnated with ceresin or paraffin
under vacuum in order to impede the entry of solution into the graphite electrode
lattice. When the in-plane dimension of the graphene sheet is small (i.e. high
fraction of crystallite edges) and the spacing between them is large, this carbon is
designated as amorphous (e.g. powders and glassy carbon). These materials are
isotropic, as they have the same conducting properties in all directions.

The definition of the difference between “graphite” and “carbon” is somewhat
subjective. It is normally considered that carbon has a non-ordered atomic structure,
i.e. “amorphous”, although most carbons have small crystallites of graphitic struc-
ture, and are isotropic, since they have the same conducting properties in all
directions.

Spectroscopic graphite with a low level of metallic impurities is used in graphite
rod electrodes for electroanalytical applications. Graphite composite electrodes are
prepared from graphite powder mixed with a suitable binder and then bonded,
either physically or chemically, to form a conductive solid composite.

Pyrolytic graphite is very pure and exhibits anisotropic properties, depending on
the crystal orientation. The supported layer of pyrolytic graphite is actually poly-
crystalline, but the individual crystallites show a higher degree of preferred orient-
ation with carbon hexagons parallel to the surface of the substrate. Such graphite
can be either natural or artificial/synthetic.

The artificial type is called highly ordered pyrolytic graphite (HOPG), Fig. 4.7a,
and is prepared by exposing pyrolytic graphite to high pressure and high temper-
ature. It is a relatively new form of highly pure graphitic carbon and is an excellent
atomically flat substrate with a renewable and smooth surface, especially for use in
atomic force microscopy (AFM), Fig. 4.8.

An atomic resolution AFM image of HOPG shows a close packed array, with
each atom surrounded by six nearest neighbours, Fig. 4.7b. The distance between
any two of these atoms is 0.246 nm. This structure shows directly the hexagonal
rings of the structure of graphite. In fact, HOPG has a polycrystalline structure, the
size of which varies, the maximum being 10 mm for the highest quality. A freshly
cleaved surface consists of atomic steps, 0.2—0.3 nm, and other bigger steps of
several or dozens of atomic layers.

HOPG is completely non-polar. It is prepared from ordinary pyrolytic graphite
by pressure annealing in a hot press at about 3,500 °C, and the smooth shiny basal
surface is essentially free from surface oxygen functionalities and not very reactive.
The basal faces, parallel to the plane of the carbon hexagons, show chemical and
electrochemical properties significantly different from the perpendicular edge
faces. The basal face is almost flat, with featureless voltammetric curves and
relatively low charging currents in aqueous supporting electrolytes. Unlike Pt, the



96 4 Solid Electrodes in Drug Analysis

a Basal Plane

Intarplanar
Distance

Edge Plane ——=

Fig. 4.7 Structure of highly oriented pyrolytic graphite (a) [Reprinted with permission from [40],
(b) AFM (Reprinted with permission from [41])

Fig. 4.8 Structure of glassy carbon. (Reprinted with permission from [46])

HOPG basal plane does not adsorb anions and most organic substances can be
cleaved with adhesive tape, the new exposed clean surface remaining stable in air
for many hours.

Due to their anisotropic structure, pyrolytic graphite and HOPG electrodes have
differences in their preparation procedures. Both pyrolytic graphite and highly
ordered pyrolytic graphite have weak interplanar bonds, and may be manually
cleaved to expose basal surfaces. Teflon or epoxy resin are usually used to make
the electrode holder material, a cylindrical recess drilled into a Teflon rod, and an
electrical contact placed in the back of the recess, as for metal electrodes.

Some conventional cleaning pre-treatment procedures, such as mechanical
polishing, cannot be employed because of the softness of HOPG and pyrolytic
graphite. So, chemical cleaning in a convenient solvent, laser activation, heat
treatment and electrochemical pre-treatment procedures have to be applied. For
solvent cleaning, solvents such as acetonitrile, toluene and dichloromethane can be
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used. This pre-treatment works by dissolving materials adsorbed on the surface [3,
4,10, 15, 39, 42-44]. Laser activation pre-treatment can be used to activate HOPG
towards electron transfer. This pre-treatment cleans existing active sites and can
create new ones, depending on the experimental conditions. The heat treatment
procedure activates HOPG by desorbing contaminants or removing chemisorbed
oxygen from the exposed edge plane sites, depending on the temperature. Electro-
chemical pre-treatment is the most used cleaning procedure.

Although, graphite-based electrodes are not as widely used as glassy carbon,
boron-doped diamond, carbon paste or carbon nanotube electrodes [15-19, 39, 42—
441]; they have also been used for the electroanalytical determination of drugs in
their dosage forms and in biological samples.

4.5.2.2 Glassy Carbon Electrodes

Glassy carbon (GC), also referred to as vitreous carbon, a material which started
being manufactured in the early 1960s, is a conductive form of carbon usually made
by pyrolyzing precursors and is the most commonly used carbon electrode in
electroanalysis since the 1980s [2—4, 15, 18, 19].

The structure of GC consists of graphitic planes randomly organised as tetra-
hedral domains in a complex topology linked by short oxygen-containing bridges,
closely related to that of a vitreous material, with high lustre and glass-like fracture
characteristics, hence the designations of glassy carbon, vitreous carbon or pyro-
lytic carbon. Unlike HOPG and other graphites, GC is microstructurally isotropic,
the same electrical properties in all directions, and very hard, like diamond, thus
making it moderately expensive compared with Pt and Au electrodes. It is difficult
to machine in different electrode geometries, the most available being rods, discs
and plates, and with a wide potential range, due to the high overpotentials for
hydrogen and oxygen evolution.

The GC material is prepared from a pre-modelled polymeric
(e.g. polyfurfurylalcohol or phenolic) resin body in an inert atmosphere by carefully
applying a controlled heating programme (at temperatures between 1,000 and
3,000 °C) under pressure, and an increased electrical conductivity is obtained on
increasing the preparation temperature [2—4, 15, 18, 19, 45]. The heat treatment is
often applied slowly over days and causes release of atoms other than carbon,
producing a conjugated graphitic microstructure. The original polymer backbone
stays largely intact, preventing the formation of extended graphitic domains. The
GC microstructure, Fig. 4.9, is a material of pure carbon combining glass-like high
mechanical hardness characteristics due to the interwoven sp2 carbon ribbons,
(characterised by randomly oriented strips (lamellae) of pseudographitic layers of
carbon hexagons) with the physical properties of graphite. The accepted model for
the GC microstructure, Fig. 4.9, is that proposed by Jenkins and Kawamura [2—4,
15, 18, 19].

The random structure of GC, Fig. 4.9 [46], bears some resemblance to that of a
polymer, in which the fibrils are very narrow curved and twisted ribbons of
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Fig. 4.9 AFM topographical images in air: (A) HOPG and (B) GC electrodes. (Reprinted with
permission from [41])

graphitic carbon [2-4, 31, 35, 38, 47, 48]. These ribbon-like tangled aromatic
molecules are cross-linked by carbon—carbon covalent bonds with varying bond
energies. Some of these bonds may be highly strained. This extremely high density
and small fine-pore size structure gives GC characteristics that enable the adsorp-
tion of some small molecules such as water, methanol and isopropanol.

In contrast to graphite, GC has isotropic electrical conductivity and has remark-
able physico-chemical properties, such as high strength and high resistance to
chemical attack. It is mechanically polishable and is extremely impermeable to
gases and liquids.

GC can be produced in three basic types which have essentially the same
microstructure, but different macrostructures: solid monolithic vitreous, foam reti-
culated, spheres or particles, the most common being vitreous carbon, Fig. 4.9, and
reticulated carbon. The density of GC is less than HOPG, indicating that it is a
nanoporous material and contains some void spaces, Fig. 4.8.

GC is extremely resistant to many chemicals especially when prepared at very
high temperatures. Only strong oxidising agents like oxygen at elevated temper-
ature, or hot melts, or strong oxidising acids can attack glassy carbon. But even
under these circumstances, it is probably the most inert carbon-based material [2—4,
15, 31, 47, 48]. According to the general specifications, GC is similar to poly-
crystalline graphite in composition, bonding and resistance, but differs greatly in
porosity, low density, high hardness, high strength, good electrical conductivity and
mechanical properties, all due to the difference in structure.

Electrochemical experiments normally give rise to similar redox behaviour at
GC and HOPG electrodes. However, the HOPG surface is used as a substrate in
AFM studies, because it is atomically flat with less than 0.06 nm of root-mean-
square (r.m.s.) roughness for a 1,000 x 1,000 nm? surface area, Fig. 4.9A, whereas
the GC electrode is only used for voltammetric characterisation as it is much
rougher, with 2.10 nm r.m.s. roughness for the same surface area, Fig. 4.9B,
therefore unsuitable for AFM surface characterisation.
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Fig. 4.10 Reticulated
vitreous carbon structure.
(Reprinted with permission
from [49])
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Reticulated vitreous carbon (RVC), also called polymeric carbon since it derives
mostly from the carbonisation of polymeric precursors, is an open-pore foam
material of honeycomb structure composed solely of vitreous carbon, one of the
most chemically inert forms of carbon known which is resistant to oxidation,
Fig. 4.10.

RVC has an exceptionally high void volume (90—97 %), high porosity, high
surface area, rigid structure, low density and low resistance to fluid flow, very good
mechanical properties, high corrosion resistance and lower thermal conductivity
than other forms of carbon but has a very high resistance to temperature change in
non-oxidising structures [1-4, 15, 31, 50].

However, the skeletal structure of RVC is fragile and brittle and needs physical
support, and the low volumetric carbon content per area means that care has to be
taken to ensure a uniform potential and current distribution through the material.
The RVC electrode surface can easily become poisoned when used for organic drug
oxidation studies, and it is difficult to avoid the drugs and oxidation products being
accumulated in the pores, even using chemical solvents. This limits the use of
RVC for the reproducible electroanalytical determination and screening of pharma-
ceutical dosage forms and biological fluids.

4.5.2.3 Carbon Paste and Carbon Composite Electrodes

Carbon paste electrodes (CPE) were introduced in 1958 by R.N. Adams for the
electroanalytical determinations of drugs [34]. They are prepared using a dispersion
of carbon particles mixed in a pasting liquid, with good positive and negative
potential range, and have since attained very broad applications in electroanalysis
[18, 19, 30-38]. The electroactive surface area is very similar to that of a single-
phase electrode of the same size. The reason is that the surface is composed of tiny



100 4 Solid Electrodes in Drug Analysis

micron-sized carbon particles, which acts as a microelectrode assembly with
overlapping diffusion fields.

CPEs are a type of carbon composite electrodes, which all use electrically
conductive carbon particle powder mixed with an insulating binder. In the case of
CPEs, examples of pasting liquids are water-immiscible non-conducting organic
binders such as Nujol, uvasol, paraffin oil, silicon oil, bromonaphthalene and
bromoform. CPEs offer an easily renewable and modified surface, are of low cost
and normally have a very low background current over the entire positive and
negative potential range [18, 19, 30-38]. Classical graphite particles are now often
replaced by particles of other forms of carbon such as fullerenes, carbon nanotubes,
graphene and carbon fibres. Pasting liquids are being replaced by binders which
become solid such as polyurethane, Kel-F and Kelgraph, in this case forming a
conductive solid composite electrode, the surface of which can be polished in the
same way as other solid electrodes.

The basic requirements for an organic binder are its insolubility in the solution
under measurement, a low vapour pressure to ensure both mechanical stability and
long lifetime and inertness in the working potential range in electroanalytical studies
[18, 19, 51-55]. It is also important to use an organic binder that does not cause the
electron transfer rates to decrease on increasing the amount of pasting liquid.

Graphite can also be impregnated with resins, in order to produce tight materials
of high chemical stability. This type of polycrystalline graphite electrode is called
wax-impregnated graphite electrode (WIGE). The modifier is either dissolved in
pasting liquid or physically mixed with the paste when preparing a modified carbon
paste electrode. The modifier itself could be electroactive or may be a complexing
agent which can extract an electroactive analyte into the surface layers of the paste
electrode. After evaporating the solvent, the impregnated carbon powder is ready to
use [2-4, 18, 19, 55-62].

The nature and behaviour of common carbon pastes can be described by means
of physico-chemical properties such as composite character, hydrophobicity, con-
ductivity, disintegration and lifetime. Some surface treatments can also improve
polarisation characteristics of carbon pastes. The potential range of commonly used
carbon pastes also depends on the pH of the working electrolyte solutions in a way
that can differ from bulk carbon to some extent, but this is usually minor.

Fullerenes are a new class of carbon-only molecules, discovered in 1985 by
Kroto [63], the most well-known being composed of 60 carbon atoms (Cgp)
arranged in a soccer ball structure, Fig. 4.11. They are carbon clusters, whose
surface is formed by 12 pentagons and any number of hexagons. As can be deduced
from Fig. 4.11, fullerene is based on sp2 hybridised carbon like glassy carbon and
graphite, but differs in its topology. Despite the presence of fused hexagons of sp”
carbons, fullerenes do not create planar sheets as graphite does. Their large surface
area, stability and wide positive potential range have prompted their use in CPEs
after mixture with appropriate pastes.

Carbon paste is typically ready within a few minutes and can also be stored in a
suitable container for later use or packed immediately into the electrode body, but
long-time storage is not recommended because of their limited lifetime. It is
recommended to prepare only the necessary amount of paste and use it immediately.
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Fig. 4.11 Buckminsterfullerene, Cgo [63] (Reprinted with permission from [64])
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Fig. 4.12 Preparation of carbon paste disc electrodes [Reprinted with permission from BAS Inc.]

Disc CPEs are prepared by inserting the carbon paste in a shallow hole drilled
into a short Teflon rod, polyethylene syringe or glass tube [1, 55], which is in
electrical contact with a wire at the back, Fig. 4.12. The surface is best smoothed by
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rubbing the electrode several times and slowly polishing on a mildly abrasive
surface.

CPEs are one of the most simple and easy to prepare carbon-based electrodes,
with precision in current measurements, only surpassed by noble metal electrodes,
and with a large surface area, important to use for drug electroanalysis.

Surface renewal can be done by replacing an outer layer of the paste and
re-smoothing it, providing a fresh surface unaffected by the electrode history. In
some assemblies, the internal metal rod is attached to a screw thread so that the
paste can be extruded and then smoothed. If a plastic sheath is used then renewal
can be done by cutting. A further alternative is to use it in disposable electrode
form. This demonstrates that each carbon paste electrode surface is an individual
surface, and there may be some differences between surfaces, affecting
reproducibility.

4.5.2.4 Carbon Fibre Microelectrodes

Carbon fibres are a type of high strength material, often stronger than steel but much
lighter, with very wide applications and have been available for more than 40 years.
Like all forms of conductive carbon are produced by high-temperature pyrolysis, at
several hundred or thousand degrees Celsius, of a carbon-based precursor, such as a
polymer textile, or via catalytic chemical vapour deposition [1-4, 13-19, 64—
68]. The heat treatment process is similar to that for the preparation of glassy
carbon. Typical dimensions of the carbon fibre tip are in the range of 5-20 pm
diameter and 5-15 mm length.

Highly oriented polyacrylonitrile (PAN)-based fibres have an “onion” type
arrangement of the “concentric” or “random” graphite layers, whereas pitch-
based fibres have a cross section of “radial” or "PanAm” graphitic lamellae,
Fig. 4.13 [69].

Carbon fibre electrodes have at least one dimension that is micron size, the disc
end, so they are microelectrodes, with a radial diffusion of the solution analyte to
the carbon fibre microelectrode surface.

They are very strong in the axis direction, have small ohmic drops and low
background current [67, 68], due to their well-ordered graphite-like structure and
low porosity. Carbon fibres are normally cut to a length of ~0.5 mm prior to use and
typically mounted at the tip of a pulled glass capillary with epoxy adhesive,
Fig. 4.14 [70].

Microelectrodes offer some advantages over conventional solid and micro-
electrodes in electrochemical studies in terms of a faster response time; a lower
background current and a smaller size that enables measurements to small amount
of samples; etc.

A major advantage of the carbon fibre microelectrodes is the possibility of using
high scan rates. Because of their small electrode area, reduced capacitance and fast
time constants can be obtained and thence discrimination against charging currents
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Fig. 4.13 Typical schematic cross sections of highly oriented carbon fibres. (Reprinted with
permission from [69])

100 pm

Fig. 4.14 (a) A scheme of a fine carbon-fibre microelectrode. (1) Micropipette; (2) carbon-fibre;
(3) thick-walled capillary; (4) copper leading-out wire; (5) Wood’s alloy. (b) Microphotograph of
a part of the carbon-fibre situated within the micropipette’s tip. In process of introducing the fibre
into the micropipette, this part of the fibre bends slightly under the applied pressure. (1) Glass;
(2) carbon fibre. (Reprinted with permission from [70])

[66—68], and scan rates exceeding 1 V/s can be used. This makes them ideal for use
in fast-scan cyclic voltammetry.

Carbon fibres have been used in anodic measurements in various micro-
environments, such as neuroelectrochemistry research in brain slices or in vivo in
rat brains, in single cells or in vesicular volumes. They have the ability to monitor in
a subsecond time frame and record in real time and, additionally, other devices
cannot be used because they are too big.
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4.5.2.5 Carbon Nanotube Electrodes

Nanotubules of graphite were observed in 1991 by lijima deposited on the cathode
during the direct current arcing of graphite for the preparation of fullerenes [71],
and since then different methods were developed for carbon nanotube (CNT)
preparation, such as chemical deposition from the gas phase, arc discharge between
graphite electrodes or laser evaporation, etc. [72-77].

CNTs are the only form of carbon with extended bonding and yet with no
dangling bonds and represent an increasingly important group of nanomaterials
with unique geometric, mechanical, electronic and chemical properties. They are
one of the most important classes of “new” carbon materials consisting of hollow
cylinders made of carbon.

A CNT can be viewed as a graphene sheet which is rolled and the edges joined to
make a tube. This can be done in three ways, to give armchair, zig-zag or chiral
nanotubes, Fig. 4.15 a. In the zig-zag type, the graphene layer is rolled up in a way
to make the ideal ends of an open tube give a zig-zagged edge. In comparison to the
zig—zag tubes, the graphene sheet is turned by 30° before rolling up to give armchair
type nanotubes. If the angle of turning the graphene layer before rolling up is
between 0° and 30°, chiral nanotubes are obtained. Only armchair nanotubes are
electrical conductors; other nanotubes are semiconducting. These structures have
been established from symmetry considerations and from determination of the band
structure of CNTs produced in different ways [71-79]. The CNTs are usually closed
at each end due to the presence of five-membered rings.

CNTs are entirely composed of sp” bonds, similar to those of graphite, providing
the molecules with their unique strength, and can be single-walled carbon
nanotubes (SWCNT), with one graphene cylinder, Fig. 4.15a, or multiwalled
carbon nanotubes (MWCNT), with many nested cylinders having an interlayer

Fig. 4.15 (a) A single-walled carbon nanotube can be pictured as a rolled graphene sheet.
Nanotubes are classified according to the Rolling direction as zigzag, armchair and chiral. (b)
Multiwalled nanotubes can be pictured as a set of concentric single-walled nanotubes differing
from them in their properties. (Reprinted with permission from [64])
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spacing approximately that of graphite, Fig. 4.15b. This bonding structure, which is
stronger than the sp® bonds found in diamond, provides CNT with their unique
strength but using hexagons alone, carbon cannot yield closed three-dimensional
structures.

Thus, SWCNT have diameters in the range of 2—3 nm whereas MWCNTSs are
made of concentric tubes, with external diameters that can vary up to 100 nm [76—
79]. Their unique structure results in unique macroscopic properties, including high
tensile strength, high electrical conductivity, high resistance to heat and lack of
chemical reactivity in many circumstances. The inner layer tubes of the MWCNT
have m-orbitals in their structure similar to graphite, and the interactions between
neighbouring tubes within the MWCNT lead to additional stabilisation compared to
SWCNT.

CNTs with different diameters can be prepared by various methods, including
electrochemical synthesis and pyrolysis of precursor organic molecules, and some
of these tubes may fit one into another to make a MWCNT. Electron micrographs
show that the space between individual tubes is usually ~0.34 nm, Fig. 4.15.

In order to make CNT-modified electrodes, it is often necessary to functionalise
them first, in order to introduce surface functional groups and increase the hydro-
philic character. The functionalised CNTs are deposited onto a conducting surface
like glassy carbon or graphite, where they will be immobilised in both oriented and
non-oriented positions, increasing the electroactive surface area of the substrate
electrode. Sometimes Nafion or a conducting polymer is added to improve the
physical robustness of the modifier layer.

Covalent functionalisation of the CNTs structure is achieved after purification of
the nanotubes obtained from different production methods. Reaction with hot,
concentrated oxidising mineral acids like nitric or sulphuric acids introduces
carboxyl groups at the ends of the tubes and defects on the side walls. For
MWCNT, the reaction has to be carefully controlled and the conditions adjusted
to determine whether or not the outer walls of the tubes are oxidatively removed,
allowing a variation not only of the length, but even of external tube diameter.
Carboxyl derivatives obtained from the oxidative opening of nanotubes can be
further modified by classical organic chemistry methods. The attachment products
from long alkyl chains exhibit a markedly increased solubility in organic solvents.
The debundling of SWCNT can also be promoted by the opening and
functionalising the end of tubes as the intertubular van der Waals exchange
decreases due to the modification.

CNTs are one of the most commonly used building blocks in nanotechnology.
Their attractiveness as electrochemical nanoprobes is due to their small size, with
larger surface area, high sensitivity, fast and reproducible responses, good conduc-
tivity and high chemical stability. The signal is increased compared with other
traditional carbon-based electrodes, such as carbon paste or glassy carbon, due to
the CNT high surface area [75-90]. Additionally, there may be electrocatalytic
effects compared to other forms of carbon, owing to active sites associated with
CNT defects. Additional defects can be introduced by nitrogen doping during CNT
synthesis, nitrogen atoms substituting carbon atoms, which can lead to enhanced
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electrocatalytic effects [81]. The chemical and electrochemical properties of carbon
nanotubes can be particularly considered as suitable for the design of a variety of
sensors, and CNTs have been used to build novel electrodes with interest for
electroanalytical applications.

4.5.2.6 Boron-Doped Diamond Electrodes

Diamond and graphite are two of the most interesting minerals and are both carbon
allotropes. Diamonds are transparent and brilliant, whereas graphite is opaque and
metallic. Another important physical difference is their hardness. Diamond is the
hardest known substance in nature, is used to cut glass and in industrial drill bits, is
widely sought after because of its rarity and unique crystalline structure and is used
in jewellery. Graphite is very soft. The reason for their extreme differences in
hardness and other physical properties is explained by their molecular crystal
structure.

Diamond is typically crystallised in the “cubic” system, consisting of sp’
hybridised tetrahedrally bonded carbon atoms, Fig. 4.16. Micro-structurally, the
atoms arrange themselves in stacked, six-membered rings in a puckered rather than
a planar conformation. Diamond has an extraordinary chemical stability, is in-
soluble in water and organic solvents, has a very high melting point (about
4,000 °C) and is therefore a very poor electrical conductor with no surface redox
processes as that occur for other carbon electrodes.

Boron-doped diamond (BDD), Fig. 4.17, has been developed as a new conduc-
tive material in which an industrial diamond film is doped with boron, becoming
electrically conducting. BDD electrodes have found many applications as electrode
material in electroanalysis.

BDD thin films can be produced synthetically by one of several established
deposition protocols, the most popular being hot filament and microwave-assisted
chemical vapour deposition, using boron-containing compounds such as
trimethylboron, trimethyl borate or B,Hg. [92-96]. Boron is easily incorporated
in the diamond film, substituting carbon atoms in the lattice. Heavily doped films
are produced in this way making synthesised diamond semi-conducting, but also
affecting factors such as growth rate, morphology and crystallinity, as well as
conductivity of the diamond particles, Fig. 4.17¢ [97].

Fig. 4.16 Diamond
structure
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Fig. 4.17 Morphological characterisation of BDD electrode surface: (a, b) SEM images, (c, d)
AFM images, (E) boron atoms randomly distributed in a diamond lattice and (F) Differential pulse
for a wide pH range. (Adapted with permission from [91])

BDD electrodes are thus semiconductor electrodes with microcrystalline struc-
ture and relatively rough surfaces on the micrometric scale, with exceptional
chemical inertness and mechanical strength, negligible adsorption of organic com-
pounds, extreme hardness and applications in aggressive media such as strong
acids. BDD is an excellent electrode material with a very wide potential range in
aqueous solution and low background current, due to the absence of carbon—oxygen
functionalities and low sensitivity to dissolved oxygen, [92—104].

Among the electrochemical transducers, the BDD electrode presents unique
properties. The BDD electrode has an inert character, weak adsorption properties,
with an excellent extended positive potential window. The BDD electrode behaviour
is strongly related to the controlled in situ electrochemical generation (by water
oxidation) of hydroxyl radicals (OH ) and their subsequent reactions. However, the
BDD surface is not completely inert, and the OH electrochemically generated on a
BDD electrode has been investigated in different electrolyte media, Fig. 4.17f [91].

The effect of anodic and cathodic pre-treatments on the electrochemical
response of a BDD electrode and the influence of the pre-treatment in different
supporting electrolytes on the final surface termination were investigated
[105]. The BDD anodic and cathodic pre-treatments consist of:

1. Anodic pre-treatment—a positive potential E,, =+3.0 V is applied for 30 min,
and the BDD surface is oxidised. The anodic pre-treatment causes the BDD
hydrogen terminations to be converted to oxygen terminations.
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2. Cathodic pre-treatment—a negative potential £,, = —3.0 V applied for 30 min,
and the BDD surface is reduced. The cathodic pre-treatment causes an increase
in the thickness of the adsorption layer formed by hydrogen termination.

The electrochemical response of the BDD surface varies as a function of surface
pre-treatment and also with the electrolyte used in the pre-treatment, significant
oxygen evolution always occurring at +1.4—1.6 V.

Despite the many advantages of BDD electrodes, their high cost and difficulties
in finding an appropriate substrate on which to deposit the thin diamond layer are
major drawbacks to widespread application.

Nevertheless, the applications of BDD electrodes have demonstrated their supe-
rior electrochemical properties that are significantly different from those of other
carbon electrodes, e.g. GC and HOPG. The very low background current is less than
that at metal and GC electrodes, making the BDD electrode superior to other
electrode materials, enhancing the sensitivity for the detection of a number of
pharmaceutically and biologically important compounds that exist at nanomolar
or picomolar concentrations.

The BDD electrode surface is mechanically inert against polishing or cavitation
during exposure to ultrasound radiation; it is chemically inert against aggressive
chemicals and under extreme polarisation.

4.5.3 Screen-Printed Electrodes

Screen-printing technology is widely used for the mass production of disposable
electrochemical sensors, Fig. 4.18. Since the 1990s, screen-printing technology,
adapted from the microelectronics industry, has offered high-volume production of
extremely low cost and yet highly reproducible and reliable single-use disposable
SPE sensors; a technique which holds great promise for on-site monitoring.

The complete electrochemical electrode set configuration, i.e. working, refer-
ence and auxiliary electrode, is contained in a disposable screen-printed electrode
(SPE) that is highly suitable for working with micro-volumes and decentralised
assays or to develop specific sensors by modifying their surface with various
materials, usually in a strip form, Fig. 4.18. SPEs have been used successfully in
the development of sensors and biosensors in various configurations for a wide
range of analytical applications [107-111].

SPEs can be made of carbon, Au, Pt, Bi, AGr or CNT inks. The support is coated
on defined areas with a conducting ink that contains the electrode active material.
Part is then covered by an insulating film to define an external electrical contact at
one extremity and an electrode surface at the other, Fig. 4.18. Typical dimensions of
the SPE strip are H33 x L10 x W0.5 mm. The shape and the surface of SPEs are not
nearly as smooth as more traditional electrodes such as metal, pyrolytic graphite or
GC electrodes [107-119].
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Transducer diameter: 10 mm

Carbon/graphite W.E.
diameter : 6 mm

Fig. 4.18 Design of screen-printed electrochemical transducers. (Reprinted with permission from
the authors [106])

Stable reference electrodes are printed from Ag/AgCl inks, Fig. 4.18, but it is
important to allow the electrode to equilibrate with the test solution for at least 60 s
before performing an experiment.

Both reference electrode and electrical contacts are often made of silver, chlo-
ride ion being added to the test solution if necessary to form the Ag/AgCl reference
electrodes. Disposable SPEs are designed to work with microlitre-size samples,
ideal for quality control or research purposes. A wide variety of SPEs are commer-
cially available [107-119].

The great versatility of SPEs is due to the wide range of ways in which a large
number of SPEs can be printed on different types of substrates, such as plastic or
ceramic and to the use of possible modifiers mixed with the ink. The ink compo-
sition used for printing the SPEs can be modified by the addition of very different
substances, such as metal microparticles, enzymes, polymers, complexing agents
and which may enhance the selectivity and sensitivity of a particular analysis.

SPEs are designated according to the application and working electrode, such as
unmodified SPE, film coated SP electrodes, metal-based SPEs, chemically modified
SP carbon electrodes, ion selective SP electrodes, SP metal film electrodes,
enzyme-modified SPE and antigen/antibody-modified SPE.

The exact determination of carbon SPE area is difficult, since the special binder
compounds in the carbon ink may introduce unexpected features in the
voltammograms, and the heterogeneous kinetics at the electrode surface can be
sluggish. However, the main advantage of SPEs is being disposable and, as they are
used only once and then discarded, surface fouling is not a problem.

SPEs’ small portable instrumentation can be easily used outside the laboratory,
especially for environmental measurements. The analyte sample can be placed on
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the exposed electrodes in the form of small drop in situ. In the laboratory, they can
be used in a larger volume of analyte-containing solution, appropriate for analysis
of pharmaceutical or biological samples.

4.5.4 Chemically Modified Electrodes

Chemically modified electrodes (CMESs) consist of conducting or semiconducting
materials modified using different reagents with the objective of obtaining specific
surface properties for electroanalytical applications. Such manipulation of the
molecular composition of the electrode surface aims at improving sensitivity,
selectivity and/or stability, tailoring the response in order to meet new analytical
needs [120-132].

The enhanced selectivity of CMEs can be obtained by either an analyte-specific
pre-concentration effect or by selecting a layer with properties that catalyse a
specific reaction [115, 121, 133-139]. Whilst conventional voltammetric and
amperometric electrodes serve mainly for carrying the electrical current, powerful
sensing devices can be designed relying on specific modification of their surfaces.
The unmodified electrodes are called “bare”, “native” or “virgin” electrodes [33,
59].

CMEs are made by physisorption/chemisorption, covalent bonding, sol-gel
encapsulation, coating the surface by a polymer, by polynuclear or mixed films or
by mixing the modifier with the electrode matrix material, i.e. composite modifi-
cation. Good control of electrode characteristics and reactivity is achieved by the
surface modification [1-4, 115, 121-143].

The main objectives of chemical modification are:

— Acceleration of electron transfer reactions

— Enabling chemical reactions at the electrode surface such as pre-concentration
reactions by attaching ligands

— Changing transport properties to the electrode surface

— Excluding interferents

— Creating selective membrane permeability

Chemical modifiers are permselective membranes, organic ligands, micro-
particles, organometallic or inorganic catalysts, ion exchangers, biological materials,
zeolites, clays and silica-based materials, and most polymers can be applied to
the electrode surface by a combination of electrostatic interaction and low solubility
in the electrolyte solution [1-4, 115, 121, 133-138]. Immobilisation of a
chemical modifier on the electrode surface should maintain its electrochemical and
physical properties.

The simplest modification procedure is physical or chemical adsorption, with the
advantage that it does not require any special reagents. In an ideal case, a monolayer
coverage electroactive mediator, such as an aromatic organic compound, is
attached by adsorption onto a flat surface. In this case, the adsorptive strength
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increases with the increase in the number of aromatic rings. The adsorption is due to
the strong interaction between the electrode surface and the extended m-electron
systems of these redox molecules. The immobilised redox couple shows a signifi-
cantly different electrochemical behaviour from that arising due to diffusion of a
species from bulk electrolyte solution to the electrode surface. However, its lifetime
on the surface can be relatively short as it may gradually desorb and escape into
solution.

Covalently bonded-modified electrodes are usually much more stable than
electrodes modified by physi/chemisorption. However, their preparation can be
much more difficult and the reaction conditions must be rigorously controlled.
This procedure has been particularly useful for attaching enzymes directly to
electrode surfaces, hence they have been designated enzyme-modified electrodes
or simply electrochemical biosensors.

Covalent bonding requires a chemical reaction with the substrate electrode, so
the electrode surface must be pre-treated. The surfaces of carbonaceous materials
contain, after special treatment, quinonoid, carboxy and phenolic groups, which are
capable of forming covalent bonds. Carbon-based electrodes offer more function-
ality not only for groups like hydroxyl, carboxyl or carbonyl but also for quinone
and lactone groups. The surface of metal-based electrodes such as Pt, Pb and Ni is
often covered with a hydroxide layer or an oxide layer.

Chemisorption and low solubility in the contacting solution or physical anchor-
ing can held surface organic, organometallic or inorganic polymer films on porous
electrodes which can form electronically conductive and non-conductive polymer
film coatings.

Polymer film coating modification consists in spreading and evaporating a
polymer solution on the electrode surface or carrying out electropolymerisation
on the electrode substrate surface. The former can be obtained using different
procedures such as dip coating, solvent evaporation or spin coating. The latter
can be carried out by electrochemical polymerisation/deposition, radio frequency
polymerisation and cross-linking. The thickness of the polymer layer, type of
attachment and stability are important parameters of the modified electrode.
Mono or multiple layers can be obtained in the same way until the desired thickness
is obtained.

The most uniform films are obtained by spin coating, which means evaporating
on a rotating electrode. This gives precise control of film thickness and is parti-
cularly attractive for miniaturised sensor surfaces.

Dip coating consists of immersing the electrode in a solution of the polymer for a
period of time sufficient for spontaneous film formation by adsorption to occur.
Multiple film layers can be obtained by withdrawing the electrode from the
solution, allowing the film of polymer solution to dry and repeat the procedure.

Solvent evaporation consists in applying a droplet of a polymer solution on an
upward-facing electrode surface and allowing the solvent to evaporate. A major
advantage is that the polymer coverage can be immediately calculated from the
original polymer solution concentration and droplet volume.
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Electrochemical polymerisation of appropriate monomers can be used to form
polymer films that are electronically conductive (conducting polymers or redox
polymers). Normally, this is done by potential cycling in which the potential is first
cycled to a sufficiently positive potential to form monomer cation radicals at the
electrode surface, usually around +1.0 V vs SCE, which initiates polymer forma-
tion. The potential sweep is then inverted, usually to a slightly negative potential,
and the cycles are then repeated.

The rate of polymer formation, film thickness and morphology depends on the
potential cycling conditions, number of cycles and solution composition. Examples
of electronically conducting polymers prepared in this way are polyaniline (PANI),
polypyrrole (PPy) and poly(3.4-ethylenedioxythiophene) (PEDOT) and of redox
polymers, polyphenazines [144]. Sometimes metal nanoparticles are incorporated
in the polymer film to give electrocatalytic effects.

Radio frequency polymerisation is another procedure for obtaining polymer
CME:s. Vapours of the monomer are exposed to radiofrequency plasma discharge
to induce polymer film formation on the electrode substrate. The disadvantage may
be that the high energy of the RF discharge may result in chemical damage, thereby
producing unknown functionalities and structural modifications to the polymer.

Cross-linked films are often formed by copolymerisation of bifunctional and
polyfunctional monomers. Cross-linking may be activated chemically, electro-
chemically, photolytically, radiolytically or thermally. A chemical step is designed
to couple chemical components of a film on an electrode to impart a desired
property such as increased stability, decreased permeability or altered electron
transport characteristics.

Sol—gel polymerisation is the formation of a polymer network from suitable
precursors, such as oxysilanes, by condensation reactions, with elimination of water
or alcohols [145]. Molecules such as enzymes can be encapsulated in these net-
works, the size of the nanocages within the network being tuned by choice of the
oxysilane precursor. These precursors can also contain groups such as amines so
that electrostatic or even cross-linking reactions with encapsulated molecules can
take place.

CME:s can contain multiple chemical modifiers that can be dissolved in a binder
or admixed mechanically into the matrix during homogenisation. The composite
modification procedure is based on mixing a slightly soluble modifier with a
conductive matrix.

Considerable progress has been made in the development of “tailor-made”
electrode surfaces by chemical modification of electrode surfaces with electroactive
polymer films with new electrocatalytic properties. Electrochemical polymerisation
has proven most useful for the preparation of CMEs. Electrochemical deposition
using potentiostatic or galvanostatic methods relies on the dependence of polymer
solubility on ionic state, so that film formation will occur, often irreversibly, when a
polymer is oxidised or reduced to its less soluble state, and conducting and
non-conducting polymers can be prepared.
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The chemical modification process has to improve the analytical performance
either by increasing their sensitivity or protecting the surface from undesired
reactions.

Successful electroanalytical applications of CMEs depend on their ability to
detect the identity of analyte easily, free from interferences, with stability and
reproducibility, for a wide concentration range, using easy preparation techniques
and be comparable or superior to a non-modified electrode.

CPEs as well as CNTs, Fig. 4.15, undoubtedly represent one of the most
convenient possibilities for preparation of CMEs [115, 121, 133—-141]. The cou-
pling of electrochemical biosensors with nanoscale pastes is a tool for improved
sensitivity, longer stability of the bioelement in biosensors and new detection
possibilities, the main problem being to obtain a long term stability paste.

Enzyme CME:s detect the products of reaction between an immobilised enzyme
layer and a reaction substrate in amperometric and potentiometric measurements,
Fig. 4.19 [32, 51-55]. Thus, the searches for CMEs lead to rapidly responding
reagent-less biosensors [122—135]. Conductive carbon pastes and inks have been
employed for many years in a variety of biosensor applications, most notably in
disposable blood glucose detectors [107—-113]. A typical strategy involves placing
an enzyme on the working electrode, either by coating the electrode or pre-mixing
the ink with the enzyme, in order to enhance the CME electrochemical response for
a given analyte.

CMEs are integrated chemical systems with applications in chemical sensors,
electrocatalysis, molecular electronics, electrosynthesis, energy conversion and as
molecular wires in amperometric enzyme electrodes.

Electroanalytical applications of CMEs can involve the advantages of increased
sensitivity, electrocatalysis (acceleration of electron transfer rate), preferential
accumulation of the analyte on the surface or selective membrane permeation.

GOx-Ox DA

GOx-Red DAQ

MWNTC  B-CD

Fig. 4.19 Design of carbon nanotube-modified screen-printed electrode. (Reprinted with permis-
sion from [146])
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4.6 Conclusion

Solid electrodes for electrochemistry and electroanalysis have been reviewed. The
versatility and low cost of solid electrode technology are responsible for their
continuous development and wide applications in research and in electroanalysis.
Solid electrode materials, by themselves or after modification as modified elec-
trodes, can be used in many configurations. New modifiers and mediators can
enhance the reproducibility and sensitivity of the solid electrode surface and are
leading to new and wider electroanalytical applications for the determination of
pharmaceuticals in their dosage forms and in biological samples.
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5.1 Introduction

The proper medication dosage in pharmaceutical formulations and in physiological
fluids is of primary importance in health care. Qualitative and quantitative data are
needed for pharmaceuticals in order to check for appropriate drug content and to
detect any counterfeit or industrial production error. The determination of the active
drug compound in plasma is of interest regarding its bioavailability and its thera-
peutic efficacy. The determination of drug residues and growth factors in animal
products (milk, meat, honey. . .) and in surface water is also essential in terms of
environmental and health concerns.

The analysis of a drug compound can be accurately realized by numerous more
or less sophisticated methods employing separation steps such as in liquid chromato-
graphy [1, 2], and capillary electrophoresis [3, 4], by direct spectroscopic or
electrochemical methods [5-7] and by classical volumetric (titrimetry) methods
depending on the complexity of the studied sample. When dealing with
drug determination in biological fluids besides the above cited instrumental
methods, immunoassays may be advantageously applied at first glance for
drug screening, e.g., by competitive optical or electrochemical enzyme immuno-
assays [8, 9], surface plasmon resonance-based inhibition immunoassays [ 10], chemi-
luminescence enzyme immunoassay [11], indirect competitive inhibition enzyme
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immunoassays [12], or indirect competitive enzyme-linked immunosorbent assays
(ELISA) [13].

Biosensors thanks to their hybrid structure, with a biological element retained in
close proximity of a physical transducer, can advantageously be considered in drug
assays since they may offer high selectivity and sensitivity due to signal amplifi-
cation [14, 15]. Due to the inherent fragile nature of the biocomponent, however,
biosensors have not yet reached the expected success in routine use for drug
compound assays.

With the commercial launch, in the early nineties, of sensing tools with dispos-
able tips based on screen-printed electrodes (SPE) for glucose assay in blood
samples, a new era started in the field of (bio)sensor technology. At first focused
on biosensors development, the trend logically oriented progressively to the appli-
cation of SPEs as planar devices for single or multiple uses in electroanalytical
applications. The attractiveness of an SPE is due to the fact that it comprises the
(two) three electrodes system in a miniaturized planar configuration. Any electro-
analytical waveforms can be applied with the working electrode material based on
carbon or noble metals printed on a plastic, glass, or ceramic substrate [16]. The
SPEs may be reused or may serve for a single use, and thus contamination and
memory effects are avoided. They may be applied for the analysis of volumes as
low as a few ten of microliters. SPEs are mass produced with a reproducibility of
the working electrode area of less than 5 %. The working electrode surface of a SPE
can be readily modified, which opens many possibilities for extended applications.
These modifications include the immobilization of a biological component, enzyme
or antibody, a thin polymer layer, an organometallic catalyst, nanometallic parti-
cles, carbon nanotubes, etc. Several recent review articles have illustrated the
potential of application of SPEs [17-21].

5.2 SPE Properties

The screen printing technology exits since a long time ago; it is used in art and
textile industry. It has been judiciously implemented to create electrodes. The SPE
manufacturing uses several steps with screen printing of conductive inks onto a flat
substrate material [22]. Two different types of substrates are commonly employed:
ceramic and plastic-based materials [23]. The ink is applied with a floodbar through
a patterned stencil or mask on this substrate. Then, the ink undergoes a thermal
curing in order to solidify the ink. The curing temperature has an effect on the
physical and electrochemical characteristics of the carbon material which is in the
ink. At temperatures up to 80 °C graphite active edges are formed. At temperatures
in excess of 120 °C, cracks began to appear in the carbon paste leading to a higher
effective surface area and improved SPE performances [23]. Silver ink is com-
monly used as underlying conductive track. Finally, a protective isolating ink
coating allows to define the SPE active area [18]. In case of ceramic substrate, a
step of firing at high temperature is required in the production. A large range of inks
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floodbar
silverink carbon ink

RN

substrate
(ceramic or plastic)

a. b.

Fig. 5.1 Representation of SPE production. (a) Application of silver ink through the mask to print
the conductive track and the reference electrode (circular arc) on the ceramic or plastic substrate.
(b) Application of carbon ink to print counter (circular arc) and working electrode (disk). (c) SPE
with the protective ink coating

can be used: carbon and metal (Pt or Au)-based inks are commonly used for printing
the working electrode, whereas silver—(silver/silver chloride)-based inks are used
for patterning the reference electrode [21] (Fig. 5.1).

Carbon-based inks are frequently used because carbon is relatively inexpensive,
easy to modify, and chemically inert. Carbon inks contain a binder (polymer mix),
an organic solvent, and graphite particles [24]. The graphite is used as conducting
material. It is of interest to compare the characteristics of a SPE and the well-known
carbon paste electrode (CPE). The carbon paste in a CPE is a mix of graphite and
mineral oil (immiscible with water and non-conductive). The CPE was developed
in the late fifties by R.N. Adams [25]. This electrode has been extensively inves-
tigated for its potential use in electroanalysis [26, 27]. It offers a low background
current in a broad potential domain, the surface can be readily renewed, the CP can
be modified by various (bio)reagents, the analyte may be preconcentrated onto the
electrode, etc. CPEs are generally employed at the academic level; they have not
attracted interest in the pharmaceutical industry and drug control laboratories likely
due to the manual surface renewing and surface smoothing requirements which
affect the reproducibility of the results. Alternatively, carbon composite electrodes
(CCE) have been designed by mixing graphite with epoxy, Teflon, or another hard
binding agent [28, 29]. The latter are more robust and suitable for hydroorganic
solvents and more stable in hydrodynamic conditions comparing to the CPE
[30]. Contrary to glassy carbon or boron doped diamond electrodes, the CCEs
have, however, not yet reached commercial success. The working electrode of
SPEs can be regarded as a miniaturized version of the CCE designed in a three-
electrode configuration.
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5.3 SPE Modifications

The surface of the working electrode (WE) of a SPE can be modified for selectivity
and sensitivity improvements. Single- (SW) or multi-walled (MW) carbon
nanotubes (CNT) and graphene, all of the three being carbon allotropes, contribute
to enhance the conductivity of the electrode. The graphite can advantageously be
replaced by carbon nanotubes or graphene in the ink composition. Gold, silver, or
platinum nanoparticles can be mixed within or electrodeposited onto the WE to
improve the electronic transfer properties. The nanoparticles confer the metal
characteristics to the electrode and increase the active surface area. An oxidation
of the carbon surface can also be realized to generate hydrophilic groups with
electrocatalytical properties and for subsequent immobilization reactions (Fig. 5.2).

Bioactive components such as enzymes, antibodies, antigens, DNA, or
complexing agent such as cyclodextrins can be retained physically or chemically
onto the electrode surface (Fig. 5.3).

Fig. 5.2 Cartoon of SPE
modifications to increase
the reactivity of the

electrode
\
1. Nanoparticles
2. Functionalization *
3. SWCNT
4. Graphene
Fig. 5.3 Cartoon of SPE 2.
modifications to confer
selectivity at the electrode
4,
1. Enzyme S
2. DNA o
3. Antibody
4. C‘yslodaxtrin \\ it
5. Living cell \ 5
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Adsorption is the simplest physical immobilization method. The SPE is placed
in contact with an aqueous solution of the component for a fixed time period. Van
der Waal’s forces, electrostatic interactions (in case of charged species), and other
weak bonds appear between the SPE surface and the component. The unadsorbed
component is removed by gently washing the SPE with a buffer solution [31]. The
component can also be physically entrapped within a thin polymer layer onto the
SPE. The species can be trapped in a three-dimensional matrix such as a polymer or
clay material [32]. Biocomponents that are thermoresistant can be mixed with the
ink [33]. Such immobilization methods provide a surface with randomly oriented
modifiers.

Covalent links such as peptide bonds can be realized between surface carboxylic
groups and the amino groups of a biocomponent by activation of the carboxylic
groups by carbodiimide. N-hydroxysuccinimide can be associated to carbodiimide
in order to increase the reaction efficiency. This procedure can be used to immobi-
lize a protein (enzyme, antibody. . .) onto a carbon SPE. Carboxylic groups can be
generated at the carbon SPE surface by chemical or electrochemical oxidation
[34]. Amino functional groups can also be linked onto the SPE. Glutaraldehyde is
often used as bifunctional activating agent in order to link two amino groups
[35]. Amino groups present at a SPE can eventually be transformed with nitrous
acid into a diazonium salt and reacted with a protein to form a diazo bond [36]. Pro-
teins can be chemically derivatized with aniline derivatives with subsequent
diazotation and electro-addressing of the modified protein onto a carbon-based
SPE [37]. Thiols (RSH) can be directly immobilized on gold SPE or carbon SPE
modified by gold nanoparticles because the SH group self-assembled spontaneously
onto gold with formation of a stable chemical link. Gold-based inks have the
advantage that they can be used to immobilize DNA, enzyme, or other proteins
by exploiting this S—Au relatively strong bond formation [18]. A mercaptoacid can
be used to introduce carboxylic groups at the surface of a gold SPE [36]. Immobili-
zation of proteins by cross-linking is also possible. A cross-linking agent is used
generally in the presence of an inert protein such as bovine serum albumin to obtain
a co-reticulation. The immobilization of a biocomponent can be achieved via avidin
adsorbed onto the SPE and subsequent use of the strong link between (strept)avidin
and biotin or via an antibody linked onto the SPE [38]. A recent review has
described several immobilization strategies to develop enzymatic biosensors [39]
(Fig. 5.4).

5.4 SPE Applications (Table 5.1)

Electroanalytical methods using SPEs for drug determination reported in the
literature are mainly intended to check for the active ingredient content in pharma-
ceuticals or in plasma (serum). Some papers describe the development of methods
to detect antibiotics in animal products because antimicrobial agents are admini-
stered to animals to promote growth and for therapeutic and prophylactic reasons.
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Covalent link
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Fig. 5.4 Cartoon of several methods for a biocomponent immobilization onto a SPE

Many regulatory authorities have stipulated maximum residue levels for antibiotics
in foods of animal origin. The antibiotic presence in milk or meat can be toxic, can
cause allergic reactions in some hypersensitive to individuals, or can lead to
problems regarding the spread of drug-resistant microorganisms [40—42]. Small-
sized devices using the SPE technology can be regarded as of particular interest for
rapid and accurate assays of such samples.

5.4.1 Unmodified SPE

The unmodified carbon- or metal-based SPEs can be dedicated to the determination
of drug compounds in a simple matrix such as tablet or food after solid phase
extraction. Direct determination with minimum sample treatment other than dilu-
tion with buffer and filtration (centrifugation) of the sample can be readily
performed with a SPE provided that selectivity criteria are achieved. Usually
differential pulse (DPV) or square wave (SWYV) voltammetry or amperometry
(under hydrodynamic conditions) can be implemented, and selectivity is based on
the distinct redox potential of the analyte of interest.

A rapid and simple method for procaine determination was developed using flow
injection analysis (FIA) with a carbon SPE serving as amperometric detector.
Procaine is an injectable local anesthetic often used due to its quick action and
lower toxicity than other anesthetics. The recorded signal corresponded to the
irreversible oxidation of an amino group to hydroxylamine, in a process involving
two protons and two electrons. The proposed FIA amperometric procedure was
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applied for the determination of procaine in the pharmaceutical formulation
Timpanol®. The procaine content was determined by the standard addition method,
and the results were compared with the official method proposed in the
United States Pharmacopoeia: extraction-spectrophotometric method based on its
maximum absorbance signal at 280 nm. The results were in agreement with the
results obtained by the extraction-spectrophotometric method, as well as the label
values described by the industrial laboratory [43].

Another example is the application of a gold-based SPE as an amperometric
disposable sensor for levodopa (L-dopa) determination. L-dopa, the medication of
choice for the treatment of Parkinson’s disease, is principally metabolized by an
enzymatic reaction (dopa-decarboxylase) to dopamine compensating for the defi-
ciency of dopamine in the brain. In order to improve the sensitivity of the SPE, the
determination of L-dopa was conducted using hydrodynamic conditions. Indeed, the
obtained anodic peak in the flow cell was five times higher than when using the
gold-based SPE under stationary condition. The proposed method was applied to
the determination of L-dopa in two pharmaceutical formulations using the standard
addition method without prior chemical/electrochemical treatment. The results and
the statistical treatments of data confirmed that there were no significant differences
between the proposed method and the United States Pharmacopoeia method [44].

The electrochemical analysis of tetracyclines was reported using a gold-based
SPE by cyclic voltammetry and FIA with direct current (dc) amperometry. The
proposed method was successfully applied to the determination of tetracycline,
chlortetracycline, and oxytetracycline in pharmaceutical products and spiked foods.
Tetracyclines are an important class of antibiotics with a broad spectrum. They are
used in a variety of food-producing animals, so it was of interest to develop
methods applicable to food matrices [45].

Bodoki et al. determined colchicine, using a graphite-based SPE. Colcichine is
used as a specific anti-inflammatory agent in acute attacks of gout by inhibiting the
migration of leucocytes to inflammatory areas. Both the dosage of the drug in
tablets and the interaction of colchicine with physiological molecules were realized.
For quantitative assays, an anodic response was obtained by DPV using the
unmodified graphite-based SPE. Standard addition method was employed to deter-
mine the drug in tablets. The sensor was also used for the DNA-colchicine,
B-tubulin-colchicine, and bovine serum albumin (BSA)-colchicine interaction stud-
ies. A double-stranded calf thymus DNA was immobilized onto the SPE surface.
The drug interaction with DNA was monitored by the decrease of the guanine
residue oxidation peak. No current decrease after the exposure to colchicine to the
DNA biosensor was observed confirming a lack of DNA-—colchicine interaction, a
result also supported by the different antimitotic mechanisms of colchicine. The
colchicine inhibits the microtubules polymerization by binding with high affinity to
tubulin, a negatively charged protein formed by two globular polypeptidic subunits
(o-tubulin and B-tubulin). The B-tubulin was immobilized onto the SPE surface.
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The B-tubulin and colchicine interaction caused a shift of colchicine oxidation peak
and a decrease of the anodic current. The interaction between BSA and colchicine
was investigated by using a BSA-modified SPE. A potential shift and an anodic
current decrease were observed due to the strong interaction of colchicine with the
BSA resulting in a less favorable conformation of the colchicine molecule for the
heterogeneous electron transfer [46].

5.4.2 Modified SPE Surface
5.4.2.1 Preanodization

The preanodization technique involves applying a positive voltage for a fixed
period of time at the carbon electrode in the presence of a buffer. This produces
high background currents (pseudocapacitive origin) and often permits to obtain a
shift of the oxidation peak potential of the studied analyte to lower positive
potentials. This is particularly interesting for compounds oxidized at potential
close to the solvent evolution [47].

Lincomycin, an antibiotic drug used in human and veterinary medicine, can be
determined in honey, milk, urine, or in tablets by FIA coupled with liquid chromato-
graphy (LC) and amperometric detection with a preanodized carbon-based SPE.
The lincomycin oxidation peak potential shifted from 1.1 V to 0.9 V with the
preanodized SPE versus the SPE. The current magnitude increased because during
preanodization, the SPE became more porous with active edge plane sites and
surface carbonyl functionalities. The obtained results for lincomycin determination
in real samples confirmed the utility of using a preanodized SPCE coupled to
LC [42].

Kojic acid, a tyrosinase inhibitor, was determined in cosmetic bleaching prod-
ucts thanks to a preanodized carbon-based SPE. The preanodization allowed the
oxidation of the carbon-based SPE introducing the C=0 group on the electrode
surface resulting in kojic acid accumulation. This study demonstrated that the
preanodized carbon-based SPE can be used to determine kojic acid in cosmetic
products with an excellent sensitivity and selectivity by square-wave voltammetry
(SWV) [48].

5.4.2.2 Biocomponent
54.2.2.1 Enzyme

The SPE surface modification by an enzyme combines the advantage of the SPE
with the biocomponent selectivity and the enzymatic amplification of the signal.
Horseradish peroxydase (HRP) can be advantageously used because of its com-
mercial availability, stability, and high turnover [49, 50]. Another family of
enzymes used for the SPE modification is the cytochrome P450 enzyme family
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(CYP450) [36, 51]. CYP450 is particularly important in medical sciences since
most CYP450 catalyze the in vivo oxidation of organic xenobiotics namely drug
compounds into more hydrophilic species: RH + O, +2H" +2e~ — ROH + H,0.

Two carbon-based SPE-based biosensors for the determination of levetiracetam
have been developed by Alonso-Lomillo et al. HRP was used as biological compo-
nent. The HRP immobilization process was different for each biosensor. HRP
immobilization was accomplished by pyrrole electropolymerization onto a
carbon-based SPE [49] or onto a carbon-based SPE premodified with an aryl
diazonium salt [50]. HRP biosensors are based on the enzymatic oxidation of the
analyte in the presence of hydrogen peroxide with the signal corresponding to the
reduction of the oxidized substrate at the electrode surface. In the presence of H,O,,
the immobilized peroxidase (HRP Fe") is oxidized to compound I (oxyferryl iron
and a porphyrin cation radical). The latter is reduced first by a one electron transfer
to an intermediate redox state (compound II) and subsequently by a second electron
transfer to give the native resting state (Fe**) in the presence of the analyte, i.e., the
electron donor [52].

Alonso-Lomillo et al. have developed a CYP450 2B4 biosensor for the
determination of phenobarbital, a first generation anticonvulsant drug widely
used to treat epilepsy. The enzyme was covalently immobilized with a diazonium
salt (4-nitrobenzenediazonium tetrafluoroborate) or by the formation of a thiol
monolayer onto the SPE. The carbon-based SPEs are functionalized by electro-
chemical grafting of a diazonium salt solution and subsequent generation of the
amine form by electrochemical reduction of the nitro group by cyclic
voltammetry. The gold-based SPEs and the carbon-based SPE modified by Au
nanoparticles were functionalized by mercaptopropionic acid and thioctic acid
through self-assembling formation of Au—S bonds. The carboxylic group was
activated by N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and N-
hydroxysuccinimide (NHS) for immobilization. The three sensors used
chronoamperometry to determine phenobarbital in tablets after dissolution in
acetone—water and centrifugation [36]. Another CYP450 2B4 biosensor was
developed for phenobarbital determination with another enzyme immobilization
method. The CYP450 2B4 (CYP450) was immobilized into a polypyrrole matrix
onto a gold-based SPE [51].

A biosensor based on the immobilization of HRP in a polyethyleneimine-
zirconium alcoxide porous gel film onto a SPE for paracetamol was developed
by V. Sima et al. The biosensor principle was based on monitoring the ampero-
metric signal produced by electrochemical reduction of the enzymatically oxi-
dized paracetamol. This biosensor enabled paracetamol determination in
tablets [53].



5.4 SPE Applications (Table 5.1) 131

5.4.2.2.2 Antibody

The SPE surface can readily be modified by an antibody (Ab) for highly selective
assays. The antibody can be immobilized directly onto the SPE surface [54]
or localized online in close proximity to the SPE as shown in a FIA setup
[41]. A competitive immunoassay for amphetamine and analogue recreational
drugs was developed for the drug determination in saliva and urine. The antibody
was immobilized by passive adsorption onto the carbon-based SPE surface.
Care was taken to cover the Ab-SPE with a blocking layer of casein for
minimizing nonspecific adsorption. The SPE served as solid support for the
immunoreaction between 3.,4-methylenedioxyamphetamine (MDA) or 3.,4-
methylenedioxymethamphetamine (MDMA) linked to HRP and the analytes
MDA and MDMA. The enzymatic substrate was tetramethylbenzidine (TMB)/
H,0,. The TMB oxidized by HRP was reduced at the SPE, and the resulting current
was monitored. The correlation obtained with saliva sample was better than with
urine sample because in saliva the drug is not metabolized whereas, in urine, a lot of
metabolites are present which may be undetectable depending on the antibody
specificity [54].

A competitive immunoassay coupled to a FIA and an electrochemical detection
was developed by Van Es et al. for the quantification of gentamicin, an antibiotic, in
milk. The antibody against gentamicin was immobilized onto a nitrocellulose strip.
Free gentamycin and gentamicin covalently linked to glucose oxidase were in
competition for the antibody adsorbed onto the strip. The analyte level was quantified
according to the extent of glucose oxidase activity, measured electrochemically by
means of hydrogen peroxide determination. The latter was amperometrically detected
in a flow cell located right next to the site of the immunoreaction. Thanks to the use
of the nitrocellulose strip to immobilize the antibody, the SPE was not modified
so that the amperometric signal was not lowered due to problems of electrode
accessibility [41].

54223 DNA

A drug capable of accumulation within dsDNA without DNA damage and which is
easily removed by dilution can be determined at a DNA-modified SPE. DNA-based
biosensors have been developed to determine by DPV the local anesthesic drugs
heptacaine, carbisocaine, and pentacaine [55]. The accumulation of the drug in the
DNA layer can be increased at an applied potential of —0.20 V for 60s. This
accumulation step was also implemented to determine another local anesthesic
drug, namely the 1-methyl-2-piperidinoethylester of 2-hexoxyphenylcarbamic in
spiked serum sample by DPV. Matrix interference was suppressed by protein
precipitation with acetonitrile. The DNA biosensor permitted the investigation of
the drug stability in spiked serum samples [56].
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5.4.2.3 Membrane/Film

The SPE surface can be modified by a polymer film to improve the selectivity of the
assay. The film can also be used for a pre-concentration step. P-cyclodextrin
(B-CDP) or carboxymethylated p-cyclodextrin (B-CDPA) polymer films were
used for determination of tricyclic antidepressive drugs such as azepines and
phenothiazines [57]. The sensors were fabricated by casting a carbon-based SPE
with thin films of §-CDP or B-CDPA. The electroanalytical two-step procedure
involved the drug preconcentration at a selected constant potential followed by
quantification by DPV.

A selective and sensitive electrochemical method based on a Nafion membrane-
coated colloidal gold screen-printed electrode (Nafion/CGSPE) was described for
the determination of serotonin (5-HT) in the presence of high concentrations of
dopamine, ascorbic acid, and uric acid [58]. Serotonin is a monoamine neuro-
transmitter, and its level in the brain can reflect depression symptoms. The
electrocatalytic response of serotonin on the Nafion/CGSPE was evaluated by
cyclic voltammetry, and a linear calibration curve was obtained by DPV. Nafion
is a good cation exchanger which adhered well onto the electrode surface. Serotonin
can be adsorbed on Nafion-modified electrodes via ion-exchange interaction. The
interferences of uric acid and ascorbic acid to 5-HT were successfully avoided
because of their opposite electric charge in physiological conditions.

The electrode modification by a thin polymeric film can have as goal a change in
oxidation or reduction potential of the analyte and the increase of peak current. L-
histidine was electropolymerized into a film onto the surface of a carbon-based SPE
for the determination of isoniazide (INZ), a tuberculostatic agent effective against
mycobacterium strains. The electrode exhibited a catalytic effect with the electro-
chemical reduction of INZ occurring at less negative potentials and with an increased
peak current compared to the non-modified SPE. The electrochemical behavior of the
modified carbon-based SPE was investigated by cyclic, linear sweep (LSV), DPV,
SWYV, and electrochemical impedance spectroscopy (EIS) [59].

A conductive biocomposite film which contained multi-walled carbon nanotubes
(MWCNTs) along with the incorporation of poly(aniline) and poly(flavinadenine
dinucleotide) copolymer (PANIFAD) has been synthesized on a gold electrode and
carbon-based SPE by potentiostatic methods and used for the determination of
paracetamol in tablets. The use of MWNT enhanced the surface coverage concen-
tration of the analyte in the film and increased the electron transfer rate constant
with concomitant increase in sensitivity [60].

Another study showed that the paracetamol determination was possible by oxi-
dation at a SPE modified with electrogenerated poly(3,4-ethylenedioxythiophene)
(PEDOT) film. The PEDOT is a conducting polymer that is capable of catching
anionic analytes based on electrostatic attractions. Moreover, the polymer hydro-
phobic nature facilitated accumulation of neutral, nonelectrolytic organic analytes.
This work studied the electrochemical behavior of the non-charged paracetamol drug
at SPE/PEDOT. The PEDOT film efficiently accelerated the paracetamol electron
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transfer rate, and the proposed method was applied to paracetamol determination in
pharmaceutical tablet by FIA coupled to amperometric detection [61]. Paracetamol
was also determined at carbon-based SPE with the working electrode covered by a
cellulose acetate layer. The latter afforded an effective interferent screening for the
amperometric assay of the drug in urine [62]. Another study used a carbon-based SPE
blended with a polyurethane resin for the cyclic voltammetric assay of paracetamol in
pharmaceuticals without interference from ascorbic acid [63].

Molecularly imprinted polymers (MIPs) are three-dimensional structures that
can be formed in the presence of a template onto the SPE surface. After the
polymerization step, the template is removed leaving open cavities for selective
sensing. A sensor based on a MIP film for the detection of chloramphenicol
succinate was described. The antimicrobial agent was successfully detected in
milk samples [40]. Chai et al. have developed a conductimetric probe based on a
molecularly imprinted membrane (MIM) for the detection of salbutamol. The
sensor consisted of two parallel SPEs. One of the SPEs was coated with a MIM
using salbutamol as the template, and the other was modified with a
non-molecularly imprinted membrane. A change in the electrical conductivity in
response to salbutamol was recorded and allowed the assay of salbutamol in pig
urine. Salbutamol is a selective § 2-adrenoceptor agonist used as a bronchodilator in
asthmatic patients, but it is used illegally as growth-promoting agents in animals
[64]. The same group developed an amperometric sensor for the determination of
ractopamine, a f-agonist used illegally to promote animal growth. The SPE was
modified with MWCNTs, and a MIM was directly synthesized on these modified
electrodes [65].

5.4.2.4 Nano-carbon Material

Carbon nanotubes (CNT) are allotropes of carbon with a cylindrical nanostructure.
They have unique electrical properties and have a large specific surface. There are
different types of CNT including single-walled (SWCNT) and multi-walled carbon
nanotube (MWCNT). CNT-based SPEs have been developed to determine hesperi-
din, methimazol, and paracetamol [66—68].

Hesperidin is a flavonoid found in citrus fruit and used for the treatment of
fragile capillaries. The sensor, developed to determine the hesperidin in orange
juice, was based on MWCNT-SPEs using the technique of adsorptive stripping
voltammetry (AdSV). The much larger electroactive surface area of these
MWCNT-SPEs allowed for a greater degree of hesperidin adsorption. AdSV
experiments using the MWCNT-SPEs were performed without accumulation in a
droplet of solution containing hesperidin [66].

Methimazole is a drug used in the therapy of hyperthyroidism. Methimazole
inhibits the addition of iodine by the thyroperoxidase, a necessary step in the
synthesis of thyroid hormones. Tyrosinase, immobilized on a rotating disk, cata-
lyzed the oxidation of catechols to o-benzoquinone, whose back electrochemical
reduction was detected on a graphite-based SPE modified with MWCNT at
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—150 mV. When methimazole was added to the solution, this thiol-containing
compound participated in a Michael type reaction with o-benzoquinone to form
the corresponding thioquinone derivative. This reaction suppressed the substrate
recycling process between tyrosinase and the electrode, decreasing the peak current
in direct relation to the increase of methimazole concentration. The sensor was used
to determine methimazole in different pharmaceutical samples [67].

Fanjul-Bolado et al. have used a CNT-SPE for the study of the electrochemical
oxidation mechanism of paracetamol. The paracetamol was oxidized to N-acetyl-p-
quinoneimine. The study permitted the determination of paracetamol in effer-
vescent tablets and oral solutions. A FIA system was used with the aim of auto-
mating the analysis. The amperometric detection combined with FIA was an
attractive solution to determine the paracetamol at a high analysis throughput [68].

Silybin, the biologically active component of silibum marinum, a hepato-
protective plant, can be determined by a disposable MWCNT-modified single-
sided heated carbon-based SPE (MWNT/ss-HSPCE). The method consisted of
two steps (1) accumulation of silybin at the electrode surface. (2) SWV measure-
ment. During the 5 min of accumulation, the electrode temperature was elevated at
50 °C improving the square wave voltammetry stripping peak current. The tempe-
rature difference between the heated electrode (50 °C) and the unheated solution
(20 °C) induced a forced convection which was favorable to transport the
electroactive substances from the solution to the electrode surface. The silybin
content in pharmaceutical tablets can be determined under the optimum conditions
by the standard addition method [69].

Paracetamol and ascorbic acid are frequently combined in pharmaceutical
formulations. The oxidation potentials of ascorbic acid and paracetamol are rather
close precluding the accurate paracetamol determination without separation or
electrode modification (see above). Sarakbi et al. have developed a rapid and
sensitive method for simultaneous quantification of these two components by LC
using a monolithic column coupled to a SWCNT-based SPE housed in a wall-jet
flow cell configuration. The linear calibration range for both compounds was
comprised between 2.1077-1.10~* M. Limit of detection (LOD) for APAP and
AA was 2.1077 and 5.10~7 M, respectively, and the limit of quantification (LOQ)
was 5.10""and 1.107° M [70].

Graphene is a carbon allotrope that has a two-dimensional honeycomb lattice
structure. It is highly advantageous for electrochemistry due to its very large
two-dimensional electrical conductivity, excellent electron transfer rate, and huge
specific surface area [71]. Graphene exhibited a better conductivity, density of
surface negative charge present, sensitivity, signal-to-noise ratio, and stability
than SWCNT [51]. A inkjet-printed graphene-poly(3,4-ethylenedioxythiophene):
poly (styrene-sulfonate) (GP-PEDOT:PSS) on a carbon-based SPE was developed
for detection of salbutamol in syrup and tablets. An acceptably low matrice
interference was noticed on the electrochemical oxidation of salbutamol at this
GP-PEDOT:PSS-modified carbon SPE [72].
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5.4.2.5 Clay

Clays are inorganic materials which can be deposited as a thin film onto an
electrode surface. There are cationic clays that have negatively charged alumino
silicate layers and anionic clays, with positively charged hydroxide layers. Electro-
chemical species can be accumulated in different places of the clay, yet only 10—
30 % display a redox activity. The charge transport in the clay is due to their
diffusion in a channel or/and to charge hopping. To minimize the intercalation of
the electrochemical species and the loss of redox activity, a delamination process
can be applied at the clay by using smaller size particles, pillaring agents, or
surfactant agents. The clay matrix can be used to entrap a biomolecule or a redox
mediator at the SPE surface. The target molecule can be also concentrated in the
clay to enhance the sensitivity [32].

Arbutin, a hydroquinone glycoside, is the active component of the bearberry
(uvae ursi folium). This plant is used as urinary antiseptic. Arbutine has a
depigmenting effect by reducing the cellular activity of tyrosinase, an essential
enzyme for melanin formation. Arbutin was determined in cosmetic bleaching
products by SWV with the use of a preanodized nontronite clay-coated SPE.
Nontronite clay (Fe>™* (SigxAl,O;0)(OH), (Na*,, nH,O) contains a high amount
of trivalent iron and is electrochemically active. During the preanodization, hydro-
philic functional groups were produced onto the SPE, and the iron in the clay was
converted to a higher amount of oxidized iron. A substantial interaction between
arbutin and oxidized iron can explain the further increase in peak current. The
arbutin was determined in cosmetics by the method of standard addition [73].

Another nontronite clay-modified carbon-based SPE was developed for codeine
determination. The drug was quantified in urine and commercial pharmaceuticals
by amperometric FIA and square wave voltammetry [74].

5.4.2.6 Nanoparticles

With the aim that obtain a better limit of detection compared to carbon-based SPEs
or mercury film carbon SPEs, Burgoa Calvo et al. developed a silver nanoparticles-
modified carbon SPE for the determination of lamotrigine (LTG). LTG was deter-
mined in pharmaceutical formulations by differential pulse adsorptive stripping
voltammetry (DPAdSV) using the modified SPE. LTG is an antiepileptic drug
which inhibits the release of the excitatory amino acid neurotransmitters (glutamate
and aspartate) which play an important role in epilepsy [75].

More recently, a FIA system was developed for INZ determination using a SPE
modified with silver hexacyanoferrate nanoparticles (NPAg-HCF) as amperometric
detector. This method permitted a rapid INZ determination in human urine spiked
without significant influence of ascorbic acid, dopamine, glucose, and rifampicin
(co-administrated with INZ in pharmaceutical formulations) [76].
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Dodecanethiol-stabilized platinum nanoparticles were applied as modifier onto
SPE for the determination of dapsone, a drug used for the treatment of various skin
diseases such as leprosy among others. The sensor mechanism required first the
platinum electro-oxidation and subsequently the dapsone eletrooxidation. This
oxidation was assumed to be chemically catalyzed by the preformed Pt oxide
nanoparticles [77].

5.5 Screen-Printed Electrode and Ascorbic Acid
Determination

Ascorbic acid (AA), the vitamin C, is an essential nutriment because it is not
synthesized by the humans. AA is an antioxidant and has a protective function
against oxidative stress. Vitamin C deficiency causes scurvy, a common disease
among the sailors when fruits and vegetables could not be stored for long periods.
AA is naturally present in fresh vegetables and fruits, but also in dietary supple-
ments and pharmaceutical formulations, alone or in association in multivitamin
complex or with paracetamol.

Many sensors for AA determination by oxidation at low potential were devel-
oped. The low potential minimized the effect of most currently electrochemical
interferents such as paracetamol, uric acid, and citric acid. Lower the oxidation
potential of AA can be achieved by modification of the SPE surface. A study
described a carbon-based SPE modified with a conductive polyaniline (PANI)
layer [78]. Another team constructed carbon-based SPE impregnated with the
electrocatalyst 2,6-dichlorophenolindophenol lanthanum salt ([DCPI]3La) [79].
The electrode surface must be modified by multilayer films containing MWCNTSs
and the redox polymer. The modification allowed a negatively shift of the AA
oxidation potential and high electrocatalytic activity towards AA in the presence of
uric acid and dopamine [80]. A SPE with a RuO, working electrode, an Ag/AgCl
reference electrode, and a RuO, counter electrode permitted the determination of
AA at low oxidation potential. The interference of uric acid and hydrogen peroxide
was very low at the applied potential [81]. SPE using an ink containing graphene
allowed the simultaneous determination of ascorbic acid, dopamine, and
uric acid [82].

A FIA system with a heated carbon-based SPE was developed to improve the
detection sensitivity without decomposing the substrates. When the working solu-
tion was preheated and then AA was added, the peak current increases consider-
ably. Yet, if the AA solution was directly heated, AA was decomposed to an
electro-inactive species. The SPE was heated at 46 °C with a light beam. The
authors suggested that the increase in the interaction of AA with the SPE at the
interface was the reason for the observed higher current at elevated temperatures
[83] (Table 5.2).
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5.6 Conclusion

Several research groups have shown the possibility of applying screen-printed
electrodes for drug compounds analysis in pharmaceutical forms and in biological
matrices. Carbon-based SPEs are most popular but would need modification of the
working electrode surface for selective and accurate determination. It is anticipated
that robust modified SPEs applied with a proper validation procedure could gain
success in many application areas where rapid drug control is required.
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Chapter 6
Electrochemical Biosensors for Drug

Analysis
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6.3.1

List of Abbreviations

3-APTS
AChE
AISM
ALP
AME
AO

AP
APCPG
ASA
ATC
ATOE
AuE
AuNPs
AuSPE
BB

BLM
BMIHFP
BMIHFP
BMITMS
BSA

3-Aminopropyltriethoxysilane
Acetylcholinesterase

Ammonium ion selective membranes
Alkaline phosphatase

Ammonium membrane electrode
Ascorbate oxidase

Acid phosphatase
3-Aminopropyl-modified-controlled-pore glass
Anthracene sulfonic acid
Acetylthiocholine chloride
Antimony-doped-tin oxide Electrode
Gold electrode

Gold nanoparticles

Screen printed gold-based electrode
A four-channel thick-film transducer
Planar bilayer lipid membrane

1-butyl-3-methylimidazolium hexafluorophosphate
1-butyl-3-methylimidazolium hexafluorophosphate
1-butyl-3-methylimidazoliumbis (trifluoromethylsulfonyl) imide

Bovine serum albumin
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BuChE
CA
CBS
CFE
CHIT
CL

CM
CNT
COD
COX
{Co(Sep)s)
CPE
CPSA
CRE
CSPE
CTC
CTM
(6\Y
CYP450
D-AAOx
DDAB
DL
DM
DNA
DOE
DPV
dsDNA
EDA
EDAC
EIS
EnFET
Fc

FI
FMCA
GA
GCE
GDH
GEE
Gel-k-cM
GME
GOX
GrE
GSD
HAS
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Butyrylcholinesterase

Cellulose acetate

Carbon-based strip

Carbon fiber electrode

Chitosan

Cardiolipin

Cellophane membrane

Carbon nanotube

Choline oxidase

Cyclooxygenase

Cobalt sepulchrate

Carbon paste electrode
Constant-current chronopotentiometric stripping analysis
Carbon rod electrode

Screen printed carbon-based electrode
Cytochrome C

Cellulose triacetate membrane
Cyclic voltammetry

Cytochrome P450

D-amino acid oxidase
Didodecyldimethylammonium bromide
Detection limit

Dialysis membrane
Deoxyribonucleic acid

Dissolved oxygen electrode
Differential pulse voltammetric
Double strain DNA
Ethylenediamine

Carbodiimide hydrochloride
Capacitive electrolyte—insulator—semiconductor
Enzyme field-effect transistor
Ferrocene

Flow injection system
Ferrocenemonocarboxylic acid
Glutaraldehyde

Glassy carbon electrode

Glucose dehydrogenase
Graphite/epoxy electrode

Gel-like k-carrageenan membrane
Graphite-methacrylate electrode
Glucose oxidase

Graphite electrode

a-glucosidase

Human serum albumin
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HCF
HRP
ITO
KCG
L-AAOx
LAC
LAPS
LOX
LOX
L-T3
L-T4
LYO
mADb
MAO
MB
MDH
MMPs
MPA
MSP
MUT
MWCNT
NADH
NADPH
NAu
NHS
NM
NMP
NPt
NYBM
Os-polymer
PAA
PAAmM
PANI
pAPA
PCS
PDDA
PEI
PEVA
PGE
PGE
pHE
POX
PPO
PPY

Hexacyanoferrate

Horseradish peroxidase

Indium tin oxide

Kappa-Carrageenan gel

L-amino acid oxidase

Laccase

Light-addressable potentiometric sensors
Lipoxygenase

Lactate oxidase

L-triiodothyronine

L-thyroxine

Lysine oxidase

Monoclonal antibody

Monoamine oxidase

Methylene blue

Morphine dehydrogenase

Magnetized nanoporous silica-based microparticles
3-mercaptopropionic acid

Scaffold proteins

Mutarotase

Multiwall carbon nanotube

Nicotinamide adenine dinucleotide reduced form
Nicotinamide adenine dinucleotide phosphate
Nanogold

N-hydroxysuccinimide

Nylon membrane

Phenazinemethosulfate

Platinum nanoparticles

Nylon Biodyne membrane
Osmium-complex redox polymer
Polyacrylamide microparticles
Polyacrylamide microgels

Polyaniline

Poly(amphiphilic pyrrole ammonium)
Poly(carbamoyl) sulfonate (PCS) hydrogel
Poly-(dimethyldiallylammonium chloride)
Polyethylenimine

Poly(ethyleneco-vinyl acetate)

Pencil graphite electrode

Pyrolytic graphite electrode

pH electrodes

Peroxidase

Polyphenol oxidase

Polypyrrole
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PQQ Pyrroloquinolinequinone

PtE Pelatinelectrode

pt-PLL Platinic chloride, poly-1-lysine

PtSPE Screen printed platinum-based electrode
pTTBA Poly-TTBA(3, 2':5', 2"-terthiophene-3'-carboxylic acid)
PVA-PE Poly (vinylacetate)-polyethylene-copolymer
pPvC Polyvinyl chloride

PVF Poly(vinylferrocenium)

Rh-GrE Rhodium-graphite

RNA Ribonucleic acid

SAH Salicylate hydroxylase

SAM Self-assembled monolayer

sCPE Solid carbon paste electrode

SDS Sodium dodecyl sulfate

SiF Silk filament

SiSG Silica sol gel

SOX Sarcosine oxidase

SSAE All-solid-state ammonium electrode
ssDNA Single strain DNA

SWV Square wave voltammetry

TCNQ Tetracyanoquinodimethane

TCP Toray carbon paper

TOX Theophylline oxidase

TYR Tyrosinase

X0X Xanthine oxidase

ZrO Zirconium alkoxide

ZrO-PEI Zirconium alkoxide-polyethylenimine

6.1 Introduction

A vast number of instrumental techniques are currently available for the selective
and sensitive determination of pharmacologically active compounds. Spectroscopic
and electrochemical methods and hyphenated techniques such as liquid chromato-
graphy and capillary electrophoresis are nowadays routinely used at the academic
level and in the pharmaceutical industry.

Biosensors occupy a specific niche in the arsenal of analytical methods for drug
compounds analysis. They provide a different conceptual approach with a
biocomponent intimately connected to a physical transducer sensitive to the physico-
chemical interaction between the biocomponent and the analyte of interest [1].
Chemical sensors used, e.g., for monitoring biological processes such as the
in vivo pH or oxygen electrode are not considered as biosensors.

Biosensors are well suited for studying the interaction of an immobilized
biological element (enzyme, antibody, oligonucleotide, DNA, cell population)
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Fig. 6.1 Biosensors classification

with a given analyte (glucose, lactate, glutamate. . .) or a family of related substrates
(phenols, catechols, phenothiazines. . .). Depending on the biological element and
the nature of the interaction with the substrate, bio-affinity and biocatalytic sensors
can be considered. With the former, the interaction of an analyte with a bio-receptor
such as an antibody (immunosensors) or an oligonucleotide (DNA sensors) can be
monitored whereas in the biocatalytic sensors an enzyme, a living cell, or a
microorganism react catalytically with the analyte to yield a detectable product.
With biosensors based on enzymatic inhibition, the interaction of the analyte with
the enzyme can be evaluated as well. Biosensor(s) can also be classified based on
the type of their transducer (Fig. 6.1).

It is worth noting that basically all the developed biosensors allow for the
quantitative determination of an analyte as well as the determination of the binding
affinity and binding kinetics of the biological element in the presence of an analyte.
Biosensors can be miniaturized, inserted in a flow through device, need no or
limited use of reagents, and may or may not be reused for multiple assays
depending on the application. The close proximity of the biocomponent and the
transducer allow for a high sensitivity to be achieved. The results can be exploited
for the quantification of a given analyte in a complex matrix. Thanks to their unique
configuration, they are particularly suitable for investigations devoted to the study
of drug—biocomponent interaction.

High throughput screening (HTS) systems are needed especially in drug meta-
bolism and in screening for enzyme inhibitors and for vaccine development (anti-
body screening). Several relatively recent review papers and book chapters have
been described showing the interest in applying biosensors in drug discovery and
analysis [2—6].

6.2 Immobilization Techniques

As mentioned before, a biosensor should have the biocomponent located in close
contact with the transducer. For this propose, an immobilization method that forms
a stable biomolecule layer and which provides a favorable environment for
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Fig. 6.2 Cartoon of different immobilization modes B = Biomolecule

maintaining the biological activity is required. Optimal immobilization of a bio-
molecule on the surface of a transducer is a major challenge in biosensor techno-
logy. Unfavorable orientation especially in affinity biosensors has negative impact
on the recognition properties. This is also valid in enzyme immobilized biosensors
since low sensitivity can be obtained due to poor access (1) of the substrate to the
enzyme redox center and/or (2) the generated product to the transducer. Numerous
techniques have been developed for the immobilization of various kinds of bio-
molecules. Many comprehensive reviews have been reported on methods of immobili-
zation for biosensor development [7-14]. These methods include generally:
physical adsorption or entrapment of the biomolecule onto the transducer surface or
within the bulk of a composite matrix, retention behind a dialysis membrane or within
a polymeric film or a sol gel network, and insolubilization by a cross-linking agent or
covalently attachment onto the transducer surface (Fig. 6.2).

Electrostatic and van der Waals interactions of biomolecules with the surface of
a transducer can be exploited for the preparation of a biosensor. Few microliters of a
biomolecule solution are readily spiked onto the surface of a transducer and left to
react during a defined period of time, and excess biomolecules that are not adsorbed
are subsequently removed by gentle rinsing. The adsorbed biomolecules are gen-
erally retained by weak forces; thus, a change of pH, ionic strength, temperature,
etc. may displace them from the transducer surface. As recent examples, ssDNA or
dsDNA were physically adsorbed onto the surface of various carbon-based elec-
trodes such as GCE, CPE, SPCE, and PGE for DNA—drug interaction studies [15—
18]. The random immobilization of biomolecules, however, which occurs during
physisorption cannot be regarded as optimal for efficient interaction studies.

The incorporation of biomolecules within the bulk material of a transducer such
as a carbon composite matrix (graphite—paraffin, graphite—Teflon...) is another
mild alternative method. Here, the biomolecule, generally in a dry state, is hand
mixed with the graphite particles before blending the particles with the binding
agent. The resulting paste can be manually poured into the cavity of an electrode or
screen printed onto a miniaturized three-electrode strip [19]. These composites
exhibit some advantages such as low background currents and ease of surface
regeneration. The entrapped biocomponent is relatively stable in its hydrophobic
environment, but it may leak out of the electrode into the bulk of the solution. The
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random orientation of the biocomponent is a limiting factor of such biosensors. The
stability of carbon paste-based biosensors was enhanced by replacing the soft
binder (liquid paraffin) by solid paraffin. Tyrosinase (TYR) was gently blended,
at low temperature, with solid paraffin and graphite particles. A TYR solid carbon
paste electrode (SCPE) was used as amperometric sensor for the determination of
dopamine. The SCPE proved to be more stable than the CPE under hydrodynamic
conditions in flow injection analysis [20].

In order to reduce the leakage of entrapped biomolecules from the bulk matrices,
some polymeric gels and matrices were casted onto the electrode surface in order to
encapsulate the biomolecules. There are broad ranges of natural and synthetic
polymers which have been used, namely chitosan, poly(allylamine), Nafion,
polyaniline, polypyrrole, poly(ethylene-co-vinyl acetate) [21-29].

Pyrrole and its derivatives can be electrochemically polymerized in the presence
of biomolecules. The polypyrrole layer can also serve for subsequent biomolecules
attachment (Fig. 6.3) [21, 22].

By electrochemical polymerization, film thickness, permeation, and charge
transport properties can be readily controlled by adjusting the electrochemical or
chemical parameters for the polymer growth on the electrode surface. By this
method, salicylate hydroxylase was immobilized using glutaraldehyde in a
polypyrrole matrix electropolymerized on the surface of a GCE for determining
salicylate in serum. The operational lifetime of the biosensor was at least
40 days [26].

Polyvinyl alcohol-bearing styrylpyridinium groups (PVA-SbQ), with soluble
prepolymer-bearing photo-crosslinkable groups, have been employed to entrap
enzymes [23]. AChE and ChOx were co-immobilized within a poly(carbamoyl)
sulfonate (PCS) hydrogel on the surface of a PtE for inhibition studies. The AChE
inhibition potency (ICsg) of tacrine hydrochloride and two structurally related
reversible inhibitors (4-aminoquinaldine, heptylene-linked bis-9-amino-1,2,3,4-
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tetrahydroacridine) were comparatively evaluated [24]. A polyacrylamide (PAA)
gel was used for HRP encapsulation on the surface of a GCE and covered with a
dialysis membrane for acetaminophen determination in three commercial pharma-
ceutical formulations [25].

Biomolecules can also be entrapped in a biohydrogel gel (alginate, chitosan, or
agarose). Chitosan is a natural polyaminosaccharide obtained by N-deacetylation of
chitin. An amperometric biosensor was developed for the highly sensitive determi-
nation of phenolic compounds such as dopamine and catechols by immobilizing
tyrosinase in a chitosan film cross-linked with a dimethoxymethylsilane derivative
onto a GCE. The chitosan matrix provided a large microscopic surface area and a
porous morphology for high enzyme loading without affecting the activity of the
enzyme. This biosensor, stored in PBS buffer pH 7.4 at 4 °C, retained 75 % of its
activity for at least 70 days [27]. The enzyme CYP2B6 was entrapped in a chitosan
matrix containing gold nanoparticle retained onto the surface of a GCE. This
architecture provided a favorable environment for enzyme immobilization and
allowed the direct electron transfer between the immobilized CYP2B6 enzyme
and the electrode. The biosensor was used for studying bupropion and cyclo-
phosphamide biotransformation by CYP2B6 [28]. Sol-gel technology can provide
unique means to prepare three-dimensional networks suited for the encapsulation of
biomolecules. Silica gels are highly porous and show excellent physical rigidity.
AChE was encapsulated in a sol-gel chitosan composite-modified GCE. The
hydroxyl groups in the sol-gel matrix formed strong hydrogen bonds with the
immobilized enzyme and prevented it from leaking out of the film. This biosensor
was used for the determination of galantamine and neostigmine, i.e., two inhibitors
of AChE [29]. Collagen and gelatin matrices possess also an interesting three-
dimensional network which can be beneficial to maintain the activity of entrapped
biomolecules. Catalase and horseradish peroxidase were co-entrapped in a gelatin
matrix to prepare a biosensor on the surface of a Teflon thin membrane covering a
gold electrode for the determination of 5-aminosalicylic acid. The biosensor
retained 91 % of its activity after 21 days of storage at 4 °C in a wet
atmosphere [30].

Biomolecules bear several exposed functional groups (amine, thiol, carboxyl,
and hydroxyl), and various methods can be selected for covalent binding onto the
transducer surface. In most cases the electrode surface requires, however, activation
in order to generate a substantial amount of reactive groups for subsequent attach-
ment of the biomolecule. Chemical binding can occur by using multifunctional
reagents such as glutaraldehyde (Glu) or carbodiimide (EDC) (Fig. 6.4) or by
grafting thiol functionalities onto the biomolecule (e.g., in the case of oligonucleo-
tides). Activation of the electrode surface can be performed electrochemically at
high positive potentials, by chemical treatment, by radioactivation, or by self-
assembling a linking arm onto the electrode surface (e.g., cysteamine onto gold).
The GCE surface can be functionalized by electrochemical reduction of an aromatic
diazonium salts, and further reactivation can be realized by a variety of chemical
reactions with the amine functional group [31].
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Fig. 6.4 Covalent coupling via two binding reagents

A covalent bond can be realized between an amine-terminated probe DNA and a
carboxylic acid group from a functionalized conducting polymer (pTTBA) layer on
a screen printed electrode. The latter was previously modified with electrodeposited
gold nanoparticles and cardiolipin. This DNA-lipid-based biosensor was used for
the detection of anticancer drugs in spiked urine [32].

The thiol mediated biomolecule immobilization onto a solid support, in partic-
ular on a gold surface, has been widely used in the construction of biosensors. This
method allows a relatively well-controlled immobilization of biomolecules as a
monolayer or multilayer configuration onto a gold electrode. The self-assembled
monolayer can introduce reactive groups of various chemical diversities: amine,
carboxyl, hydroxyl (Fig. 6.5). Glutaraldehyde or carbodiimide can be employed for
further activation of these functional groups. Carbodiimide allows the binding
between the carboxyl and amino functional groups. N-hydroxysuccinimide (NHS)
is generally used in conjunction with carbodiimide in order to improve the
immobilization efficiency.

Self-assembled monolayers with (—OH)- and (—NH,)-terminated alkanethiols
of different chain lengths were used for gold electrode modification and subsequent
theophylline oxidase (TOX) immobilization. The direct electrochemistry of TOX at
the electrode—solution interface and the bioelectrocatalytic oxidation of theophyl-
line were investigated. Direct electron transfer of TOX or bioelectrocatalytic
oxidation of theophylline was not observed at unmodified gold electrodes. How-
ever, direct electron transfer of TOX was strongly dependent on the nature of the
alkanethiol head groups. SAMs of cysteamine or other amine-terminated
alkanethiols provided orientation of TOX through the heme-domain which favored
direct ET between TOX and the modified gold electrodes [33].
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Fig. 6.5 Cartoon of several functional groups which can be self-assembled onto gold

Biomolecules can be linked to small particles (e.g., carbon, gold nanoparticles,
silica, or clay material), natural polymers (e.g., cellulose or chitosan bead), or a
synthetic polymer (e.g., Nylon and Nafion). Functionalization of carbon
nanomaterials (CNT) and graphene sheets is usually preceded by an oxidation of
the graphitic substrate with strong acids such as sulfuric acid [34]. The chemically
created functional groups are eventually reduced and serve subsequently for the
immobilization of desired biomolecules. The modification of microparticles allows
for a high amount of biomolecules immobilization. When the particles are
electroactive, improved electron transfer can be observed between the biomolecule
(enzyme) and the electrode [35, 36].

The immobilization of a biocomponent onto nanosized superparamagnetic par-
ticles (MNP) has also been achieved for subsequent retention onto a magnetized
transducer. High enzyme loading can be achieved with the resulting biomaterial
readily trapped in any magnetized microenvironment. Glutaraldehyde activated
streptavidin magnetic particles were used for tyrosinase immobilization, subse-
quently holding onto a magnetized carbon paste electrode for the amperometric
study of tyrosinase inhibitors [37].

Affinity immobilization strategies can be advantageously exploited for biosensor
development. Some methods use sugar—lectin, protein G-antibody at the electrode
interface, or exploit the biotin—avidin (streptavidin) high binding strength. The aim
of these methods is to create bonds between a modified transducer (e.g., by lectin or
avidin) and a specific functional group on the surface of the biomolecule (e.g.,
carbohydrate residue, biotin, histidine).
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6.3 Electrochemical-Based Biosensor

Among the different types of biosensors (Fig. 6.1), the electrochemical ones have
been the most reported [38—42]. The electrode can convert the biological recogni-
tion event into a useful electrical signal: electron transfer, potential or impedance
change at the electrode—solution interface. Electrodes are relatively readily modi-
fied, can be miniaturized for mass production, and arranged in different shapes.
Their response is not affected by turbidity and light. High sensitivity can be
achieved especially when electrochemical amplification is observed at the
electrode—solution interface.

Different electrochemical modes can be employed in the use of biosensors for
drug analysis: amperometry, voltammetry, potentiometry, and impedimetry are
most commonly applied.

6.3.1 Amperometry and Voltammetry

Amperometric biosensors are based on the measurement of an oxidation or a
reduction current of an electroactive species that is consumed or produced by a
biological element or a redox tracer at the electrode surface at a constant applied
potential. The steady state current (/) that flows is proportional to the analyte
concentration following the reaction:

I = nFADC/d

where n is the number of electrons exchanged per molecule, F' is Faraday’s
constant, A is the electrode area, D is the diffusion coefficient, C is the concen-
tration of electroactive molecules, and d is the diffusional layer thickness.

The sensing design is relatively simple and consists of a three-electrode configu-
ration comprising working (GCE, PtE, AuE, CPE...), reference, and auxiliary
electrodes. Amperometric biosensors of different shapes and sizes have been
developed since the development of the first amperometric biosensor for glucose
in 1962 [43]. The commercial launch of a miniaturized three-electrode planar
configuration with immobilized glucose oxidase can be considered as the starting
point of a renewed interest in biosensor development [7].

6.3.1.1 Enzyme-Based Amperometric Biosensors

Among all the available biosensors, amperometric enzyme electrodes are the most
described. In the presence of an analyte, three distinct operation modes can be
considered (Fig. 6.6):
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Fig. 6.6 Three generations of amperometric biosensors

1. Measuring the product of the enzymatic reaction or the coproduct (e.g., hydro-
gen peroxide, NADH) or a consumed co-substrate (oxygen). The signal, how-
ever, can be affected by fluctuations in the oxygen level or by interfering
electroactive species such as ascorbic acid and uric acid (Fig. 6.6a).

2. Measuring the change in the oxidation—reduction pattern of a redox mediator
coupled with the enzyme for shuttling electrons from its prosthetic group to the
electrode (Fig. 6.6b). This alternative minimizes risks of co-substrate fluctua-
tion; signals are amplified yet interferences can still occur due to reaction with
the mediator.

3. Directly monitoring the electroactivity of the enzyme active center (Fig. 6.6¢).
This strategy attempts to eliminate the biosensor response dependency on the
co-substrate concentration and to decrease the influence of interfering species.
In practice, however, deep immersion of the prosthetic group within the protein
structure of an enzyme introduces a kinetic barrier for electron transfer. The
incorporation of nanoparticles (gold, carbon) or conducting organic salts, within
the immobilized biocomponent layer, is an attractive strategy for solving the
problems of poor electrically contact between the enzyme active center and the
electrode material.

Enzyme activity is expressed as the amount of substrate converted to product per
unit time under specific reaction conditions for pH and temperature. The latter
parameters can affect the biosensor response but generally to a lesser extent as for
the soluble enzyme. Enzyme activity can be affected by molecules such as inhi-
bitors and activators. Indirect monitoring of such analytes can be achieved by
measuring the change in the enzymatic product and/or electro-activity of the
enzyme before and after interaction with the analyte.

6.3.1.1.1 Enzyme Biosensors for Metabolization Studies

Cytochrome P450 Family

CYP450 are a group of heme proteins characterized by an absorbance band at
450 nm and are important enzymes in drug discovery. They are versatile redox
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systems and known to be involved in most in vivo metabolism of fatty acids, steroid
hormones, prostaglandins xenobiotics, and xenobiotics such as environmental
toxins and drug compounds by catalyzing a variety of reactions such as oxidation
and epoxidation group migration [44—46].

In the catalytical NADPH-dependent monooxygenation of a drug substrate
(RH), the catalytic cycle entails electron supply to the heme iron in the presence
of oxygen. The global reaction can be schematized with the following equation:

RH + 0, + 2~ + 2H" "2 ROH + H,0

The electrons can be delivered by NAD(P)H, flavoproteins, a mediator, or an
electrode. In the presence of O,, an iron-hydroperoxo intermediate is produced.
Then water is released from this peroxo structure to yield an active perferrylFeO
species (such as FeO®"), which leads to a single oxygen atom insertion into the
bound substrate (RH), release of product (ROH), and regeneration of the CYP
ferric form.

As shown in Fig. 6.7, the CYP450 catalytic cycle needs two reducing equi-
valents which are naturally supplied from NAD(P)H or a flavoprotein in order to
generate the active form (FeO"). Thus, the determination of the consumption of
NADPH or O, can be applicable approaches to determine CYP450 activity and for
drug screening. These co-substrates, however, need to be present in excess in order
to avoid any rate limitation, and it is not always possible to reliably determine small
fluctuations in their concentration [47, 48]. Flavodoxin or cytochrome NADPH-
reductase (CPR) linked to the CYP450 can shuttle electrons from the electrode to

RH
ROH
CYP(Fe™) -NAD(P)H
-| - Flavoprotein
le
CYP(F*") -RH - Mediator
- Electrode
CYP(Fe**) -ROH
CYP(Fe*") -RH
02
RH-CYP(Fe - 0)**
RH-CYP(Fe?* - 0,)
H,0
RH-CYP(Fe' - 0,%)
20 - NAD(P)H
le” | - Flavoprotein
- Mediator
- Electrode

Fig. 6.7 CYP450 catalytic cycle
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the prosthetic group of the enzyme (Fig. 6.8). The latter approach permitted a closer
mimic to the natural catalytic pathway and avoids the use of NADPH [49].

Electrochemical assay of CYP450 for drug metabolism studies was applied to
testosterone and ketoconazole using the isoform CYP3A4 for substrate and inhi-
bitor assays [49].

The requirement of NAD(P)H can also be avoided by conjugation of CYP450
with some mediators such as FMN, FAD, or riboflavins [50, 51].

Demethylation, p-hydroxylation, and o-dealkylation of typical substrates such as
aminopyrine, aniline, 7-ethoxyresorufin, and 7-pentoxyresorufin were catalyzed by
semi-synthetic flavocytochrome electrochemically reduced at a rhodium—graphite
electrode polarized at —500 mV (vs. Ag/AgCl) [49].

Enhanced selectivity was achieved by direct immobilization of CYP450 on the
electrode surface (third-generation biosensors). The electrode supplied electrons for
the CYP cathodic reduction which is coupled with the substrate transformation in
the presence of O,. Figure 6.8 illustrates the active role of the electrode as electron
source in the P450 catalytic cycle.

Since the electroactive center of CYP450 is deeply immersed in the protein
structure, several original immobilization strategies of CYP450 have been imple-
mented onto the electrode surface. A variety of immobilization methods were
employed for direct electron transfer of CYP450 at the electrode surface [52]. Direct
bioelectrocatalytic reaction of CYP450 was followed using colloids of clay or gold
nanoparticles dispersed in a surfactant or chitosan onto the electrode surface [28,
53]. It was reported that in anaerobic solution, reversible oxidation and reduction
currents were obtained at —0.305 and —0.450 V (vs. Ag/AgCl) for CYP2B4 and
CYP2B6, respectively. In the presence of oxygen, an electrocatalytic reduction
current was obtained with these biosensors by addition of substrates such as
aminopyrine, benzphetamine, bupropion, lidocaine, and cyclophosphamide or an
inhibitor such as methyrapone. C-hydroxylation and heteroatom release were
identified as the main pathways for CYP2B6 mediated drug oxidation [28]. Direct
electrochemistry of CYP450 was also achieved on a gold electrode negatively
charged by a monolayer of 3-mercapto-1-propenesulfonic acid. The negatively
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charged CYP3A4 was alternated layer-by-layer in the presence of a polycation
layer. Drug compounds such as midazolam, verapamil, quinidine, and progesterone
showed catalytic activity at the biosensor depending on substrate concentration.
This activity was inhibited by ketoconazole. A minor contribution of hydrogen
peroxide to the catalytic cycle was observed [47].

Among the different available electrochemical techniques, cyclic voltammetry
is well suited for studying the direct electron transfer of CYP450-based biosensor.
The redox potential is affected by several factors such as the pH and the ionic
strength of the buffer solution, the temperature, the immobilization technique, and

the scan rate (Table 6.1) [54].

Table 6.1 CYP450 immobilized-based amperometric biosensors for drug analysis

Amperometry
E:V

Electrode Analyte(s) vs. Ag/AgCl | Comment References
GCE/clay/Tween Aminopyrine —0.5 DL:0.4 mM amino- [53]
80/CYP450 2B4 Benzphetamine pyrine, 0.2 mM

Metyrapon benzphetamine
GrE/ Aminopyrine -0.5 - [55]
flavocytochrome
RfP450 2B4
Rh-GrE/ Aminopyrine —-0.5 - [50, 51]
flavocytochrome
RfP450 2B4
GCE/NAu—-CHIT/ | Bupropion —0.45 - [56]
CYP450 2B6 Cyclophosphamide
GCE/DDAB/SG/ Camphor - - [57]
P450 cam
PtE/EDA/Glu Camphor —-0.8 - [58]
({Co(Sep); }/P450 | Adamantanone
cam) Fenchone
SPCE/CYP450 Cocaine —0.25 CP: 23.05+3.53nM | [59]
2B4
PtE/PANI/ASA/ Erythromycin —0.538 DL: 0.076 pM [60]
CYP450 3A4
GCE/PANI/ Fluoxetine - LR: 2-7 yM [61]
CYP450 2D6
PtE/DDAB-BSA/ | Indinavir —0.68 DL: 0.06 mg/L [62]
GA/CYP450 3A4 LR: up to 20 mM
GCE/ZrO,/Pt- Lidocaine - — [56]
PLL/CYP450 2B6
AuE/MSP/PDDA/ | Midazolam - - [47]
CYP4503A4 Verapamil

Progesterone

Quinidine
SPAuE/Ppy/ Phenobarbital 0.450 DL: 0.289 pyM [63]
CYP450 2B4 LR: 0.32-2.50 uyM

(continued)
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Amperometry

E:V
Electrode Analyte(s) vs. Ag/AgCl | Comment References
SPCE/CYP450 Phenobarbital +0.45 LR: 0.20-1.67 mM [64]
2B4
SPAUE/MPA/ Phenobarbital - LR: 0.10-0.83 mM [64]
AuNPs/CYP450
2B4
AuE/thiolate/CPR- | Testosterone (6AY — [49]
microsomes/ (substrate)
CYP450 3A4 Ketoconazol

(inhibitor)

SPCE/DDAB/ Benzphetamine CV and — [65]
AuNPs/CYP450 Eypp:—0.25V
2B4
SPE/CNT/ Benzphetamine CV - [66]
CYP450 2B4
SPE/CNT/ Cyclophosphamide | CV DL: 12 yM [66]
CYP450 3A4
SPE/CNT/ Naproxen CvV DL:82 pyM [66]
CYP450 2C9 Flurbiprofen (naproxen)

Peroxidase Enzymes

Horseradish peroxidase belongs to the heme-containing enzyme family which
utilizes hydrogen peroxide to oxidize a wide variety of organic and inorganic
compounds. The enzyme is often used as biocatalytic label in numerous immuno-
assays, yet it can also been used as a biocatalytic enzyme “mimicking” biotrans-
formation processes. The most common HRP substrates are aromatic amines,
indoles, and phenols. The primary products of oxidation by HRP are radicals
leading subsequently to radical coupling and ultimately polymers [67]. HRP has
been immobilized onto electrodes for drug peroxidation study in the presence of
hydrogen peroxide. Drug compounds such as acetaminophen [25, 68], clozapine
[69], levetiracetam [70], phenothiazine [71], promazine, promethazine [72], and
rifampicine [22] were determined by amperometry at a HRP-modified electrode as
shown in Fig. 6.9.
The simplified mechanism of such detection is as follows:

Native HRP + H,0, + 2H" — Compound I + 2H,0
Compound I + AH — Compound II + A
Compound IT + AH — Native HRP + A

The generated radical (A") can dimerize or it can be further oxidized to other
reaction products such as quinones. The biosensor signal corresponds to the reduc-
tion of the radical or of a subsequent reaction product. The intermediate radical or
the reaction product can be scavenged in the presence of a substrate such as
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Fig. 6.9 Schematic drawing of a drug peroxidation at a horseradish peroxidase (HRP)
immobilized electrode
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Fig. 6.10 Oxidation of APAP in the presence of H,O, at the HRP-MMPs with formation of
N-acetylbenzoquinoneimine (NAPQI) and subsequent glutathione conjugation [68]

ciprofloxacin or norfloxacin [73], or thiol derivatives such as glutathione. The latter
was monitored as an inhibitor of the HRP biosensor response for acetaminophen
(APAP) (Fig. 6.10). Thiols exhibit a fast Michael type reaction with the HRP
oxidation product, N-acetyl-p-benzoquinoneimine (NAPQI), leading to a concen-
tration-dependent decrease of the biosensor signal (Fig. 6.10). Inhibition para-
meters such as ICsy have been reported for different thiol compounds [69]. Such
a biosensor configuration was found useful in screening for NAPQI scavengers
since this metabolite exhibits substantial in vivo toxicity (Table 6.2).

Stereoselective Biosensors

Amino acid oxidase (AAOx) enzymes have been used for designing enantio-
selective biosensors for the assay of chiral drugs possessing an amino acid related
fragment in their structure. The two enzymes L-amino acid (L-AAOx) and p-amino
acid (D-AAOx) oxidases are FAD-dependent oxidoreductase enzymes, which use
oxygen as co-substrate and convert it to hydrogen peroxide. Generally, the trans-
duction system is based on monitoring hydrogen peroxide electrooxidation. Taking
advantage of the high selectivity of these enzymes, simultaneous detection of S-and
R-captopril [77] or S-and R-perindopril [78] has been possible using flow injection
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Table 6.2 Examples of biosensors based on HRP for drug analysis

Amperometry
v
Electrode Analyte(s) vs. Ag/AgCl | Comment References
GCE/PEI/ZrO/ Acetaminophen | —0.2 LR: 20 pM- [74]
HRP 0.26 mM
DL: 0.1 pM
SCPE/MMP/HRP Acetaminophen | —0.1 LR: 2-57 pM [68]
SPE/ZrOPEI/HRP Acetaminophen | —0.2 DL: 0.06 pM [75]
LR: 0.4 to 5 pM
GCE/HRP-PAA Acetaminophen | —0.1 DL: 3 pM [25]
LR: 10-500 pM
SCPE/HRP/GA/BSA/ Clozapine 0.0 LR: 1-10 pM [76]
DM DL: 0.2 pyM
CPE/MMPs/HRP Clozapine 0.0 - [69]
SPE/HRP/PPY Levetiracetam —-0.3 DL: 9.8 yM [70]
LR: 9.8-83 pM
SPCE/HPR Promazine - - [72]
Promethazine
GCE/HRP/PPY Rifampicin +0.35 DL: 5.1 pM [22]

analysis with sequential injection at a rate of more than 30 samples per hour.
Application to pharmaceuticals has been realized.

Enzyme-Based Biosensors for Inhibition Studies

As stated above, various enzyme immobilized biosensors have been developed for
the screening and determination of inhibitors such as heavy metals, toxins, pesti-
cides, and drugs, which cause a reduction in the rate of an enzyme catalyzed
reaction. Enzyme inhibitors can be classified in two groups: (1) reversible inhibitors
which cause reversible inactivation of an enzyme thanks to a non-covalent binding
with the inhibitor and (2) irreversible inhibitors which usually form a covalent bond
at or near the enzyme active site. The determination of the K, upp and Viax (Imax)
parameters permit to specify reversible inhibitors criteria namely competitive,
noncompetitive, uncompetitive, and mixed mode inhibitors. The strength and
mode of binding of an inhibitor can be evaluated by studying enzyme inhibition
kinetic parameters, such as inhibition constant (K;) and half-maximal inhibition
constant (ICsg) as well. True inhibitors act directly at the enzymatic site while other
inhibitors can interfere with the reaction product formation. For these kinds of
inhibitions, ICsy and K can be evaluated as well.

Since the depletion of the neurotransmitter acetylcholine by AChE has been
demonstrated to be involved in the development of Alzheimer and other neuro-
degenerative diseases, reversible acetylcholinesterase inhibitors such as donepezil,
neostigmine, galantamine, and eserine have been developed.
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Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are two types of
relatively stable natural ChE enzymes which can be advantageously immobilized
onto an electrode for inhibition studies. Since choline is not electrochemically
active, the enzyme is co-immobilized with choline oxidase (ChOX). The second
enzyme oxidizes the choline generated by the first enzyme to produce hydrogen
peroxide which is detected as follows:

Acetycholine + H,O A Choline + Acetate
Choline + 0, 9" Betaine aldehyde + H,0,

Reversible inhibition of the biosensor response by nicotine which acted on the
catalytic activity of ChOX [79, 80] and by anti-Alzheimer drug candidates has been
described [24, 29] In order to avoid the use of ChOX in a two enzyme configuration,
the electrochemical monitoring of the catalytic cycle of AChE can be achieved
thanks to the use of acetylthiocholine as substrate [29, 81]. The biosensor signal
corresponds to the electrochemical oxidation of thiocholine on the surface of glassy
carbon, carbon paste, or platinum electrode as follows:

Oxidation reaction on the surface of these electrodes, however, is slow and
requires high applied potentials with the added problem of electrode surface
fouling. Different mediators such as metallic phthalocyanines (ferrophthalocyanine
and cobalt phthalocyanine) [82], TCNQ (7,7,8,8-tetracyanoquinodimethane) [83],
and hexacyanoferrate (Prussian Blue) [84] enabled the amperometric detection of
thiocholine at low applied potentials without electrode passivation. A silver elec-
trode poised at a potential close to 0.0 V vs. Ag/AgCl can also be implemented in a
flow injection setup for amperometric detection of thiocholine based on the reaction
of thiocholine with silver ions and/or silver chloride at the electrode—solution
interface [85] (Fig. 6.11).

The inhibition of the AchE enzyme was studied in the presence of galantamine
and neostigmine [29, 85].

Monoamine oxidase (MAO) is a copper-containing flavinoxidase enzyme and
acting on the amine groups of each drug and producing hydrogen peroxide
following:

RCH,NH, + 0, + H,0™° RCHO + H,0, + NH;
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Fig. 6.11 Thiocholine amperometric detection on the surface of a silver electrode [85]

Dopamine as MAO substrate was determined using an enzyme monoamine oxidase
immobilized biosensor. The enzyme was cross-linked on a glutaraldehyde-
activated eggshell membrane that was deposited on a glassy carbon electrode [86].

Some antidepressants comprising amine groups in their structure can act as
competitive inhibitors [86]. Enzyme inhibition was studied using amperometric
biosensors for antidepressants such as desipramine and pyrazidol [88, 89] and
nitrofuran drugs [89]. Detection of liberated hydrogen peroxide during enzymatic
activity of MAOX permitted the determination of anti-inflammatory, antidepres-
sant, and neurotransmitter drugs as well [90].

Lipoxygenases are a family of nonheme -containing enzymes that selectively
catalyze the dioxygenation of polyunsaturated fatty acids like linoleic acid and
arachidonic acid with the following reaction:

HO=—0,

N P Lipoxygenases R =" COOH
R g 0 ——

H H

In mammals, lipoxygenases are involved in the synthesis of species which are in
the development of inflammatory reactions and diseases, such as rheumatoid
arthritis or psoriasis [91]. Therefore, drugs that inhibit the biosynthesis of these
species have been considered as novel medication. Lipoxygenase (EC 1.13.11.12;
11.2 U/mg) was immobilized in a carbon paste electrode for the determination
of inhibitors such as nordihydroguaiaretic acid, zileuton®, fenleuton®, and
caffeic acid. The decrease in biosensor response for hydroperoxy linoleic acid
can be correlated with the inhibitor concentration [92, 93].

Noninsulin-dependent diabetes mellitus (NIDDM) is a metabolic disorder that is
characterized by high blood glucose level. One of the most beneficial therapy
method for NIDDM is to control the blood glucose level by inhibition of an
a-glucosidase enzyme. The enzyme a-glucosidase catalyzes the breakdown of
starch and disaccharides to glucose as follows:
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Inhibition of a-glucosidase by some drug compounds such as acarbose, miglitol,
and voglibose permitted to control the blood glucose level in the NIDDM patients
[94].A Clark oxygen sensor with co-immobilized glucose oxidase and mutarotase
(MUT ) was used in the downstream of a continuous-flow/stopped-flow system for
monitoring the glucose liberated from maltose by the action of an immobilized
a-glucosidase reactor which was also inserted in the flow line as follows:

e At the immobilized a-glucosidase reactor:

a-glucosidase

Maltose — 20 — D-Glucose

« At the Clark oxygen sensor:

o — D-Glucose M8 B — D-Glucose
B — D-Glucose + O + H,0 %% Gluconic acid + H,0,

The inhibitory activity of acarbose and 1-deoxynojirimycin on a-glucosidase
was determined by monitoring the decrease in the response of the Clark oxygen
sensor for liberated glucose [95].

Xanthine oxidase (XOX) is a metalloprotein that catalyzes the purine cata-
bolism, such as oxidation of hypoxanthine to xanthine and can further catalyze
the oxidation of xanthine to uric acid as follows:

OH

H
NN,
t __\m:hum oxidase > Xanthine oxidase
> )\ / >=

H, u H:0; ur} H,0, o

Hypoxanthine

Xanthine Uric acid

Default in purine metabolism results in an increase in the level of uric acid
consequently leading to diseases such as gout, hyperuricaemia, and chronic heart
failure [95]. An increase in the level of XOX also causes renal stone formation and
reactive oxygen species (ROS) induced diseases [96]. Allopurinol is a potent
inhibitor of xanthine oxidase (XOX) which, upon oxidation, yields the product
oxypurinol. The latter compound inactivates the reduced form of XO, thus
inhibiting the formation of uric acid [97].
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Xanthine oxidase was retained and cross-linked by GA into an anionic clay thin-
layer deposited onto a Pt electrode for the determination of allopurinol by its
inhibitory action of XOX product formation [98]. A non-exhaustive survey of
different enzyme-based biosensors for inhibition studies is reported in Table 6.3
[95-108]. It is worth mentioning that already in 1990, a SPE was used for enzyme
immobilization and inhibition studies namely for the assay of theophylline. Theo-
phylline is an uncompetitive inhibitor of alkaline phosphatase. The enzyme was
solubilized in a carbon suspension and adsorbed on the surface of a disposable
screen printed test strip for determining theophylline concentration in whole blood
based on the generation of p-aminophenol from p-aminophenyl phosphate by the
action of bovine liver alkaline phosphatase [103].

Table 6.3 Enzyme biosensors based on amperometric determination of inhibitors

Amperometry

V vs. Ag/
Electrode Drug AgCl Comment References
GSDreactor Acarbose -0.7 DL: 0.46 yM [95]
+GOX/MUT
reactor in FI
system
GSDreactor 1-Deoxynojirimycin -0.7 DL: 0.23 uyM [95]
+GOX/MUT
reactor in FI
system
GCE/bismuth Amaryl —0.95 DL: 2 ppb [99]
film/
gelatin/GSD
PtE/CHIT mem- | Neostigmine ( in the 0.6 DL: 0.5 pM [100]
branes/COD presence of AChE)
PtE/PCS 4-Aminoquinaldine 0.6 1C50: 29.6 nM [24]
gel/AChE + COD
PtE/PCS Tacrine 0.6 V IC50: 6.7 pM [24]
gel/AChE + COD
PtE/PCS Heptylene-linked 0.6 V IC50: 280 nM [24]
gel/AChE + COD | bis-9-amino-1,2,3,4-

tetrahydroacridine

GCE/SiSG/ Galantamine cv - [29]
AuNPs/CHIT/
AChE

(continued)
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Table 6.3 (continued)

Amperometry

V vs. Ag/
Electrode Drug AgCl Comment References
GCE/SiSG/ Neostigmine CvV - [29]
AuNPs/chit/
AChE
PtE/PAAm/ Choline, Nicotine 0.6 vs SCE - [80]
COD + AChE/
DM
PtE/NYBM/ Physostigmine 0.6 Vvs. SCE |LR:0.05-1.5 pM [101]
ChOX + BChE
PtE/NYBM/ Neostigmine 0.6 Vvs.SCE |LR: 0.05-1.5 pM [101]
ChOX + BChE
PtE/NYBM/ Pyridostigmine 0.6 Vvs. SCE |LR:0.05-0.8 pM [101]
ChOX + BChE
PtE/NYBM/ Edrophonium 0.6 Vvs. SCE |LR:0.05-1.5 pM [101]
ChOX + BChE
PtE/NYBM/ Nicotine 0.6 Vvs.SCE |LR: 3-80 pM [101]
ChOX + BChE
CPE/LOX Fenleuton DPV 20 pM [92]
CPE/LOX Nordihydroguaiaretic | DPV 20 pM [92]

acid
CPE/LOX Zileuton DPV 5 pM [92]
CPE/LOX Caffeic acid 0.9 30 % inhibition for |[93]
650 pM linoleic
acid as substrate

Clark Electrode/ | Naproxen —0.65 DL: 0.05 pM [102]
Gel-k-cM/
CYTOX
Clark Electrode/ | Diclofenac —0.65 DL: 0.05 pM [102]
Gel-k-cM/
CYTOX
Clark Electrode/ | Ibuprofen —0.65 DL: 5 nM [102]
Gel-k-cM/
CYTOX
Clark Electrode/ | Tolmetin —0.65 DL: 5 nM [102]
Gel-k-cM/
CYTOX
CPE/MMP/TYR | Kojic acid —0.1 IC50: 3.66 pM [37]
CPE/MMP/TYR | Ascorbic acid —0.1 IC50: 11.8 pM [37]
CPE/MMP/TYR | Benzoic acid —0.1 IC50: 71.6 pM [37]
CBS/APO Theophylline 0.15 DL: 0.3 mM [103]

and CV
Clark electrode/ | Phosphate in drug - - [104]
DM/potato tissue | formulations
(ALP) + GOX
PtE/PANI/PPO Benzoic acid 0.1 DL:0.3 pM [105]

(continued)
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Table 6.3 (continued)

Amperometry
V vs. Ag/
Electrode Drug AgCl Comment References
PtE/LDH/XOX Allopurinol 0.55Vvs. IC50: 310 pM [98]
SCE
CPE/XOX/DM Allopurinol 0.0 Vvs. SCE |LR: 0.20-50 pM [106]
PGE/DNA/XOX | Quercetin —0.73Vvs - [107]
SCE
PtE/PPY/MAO Fluoxetine 0.7 Fluoxetine: LR: [90]
Benzylamine 0.67-4.33 mM
DL: 0.10 mM
PtSPE/MAO/ Fluoxetine 0.75 Vvs Ag |DL: 0.8 nM [108]
GA/BSA LR:0.1 mM-1 nM
PtSPE/MAO Furazolidone 0.8 Vvs Ag DL: 8.3 nM [89]
SPPtE/MAO Furadonine 0.8 Vvs Ag DL: 85 nM [89]
PtSPE/MAO Furagin 0.8 Vvs Ag DL: 0.94 nM [89]
PtSPE/MAO/ Pyrazidol 0.75 Vvs Ag |DL: 0.8 pM [108]
GA/BSA LR:0.1 mM-1 pM

Other Enzymes-Based Biosensors
Salicylate hydroxylase (SAH) can convert salicylates to catechols in the presence of

NADH and oxygen as cosubstrate as in equation:

OH
Salicylate hydroxylase OH

\ + Co,
(olele] OH

NAD" NADH

H,0 0,

The coupling of this enzyme with tyrosinase (monophenolmonoxygenase) or
polyphenol oxidase (PPO) to monitor oxygen consumption or quinone reduction
has been proposed for salicylate detection [109-111]. Direct oxidation of catechol
was also envisaged for the same aim [112, 113].

Theophylline oxidase (TOX), which is a heme-containing enzyme, oxidizes the
bronchodilating drug theophylline in the presence of the naturally acceptor
ferricytochrome ¢ following equation:
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N

A redox mediator such as cyt. ¢ within a Nafion layer on a platinum electrode
was used for electronic coupling between the enzyme and the electrode
[114]. A second redox mediator, Fe(CN)64_, was used in order to facilitate shuttling
the electrons between cyt. ¢ and the electrode [115]. Cyt. ¢ can be replaced by a
non-physiological mediator in order to construct an enzyme electrode for the
determination of theophylline in serum. Mediators such as ferrocene mono-
carboxylic acid and the phenazinemethosulfate-tetracyanoquinodimethane (NMP.
TCNQ) organic salt [115] or an osmium-complex-based redox polymer [33] were
described.

A third-generation biosensor based on direct electron transfer between the heme
active center of theophylline oxidase at both graphite and at thiol-modified gold
electrode was reported for theophylline. In a flow injection configuration, at an
applied potential of 0.1 V vs. Ag/AgCl, a detection limit of 0.2 mM was
obtained [116].

Microbial xanthine oxidase (XOX) was used for the construction of an ampero-
metric enzyme electrode to detect theophylline. XOX catalyzes the oxidation of
theophylline to 1-3 dimethyluric acid and hydrogen peroxide. The combination of
this enzyme with peroxidase and ferrocene allowed the sensitive detection of
liberated hydrogen peroxide [117].

Enzymes capable of oxidizing phenols, such as laccase, tyrosinase, and horse-
radish peroxidase were used for the sensing of direct oxidation of aminophenol
drugs and for the assay of enzyme inhibitors. Although they react with the same
family of compounds, catalytic cycles and consequently products and inhibitors of
these enzymes are totally different.

Laccase is a copper enzyme which catalyzes the transformation of phenols and
polyphenols to their corresponding radicals in the presence of oxygen [118].

o O
\ N f
" l > Thox N :
)\ N/ + 2ferricytochromec —»)\ l >:O + 2ferricytochromec
O N
N
| ° "’

OH o)

Laccase Laccase

HO L o i 5

This was exploited for the detection of adrenaline [119], methyldopa [120], and
morphine [121] in pharmaceuticals by monitoring the electroreduction of the
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product, or the oxygen consumption, the enzyme being co-immobilized with
PQQ-glucose dehydrogenase [121].

L-cysteine was determined in a pharmaceutical formulation using a carbon paste
electrode modified with laccase [122]. Hydroquinone was selected as enzyme
substrate. The reaction of cysteine with the enzymatically generated p-quinone
produced a decrease of the amperometric signal:

Tyrosinase contains two copper centers and catalyzes two different oxygen-
dependent reactions: the o-hydroxylation of monophenols to o-diphenols (cresolase
activity) and subsequent oxidation of o-diphenols to o-quinones (catecholase
activity).

R 0, R R
: Tyrosinase Tyrosinase
- > + H,0
OH o
OH OH o}

This enzyme cannot react with phenols having the ortho-position occupied, and
it has many inhibitors, such as triazines, organophosphates, fluoride ions, benzoic
acid, cinnamic acid, and sorbic acid which compete with the natural substrate for
the binding to the enzyme site or which interrupt the catalytic cycle by reaction with
intermediate products [123].

Mushroom tyrosinase is generally used as a biocatalyst in amperometric bio-
sensors for catecholamine derivatives [124].The immobilization of this enzyme
onto glutaraldehyde activated streptavidin paramagnetic microparticles retained
onto a “magnetized” carbon paste electrode (CPE) was proposed for the ampero-
metric assay of enzyme inhibitors [37]. The MNPs exerted little diffusion limitation
towards the electrode surface, and the CPE exhibited a low background current at
the applied potential, i.e., close to 0.0 V (vs. Ag/AgCl, 3 M KCl) with high
sensitivity for the studied substrate tyrosine. The electrode signal corresponded to
the reduction of the enzyme generated o-quinone (DOPAquinone) (Fig. 6.12). This
biosensor was found of interest for the comparative study of inhibitors of skin
melanogenesis (skin whitening agents). Kojic acid, benzoic acid, and azelaic acid
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Fig. 6.12 Tyrosinase/NMPS/CPE-based biosensor amperometric response [37]

were characterized as melanin formation inhibitors by competing with tyrosine, i.e.,
the tyrosinase natural substrate, for binding to the enzyme active site. Ascorbic acid
was also characterized as inhibitor of the melanogenesis process by interaction with
the generated o-quinone [37]. The biosensor permitted the determination of the ICsq
and the inhibition constant K; for the studied compounds.

Penicillamine [125], pipemidic acid [126], and methimazole [127] were also
determined via inhibition of the signal at a tyrosinase-based amperometric biosen-
sor. The determination of the drug was accomplished by suppressing the substrate
recycling process between tyrosinase and the electrode. It was observed that the
affinity between the substrate and the drug affected severely the biosensor analyt-
ical performances. Catechol, 4-methylcatechol, and 4-tert-butylcatechol were stud-
ied as substrate. The former showed the greatest sensitivity for pipemidic acid [126]
whereas 4-tert-butylcatechol was selected for penicillamine [125].

Antioxidant substances of synthetic and natural origins can be readily screened
using amperometric biosensors with immobilized superoxide dismutase [128] or
cytochrome ¢ [129]. At the cytochrome ¢ immobilized gold electrode, the enzyme
specifically reacted with the superoxide anion in solution and the signal diminished
in the presence of the antioxidant (Table 6.4).

The use of entire cells or tissues, as well as other components, is less common in
biosensors applied to pharmacologically active compounds [4]. For economical
source of enzymes, plan tissues can be used as biocatalysts in amperometric bio-
sensors for drug assays. Dried plant tissue from avocado [139], soursop [140], and
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Table 6.5 Biosensors based on cells or tissues
Amperometry
Vs
Electrode Analyte(s) Ag/AgCl Comment References
CPE/Corn(POX)/CHIT | Adrenaline (in the | —0.23 LR: 1-122 pM | [119]
presence of H,O,)
CPE/TCNQ/ Dopamine +0.10 LR:0.2—20 mM | [140]
Annonamuricata L tis-
sue (PPO)
CPE/palm tissue (PPO) | Epinephrine —0.10 LR:50-350 pM | [19]
DL: 15 uyM
Micro-chip/E. coli Nalidixic acid - DL: 10 pg/mL [142]
CPE/avocado tissue Acetaminophen —0.12 LR:0.1-6 mM [139]
(PPO) DL: 88 uyM
Clark Electrode/ Caffeine - LR:0.1—1 mg/ [141]
P. alcaligenes/CM/Gel- mL
atin/GA
DOE/S. cerevisiae Vitamin B1 — LR:5-100nM | [142]
CPE/D. bulbifera (PPO) | Dopamine CV,+0.15V |LR:2-8 mM [143]
DL: 0.75 mM
CPE/D. bulbifera (PPO) | Epinephrine CV,—-0.14V |LR:02—1mM |[144]
DL: 82 yM

palm tree fruits [19] for polyphenol oxidase sources or corn [119] for peroxidase
enzymes can be readily mixed with graphite to obtain composite biosensors for
acetaminophen and catecholamines sensing. Induced microbes of pseudomonas
alcaligenes MTCC 5264 and saccharomyces cerevisiae NRRL-12632 cells have
the capability to degrade L-lysine [130] and caffeine [141], respectively. They were
covalently cross-linked in gelatin in a microbial biosensor sensitive to these drugs
via O, consumption (Table 6.5).

6.3.1.2 Affinity Sensors

6.3.1.2.1 Immunosensors

Antibodies are proteins produced in animals as an immunological response to the
presence of a foreign substance called antigen and have specific affinity for this
antigen. Taking advantage on this specificity, antibodies or antigens can be
immobilized directly onto an electrode surface to develop electrochemical
immunobiosensors. Amperometric affinity sensors need the presence of an enzyme
label and an electroactive substrate to generate a current related to the antibody—
antigen interaction. Thus, and as in spectrophotometry, the ELISA technique for
bioaffinity control can be adapted to amperometric transduction for electrochemical
ELISA. Alkaline phosphatase, horseradish peroxidase, and glucose oxidase are the
most popular enzyme labels for electrochemical ELISA.
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An amperometric immunosensor for the detection of the antibiotic neomycin in
meat samples was developed in a sandwich format. An antibody against neomycin
was covalently linked to a conducting polypyrrole derivative onto the GCE. The
antibiotic sample was allowed to react with the biosensor. Subsequently, the
immunosensor was incubated with a conjugate comprising a secondary antibody
linked to gold nanoparticles decorated carbon nanotubes labeled with hydrazine as
catalyst for H,O, detection [145].

Relatively few affinity sensors have been described for drug compounds assay.
A general problem with immunosensors is the difficulty to regenerate the sensing
surface. Single-use biosensors have been developed to solve such limitation. This
consisted, for example, of a screen printed carbon electrode (SPCE) modified with
an antibody and applied in ELISA strategies. An anti-progesterone monoclonal
antibody was deposited onto a SPCE to fabricate a single-use biosensor for milk
progesterone with admissible reproducibility. Using a continuous flow system and
adapting competitive ELISA, three steps have been identified namely (1) competi-
tive binding of sample/conjugate mixture (alkaline-phosphatase labeled proge-
sterone; AP-prog), (2) establishment of a steady-state amperometric baseline current,
and (3) measurement of an amperometric signal in the presence of the enzyme
substrate 1-naphtylphosphate [146].

6.3.1.2.2 Oligonucleotide-Based Biosensors

The modification of an electrode surface with an oligonucleotide single or double
stranded has gained considerable interest for drug assays and drug toxicity screen-
ing [147]. These have the aim to investigate drug—DNA interaction especially for
“genotoxicity” or to determine drug compounds by selective interaction with
synthesized oligonucleotides namely “aptasensor” [148—150]. Amperometric sens-
ing at an oligonucleotide-modified electrode can be achieved by direct oxidation of
guanine [18, 151, 152] or indirectly using a redox-active label which intercalates
preferably at the double stranded configuration [153, 154]. There are several types
of interactions associated with ligands that bind DNA. These include intercalation,
noncovalent groove binding, covalent binding and cross linking, DNA cleaving,
and nucleoside-analog incorporation.

The drug-DNA interaction can be studied using a double stranded-DNA
(ds-DNA) sensor. A current decrease in guanine oxidation from ds-DNA can be
used as indicator for the interaction between a drug compound and immobilized
DNA. From these data, the binding constant k can be determined using the relation:

1 IDNA-Drug )
log| —— ) = logK + log| —————
g ([Drug]) g & (1 DNA — IDNA-Drug

where [Drug] is the concentration of a drug and /pna-prue and Ipna are the oxidative
DNA guanine oxidation current in the presence and the absence of the studied drug,
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respectively [151].Using this methodology, the effect of berberine on the structural
stability of DNA from human cancer and noncancer cells was compared [155].
The guanine functionalities are electrooxidized at relatively high positive potentials
at carbon-based electrodes, i.e., close to water oxidation, and current trends are
oriented towards the use of boron-doped diamond electrodes for DNA biosensors
since such electrodes offer an extended positive potential domain of
investigation [156].

An assay based on a DNA—Cu(II) complex for electrocatalytic hydrogen per-
oxide reduction was used to study drug—dsDNA interactions based on an inhibitory
effect of the antimalarial drug quinacrine on the hydrogen peroxide reduction. The
signal was reversibly inhibited due to an electron blocking effect of the quinacrine—
dsDNA interaction [157].

The advance in automatic synthesis of oligonucleotides specific to a target drug
or a protein makes aptasensor an interesting strategy to develop biosensors for drug
compounds. The three-dimensional shape of oligonucleotides allows the detection
of a wide range of analytes such as ions, amino acids, organic dyes, antibiotics,
vitamins, drugs, peptides, proteins, or even whole cells. Aptasensors are able to
discriminate between closely related compounds on the basis of subtle structural
differences [158]. A labeled aptasensor has an additional probe (enzyme, redox
marker, or nanoparticle) covalently bound to the aptamer or to the target molecule.

Several detection mechanisms were reported by using labeled aptasensor
(Fig. 6.13). In the aptasensor based on sandwich assays, small molecules such as
toxins, drugs, or hormones can be detected with a primary aptamer binding the
analyte and a second labeled aptamer binding the primary aptamer—analyte
complex [159].

Alternatively, a competitive displacement by an unlabeled analyte of an analyte
labeled with an electroactive tag can be monitored at an aptamer-modified elec-
trode. The detection of this interaction can be studied by monitoring the labeled
analyte electroactivity (Fig. 6.14). A review on this topic has recently been pro-
vided [160].

Electrochemical aptasensors have been developed taking advantage of the three-
dimensional conformational change undergone by the aptamer upon target binding.
The redox marker linked to the aptamer can move closer or away from the surface
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Fig. 6.13 Sandwich type aptasensor



174 6 Electrochemical Biosensors for Drug Analysis

? WD @
Drug (Y

Electrode — Electrode ————

Fig. 6.14 Competitive displacement type aptasensor

% o ‘

LJ

Electrode ——— Electrode

Fig. 6.15 Redox marker linked aptasensor

of electrode due to the selective analyte—aptamer interaction. Example of this
development consisted in the immobilization of a sequence of RNA or DNA
aptamers onto an electrode with covalent attachment of a redox tracer onto the
terminal function of this sequence. When the interaction between the oligonucleo-
tide and the drug occurred, a conformational change is triggered in the aptamer and
the distance from the mediator to the electrode surface decreased with subsequent
increase of the current due to mediator (Fig. 6.15). The conformational
rearrangement is reversible allowing for multiple use of the aptamer-based sensor.
Application of this strategy was illustrated for the assay of theophylline [154,
161]. A microfluidic setup with a miniaturized detection chamber (0.75 pL) based
on the selective recognition between cocaine and a 32-base cocaine-binding
aptamer with methylene blue (MB) as label was designed for the assay of micro-
molar concentrations of cocaine in undiluted blood serum. Microfluidic technology
offers substantial advantages on mass transport and diffusion over conventional
macroscale devices. The thiolated aptamer was self-assembled onto a
6-mercaptohexanol-modified gold electrode. The biosensor was operating in
blood serum in real-time sensing for more than 1 h [162]. Based on a similar
setup technology but with a particularly original parallel dual liquid flow design,
the same group showed the possibility of this unique biosensor platform for in vivo
continuous therapeutic drug monitoring. The in vivo concentration of doxorubicin
and kanamycin in live rats could be determined during more than 4 h of continuous
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use. Square wave voltammetry was employed to detect MB reduction at the gold
electrode [163].

The decrease of the oxidation current of a soluble mediator due to the blocking
of the diffusion access to the electrode interface after drug—aptamer interaction was
utilized, e.g., for a tetracycline antibiotic detection (Table 6.6) [153].

6.3.2 Potentiometric Biosensors

Catalytic and bioaffinity processes trigger a potential change at the electrode—
solution interface. Potentiometric biosensors are for the vast majority based on
ion-selective electrodes (ISE) in conjunction with immobilized enzymes [182].
Various ion selective membrane electrodes are commercially available and used
for the selective detection of several ions such as K*, Na*, Ca**, NH,*, H*, and
CO5%". The enzyme can be immobilized on the outer surface or captured inside the
membrane. Penicillinase was immobilized on the surface of a glass pH electrode
and the enzymatically formed penicilloic acid changed the pH in the interface [183—
185].

The entrapment of lysine oxidase within a polyacrylamide gel around a pH
electrode or as liquid layer trapped within a cellophane membrane has been used for
biocatalytic recognition of lysine based on its degradation by lysine oxidase
according to the following reaction:

Lysine oxidase

Lysine + H,O + O, — 2-0Oxo0-6-aminocaproic acid + H,O, + NH;

This has been exploited for developing a potentiometric biosensor based on a solid
state ammonium ion electrode for lysine assay in pharmaceuticals [186, 187]. The
same ion selective electrode was also used for creatinine determination based on
creatinine deiminase as biocatalytic recognition element [188]. Field-effect tran-
sistors (FET) such as Ion selective FETs (ISFETs) and LAPS (light addressable
potentiometric sensor) have also been used for potentiometric biosensors. In bio-
sensors based on ISFETs and LAPSs, the transducer monitors a local variation of
ions concentration resulting from the enzymatic reaction. In the field effect tran-
sistors, the current flows along a semiconductor channel between two terminal
electrodes usually the source and drain. An electric field generated by applying a
voltage to the third electrode named gate can control the conductivity of this
channel. A small change in gate voltage can cause a large variation in the current
flow from the source to the drain. In the biosensor-based FET, changes in potential
of gate during biochemical process can be monitored. lon selective FETs (ISFETs)
biosensors operate in a similar manner to FET, i.e., a local potential developed by
generated ions associated with a biochemical process, and this potential can modu-
late the current flow along the semiconductor channel.
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A penicillin sensitive field-effect transistor with immobilized B-lactamase (pen-
icillinase) was developed. A Ta,Os layer acted as pH sensitive layer by monitoring
the variation of H' concentration resulting from the hydrolysis of penicillin to
penicilloic acid [189]. A similar approach based on H* sensing was developed using
penicillin G acylase (benzylpenicillinamido hydrolase) to detect penicillin G [190].

An aptamer was assembled on an ISFET gate in order to develop a biosensor for
cocaine in a sandwich format. The second thiolated aptamer fragment was bound to
gold nanoparticles. A sandwich coupling of substrate with two aptamers caused a
change in the interfacial electron transfer resistance and changed the potential of the
ISFET device [191].

A light addressable potentiometric sensor principle is based on semiconductor as
well. A multilayer structure of silicon/silicon oxide/silicon nitride is activated by a
modulated light source in order to obtain a flow of photocurrent. The amplitude of
this photocurrent is sensitive to the surface potential; therefore, this sensor is
capable to measure the surface potential of the electrolyte—transducer interface.
The surface potential itself depends on the biochemical process due to the enzyme
activity. Penicillin was measured in the range 5-25 mM by utilizing this type of
biosensor (Table 6.7) [192].

Table 6.7 Potentiometric-based biosensors

Electrode Analyte(s) Comment References

SSAE/LYOX/NM Lysine LR: 25 yM—75 mM | [193]
DL: 10.5 yM

AAAE/LYOX Lysine LR: upto 1 mM [187]
DL: 6.0 yM

GEE/PEVA/AO L-ascorbic acid LR: 8 pM—0.45 mM | [194]
DL: 4.2 yM

AISM/penicillinase/EDAC Penicillin V and G - [195]

fB-lactam antibiotics)

pHE/penicillinase/CM Penicillin LR: 1-10 mM [184]

BB/penicillinase/PVA-PE Penicillin-G LR: 30 mM—0.1 M, [183]

pH-GE/penicillinase/PVA-PE DL: 20 mM

pH-GE/penicillinase/corning Penicillin - [185]

12

pH-GE/penicillinase/fritted Penicillin LR:3.5—1,100 ppm | [196]

glass disk

AME/urease & creatinase/ Creatine LR: 10 pM—1 mM [136]

PVC

AISM/creatininedeiminase/ Creatinine LR: 0.02—20.0 mM [188]

EDAC DL: <0.015 mM

CO,Elec/var. calidolactis/ p-lactam residues - [197]

silkF or B-lactamase

GlassElec/P. aeruginosa Cephalosporins LR: 0.1-11 pM [198]

CO,Elec/B. stearo- Cephalosporins, Penicillins | — [197]

thermophiles var. calidolactis

(continued)
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Table 6.7 (continued)

Electrode Analyte(s) Comment References
CO,Elec/silkF/E. coli Quinolones - [199]
Tetracyclines

LAPS, EIS, EnFETs/ Penicillin LR: 0.05—10 mM [200]
penicillinase

H'ISFET/penicillin G acylase | Penicillin LR: 0.5—-8 mM [190]
PenFET/penicillinase Penicillin G LR: 0.05—1 mM [189]

DL: 5 pM

6.3.3 Impedimetric Biosensors

The capacitance or the interfacial electron transfer resistance of a biosensor inter-
face can be monitored by an impedimetric biosensor. Such biosensor monitors
either change in the capacitance (C), impedance (Z), or its component resistance
R):
72 =R+ %
(21C)

Impedance transduction can be achieved by two ways: (1) faradaic mode using
control of heterogeneous electron-transfer resistance in the presence of an electro-
active species (usually noted F-EIS as faradaic-electrochemical impedance spectro-
scopy) or (2) non-faradaic mode using the capacitance of the equivalent circuit as
monitored parameter [201]. The F-EIS was selected as transducer to detect neo-
mycin B and tobramycin in a competitive mode at an aptamer sensor [202]. These
were based on immobilization of an antibiotic to a mercaptopropionic acid-
modified Au electrode, affinity binding of an aptamer, and incubation of
the biosensor in the presence of the soluble antibiotic to extract the aptamer.
The decrease in the charge resistance transfer Ret of a redox mediator
[Fe(CN)¢]* ", deduced from the adoption of Randles equivalent circuit, was
proportional to the antibiotic concentration.

Enzymatic reactions involving either consumption or production of charged
species and consequently changes in solution conductivity can be detected with
conductometric biosensors. Examples include the measurement of L-asparagine by
L-asparaginase. The L-asparaginase catalyzes the hydrolysis of L-asparagine to
L-aspartate and an ammonium [203].

L—asparaginase

L-asparagine + H,O — L-aspartate” 4+ NH4 ™"

An impedimetric immunosensor with a monoclonal antibody-gold nanoparticle-sol—
gel-modified electrode was realized for tetracyclines determination. The relative
charge transfer resistance (Rct) increases linearly with doxorubicin concentration in
the ranges of 0.1—1.0 and 2.5-50.0 pg m L', with a detection limit of 0.09 pgmL ™"
Application to spiked human serum and urine samples was reported [204].
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Electrochemical and Hyphenated
Electrochemical Detectors in Liquid
Chromatography and Flow Injection Systems
for Drug Compound Analysis
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ACN Acetonitrile

ACPG Aminopropyl-controlled pore glass beads

AER Anion exchange resin

amol Attomole

BIA Batch injection analysis

CFE Porous carbon felt electrode

Chi Chitosan

ChOx Choline oxidase

CME Chemically modified electrode

CNT Carbon nanotube

CoHCF Cobalt hexacyanoferrate

CSCNTs Cup-stacked carbon nanotubes

ECL Electrochemiluminescent

FIA Flow injection analysis

GOx Glucose oxidase

HMDE Hanging mercury-drop electrode
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HRP Horseradish peroxidase

ITO Indium tin oxide

LOX Lysine oxidase

MBRS Meldola’s Blue-Reinecke Salt

MWCNT-COOH
NADH

Multiwalled carbon nanotube with carboxyl groups
Reduced form of nicotinamide adenine dinucleotide

NS Not stated

OSA 1-Octanesulfonic acid

0SS Sodium octyl sulfate

PB Prussian blue

PDDA Poly(diallyldimethylammoniumchloride)
PEDOT Poly(3,4-ethylenedioxythiophene)
PGE Pyrolytic graphite electrode
PNDGA Poly(nordihydroguaiaretic acid)
PPy« Overoxidized polypyrrole film
PVI Poly(1-vinylimidazole)

Q Quercetin

QDs CdTe quantum dots

SDS Sodium dodecyl sulfate

SIA Sequential injection analysis
SPCE Screen-printed carbon electrode
SWAdSV Square-wave adsorptive-stripping voltammetry
SWCNT Single-walled carbon nanotubes
SwWv Square-wave voltammetry

TBO Toluidine blue O

TEA Triethylamine

THF Tetrahydrofuran

7.1 Introduction

Electrochemical detectors can be very well adapted to hydrodynamic conditions such
as those encountered in liquid chromatography (LC), in capillary electrophoresis, or
in flow injection analysis (FIA) applied to drug compound analysis [1-10]. Detectors
with low cell volume based on conductivity [11-13], potentiometry [14, 15],
amperometry (AD) [1-10], or pulsed amperometry (PAD) [16, 17] can be located
online in close proximity, in a post-column configuration, to a liquid chromato-
graphic setup or inserted as microelectrodes close to a capillary end [18, 19]. A
miniaturized electrolysis cell can also be part of an online setup such as in a FIA
system or of a pre- or post-LC column coupled to a mass spectrometer for electro-
chemical product generation and characterization [20-23]. Trends are directed to
miniaturize the entire flow analytical system (e.g., lab on chip) and microfabricated
electrochemical sensors as ideally suited for such configurations [24—26]. This chap-
ter describes some basic concepts of most used and commercially available amper-
ometric detectors and reactors coupled to LC or FIA. Examples are collected from
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authors’ laboratory, and a nonexhaustive literature survey of applications to the
assay of molecules of pharmacological interest is provided.

7.2 Basic Analytical Strategy for Implementing
an Amperometric Detector Under Hydrodynamic
Conditions

The decision for the selection of an electrochemical detector (ECD) in a flowing
system should be based on the analytical performances achievable with the ECD
compared to optical (UV-vis, fluorescence, refractive index, light scattering,
etc.. . .) and mass spectrometry-based detectors. The final choice of instrumentation
is generally depending on the available budget taking into account the perfor-
mances of the detector in terms of ease of use, reliability, maintenance fees, and
applicability to a broad spectrum of analytes or to very specific topics.

An amperometric detector allows for high signals to be obtained under hydro-
dynamic conditions: the total current is high, thanks to the Faraday constant (F),
and is direct function of the concentration of the electroactive species expressed by
the electrolysis efficiency (cj,—cou) and the volume flow rate (f) eq. (7.1).

It = nF f(cin — Cout) (7.1)

cinis the concentration of analyte entering the cell, ¢,y is the concentration of
analyte leaving the cell, and n is the number of electrons transferred per analyte.
With respect to an ECD based on microelectrolysis (amperometry or coulome-
try), the fields of application, however, are limited to drug compounds which
possess an electrophore, i.e., are electroactive at the selected working electrode in
the selected mobile phase composition. Similarly to optical detectors, before
implementing ECD in hydrodynamic conditions, preliminary experiments in a
quiescent solution are required. This allows for the final selection of the detection
wavelength or the potential applied to the working electrode (E,y,) at the ECD.
Alternatively the entire UV—vis spectrum can be recorded in-line by using a diode
array detector (DAD) and the voltamperogram by using an array of detectors in
series [27] or by rapid scanning voltammetry [28, 29]. Usually a voltammogram is
recorded in order to check for the electroactivity of the analyte and to define the
potential range at which the investigated compound is electroactive. In cyclic
voltammetry, the capacity current can be high (depending on scan rate and elec-
trode surface area) compared to amperometry; therefore, a relatively high concen-
tration of analyte (0.05—-1 mM) is required for well-defined faradaic currents to be
obtained. It must be kept in mind that the higher the applied potential at an ECD in
LC, the higher the background current and baseline noise. Thus, investigated
molecules should preferably be electroactive in the potential range comprised
between —0.4 and +0.9 V vs Ag/AgCl, 3 M KClI, for low limits of detection
(LOD) and limits of quantification (LOQ) to be achieved. A wide electrochemical
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potential window, however, in addition to a very low background current, high
resistance to deactivation via fouling, extreme electrochemical stability, and rela-
tive insensitivity to dissolved oxygen can be achieved using boron-doped diamond
electrodes (BDDEs) under hydrodynamic conditions [30-34].

Yet, in order to precisely define the operational applied potential for electrochem-
ical detection in LC, a hydrodynamic voltammogram needs to be recorded using the
LC setup. Since the applied potential is constant, and the capacity current is low, the
concentration of the injected analyte can be much lower compared to cyclic
voltammetry (CV) and micromolar concentrations are accessible. A general rule of
thumb for ECD in hydrodynamic experiments is the lower the analyte concentration,
the less is the working electrode fouling, and the less electrode cleaning (renewing) is
needed. The optimum applied potential is obtained by measuring the current at
different potentials, under the final selected hydrodynamic experimental conditions,
and tracing the resulting s-shaped (wave-shaped) curve (Fig. 7.1). The applied
potential (E,,p) is selected at the plateau of the curve corresponding to the
diffusion-limiting current. At this potential, the signal is the highest and has slight
electrode potential fluctuations, e.g., because of reference electrode stability prob-
lems will have negligible perturbation on the repeatability of the signal.

Implementation of an amperometric analytical strategy can be illustrated by
studying D-cycloserine. D-cycloserine is a broad spectrum antibiotic used as a
second line to treat tuberculosis. In complex media such as serum or in drug
formulations, the drug compound must be analyzed by LC in order to achieve
selectivity toward matrix components or impurities and degradation products such
as cycloserine dimers (Fig. 7.2). p-cycloserine and its degradation products absorb
UV light at 219 nm in phosphate buffer pH 2.8 and have been successfully analyzed
in capsules by LC-UV [35]. The molecule, however, exhibits relatively low absorp-
tivity for allowing sensitive assays to be performed in biological samples.

The voltamperogram of p-cycloserine at a carbon paste electrode (CPE) shows
that the compound is oxidized with a peak potential close to 0.85 V (Fig. 7.3). The
dimers are oxidized at potentials higher than 1 V (dimers I and II) or are not
electroactive (dimer III). These data allow us to select two analytical options:
(1) determination of only p-cycloserine by applying a potential lower than 1 V
(approximately 150 mV more positive than p-cycloserine peak potential) and
(2) determination of cycloserine and dimers I and II by applying a potential of +1.3 V.

l

I (A)

Eapp
E (V)

Fig. 7.1 Schematic s-type (wave-shaped) hydrodynamic voltammogram profile
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Fig. 7.2 Structure of p-cycloserine, some of its dimers, and p-serine
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Fig.7.3 Voltamperogram of b-cycloserine (dotted lines) and corresponding dimers (all molecules
at 1 mM). Carbon paste electrode, phosphate buffer pH 6, scan rate 20 mV 5! [unpublished data]

The use of a carbon paste-based EC detector in LC allows the selective detection
assay of p-cycloserine in complex samples with a detection limit of 10 ng mL™".
This compares favorably with LC-UV (1 =220 nm) used under the same LC setup
and same experimental conditions but with a detection limit of 500 ng mL ™' [data
not published].

The are several basic rules to follow when using an amperometric detector in
LC, namely selection of an electrolyte electrochemically inert in a large range of
potentials, preferential use of an isocratic elution, highly stable hydrodynamic
conditions, mobile phase preferably deoxygenated by nitrogen, and use of highly
pure electrolytes. The mobile phase might contain traces of cations such as Fe(II),
Fe(III), Ni(II), and Cr(IIT) which are electroactive and produce noisy backgrounds.
A complexing agent such as EDTA (ethylenediaminetetraacetic acid) can be
advantageously added in the flowing carrier provided that the applied potential is
not too positive since EDTA is electroactive with an oxidation pattern being pH
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dependent; oxidation starts approx. at 0.6 V at pH 6 and at 0.9 V at pH 2 at a CPE
[36]. Organic modifiers used in LC such as acetonitrile, methanol, and tetrahydro-
furan are compatible with carbon-based electrodes such as the glassy carbon
electrode (GCE) and the BDDE but are reactive at Pt and Au electrodes at positive
potentials. The CPE contains a certain proportion of paraffin (liquid or preferably
solid) and is compatible with a low amount (below 20 %, v:v) of a water-miscible
organic solvent in the mobile phase [37, 38].

Similarly to an UV optical detector which exhibits wavelength exploration
limits, the applied potential in amperometric detection is restricted to values
where the mobile phase is not electroactive (Table 7.1). This depends on the nature
of the working electrode and of the composition of the mobile phase. Most LC and
FIA assays of pharmacologically active compounds are performed in aqueous-
based solvents and positive potentials up to +1.2 V (vs Ag/AgCl) can be applied
at the GCE and CPE and beyond +1.2 V at BDD electrodes [33]. In the negative
potential range, provided dissolved oxygen has been removed in the mobile phase,
potentials as low as —1.0 V can be achieved at carbon-based electrodes. The latter
are usually preferred in electroanalysis of drug compounds [39], but for some
applications such as for the detection of molecule containing glycans in their
structure, gold or platinum electrodes are better suited provided an electrochemical
surface cleaning (pulsed waveform) is repeatedly and automatically applied. Both
the USP and European Pharmacopeia apply LC with (PAD) at a gold working
electrode for the test of composition and related substances for antimicrobial
compounds such as gentamicin, framycetin, amikacin, kanamycin, and tobramycin.
A silver-based amperometric working electrode is the material of choice for
halides, cyanide, thiocyanate, sulfide [40—42], and thiol-based compounds such as
captopril, acetylcysteine, or aminothiols such as cysteine, glutathione, homocyste-
ine, etc., with quantification limits in the submicromolar concentration range [6, 43,
44]. LC with carbon-based detectors such as those based on BDD, thanks to the
high positive potentials applied, have been successful for the quantification of both
oxidized and reduced forms of aminothiols [45]. Yet a silver-based amperometric
detector with an applied potential as low as 0.08 V vs Ag/AgCl reacts selectively
toward aminothiols and offers less complex chromatograms as those obtained with
carbon-based detectors [44, 45]. The amperometric signal at the silver-based
electrode corresponds to the reactivity of the analyte (halide, thiol ...) with silver

Table 7.1 Parallelism between voltammetry and molecular spectrophotometry

Spectrophotometry

Method Voltammetry (UV-vis)
Signal generating unit of the molecule Electrophore Chromophore
Measured function Voltammogram Spectrum (Abs/1)

{/E)
Experimentally controlled quantity Applied potential Applied wavelength (1)

()
Depending quantity Current (/) Absorption (Abs)
Quantity limiting the measurement Potential cutoff Wavelength cutoff
range
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Fig. 7.4 Schematic illustration of the reaction of a small thiol-based species (RSH) at a silver
electrode polarized at 0.08 V vs Ag/AgCl

ions at the electrode—solution interface which drives the electroxidative regenera-
tion (i.e., the amperometric signal) of silver ions [45]. Chloride ions react with
silver ions (Ag") with formation of a silver chloride deposit (AgCl) which is readily
removed by the flowing mobile phase allowing for subsequent injections to be
performed. Aminothiols react with both silver (Ag®) and silver ions: the former
gives rise to an aminothiol self-assembled monolayer at the electrode (AgSRganm)
while the latter gives a silver aminothiolate deposit (AgSR,4s) which is slowly
removed under the LC flow (Fig. 7.4).

There is an extensive literature devoted to the development of modified elec-
trodes and their application in hydrodynamic systems [9, 46—49], but no or few
modified electrodes are commercially available for drug compound investigation.
Limitations are essentially related to poor electrode storage and operational stabil-
ity. The future, however, may benefit from the exponential interest and commercial
availability of reliable screen-printed electrodes (SPEs). The latter can be modified
by a great variety of (bio)catalyst and stability is not a critical factor since they are
disposable. They are mass produced in a reproducible manner (RSD of geometric
area below 5 %); there is no need for manual surface smoothing or renewing and no
memory effects are encountered. All these criteria are of prime importance in
routine analytical laboratories in the pharmaceutical industry. The suitability of a
carbon-based SPE as amperometric detector for FIA [50] and LC [51] was illus-
trated for the assay of paracetamol in drug formulations.

7.3 Basic Theoretical Aspects [1, 52]

7.3.1 LC-Amperometric Detection (LC-AD)

Considering linear diffusion and a planar electrode surface, the limiting current for
an electroactive species in a flowing system is given by the equation.
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nFADC
Lim = 5 (7.2)

where D is the diffusion coefficient (cmz/s), n is the number of electrons involved in
the reaction, F is the Faraday constant, ¢ is the concentration (mM), and A is the
electrode surface (cm?): the latter is changing in a quiescent solution, but it is
almost stable under hydrodynamic conditions, i.e., when the diffusion of the analyte
is controlled only by a change in the concentration of the analyte at the electrode—
solution interface.

With respect to the inner geometry of cell, the limiting current is described for
different cell designs, namely:

Thin-layer cell Iy, = 1.47nFC (DA/b)* £/ | (7.3)

Wall-jet cell Iy = 0.89nFCD>3y~5/124=1/243/8 f3/4 (7.4)

where f is the mean volume flow rate (cm3/s), a the inlet diameter (cm), b the
channel height, i.e., controlled by the gasket thickness (mm), A the electrode area,
D the diffusion coefficient (cm?/s), and v the kinematic viscosity (cm?/s).

Different models of EC cells are available for a flowing stream. The design of an
electrochemical cell has to consider the requirements of low dead volume, high
signal, low noise, and ease of construction and maintenance. Counter and reference
electrodes have to be located as close as possible and preferably at the downstream
side. Three major kinds of cell geometry are generally used: thin-layer, wall-jet, and
“coulometric” cells.

7.3.2 Wall-Jet

The analyte jets perpendicularly to the working electrode surface and then flows
radially over the surface (Fig. 7.5). The arrival of the analyte is governed by the
radial laminar velocity profile. Approximately 30 % of the analyte can participate in

Wall jet Thin layer

Inlet Inlet Outlet

Outlet «—— [ s— —— Outlet | [——y 1

Fig. 7.5 Common detector configurations: wall-jet and thin-layer flow cells. WE working
electrode
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the response. The electrode surface has to be tenfold larger or more than the jet
diameter. There is no major effect of the cell size except that it has to be big enough.
The presence of an air bubble has no critical effect on the signal and this detector is
less affected by surface adsorption compared to thin-layer cells due to the cleaning
effect of the rapid incoming liquid jet.

7.3.3 Thin-layer

The solution flows parallel to the working electrode surface planar (Fig. 7.5). The
detector body is formed from two solid blocks separated by a thin gasket; one of
them contains the working electrode. To improve sensitivity, it is recommended to
maximize electrode area and minimize cell volume (100 nL or less) by using the
thinnest possible gasket and to use a high laminar flow rate. The percentage of the
analyte which participates in the response is function of the flow velocity; it is
generally lower than 20 % for mobile phase flow rates comprised between 0.7 and

1 mL min—".

7.3.4 “Coulometric”

This configuration allows the laminar diffusion of the mobile phase through a
porous graphitic working electrode structure. The electrode design permits to
achieve electrolysis efficiency close to 100 % and the detector is often called
“coulometric.” The limiting current is expressed as in (7.1) with ¢, being zero, i.e.,

Ilim = k}’lFUCin. (75)

This detector is much more susceptible to fouling and there is usually no improve-
ment in signal-to-noise ratio compared to the amperometric detectors described
above. Of particular interest is that a porous guard electrode can be located online
upfront and polarized at a lower potential compared to the ECD. This dual serial
configuration allows, e.g., the oxidative removal of interfering species. The “coulo-
metric” detector concept is very well suited when coupled online with a mass
spectrometer for electrochemical products’ identification (see below) [21, 27].

7.4 LC-Pulsed Amperometric Detection (LC-PAD) [53, 54]

PAD is an amperometric technique used essentially in an electrochemical detector
operating under hydrodynamic conditions. It is based on the application of an
automatic repetitive potential sequence on the working electrode for detection
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Fig. 7.6 Typical PAD wave form, relaxing time (a), measuring time (b), electrochemical cleaning
time (c), and reconditioning time (d)

and surface cleaning. The potential sequence is called waveform. One of the
applied potentials has to be capable of oxidizing the analyte to give the signal.
After oxidation, an electrochemical cleaning step is applied in order to remove the
formed layer on the surface (adsorbed analyte) and renew the electrode surface to
its intial “naked” stage. The waveform consisted of three essential steps: measuring,
cleaning, and relaxing (Fig. 7.6). The duration of one waveform is usually less than
two seconds. PAD at Pt- or Au-based ECD is appropriate for the determination of
amines, thiols, alcohols, and carbohydrates.

7.5 Hyphenated Techniques for LC and FIA

The possibility of simulating the oxidative metabolism of a drug compound is only
one major reason for the renewed increasing attraction for the online coupling
between electrochemistry and electrospray mass spectrometry (EC/MS) at both the
industry and academia levels. Although this combination has been known from a
few publications for a long time, it is now reaching an interesting investigation
phase thanks to the continuous and important improvements in mass spectrometry
coupled to liquid flow systems. Some very attractive new applications for EC/MS,
in combination with (LC) and (FIA), have recently been reviewed [20-23, 55-57].

EC/MS with LC is useful for two different situations. On the one hand, the
investigation of the electrochemical conversion of any single substance out of a
complex mixture requires a separation. The favored procedure consists first of a
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Fig. 7.7 Schematic setup of LC-EC/MS (route a) and EC/LC/MS (route b), including an optional
UV/Vis detector prior to the mass spectrometer (adapted from [57])

reversed-phase LC separation of the individual constituents followed by electro-
chemical online post-column treatment and mass spectrometric detection (Fig. 7.7,
route a). In this way, only the reaction products of one single compound are
detected at one time. On the other hand, the separation of the oxidation products
may provide useful information, for example, on the polarity of the individual
products. In this case, a pure starting material is first oxidized electrochemically,
and the products are analyzed by LC-MS (Fig. 7.7, route b). The integration of an
additional UV/Vis detector prior to the mass spectrometer is possible in both cases.
An interesting aspect is that LC-EC/MS detection is unrestrictedly compatible with
gradient elution in LC, thus allowing for good LC separations to be obtained.

Porous graphite-based cells and flow through thin-layer cells with a large
working area/cell volume ratio are suitable online in LC and FIA setups coupled
with mass spectrometric detection of electrochemically generated products. The
latter are formed by electrons’ removal (in the case of an oxidation) from the
investigated analyte (i.e., a faradaic process) at the working electrode—solution
interface giving rise to, e.g., sulfoxidation, N-dealkylation, and/or aromatic ring
hydroxylation [58, 59]. Production of hydrogen peroxide at the counter electrode
can also generate interesting and metabolic relevant oxygenated species as recently
demonstrated for lidocaine [60]. Instead of online flow system, an off-line EC-MS
application can also be performed as illustrated by the voltammetric investigation
of paracetamol at a carbon-based screen-printed electrode. The electrolysis of
paracetamol in the absence or presence of glutathione in a few microliters of sample
(50 pL) deposited on the SPE with subsequent injection into the LC-MS setup
permitted to identify paracetamol phase I and phase II metabolites [61].

The coupling of an electrochemical cell with a nuclear magnetic resonance
(NMR)-flow cell has also been recently reviewed [62] and can be regarded as an
additional useful approach for the identification of electrochemically generated
products as illustrated for paracetamol [63].

Tables 7.2 and 7.3 show the LC-EC and FIA-EC with their hyphenated EC-MS
detection systems used in the methods, respectively.
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7.6 Conclusion

Electrochemistry applied in the form of a detector combined with an analytical
setup based on a flowing liquid such as in LC and FIA is facing continuous
technological progress and appears to be complementary to optical detectors with
respect to drug compounds’ quantification. Electrochemistry provides unique
mechanistic information when used as an electrolysis cells coupled online with
mass spectrometry in terms of possibility to generate drug metabolites and to mimic
the drug metabolism phase I and II patterns. Progress is expected in the use of
specifically designed ECDs for microfluidic chip-based systems and for nano-LC
applications.
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8.1 Method Validation in Drug Assay Using
Electroanalytical Techniques

Analytical chemistry, specifically electroanalytical chemistry, plays an important
role in many branches of chemistry, biochemistry, pharmacy, food productions, life
science, environment, etc. Many decisions are based on the results of quantitative
analyses, and it is important to be aware of the quality of the results whenever
analytical or electroanalytical methods are used. Analytical properties are quality
indicators for a variety of systems, objects, tools, and outputs involved in chemical
or biochemical measurements that allow one to compare and validate both analyt-
ical processes and the results that they provide. The objective of any analytical
measurements is to obtain consistent, reliable, and accurate data. Validated analyt-
ical methods play a major role in achieving this goal. Analytical method validation
is a major issue in the pharmaceutical industry for controlling drug quality, devel-
opment, and registration. Simply, it is used to justify the analytical method used, in
other words, to show that the method accomplishes what is claimed or intended.
Validation is required for the development of new analytical methods, methods
submitted as a part of a new drug application, bioequivalence and bioavailability
studies, and for the analysis of drugs as raw material or in their dosage forms.
Likewise, all laboratory tests must be validated before being introduced for patient
testing to insure that the values reported will meet clinical expectations with a
desired degree of reliability. Revalidation should be required, to a less or greater
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degree, following any change in reagents, supporting electrolytes, instruments, or
experimental conditions. Evaluation and validation of an electroanalytical method
performance is required to assess the degree of error expected due to inaccuracy and
imprecision and to confirm that the degree of error meets the anticipated laboratory
or clinical requirements. The procedures recommended for method validation differ
with the type of test and the anticipated use. Experiments must be designed so that
the correct data are obtained. The appropriate statistical methodologies should be
used to correctly estimate errors with sufficient precision and to make the right
decision about method’s validity.

Electroanalytical method validation process can be performed basically in three
steps as follows:

1. Identification of appropriate and necessary validation parameters
2. Design of experiments for parameter evaluation
3. Determination of acceptance criteria

Method validation was introduced as regulatory requirements in the USA in
1978 (for Federal Register), and it has become a part of registration applications for
drug dosage forms in the other countries. The US Food and Drug Administration
(FDA) issued a document entitled “Guideline for Submitting Samples and Analyt-
ical Data for Methods Validation” [1-4] dated on February 1987. This updated and
accepted document reflects changes introduced by the International Conference on
Harmonization (ICH) of Technical Requirements for the Registration of Drugs for
Human Use guidelines, in Technology and current policy [5, 6]. The 3rd ICH has
been published as a text for the use of applicants to bring a solution of some
complications [7]. Additionally, some other useful protocols for method validation
in the literature have derived, amongst others, from the Current Good Manufactur-
ing Practice (¢cGMP), Food and Drug Administration (FDA), National Drug Admin-
istration (NDA), United States Pharmacopoeia (USP) Convention, and the
American Public Health Association.

Method validation is an essential component of the measurements that a labo-
ratory should implement to permit it to produce reliable analytical data. It should
not be regarded as a singular activity, but should always be understood with respect
to the life cycle of the analytical procedure. The ICH guidelines and USP require-
ments should be regarded as the basic background to analytical validation, not as a
checklist. Validation process of the proposed method is an essential but time-
consuming activity for most laboratories. It is therefore important to understand
the requirements of method validation in more detail and the options that are
available to allow for optimum utilization of analytical resources in the laborato-
ries. Analytical validation includes the identification of the performance parameters
relevant for the given procedure, the definition of appropriate acceptance criteria,
and the appropriate design of the validation studies. In order to achieve this, the
analyst must be aware of the fundamental meaning of these performance and
validation parameters, as well as calculations, tests, and their relationship to the
specific application.
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An analytical method is a set of procedures involved in the collection,
processing, storage, and analysis of a drug active compound and its dosage form
medium. The availability of selective and sensitive analytical methods is a prereq-
uisite for the generation of reliable data on the assay of pharmaceutical active
compounds, bioavailability, and bioequivalence studies of drugs.

In the broad field of analytical techniques, electrochemical methods offer inter-
esting alternatives with respect to sensitivity and selectivity criteria and limited
sample treatment requirements for the analysis of drug compounds in their dosage
forms and in biological samples such as plasma, urine, serum, and cerebrospinal
fluid. These methods must, however, be validated with respect to their reliability for
the intended use. The obtained results can be used to judge the quality, applicabil-
ity, accuracy, and consistency of the method; it is an integral part of any analytical
procedure.

8.2 Types of Method Validation

Electroanalytical methods need to be validated or revalidated according to the
analyst or experimental requirements and in the following instances:

— Before initial use in routine testing of the developed method

— When transferring the developed method to another laboratory

— Whenever the method parameters or conditions for which the method has been
validated change (such as an instrument with different characteristics or samples
with a different matrix) and the changes are out of the first scope of the method.

The performance characteristics of an electroanalytical method should be based
on the intended use of the method. It is not always necessary to check for all the
analytical parameters that are available for a specific technique or required valida-
tion group. In this way, the experiments can be limited to what is really necessary
[1-20]. Hence, types of method validation can be divided as three main groups:

1. Full validation
2. Partial validation
3. Cross validation

Full Validation This is necessary:

— When a new drug compound is analyzed.

— When the electroanalytical method is developed and implemented for the
first time.

— When impurities or metabolites are added to an existing assay for quantification.

Partial Validation It can be performed if validated electroanalytical methods
have been modified. It can be ranged from the within day precision and accuracy
to a nearly full validation. Partial validation is required when:
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— Instrument and/or software changes

— A method is transferred between laboratories and analysts
— Changes in species occur within the same matrix

— Changes in matrix occur within the same species

— Changes occur in the electroanalytical methodology

— Changes occur in sample preparing procedures

Cross Validation It is necessary when two or more electroanalytical or analytical
methods are used to generate data within the same study. Using cross validation,
two electroanalytical methods or one electroanalytical plus another independent
analytical method results (preferably a reference method if available) for the same
analyte and in the same matrix media can be compared. A cross validation should
be considered:

— When sample analyses within a single study are conducted in more than one
laboratory.

— When data obtained using different analytical or electroanalytical techniques in
different studies are included in a regulatory submission.

The steps of electroanalytical method development and validation depend upon
the type of method being developed. However, the following steps are commonly
used:

— Method development plan

— Background information such as literature data and investigated compounds
specifications

— Method development procedures

— Method validation steps

— Experimental test procedures for method validation

— Statistical analysis of obtained results

— Validation reports

Electroanalytical method validation criteria should be defined early in the
process according to the following subjects [1-20]:

— The analyte

— The expected concentration level

— The matrix of the sample

— The required determination information

— Possible interferences (selectivity)

— Necessary and/or possible detection and determination limits
— The required concentration range

— The expected accuracy and precision

— The robustness and/or ruggedness of the proposed method, etc.

A well-developed electroanalytical method should be readily validated. As the
method development and validation processes advance, the information gathered is
captured in the design and used for subsequent improvement of the methods.
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Fig. 8.1 Life cycle of an

electroanalytical method Method
Development

The electroanalytical method validation activity is not a one-time study. It has a
life cycle procedure (Fig. 8.1).

Any chemicals used in electroanalytical methods (e.g., reagent, supporting
electrolyte, standards, raw material) should be accurately identified, sufficiently
stable, available in sufficient quantities, and as pure as possible. Any other materials
and consumables such as working electrodes should be new or in good working
order and be qualified to meet the electroanalytical performance criteria. After one
set of experimental conditions can be ensured, the consumables may be used for
most experiments.

During the method validation procedure, the detailed description of the electro-
analytical method, the validation experiments, the parameters, acceptance criteria
and limits, the validation results, and quality control checks should be written and
defined in a form of a report by the laboratory responsible for drug analysis. During
the optimization of validation parameters, the experiments should be defined with a
minimum number of control analyses. Experiments must be designed so that the
correct data are obtained. The appropriate statistical methodologies must be used to
estimate errors with sufficient precision. After the development and validation of
the electroanalytical method on drug analysis, the report should contain the follow-
ing items:

. The objective and scope of the method

. The applicability and type of the method

. Methodology and experiments

. The compound and matrix details

. The preparation of the working solutions, chemicals and reagents, etc.

. Quality control procedures of chemicals and standard solutions

. The performance requirements of the equipments and experiments such as
applied potential, scan rate, working electrode, ionic strength, pH, and
temperature

8. Critical and limiting parameters

~N NN W
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9. Experimental conditions such as buffer, supporting electrolyte, pharmaceutical

dosage form content, sample preparation, extraction, and evaporation

10. The calculation of the statistical parameters

11. Necessary experimental curves, voltammograms, and plots such as calibration
curves, peak current—pH plot, peak potential-pH plot, and current—scan rate
plots

12. The acceptance limits

13. Revalidation criteria

14. Conclusion and summary of the obtained results for the proposed method

With respect to method suitability, the performance characteristics should be
checked by the detection limit, linearity and range, approximate precision, and
accuracy. If this preliminary validation data is not appropriate, the used electroan-
alytical technique itself, the equipment, or acceptance limits can be changed.

Validation is a formal and systematic proof of the suitability of the analytical
procedure for its intended purpose. Analytical validation also necessitates docu-
mentation prepared and approved for records keeping. The required validation
parameters, also called “analytical performance characteristics,” depend on the
type of analytical method. This is based on electroanalytical techniques performed
according to the validation protocols that comply with the ICH or other official
pharmacopoeia guidelines on method validation on drug analysis. The validation of
the overall system includes not only all the qualification and calibration activities
but also extends to the software and its usage. That’s why validation should be
applied using preferably computerized controlled systems.

The validation processes should be required and realized according to the ICH
and/or pharmacopoeia requirements. The desired quality level of the electroanalyt-
ical techniques should be stated at the beginning steps in order to be able to select
the degree of validation requirements. While planning to test procedures, one has to
take into account the statistical tests that are to be applied.

Typical analytical performance characteristics that should be considered in the
validation of the types of procedures in this chapter are as follows:

1. Selectivity/Specificity

(a) For raw material
(b) For the investigated samples

2. Trueness
3. Precision

(a) Repeatability
(b) Intermediate precision
(c) Reproducibility

. Accuracy

. Linearity

. Range

. Limit of Detection (LOD)

N O\ A
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8. Limit of Quantitation (LOQ)
9. Robustness,

10. Stability

11. Applicability

Methods can be classified in different ways. However, in the present instance an
important distinction should always be made between qualitative and quantitative
techniques.

For qualitative methods on drug testing, the following validation parameters are
required:

(a) Specificity/Selectivity
(b) LOD

(c) Precision

(d) Stability

For quantitative methods on drug analysis tests, the following set of validation
parameters are required:

(a) Specificity/Selectivity
(b) Linearity and range
(c) LOD and LOQ

(d) Precision

(e) Accuracy

(f) Applicability

Additional parameters to be determined which are desirable include robustness
and stability.

All analytical procedures are of equal importance from a validation perspective.
In general, validated analytical procedures should be used, irrespective of whether
they are for in-process, release, acceptance, or stability testing. Analytical methods
used for the assay of a drug substance as a raw material or in its dosage form for
stability studies should be stability indicating. Validation results should refer to an
analytical system rather than an analytical method. The analytical system comprises
a defined method protocol, a defined linearity and range, and other related param-
eters for the analyte and validation processes. During the past 20 years, it is quite
often observed and accepted that validation represents different aspects of method
performance in reference to separate items for different analytical techniques, and
these guidelines reflect the above mentioned pattern to a considerable extent.
Validation parameters are the formal and systematic proofs that an electroanalytical
method complies with the requirements for testing a product when observing a
defined procedure. However, these parameters considered necessary for the method
validation of different types of analytical processes have some small differences [1—
20]. Generally, validation is the process of collecting documented evidence that the
method performs according to its intended purpose. Each validation parameters and
each data may need to be addressed in a different manner, depending on the
intended application of the method. The desired quality level of an electroanalytical
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method should be stated at the beginning steps in order to be able to select the
degree of validation needed. Validation is a continuous process, and it should
comprise at least five important steps for an electroanalytical method which are
described below:

. Planning of the electroanalytical tests

. Performing the electroanalytical tests

. Statistical evaluation of the results

. Report of the validation parameters

. Application of all information gained during full validation processes and their
explanations

DA W=

While planning the test procedures, one has to take into account the statistical
tests that are to be applied. For these statistical calculations, some computer pro-
grams can be very useful such as Microsoft Excel®, SPSS®, Statview®, and Sigma
Plot”.

8.3 Electroanalytical Method Validation Characteristics
and Their Calculations

Validation parameters are determined based on the final aim of the analytical
procedure. The method validation process becomes much easier to understand if
the focus is directed towards the sources of potential analytical errors and how these
errors can be investigated. The important point is “What type of experiments or
experimental designs will be the best to provide precise and unbiased estimations of
the analytical errors?” For experimental design “Which statistical method should be
used to describe the extent of the error observed?” The acceptance limits of the
proposed methods should be notified without affecting interpretation.

8.3.1 Validation Characteristics

The required laboratory tests and definitions for method validation have been
described by different working groups of national and international committees
and are largely reported in the literature.

Validation requirements depend upon the aim and type of electroanalytical
method and working sample. Typical electroanalytical performance characteristics
that should be considered in the validation procedure are described and discussed in
this chapter. These parameters are summarized in Table 8.1.
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Table 8.1 Parameters for electroanalytical method validation with reference to ICH guidelines,
USP, and ISO 17025

Comments
ISO

Parameters ICH guidelines [1, 2] | USP 23 [15] 17025
Accuracy v N \
Precision N \ -
— Repeatability \ - \/
— Intermediate precision (within-day v - -
precision) v (defined as \/
— Reproducibility (between-day ruggedness)
precision)
Specificity (Selectivity) v N \
Linearity \ \ \/
Range v N -
LOD V v V
LOQ v v v
Robustness v N -
Ruggedness (defined as \

reproducibility)
Stability Recommended Recommended -

8.3.1.1 Specificity (Selectivity)

Specificity or selectivity is defined as the ability to assess unequivocally an analyte
in the presence of components that may be expected to be present in the analyzed
sample. Actually, the term “specific” generally refers to a method that produces a
response for a single analyte only, while the term selective refers to a method that
provides a response for a number of chemical entities that may or may not be
distinguished from each other [21]. Specificity and selectivity can often be used
interchangeably. However, the concept of selectivity is something that can be
graded while specificity is an absolute characteristic of an analytical procedure
[15-19]. According to this description, it can be said that specificity/selectivity
results are proved to the power of differentiation between the analytes and closely
related substances such as matrix components, impurities, degradants, and isomers.
It can be said that it is a measure of the ability of the method to identity/quantify the
analytes in the presence of other substances, either endogenous or exogenous, in a
sample matrix under the stated conditions of a proposed electroanalytical method.
The degree of discrimination between the working compound and other substances
present in or extracted from the matrix must be carefully considered. It is necessary
to be sure that the identity of the analyte is unequivocal. Actually, attention needs to
be paid to the cleanup, extraction, precipitation, or evaporation procedures used and
the discrimination power of the selectivity/specificity of the proposed method. If the
obtained response is distinguished from all other responses, the method can be
called as fully selective [1-7, 16-39].
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In practice, a test mixture is prepared which contains the investigated compound
and all potentially interferent of the sample. Effects of the interferences and chances
of false identifications can be examined for blank samples and those spiked with
proper amounts of studied compound which may interfere with the identification
and/or determination of the analyte. The obtained results can also be compared with
the response of the pure analyte. In the pharmaceutical industry, the text mixtures of
components can come from synthesis intermediates, excipients, and degradation
products. Hence, an electroanalytical method can be described based on its ability
to measure accurately and specifically the investigated analyte in the presence of
components that may be expected to be present in the sample matrix. For describing
and showing the specificity of a proposed electroanalytical method, the analyte, the
supporting electrolyte, the matrix with and/or without analyte, the impurities of the
studied compound, the degradation products, and metabolites should all be ana-
lyzed. Interestingly, ingredients and excipients often encountered in dosage forms
generally do not interfere in electroanalytical methods.

For identity test, compounds of closely related structures such as metabolites or
degradation compounds which are likely to be present should be discriminated from
each other. This process could be confirmed by obtaining positive results from
samples containing the analyte, coupled with negative results from samples which
do not contain the analyte and also by comparison with the pure analyte results. As a
general rule, selectivity (or specificity) should be sufficiently good for any inter-
ference to be ignored [16-39].

The specificity (or selectivity) for an assay method can be approached from two
ways depending on the availability of impurities:

(a) If impurities are available: Using this way, the specificity of an assay method
is determined by comparing test results from an analysis of sample containing
the impurities, degradation products, excipients, or ingredients with those
obtained from an analysis of samples without impurities, degradation prod-
ucts, excipients, or ingredients. Especially for a stability-indicating method,
degradation peaks need to be resolved from the response of the working drug
compound. However, the impurity responses do not need to be resolved from
each other. The selectivity studies can also be realized by comparing the
results obtained from freshly prepared samples with and without impurity,
excipients, and degradation compounds in the presence of the studied drug
using adequate statistical methodologies.

(b) If impurities are not available: Specificity may be demonstrated by the com-
parison of the obtained test results of sample containing impurities or degra-
dation products with an other well-characterized and validated analytical
procedure. This should include samples stored under the same conditions
and applied to the same samples. The sample matrix may contain some
unknown compounds which interfere at the selected applied potential. These
interfering compounds can affect the peak potential and peak current magni-
tude. If the matrix composition is unknown, the systematic matrix effect
studies can be tested using the standard addition method. For this, two sample
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sets are prepared containing the same amount of analyte with one set without
the matrix, degradants, or impurities and the other set comprising the matrix,
degradants, or impurities. After standard addition, the results should be plotted
as a function of analyte concentration versus obtained peak response. The
obtained slopes are compared for the identification of the matrix composition
effect. If the slopes of the two sets are found similar or close to each other, it
means that the matrix does not have effect on the results [22—40].

In particular, the specificity tests are necessary for analytical procedures if used
for assessing stability. The forced (stress) degradation studies can be realized for
obtaining the stability parameters. For the forced degradation studies, the electro-
analytical methods can be realized after stress conditions such as acid, base, heat,
oxidation, and UV light treatment, in order to find possible degradation products
and their interferences. Forced degradation or stress testing is undertaken to dem-
onstrate specificity when developing stability-indicating methods, particularly
when little information is available about potential degradation products.
Stability-indicating studies also provide some information about the degradation
pathways and degradation products that could form during storage. In particular,
the issue of how much stress is adequate in stress testing is not addressed specif-
ically. Overstressing a molecule can lead to degradation profiles that are not
representative of real storage conditions and perhaps not relevant to method
development. Therefore, stress-testing conditions should be realistic and not exces-
sive. The ICH guideline Q1A suggests some conditions for realizing forced degra-
dation studies [41].

A stability-indicating method is defined as validated analytical procedure that
accurately and precisely measures the drug active compounds free from potential
interferences like degradation products, process impurities, inactive ingredients,
and other potential impurities. The possible degradation product of the drug active
compounds can be produced by certain stress conditions like hydrolytic (acidic,
neutral, basic), oxidative, photolytic, thermal, etc. During validation, the samples
are exposed to the forced degradation processes to produce approximately 10-30 %
degradation products of the active compound. The nature of the forced degradation
testing will depend on the individual drug substance and the type of drug product
involved (Table 8.2).

1. Hydrolytic Degradation: This kind of stress tests can be studied by refluxing the
compound in 0.1 M HCI and/or 0.1 M NaOH and/or phosphate buffer at pH 7.0,
separately for about 6 or 8 h. If some degradation product can be obtained, the
experiments can be stopped at this level. However, in case no degradation can be
obtained under the selected conditions, hydrolytic conditions such as different
concentrations (e.g., 0.1 or 1 M HCI or NaOH) and the longer duration period
can be used.

2. Oxidative Degradation: For the oxidative stress studies, H,O, can be used as
between 3 % and 30 % concentration range. This study can also be realized
under atmospheric O,.
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Table 8.2 Example conditions of the stress degradation studies

Stress-degradation study Conditions

Acid hydrolysis 0.1 M HCl1

Base hydrolysis 0.1 M NaOH

Neutral hydrolysis Phosphate buffer at pH 7.0

Oxidative conditions Between 3 % and 30 % H,0O, or Atmospheric O,
Photolytic degradation UV, Fluorescent, or white lamb

Temperature Under selected temperatures such as 75 °C
Humidity Under > 75 % humidity

3. Photolytic Degradation: These studies should be realized by exposure to light
using UV, fluorescent, and/or white lamp or their combination. For this type of
degradation studies, Xenon and metal halide lamps can also be used.

4. Temperatures: For the temperature degradation studies, the temperature should
increment as 10 °C above the accelerated temperatures such as from 65 °C to
75 °C.

5. Humidity: Tt can be applied at or greater than 75 % humidity values where
appropriate.

Each result which is obtained from stress conditions tests should be compared
with the blank solutions stored under normal conditions. Stress-degradation studies
can be time consuming and difficult because it is often difficult to generate the
proper level of degradation. However, these validation parameters give the infor-
mation about the selectivity of the proposed method. Actually, forced degradation
studies are mostly recommended for new drug active compounds by ICH.

8.3.1.2 Trueness

Trueness is a concept related to systematic errors of the analytical procedures: The
closeness of agreement between the average values obtained from a large series of
test results and an accepted reference value. The measure of trueness is usually
expressed in terms of bias. Trueness has been referred to as ‘accuracy of the mean.’
This usage is not recommended [21, 42]. Trueness expresses the distance from the
average value of a series of measurements (X;) and a reference value pr. This
concept is measured by a bias, relative bias, or recovery:

Bias = Xx; — py

Relative Bias (%) = 100 x <X'_ﬂT>
Hr

Recovery (%) = 100 x (x,) =100 — Relative Bias (%)
Hr

Some possible error sources causing biased measurements are:
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— Sample impurities: Because of the contamination or low degree of purity or due
to the presence of degradation products.

— Sample preparation steps: Inefficient extraction procedures from matrix of the
sample, unsuitable or impure solvents, reagents or material, incomplete removal
of ingredients, or endogenous substances.

— Inadequate calibration equation.

— Error in drug active compound analysis step: Due to the unstable measurement
or unexpected matrix effects and interferences.

The true value for trueness assessment can be obtained in different ways [1-8,
18-20, 43-48]:

1. Using appropriate certified reference material

2. Using the results from an established reference method (such as pharmacopoeia
or published literature method)

3. Spiking a blank matrix with known concentrations of compound

4. Standard addition of the compound to the studied matrix media

1. Appropriate Certified Reference Material

The use of a certified reference material is most appropriate. However, for newly
synthesized compounds in commercial development, reference standards are usu-
ally unavailable. The important point is the necessity to know the purity of used
reference material which should be as high as possible. The purification and
characterization of the selected reference compound should be defined in detail
by the different techniques such as mass spectrometry, spectrophotometry, IR,
NMR, and DSC.

2. Using an Established Reference Method
The comparison of the obtained results from the electroanalytical method with the
results obtained by an established validated or pharmacopoeia reference method
can be used to assess trueness. Hence, trueness of the proposed electroanalytical
method can be compared by the independent and validated reference method. The
selected reference method should be known to be accurate, precise, well defined,
and correct for the sample matrix of interest. Ideally, if there is a pharmacopoeia
method available, it should be used as a reference method for comparison. If not,
the reference method can be selected in the already published scientific literature or
obtained from the pharmaceutical industry. The selected reference method should
be applied to the determination of the studied compound in its dosage form or in a
biological sample [18-20, 46-53].

Statistical theory allows to set limits around an experimentally determined mean
X within which the population mean y lies with a given degree of probability. These
set limits are called confidence limits, and they define the confidence interval.

The limits of the confidence interval can be estimated with the sample standard
deviation s and the important statistical parameter ¢ (from Student’s 7-distribution;
t as function of probability (P) and degrees of freedom (n—1), with n being the
number of subsequent measurements):
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t(P, n—1)s
N
Trueness should be reported as the mean percent recovery, bias %, with the

confidence intervals. These values should be obtained at least from number of six
experimental results.

enf(u) =x+

3. Spiking a Blank Matrix with Known Concentrations of Compound

Spiking with known concentrations of the investigated compound can be used, if
the electroanalytical method is used to measure a drug active compound in a
complex and/or unknown matrix media such as biological samples or pharmaceu-
tical dosage forms. For realizing this type of recovery studies, well-characterized,
fully analyzed, and pure known standard drug active compound is required. If
certified reference materials or control samples or the matrix composition are not
available or not known, a blank sample matrix of interest can be spiked with a
known concentration.

Using this method, pure compounds should be added to a blank matrix media
which is called as placebo, at different concentration levels. Also, the spiked
concentrations should be within the range of concern and should begin with the
concentration close to the limit of quantification (LOQ); see Sect. 8.3.1.8). At each
level, a minimum of three repeated experiments should be realized.

4. Standard Addition of the Compound to the Studied Matrix Media

This technique can be used if no matrix components or blank are available. In this
technique, a known amount of the pure analyte is added to the sample media at
different levels. The range of spiked samples amount can be between 50 % and
150 % of the nominal settings of compound level. This sample matrix already
contains a previously determined amount of the studied compound. The proposed
electroanalytical method is first applied to record the signal corresponding to
studied compound in the matrix. Then, the same method is used for analyzing the
spiked amount of the compound. The difference (or the ratio) between the spiked
amount value and the measured amount due to the spiking is a measure of the bias
(or recovery) of the analytical procedure.

Number of Experiments

The ICH guideline Q2 recommends assessing a minimum of nine determinations
using at three different concentration levels covering the specified range, e.g., each
concentration level at least three replicates. The trueness results should be reported
as bias, relative bias, or recovery together with their confidence intervals. The
concentration levels selected should hence cover the range of concern and should
include concentrations close to the required LOQ value, one in the middle of the
range and one at the high end of the working range. Hence, three different
concentration levels can be used in this type of recovery studies. When relatively
large concentration ranges are studied, more than three concentration levels are
advised. This is the case for, e.g., impurity assays, dissolution assays, or in
bioanalytical applications [18-20, 46-58].
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8.3.1.3 Precision

ICH Q2 defines the precision of an analytical method as the closeness of an
agreement between each measurements obtained from multiple sampling of the
same homogeneous sample under described conditions. Precision is a criterion that
is linked to the random errors of an analytical method. Precision can be considered
at three levels: repeatability, i, ntermediate precision, and reproducibility. Precision
studies indicate the dispersion or spread around the mean value. It is usually
measured in terms of imprecision expressed as a variance, standard deviation, or
relative standard deviation (RSD).

RSD% = 2 100
X

Precision can be affected by the measuring technique (e.g., random noise due to
reference electrode potential fluctuation, temperature change . ..), sample proper-
ties (e.g., inhomogeneities), solution impurities, and chemical effects or even by the
operator.

The short-term variability is called as repeatability. It is also known as intra-
assay precision. It includes, in addition to the system precision, the contributions
from the sample preparation, such as weighing and dilution homogenization. The
repeatability is obtained under same operating conditions using the same sample
and solutions over a short time period. It is the lowest level degree of precision.
Repeatability is an indication of how easy it is for an operator in a laboratory to
obtain the same results for the same sample of material using the same measure-
ment technique, the same equipment, and same reagents. Repeatability should be
determined from a minimum of six measurements at 100 % of the target concen-
tration in the same sample or nine measurements covering the specified range of the
procedure for three different concentration levels and three replications of each.
Hence, the same data used for the evaluation of trueness can be used to assess
repeatability [1-7, 18-21].

Intermediate precision is defined as the variation within the same laboratory
arising from the use of different stock solutions, different analysts, different days,
different equipments, etc. In determining intermediate precision, experimental
design can be employed so that the effect of the individual variables may be
obtained. Experimental design can minimize the number of experiments that
needs to be performed [18-21, 54, 55, 57, 59-62]. In the intermediate precision,
more parameters can be changed and studied during the analysis period. Interme-
diate precision can also be called as between-day, between-run, or inter-assay
precision. It shows the total random error of the analytical method under study
under varied conditions that may be encountered during the routine application of
this analytical method. Specific statistical methodologies should be used in order to
obtain the repeatability variance and intermediate precision variance, such as
random one way analysis of variance (ANOVA) [21, 63, 64]. For intermediate
precision, ICH recommends to vary the relevant and important additional sources of
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random errors that will likely arise during the daily application of the method,
typically: days, operators, and equipments. Intermediate precision should be
reported as standard deviation or RSD together with their confidence interval. As
done for repeatability, it should be determined preferably at three concentration
levels at least covering the studied concentration range.

The third precision parameter is reproducibility which expresses the precision
between laboratories. It is used especially for collaborative studies usually applied
to standardization of analytical procedures. It is considered in case of the standard-
ization of an electroanalytical method, for instance, for inclusion of procedures in
pharmacopoeias. Reproducibility conditions can be described as: Conditions for
obtaining analytical results independent of each other consisting of the use of a set
of analytical processes or methods on an identical object (same sample, same
reagents, same materials, etc.) by different analysts with different apparatus, elec-
trodes, supplies, and materials in different laboratories. This is a critical parameter
when using electroanalytical techniques due to the inherent heterogeneous process
occurring at the electrode—solution interface. The working electrode and its surface
pretreatment (renewing) step need to be perfectly controlled. The former needs to
be well characterized and the latter is particularly critical when manual surface
cleaning and smoothing have to be performed. Electrochemical “cleaning” methods
and the use of disposable one shot miniaturized electrodes (e.g., commercially
available screen printed electrodes) are less prone to interlaboratory fluctuations.

8.3.1.4 Accuracy

In document ICH Q2, accuracy is defined as: “...the closeness of agreement
between the value which is accepted either as a conventional true value or an
accepted reference value and the value found.” In the ISO definition [42], a note is
added specifying that accuracy is the combination of random error and systematic
error or bias. From this, it has to be understood that accuracy strictly applies to
results and not to analytical methods. The closeness of agreement observed is based
on the sum of the systematic and random errors, namely the total error linked to the
result. Consequently, the accuracy should be measured by a parameter related to
total error. A first way to provide a native measure of total error and hence of the
results accuracy is to sum the intermediate precision RSD value with the relative
bias value obtained at each concentration level of the validation standards
[65]. Other more informative and rigorous way to measure total error and accuracy
is to use the methodology of statistical tolerance intervals [21, 5658, 63—68]. The
interested readers are referred to the literature for an extended coverage on this
topic [63-68].

Total Error = Bias% + 1.96 x CV%

where CV is the abbreviation of coefficient variation and it represents the ratio of
the standard deviation to the mean. Accordingly, using a multiple of the coefficient
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of variation (CV), the above equation and the value of 1.96 (for some working
media 2.0) is given for a 95 % confidence interval or limit of the possible analytic
error.

Unlike the confidence interval, the tolerance interval estimates the range which
contains a certain percentage of each individual measurement in the population.
The tolerance interval can be determined by using the following equation:

Tolerence interval = X & ks

where s is the standard deviation and % is the tolerance factor to adjust the width of
the interval.

The range for the accuracy limit should be within the linear range. Typical
accuracy of the recovery of the drug substance in the mixture is expected to be
about 98—102 %. Values of accuracy of the recovery data beyond this range need to
be investigated.

8.3.1.5 Linearity

The linearity of an analytical method is its ability to elicit test results that are
directly proportional to the concentration of an analyte in a sample within a given
range [1-7, 22-39]. ICH defines an analytical procedure as its ability, within a
given range, to obtain test results that are directly proportional to the concentration
of the analyte in the sample. The linearity validation criteria should not be confused
with response functions or calibration curves. Linearity should be evaluated by
visual inspection of a plot of signals as a function of analyte concentration or
content. If there is a linear relationship, test results should be evaluated by appro-
priate statistical methods, for example, by calculation of a regression line by the
method of least squares. This relationship can be any straight line or even not at all a
straight line (quadratic, sigmoidal, exponential,. . .). In some cases, to obtain line-
arity between assays and sample concentrations, the test data may need to be
subjected to a mathematical transformation prior to the regression analysis. Data
from the regression line itself may be helpful to provide mathematical estimates of
the degree of linearity. It is evident to understand that, if the analytical procedure
does not commit any random and systematic error, the equation obtained between
the concentration of the validation standards and the analytical results is the identity
line y = x. While this is never observed in practice, linearity should be assessed, for
example, by verifying that the slope of the equation is not too far away from “1”” and
the intercept sufficiently close to “0.” The determination coefficient “7*” can also be
given. However, this parameter does not give any information about the suitability
of the linearity criterion [21]. For the establishment of linearity, a minimum of five
concentrations is recommended. Other approaches should be justified.
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8.3.1.6 Range

The range is defined by ICH as the interval from the upper to the lower concentra-
tion of analyte in the sample for which it has been demonstrated that the electro-
analytical procedure has a suitable level of precision, accuracy, and linearity. The
range of the method is estimated from the linearity and is verified by confirming
that the method provides acceptable precision and linearity when applied to a
sample containing an analyte at the extremes of the range as well as within the
range. It must include at least the expected or required range of analytical results,
the latter being directly linked to the acceptance limits of the specification, or the
target test concentration of the analytical procedure style. The working range is
predefined by the purpose of the method and may reflect only a part of full linear
range. The valid electroanalytical range of the method is that range of concentra-
tions, which pass the linearity, precision, and trueness and hence accuracy criteria.
The concentration range should cover the target amount in the sample to be
measured. For the assay of a drug substance in a dosage form, it is normally
recommended to operate in the range of 80—120 % of the nominal concentration.
For content uniformity, a normal range would cover between 70 % and 130 % of the
nominal concentration, unless a wider and more appropriate range is justified. For
the dissolution testing, a normal range is £20 % over the specified range.

8.3.1.7 Limit of Detection

The Limit of detection (LOD) is the lowest quantity of a substance that can be
distinguished from the absence of that substance (a blank value) within a stated
confidence limit. The LOD is usually expressed as a concentration of the analyte in
the sample, such as M, pg mL ™", ppm, and ppb. The LOD is an important criterion
for the assay of a drug compound in a biological sample, for impurity, and
degradation compound analysis in pharmaceutical dosage forms. It is of limited
interest for the assay of the active drug compound in a drug formulation.

The LOD is frequently confused with the sensitivity of the method. The sensi-
tivity is the slope of the calibration line. The LOD is not a robust or rugged
parameter and can be affected by minor changes in the electroanalytical system
such as temperature, supporting electrolyte, pH, purity of reagents, matrix effects,
and instrumental conditions. It is therefore important that this parameter is always
verified by laboratories adopting previously validated methods. Although various
methods of LOD determination can be found, the most widely applied and accepted
are given below [1-5, 69-79]. These approaches are depending on whether the
procedure is realized using instrumental or noninstrumental methods. The mostly
used type of LOD determinations are recommended by the official guidelines and
pharmacopoeias.
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A. Based on Visual LOD Inspection

The LOD is determined by the assay of compounds with known concentrations of
analyte and by establishing the minimum level at which the analyte can be reliably
detected [1-5, 69-79]. The analytical responses of blank and low concentration
samples are compared to determine conclusively what concentration of analyte is
necessary to distinguish its presence from its absence. This approach may be used
for noninstrumental methods but may also be used with instrumental methods.

B. Based on Signal-to-Noise Ratio
When the final measurement is based on instrumental reading, the background
response will have to be taken into account. For procedures which exhibit baseline
noise, the LOD can be based on the signal-to-noise ratio (S/N). This method is
mostly used in chromatographic, electrophoretic, and spectrometric techniques. In
most of the electroanalytical studies, noise cannot be obtained clearly because of
the nature of the method. Determination of the S/N (Fig. 8.2a) is performed by
comparing measured signals from the samples with known low concentration of
analyte with those of blank samples and by establishing the minimum concentration
at which the analyte can be reliably detected. Often an S/N ratio of 3:1 (Fig 8.2b) or
2:1 is considered acceptable for estimating the LOD [1-5, 69-79]. Presentation of
relevant experimental curves is sufficient for justification of the LOD. For using
S/N technique, the apparatus sensitivity should be constant. However, this type of
evaluation gives a far too optimistic value for LOD. Also it leads to a situation
where the presence of an analyte remains undetected at higher concentrations than
claimed.

This method is commonly applied to analytical methods that exhibit baseline
noise. In electroanalytical studies, the noise corresponds to fluctuation of electrode
interfacial pseudocapacitance, electrical perturbations, etc.

C. Based on the Standard Deviation of the Response Another and most widely
used approach in electroanalytical chemistry estimates the LOD from the standard
deviation of the response and the slope of the related calibration curve. A calibra-
tion curve is realized using samples containing the analyte in the range of the LOD.
For this method, LOD can be expressed by the following equation:

LODzﬁ
m

where s is the standard deviation of blank value and m is the slope of the related
calibration curve. By using the signal-to-noise method, the peak-to-peak noise
around the analyte retention time (in chromatography) is measured, and subse-
quently, the concentration of the analyte that would yield a signal equal to certain
value of noise-to-signal ratio is estimated. The noise magnitude can be measured
either manually on the chromatogram printout or by auto-integrator of the instru-
ment. A signal-to-noise ratio (S/N) of three is generally accepted for estimating
LOD, and signal-to-noise ratio of ten is used for estimating LOQ. This method is
commonly applied to analytical methods that exhibit baseline noise [5]. Hence,
using the above equation the response can be converted to the concentration units.
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Fig. 8.2 (a) Limit of detection using S/N method; (b) For LOD: S/N: 3; (¢) For LOQ: S/N:10

The relationship between LOD and sensitivity is also shown using this equation
depending on the slope function. The estimate of s can be obtained by several
approaches, which are given as follows:

1. The standard deviation s of the blank is determined by measuring the blank
response at least ten times.

2. The standard deviation s of the regression line (slope) can also be used; however,
in that case different formulae have to be used.

3. The standard deviation s of the intercept of the regression line can also be used.

Another alternative way for practically assessing the LOD is:
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LOD =X+ 3s

where X is the mean blank value and s is the standard deviation, respectively. s is
obtained from a set of blank measurements containing no analyte [1-5, 69-79]. In
this way, at least ten independent blank measurements should be realized. For
calculation of X, ten independent sample blanks fortified at lowest acceptable
concentration are measured.

In addition to the above methods, LOD can be calculated using another
approach. In this way, the blank working medium is spiked with different analyte
concentrations close to the LOD or low limit of the linearity range. At least six
different concentrations and totally ten independent measurements should be real-
ized for each concentration levels. The standard deviation of the obtained measure-
ments should be calculated. The LOD value corresponds to those concentrations of
analyte with RSD values of 33 % [1-10, 76-79].

The mode of LOD estimation should always be reported. If LOD is reported
using visual evaluation or signal-to-noise ratio method, the presentation of the
related working curve (chromatogram, voltammogram) is considered acceptable
for justification. If the LOD value is calculated using standard deviation of blank,
response, or intercept and slope method with related equations, this estimate may be
validated by the independent assay of a suitable number of diluted samples which
are close to the low limit of linearity range.

8.3.1.8 Limit of Quantification (LOQ)

The limit of quantification (LOQ) is a characteristic of a quantitative assay for a low
level of analyte in a sample matrix. It can be described as the smallest concentration
of the studied compound which gives a result that can be accurately quantified. The
LOQ is also described as the lowest concentration at which the analyte cannot only
be reliably detected but at which some predefined goals for bias and imprecision are
met. The LOQ should be established by using an appropriate reference material and
sample. This value should not be determined by extrapolation. The LOQ is always
higher than the LOD and is often taken as a fixed multiple (generally 2 or 3) of the
LOD and corresponds to the low limit of the range [1-10, 76—79]. In practice, the
LOQ can be estimated analogously to the LOD using one of the procedures
described in the above section. It has to be noted, however, that the verification
of the trueness and precision of the method at this estimated LOQ should be fully
assessed in order to completely validate the LOQ. Indeed the accuracy of results
obtained at the LOQ has to be demonstrated as acceptable for the intended purpose
of the analytical method [21, 57, 58, 66—68].

A. Based on Visual LOQ Inspection

This approach may be used for both noninstrumental and instrumental methods.
Using this method, LOQ is determined by the electroanalysis of samples with
known concentrations of analyte and by establishing the minimum level at which
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the analyte can be quantitated with acceptable accuracy and precision [1-10, 69—
80]. As in the ITUPAC method, testing of the accuracy and precision at the estimated
LOQ will provide the final evidence for determination of the LOQ. If the CV % for
the repeatability measurement at defined concentration is less than or equal to the
accuracy and precision acceptance criteria, then the estimated LOQ is acceptable.

B. Based on Signal-to-Noise Ratio

This approach determines the signal-to-noise ratio (S/N) by comparing measured
signals from samples with known low concentrations of analyte with those of blank
samples. In this technique, the LOQ is the minimum measurement concentration at
which the analyte can be reliably quantified for an S/N of 10:1 (Fig. 8.2¢) [1-10,
69-80].

C. Based on the Standard Deviation of the Response
In electroanalytical studies, the mostly used way for the calculation of LOQ can be
used by the following equation:

10
LOQ = —
m

In the above equation, s is the standard deviation of blank value (see Sect. 8.3.1.7C)
and m is the slope of the related calibration line. Using the above equation, the
response can easily be converted to the concentration units. Also, the relationship
between LOQ and sensitivity is also confirmed using the above equation depending
on the slope function. The estimation of s can be obtained using the same steps and
with different approaches which are given in LOD section (8.3.1.7). This equation
is also showing the relationship between LOQ and sensitivity, depending on the
slope function.
For practically assessing the LOQ, another alternative way is:

LOQ = ¥ + 10s

where X is the mean concentration of the blank and s is the standard deviation,
respectively, and the same value used in LOD calculation. The only changing factor
is “10” instead of “3” [1-5, 69-80].

LOQ can also be evaluated using some different methods. In one of this way, the
blank working medium is spiked with different analyte concentrations, e.g., six
different concentrations in the linearity range and close to the low limit of the
linearity range or LOQ values. At least ten independent replicates should be
realized for each concentration level, and the standard deviation should be calcu-
lated. The LOQ value is the concentration of analyte corresponding to a RSD value
of 10 % [1-10, 76-79].

The obtained LOQ value and the calculation or evaluation method should be
described with their related presentation or curves (such as voltammogram and
chromatogram) for the justification. If the LOQ value is calculated using the
standard deviation of blank response or intercept and slope method using with
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related equations, this estimate may be validated by the independent assay of a
suitable number of diluted samples which are close to the low limit of the range.
The LOQ cannot be lower than LOD.

8.3.1.9 Robustness

Robustness is a term introduced by USP/ICH [1-7, 81]. According to ICH, the
robustness of a method is “a measure of its capacity to remain unaffected by small,
but deliberate variations in method parameters and provides an indication of its
reliability during normal usage.” As a short description, the robustness is related to
intra-laboratory influences. It is an attribute of electroanalytical methods that is
gaining increasing importance through its impact on quality systems for analytical
laboratories. The robustness of a method can be shown as the ability to reproduce an
electroanalytical method in different circumstances without the occurrence of
unexpected differences in the obtained results. The evaluation of robustness is
normally considered during the development phase and depends on the type of
procedure under study. Robustness tests examine the effect that operational param-
eters have on the analysis results. It is not given explicitly in the list of required
validation parameters, but it is recommended as a part of method development to
establish the critical measurement parameters. These tests should show the reli-
ability of the analysis with respect to deliberate variations in method parameters [1—
71.

The aim of the robustness studies is to find the method parameters that might
lead to variations in the results when measurements are carried out under small
different working conditions. Hence, the experimental weakness of the method is to
detect and quantify, so that any critical factors can be anticipated and controlled in
order to ensure that the operating conditions will fall within an undisturbed range.
For the robustness tests of an electroanalytical method, the careful selection of the
experimental variables that are crucial to the electroanalytical method such as
supporting electrolyte, percentage of organic solvent, nature of the buffer, medium
pH, ionic strength, scan rate, pulse period, pulse width, and temperature should be
carefully studied. These studies should be realized under slightly different exper-
imental conditions. Since the recorded peak current and/or peak potential can be
significantly affected by a slight pH change, electrolytes with good buffering
capacity should be selected in electroanalysis.

A test for robustness is an individual test, and it can be varied depending on the
analytical method and equipment applied. The common way is first to define the
parameters with reasonable maximum variation. Then each parameter is succes-
sively varied, whereas the others are held at nominal settings: this is a one factor at a
time strategy. Nowadays, the statistical designs of experimentals (DoEs) method-
ology can often be preferred for obtaining as much as possible relevant information
within a short time period and with limited experiments. Changes should be
realized separately and the effect evaluated for each set of experimental condition
on the precision and trueness [1-10, 82—-89]. By combining changes in conditions
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Table 8.3 Design to calculate the robustness of a proposed electroanalytical method

Parameters

Experiments Supporting electrolyte (P;) pH (P») Applied potential (P3) Results
1 + + + R,

2 + — — R,

3 — + — R;

4 — — + R4

and performing a set of experiments, one can determine which factors have a
significant or even critical influence on the electroanalytical results. For example,
if three parameters can be evaluated, a design called fractional factorial design with
only four experiments would be sufficient (Table 8.3).

In this table “+” and “—” signs denote the coded levels for the minimum and
maximum values of the study. For each parameter, there should be two experiments
at each level. After obtaining the results, the effect of parameters can be calculated
as:

R +Ry) (Rs+R
Effect Py = ('er ) 3; )

Using the above equation for each parameter results, a statistical and/or graph-
ical analysis of the effects must be carried out in order to draw chemically relevant
conclusions. Hence, the researchers can take an action to improve the performance
of their developed method, if necessary.

The selected robustness parameters are specific for each method, and the scope
of the investigations can vary depending on the method. Robustness is an essential
subject in the validation parameters [1-10, 82—88]. The robustness study shows the
estimation of the main total experimental effects and characterizes the behavior of
the electroanalytical process. Allowable variations of each method parameter
should be specified in the proposed technique.

8.3.1.10 Stability

The stability of drug active compounds in their dosage forms, biological fluids, or a
raw material is a function of the storage conditions, the chemical properties of the
drug, the matrix, and the container systems. A very important aspect to be consid-
ered in validation is the aging of the sample at the various stages of the process, in
order to define the conditions appropriately. The stability of an analyte in a
particular matrix and container system is relevant only to that matrix and container
system and should not be extrapolated to other matrices and container systems. It
can be defined as the, “chemical stability of an analyte in a given matrix under
specific conditions for given time intervals.” Many solutes readily decompose prior
to the analytical investigations, for example, during the preparation of the sample
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solutions, extraction, cleanup, phase transfer, or storage of prepared tubes
(in refrigerator or during the wait time). Under these circumstances, method
development should investigate the stability of the analytes and standards. Hence,
stability procedures should be evaluated as the stability of the analytes during
sample collection and handling, after short-term (room temperature) and long-
term (frozen at the intended storage temperature) storage and after going through
freeze and thaw cycles and the analytical process. Conditions used in stability
experiments should reflect situations likely to be encountered during actual sample
handling and analysis. Under these circumstances, method development should
investigate the stability of the analytes, standards, and stock solutions. All stability
determinations should use a set of samples prepared from a freshly made stock
solution of the analyte in the appropriate analyte-free, interference-free pharma-
ceutical and biological matrix.

The term system stability has been defined as the stability of the sample being
analyzed in a sample solution. It is a measure of the bias in assay results generated
during a preselected time interval, such as some selected hours up to 48 h or a week
period, using single solution (Fig. 8.3).

System stability is appropriate if the results do not exceed 20 % of system
precision. System stability should be determined by replicate analysis of the sample
solutions, and it is considered appropriate when the calculated RSD values, at
different time intervals, do not exceed more than 20 % of the corresponding
value of the system precision. Stock solutions of the analyte for stability evaluation
should be prepared in a suitable solvent at known concentration. To reduce the
occurrence of changes in the analyte during the method development process, the
following activities should be considered for the stock solution stability:

1. Stock solution stability

2. Determine the post-preparative stability (after 15-20 min and waiting measure-
ments) of the prepared solutions

. Determine the short-term stability (up to 6 h) of the prepared solutions

. Determine the long-term stability (up to a week) of the prepared solutions

5. Freeze and thaw stability of the prepared solutions

W

The stability of the stock, standard, and working solutions should be evaluated to
cover the time interval between preparation and use. The stability of all working
solutions should be determined under the same conditions of light and/or dark,
using the same temperatures, in the same matrix media and solvents. Solution
stability is determined by comparing the response from aged standard, sample, or
any other solutions to the response of freshly prepared standard, sample, or solu-
tions. Studies to determine the stability of the analytes of interest should be
conducted to replicate as closely as possible the actual in use conditions and the
storage period should exceed the expected period of use. Hence, the stability studies
that are conducted should provide evidence of how the quality of the drug substance
and drug product changes over time when subjected to various environmental
conditions, such as humidity, light, temperature, and oxidative irritant.
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Fig. 8.3 Replicate analysis 15
of the same sample a
solutions: (a) Consecutive
replicates in 16 h; (b)
Consecutive replicates in
1 month

14+

R e i NN

124

Electrochemical response (pA)

114

10 T T T T T T T
0 2 4 6 8 10 12 14 16
Consecutive replicates (h)
15
b
141

-
w
!

124

Electrochemical response (pA)

111

10

0 5 10 15 20 25 30
Day to Day replicates

The aim of the stability test is to detect and if possible determine any degradation
compounds which may appear during the experimental procedure, such as sample
collection, processing, storing, preparing, and analyzing. It is also important to
evaluate the proposed method’s ability to measure drug products in the presence of
its degradation products. For the precise, accurate, and stable experimental condi-
tions of electroanalytical procedure, the samples, stock solutions, standards,
reagents, the types, and pH of the supporting electrolytes and working electrodes
must be stable for a reasonable time or at least within the experimental range. The
necessary time period is depending on the experimental processes and should be
indicated in the report.

A stability-indicating method is defined as a validated electrochemical analysis
that accurately and precisely measure drug active compounds free from potential
interferences like impurities, degradation products, excipients, endogenous sub-
stances, and other impurities. Also, the sample solutions should be checked for the
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decomposition and degradation products within a reasonable time period. This
parameter is particularly important for biological samples and some of drug dosage
forms, which may be stored frozen for several times prior to assay. The stability of
this type of samples should be constant for at least two freeze—thaw cycles [1-10,
90-93].

Stock solutions of the analyte for stability evaluation should be prepared in an
appropriate solvent (compatible with the electroanalytical method) at known con-
centrations. Stability of the stock solution studies should be evaluated during
sample collection, preparation, handling experimental process, after short- and
long-term storage, and after freeze—thaw cycles. A minimum of two cycles at two
different concentrations should be studied in duplicate. After the repeated determi-
nations at each storage level, both repeatability and reproducibility should be
calculated. The criteria for the definition of stability should be clearly defined.
Stability is a measure of the bias in accuracy results generated during a preselected
time interval, using a single solution. All studies should be realized using the same
solutions which prepared for each step of stability studies. Hence, it is considered
that the appropriate results are obtained when the RSD values calculated on the
assays obtained at different time intervals. System stability results of the sample
and reference solutions are proved to the stability at least over 2 days, this will be
sufficient for the drug assay [90-101]. Hence, at least a few hours stability is
generally required for the standard and sample solutions stability. The calculated
RSD value is a good indicator of the analyte stability. If the stock and standard
solutions are not stable at room temperature, the solutions should be protected in the
refrigerator and the experiments can be realized at lower temperature than the room
temperature (such as between 2 and 8 °C) using cold water bath. If the stability of
the stock solution does not require the system stability conditions, the standard
stock solution may need to be prepared freshly every day or every time the
voltammetric measurement is performed. Hence, the measurement system stability
can be tested using freshly prepared solutions.

1. Stock Solution Stability

The stability of stock solutions of drug active compounds and/or the internal
standard solution should be evaluated at room temperature for at least 6 h. This
stability is evaluated to confirm that analyte degradation does not occur during the
preparation, extraction or evaporation steps of working samples prior to their assay.
If the stock solutions are put in a refrigerator or frozen for this period, the stability
should also be documented. After completion of the desired storage time, the
stability should be tested by comparing the freshly prepared solution results. The
stability results of the stock solutions are determined by replicate analysis of the
sample solution and calculation of the amount found and the RSD % of the
responses [96—104].

2. Short-Term Stability

This type of stability studies should be designed and conducted to cover the type of
storage conditions that are to be expected for studying the samples. Three aliquots
of each, between low and high concentration ranges, should be thawed at room
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temperature from 6 to 24 h and analyzed. Stability results should be performed
against freshly prepared standard samples. The short-term stability should be
calculated and reported after calculation of the amount found and the RSD % of
the responses. System stability is considered appropriate when the RSD does not
exceed more than 20 % of the corresponding value of the short-term system
precision [96—-104].

3. Long-Term Stability
The storage time in a long-term stability evaluation should exceed the time between
the date of first sample collection and the date of last sample analysis. In electro-
analytical studies, these types of measurements are initiated during method valida-
tion, possibly evaluating analyte stability for a few weeks period, for example,
4 weeks or 2 months. This type of stability studies should be determined by storing
at least three aliquots of each of the low, medium, and high concentration levels
under the same conditions as the study samples. The volume of samples should be
sufficient for the assay on three separate occasions. Long-term stability tests should
cover at least the minimum period of sample storage, especially working with
biological sample and injectable dosage forms.

The obtained results should be compared with freshly prepared samples which
prepare at the beginning of the storage. Nominal concentrations can be used for the
comparison purposes with the related RSD %.

4. Freeze—-Thaw Stability

This type of stability studies are mostly used in biological samples. Freezing
process may cause loss of analyte by several causes such as adsorption of the
drug active compound to precipitates or onto endogenous substances of plasma,
proteins or crystallization from urine samples, degradation by enzymes, by
dissolved oxygen, etc. Analyte stability should be determined after three freeze
and thaw cycles. Reasons necessitating analysis after multiple freeze—thaw cycles
include failed analytical runs due to the use of incorrect dilutions or sample
preparation steps. At least three aliquots at each of low, medium, and high concen-
tration of samples should be stored at the intended storage temperature and condi-
tions for 24 h and thawed unassisted at room temperature. After completely thawed,
the samples should be frozen for 12-24 h under the same conditions. This step
should be repeated two more times and then analyzed on the third cycle. The results
are compared to the initial amount of the fresh unfrozen or freshly prepared control
samples [96—-104].

5. Post-preparative Stability

This type of stability of the processed samples, including the resident time in the
container, should also be determined. The previously prepared and waited samples
can be shown same stability problems or produce unwanted additional responses.
That is why the stability of the compound should be assessed over the anticipated
working time for the batch size in validation samples by determining concentrations
on the basis of original linearity standards.
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For establishing the stability of a proposed electroanalytical study, the mean
analyzed results for all investigated samples should be within 15 % of the nominal
sample concentrations. The recommended value is that the coefficient of variation
(CV) for the replicate assay does not exceed 15 %. Stability studies are, however,
not mandatory parameters for the validation of pharmaceutical analyses; they are
only recommended by the ICH guidelines

8.3.1.11 Applicability

Determination of drug active compounds using electroanalytical techniques
includes also identification of the analyte. Polarographic and voltammetric methods
using solid electrodes and also potentiometric method by ion selective electrodes
seem to be the most popular during these days [18, 105, 106]. These methods are
suitable for the qualitative and quantitative analysis of electrochemically reducible
(such as nitro, nitroso, and azo) and oxidizable (aromatic amines, phenols, indoles,
etc.) compounds [105, 106]. In these measurements, the voltammetric peak poten-
tial is used for the qualitative identification, and the peak response (height or area) is
used for the quantitative assay. Bare and modified electrodes are suitable for
voltammetric or amperometric (coupled to LC, CZE) assays [105-108]. The
assay should be completed within the time period for which stability data are
available. After full validation of the proposed electroanalytical method, the anal-
ysis of the samples of interest can be performed. When a new method is proposed or
when there is a choice of methods, it may be useful to provide an indication or
description of the ease or tediousness of the selected method. The problems are in
most cases related to the availability and maintenance of certain equipments and the
required staff or skills. Also, the supply of required parts, solvents, electrodes,
reagents, and impurities is not always assured nor the uninterrupted supply of a
stable electrical power supply.

References

1. Ermer J, Miller JHMB (eds) (2005) Method validation in pharmaceutical analysis. Wiley-
VCH, Weinheim
2. Riley CM, Rosanske TW (eds) (1996) Development and validation of analytical methods.
Pergamon, Oxford
3. The United States Pharmacopoeia, USP 23 (1994) Validation of compendial methods.
General information <1225>. The United States Pharmacopoeial Convention Inc., Taunton,
MA
4. Guidelines for Submitting Samples and Validation Data for Methods Validation US Food and
Drug Administration (1987) Center for Drug and Biologics. Department of Health and
Human Services
. ICH Guideline Q2B (1996) Validation of analytical procedures: methodology. November
6. ICH Guideline Q2 (R1) (2005) Validation of analytical procedures: text and methodology.
November

W



264

10.

11.

12.
13.
14.

15.

16.
17.
18.

19.
20.

21.

22.
23.
24.
25.

26.
217.
28.
29.

31.

32.
33.
34.

35.
36.
37.

38.
39.

40.
41.
42.

8 Electroanalytical Method Validation in. . .

. The Third International Conference on Harmonization of Technical Requirements for Reg-
istration on Pharmaceuticals for Human Use Validation of Analytical Procedures: Methodo-
logy (1995) Announcements, Yokohama, Japan

. Chan CC, Lam H, Lee YC, Zhang XM (eds) (2004) Analytical method validation and
instrument performance verification. Wiley-Interscience, Hoboken, NJ

. Ahuja S, Scypinski S (eds) (2001) Handbook of modern pharmaceutical analysis. Academic,

London

De Bievre P, Giinzler H (eds) (2005) Validation in chemical measurement. Springer,

Heidelberg

Lunte SM, Radzik DM (1996) Pharmaceutical and biomedical applications of capillary

electrophoresis. Pergamon, Oxford

Haider SI (ed) (2002) Pharmaceutical master validation plan. CRC Press, New York, NY

Thompson M, Ellison SLR, Wood R (2002) Pure Appl Chem 74:835-855

Berry IR, Harpaz D (eds) (2001) Validation of active pharmaceutical ingredients. CRC Press,

Boca Raton, FL

Bliesner DM (ed) (2006) Validating chromatographic methods: a practical guide. Wiley-

Interscience, Hoboken, NJ

Taverniers I, De Loose M, Van Bockstaele E (2004) Trac Trends Anal Chem 23:535-552

Konieczka P (2007) Crit Rev Anal Chem 37:173-190

Ozkan SA (2012) Electroanalytical methods in pharmaceutical analysis and their validation,

Ist edn. HNB Publishing, New York, NY

Prichard E, Barwick V (2007) Quality assurance in analytical chemistry. Wiley, Chichester

Kellner R, Mermet JM, Otto M, Valcarcel M, Widmer HM (eds) (2004) Analytical chemistry,

a modern approach to analytical science, 2nd edn. Wiley-VCH, New York, NY

Rozet E, Ceccato A, Hubert C, Ziemons E, Oprean R, Rudaz S, Boulanger B, Hubert P (2007)

J Chromatogr A 1158:111-125

Branch SK (2005) J Pharm Biomed Anal 38:798-805

Bakshi M, Singh S (2002) J Pharm Biomed Anal 28:1011-1040

Ermer J, Ploss HJ (2005) J Pharm Biomed Anal 37:859-870

Furlanetto S, Orlandini S, Mura P, Sergent M, Pinzauti S (2003) Anal Bioanal Chem 377:

937-944

Bruce P, Minkkinen P, Riekkola ML (1998) Microchim Acta 128:93-106

Grdinic V, Vukovic J (2004) J Pharm Biomed Anal 35:489-512

Taylor JK (1983) Anal Chem 55:600A—608A

Gorog S (2007) Trac Trends Anal Chem 26:12-17

. Jeya Chandra M (ed) (2001) Statistical quality control. CRC Press, Boca Raton, FL

Nilsen CL (ed) (1996) Managing the analytical laboratory: plain and simple. Interpharm/CRC

Press, London

Stefan RI, Aboul-Enein HY (1998) Accred Qual Assur 3:194-196

Hibbert B (1999) Accred Qual Assur 4:352-356

Garfield FM (1992) Quality assurance principles for analytical laboratories, 2nd edn.

AOAC International, Gaithersburg, MD

Ermer J (2001) J Pharm Biomed Anal 24:755-767

Hajicostas E (2003) Validation of analytical methods. Springer, Berlin

Huber L (ed) (1998) Validation and qualification in analytical laboratories. Interpharm Press,

East Englewood, CO

Vessman J (1996) J Pharm Biomed Anal 14:867-869

Chanbers D, Kelly G, Limentani G, Lister A, Lung KR, Warner E (2005) Pharm Tech 9:

64-80

Peters FT, Maurer HM (2002) Accred Qual Assur 7:441-449

ICH Topic Q1A (R2) (2003) Stability testing of new drug substances and products. August

JCGM 200:2008 International vocabulary of metrology — basic and general concepts and

associated terms (VIM)



References 265

43
44

45.

46.
47.

48.
49.
50.
51.
52.
53.
54.

55
56

57.

58.
59.

60.
61.

62.

63

64.

65.

66.

67.

68.

69.
70.

71

72.
73.
74.
75.
76.

77

. Milman BL (ed) (2011) Chemical identification and its quality assurance. Springer, Berlin

. Funk W, Dammann V, Donnevert G (eds) (2007) Quality assurance in analytical chemistry,
2nd completely revised and enlarged edn. Wiley-VCH, Weinheim

Reichenbacher M, Einax JW (2011) Challenges in analytical quality assurance. Springer,
Berlin

Hartmann C, Massart DL, McDowall RD (1994) J Pharm Biomed Anal 12:1337-1343
Hartmann C, Smeyers-Verbeke J, Massart DL, McDowall RD (1998) J Pharm Biomed Anal
17:193-218

Castro M, Bolfarine H, Galea-Rojas M, Castilho MV (2005) Anal Chim Acta 538:375-381
Westgard JO (1995) Clin Lab Sci 9:277-283

Westgard JO (1999) Basic method validation. Westgard Quality Corporation, Ogunquit, ME
Stockl D, Reinauer H (1993) Scand J Clin Lab Invest 53:16-18

Stockl D (1995) Clin Chem 41:120-121

Pollock MA (1992) Ann Clin Biochem 29:556-560

Green JM (1996) Anal Chem News Features 305A-309A

. Winslow PA, Meyer RF (1997) J Validation Technol 14:361-367

. Bouabidi A, Talbi M, Bourichi H, Bouklouze A, El Karbane M, Boulanger B, Hubert P,
Rozet E (2012) Drug Test Anal 4:1014-1422

Rozet E, Marini Djang‘Eing’A R, Ziemons E, Boulanger B, Hubert P (2011) J Pharm Biomed
Anal 55:848-858

Rozet E, Ziemons E, Marini RD, Boulanger B, Hubert P (2012) Anal Chem 84:106-112
Agalloco JP, Carleton FJ (eds) (2007) Validation of pharmaceutical process, 3rd edn.
CRC Press, New York, NY

Christian GD (ed) (2004) Analytical chemistry, 6th edn. Wiley, Hoboken, NJ

Meier PC, Ziind RE (eds) (2000) Statistical methods in analytical chemistry, 2nd edn. In:
Winefordner JD (Series ed) Chemical analysis: a series of monographs on analytical chem-
istry and its applications, vol 153. Wiley, New York, NY

Rosslein M, Rezzonico S, Hedinger R, Wolf M (2007) Accred Qual Assur 12:45-47

. Rozet E, Wascotte V, Lecouturier N, Préat V, Dewé W, Boulanger B, Hubert P (2007)
Anal Chim Acta 591:239-247

Rozet E, Bouabidi A, Fillet M, Ziemons E, Chapuzet E, Mertens B, Klinkenberg R,
Ceccato A, Talbi M, Streel B, Bouklouze A, Boulanger B, Hubert P (2010) J Chromatogr
A 1217:3180-3192

Rozet E, Dewe W, Rudaz S, Marini Djang‘Eing’A R, Ziemons E, Boulanger B, Hubert P
(2011) Trends Anal Chem 30:797-806

Hubert P, Nguyen-Huu JJ, Boulanger B, Chapuzet E, Chiap P, Cohen N, Compagnon PA,
Dewé W, Feinberg M, Lallier M, Laurentie M, Mercier N, Muzard G, Nivet C, Valat L (2004)
J Pharm Biomed Anal 36:579-586

Hubert P, Nguyen-Huu JJ, Boulanger B, Chapuzet E, Chiap P, Cohen N, Compagnon PA,
Dewé W, Feinberg M, Lallier M, Laurentie M, Mercier N, Muzard G, Nivet C, Valat L, Rozet
E (2007) J Pharm Biomed Anal 45:70-81

Hubert PH, Nguyen-Huu JJ, Boulanger B, Chapuzet E, Cohen N, Compagnon PA, Dewé W,
Feinberg M, Laurentie M, Mercier N, Muzard G, Valat L, Rozet E (2007) J Pharm Biomed
Anal 45:82-96

Danzer K, Currie LA (1998) Pure Appl Chem 70:993-1014

Asuero AG, Sayago A, Gonzalez AG (2006) Crit Rev Anal Chem 36:41-59

. Van Loco J, Elskens M, Croux C, Beernaert H (2002) Accred Qual Asur 7:281-294
Hibbert DB (2005) Accred Qual Assur 10:300-301

Huber W (2004) Accred Qual Assur 9:726-726

Ellison SLR (2006) Accred Qual Assur 11:146-152

Gonzalez AG, Herrador MA, Asuero AG, Sayago A (2006) Accred Qual Assur 11:256-258
Kaus R (1998) Accred Qual Assur 3:150-154

. Armbruster DA, Tillman MD, Hubbs LM (1994) Clin Chem 40:1233-1238



266

78.
79.
80.
. Krull IS, Swartz M (1999) Anal Lett 32:1067-1080
82.
83.

81

84.

85.

86.
87.

88.

89

91.
92.
93.
. Rosing H, Man WY, Doyle E, Bult A, Beijnen JH (2000) J Liq Chromatogr Relat Technol 23:

94

95.

96.
97.
. Dantus MM, Wells ML (2005) J Liq Chromatogr Relat Technol 27:1413-1442

. Braggio S, Barnaby RJ, Grossi P, Cugola M (1996) J Pharm Biomed Anal 14:375-388
100.
101.

98

102.
103.
104.
105.
106.
107.

108.

8 Electroanalytical Method Validation in. . .

Currie LA (1995) Pure Appl Chem 67:1699—-1723
Switaj-Zawadka A, Konieczka P, Przyk E, Namiesnik J (2005) Anal Lett 38:353-376
Kuselman I, Sherman F (1999) Accred Qual Assur 4:124—-128

Cuadros-Rodriguez L, Romero R, Bosque-Sendra JM (2005) Crit Rev Anal Chem 35:57-69
Vander Heyden Y, Hartmann C, Massart DL, Michel L, Kiechle P, Erni F (1995) Anal Chim
Acta 316:15-26

Vander Heyden Y, Luypaert K, Hartmann C, Massart DL, Hoogmartens J, De Beer J (1995)
Anal Chim Acta 312:245-262

Van Leeuwen JA, Vandeginste BGM, Kateman G, Mulholland M, Cleland A (1990)
Anal Chim Acta 228:145-153

Mulholland M (1988) TrAc, Trends Anal Chem 7:383-389

Nijhuis A, Vander Knaap HCM, de Jong S, Vandeginste BGM (1999) Anal Chim Acta 391:
187-202

Vander Heyden Y, Massart DL, Zhu Y, Hoogmartens J, De Beer J (1996) J Pharm Biomed
Anal 14:1313-1326

. VonHolst C, Miiller A, Bjorklund E, Anklam E (2001) Eur Food Res Technol 213:154-160
. Shah VP, Midha KK, Dighe S, Mc Gilveray 1J, Skelly FP, Yacobi A, Layloff T, Viswanathan

CT, Cooke CE, Mc Dowall RD, Pittman KA, Spector S (1992) Pharm Res 9:588-592
Grimm W (1993) Drug Dev Ind Pharm 19:2975-2982

Cloud PA (1997) BioPharm 30:39-42

Toennes SW, Kauert GF (2001) J Anal Toxicol 25:339-343

329-354

Dadgar D, Burnett PE, Choc MG, Gallicano K, Hooper JW (1995) J Pharm Biomed Anal 13:
89-97

Dadgar D, Burnett PE (1996) J Pharm Biomed Anal 14:23-31

Walz R, Knauf M (2008) Pharm Ind 70:1135-1139

Timm U, Wall M, Dell D (1985) J Pharm Sci 74:972-977

Buick AR, Doig MV, Jeal SC, Land GS, Mc Dowall RD (1990) J Pharm Biomed Anal 8:
629-637

Taylor RB, Shivji ASH (1987) Pharm Res 4:177-180

ICH Harmonized Tripartite Guideline (2003) Q1E Evaluation for stability Data

Ruberg SJ, Stegeman JW (1991) Biometrics 47:1059-1069

Filipiak M (2001) Anal Sci Suppl 17:11667-11670

Barek J, Moreira JC, Zima J (2005) Sensors 5:148—158

Flanagon RJ, Perrett D, Whelpton R (eds) (2005) Electrochemical detection in HPLC.
Analysis of drugs and poisons. Royal Society of Chemistry, Cambridge

LaCourse WR (ed) (1997) Pulsed electrochemical detection in high performance liquid
chromatography. Wiley, New York



Chapter 9
Applications for Drug Assays

Contents
L2 B 6 15 (o e L1 01110 | B PPN 272
0.2 ASSAY OF DIUES ..ottt e 272
9.3 Examples of Electrochemical Application ...............oooiiiiiiiiiiiiiiiiiiiieenn, 276
9.3.1 Cyclic, Pulsed, and Stripping Voltammetric Methods Using Solid Electrodes
in Pharmaceutical Analysis ..........oooiiiiiiiiiiiiiiiii i 276
9.3.2 Applications of Polarography in Pharmaceutical Analysis ..................... 305
9.3.3 Applications of LC-EC Detection in Pharmaceutical Analysis................. 314
9.3.4 Biosensors in Pharmaceutical Analysis (See also Chap. 6) ..................... 320
L 073 Ted 1515 o) 324
RETEICICES . . .o ettt e e e e e 325
Abbreviations
[Cug(apyhist),]** Cyclic-tetrameric copper (II) species containing the ligand
(4 imidazolyl) ethylene-2-amino-1-ethylpyridine
5-HT 5-Hydroxytriptamine (serotonin)
AC Alternating current
AChE Acetylcholinesterase
ACP Alternating current polarography
ACS Alumina-coated silica
ACV Alternating current voltammetry
AdSV Adsorptive stripping voltammetry
AgLAF-AgSAE Silver liquid amalgam film-silver solid amalgam
annular band electrode
AgNPs Silver nanoparticles
AHNSA 4-amino-3-hydroxynaphthalene sulfonic acid
ARS Alizarine Red S
ASV Adsorptive stripping voltammetry
BDDE Boron-doped diamond electrode
BPPGE Basal plane pyrolytic graphite electrode
© Springer-Verlag Berlin Heidelberg 2015 267

S.A. Ozkan et al., Electroanalysis in Biomedical and Pharmaceutical Sciences,
Monographs in Electrochemistry, DOI 10.1007/978-3-662-47138-8_9



268

CA
CAdSV
CcC
CCE
CD
CDP
CE
CFME
CILE
Cl

CNF
CNT
CNT-mer

CNTPE
Co(DMG),CIPy
CoHCNFe

CPC

CPE
CP-TNMCPE

CSvV

CTS CHIT
CvV

Cys
D50wx2
DCP

DDP

DME
DMF
DNA
DPAdASV
DPAdCSV

DPAdSV
DPASV

DPAV

DPE

DPP

DPSV

DPV

dsDNA

DTPS SAM-ME

9 Applications for Drug Assays

Chronoamperometry

Cathodic adsorptive stripping voltammetry
Chronocoulometry

Carbon-ceramic electrode

Cyclodextrin

Cyclodextrin prepolymer

Carbon electrode

Carbon fiber microelectrode

Carbon ionic liquid electrode

Cardiolipin

Carbon nanofiber

Carbon nanotube

Multiwalled carbon nanotubes bearing terminal monomeric
unit

Carbon nanotube paste electrode
Chloro(pyridine)bis(dimethylglyoximato)cobalt(III)
Cobalt hexacyanoferrate nanoparticles

Controlled potential coulometry

Carbon paste electrode

Carbon paste electrode modified by meso-tetrakis
(3-methylphenyl) cobalt porphyrin and TiO, nanoparticles
Cathodic stripping voltammetry

Chitosan

Cyclic voltammetry

Cysteine

Dowex50wx2

Direct current polarography
3,4-dihydroxybenzaldehyde-2,4-dinitrophenylhydrazone
Dropping mercury electrode

Dimethyl formamide

Deoxyribonucleic acid

Differential pulse adsorptive anodic stripping voltammetry
Differential-pulse adsorptive cathodic stripping
voltammetry

Differential pulse adsorptive stripping voltammetry
Differential pulse anodic stripping voltammetry
Differential pulse anodic voltammetry

Diamond paste electrode

Differential pulse polarography

Differential pulse stripping voltammetry

Differential pulse voltammetry

Double stranded deoxyribonucleic acid

Au DTPS self-assembled monolayer modified electrode
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Mercury meniscus modified silver solid amalgam electrode
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Modified carbon composite electrode
Modified carbon paste electrode

Mercury electrode

Cobalt methyl salophen

Molecularly imprinted polymer
Montmorillonite-Ca

Main residence time

Multiwalled carbon nanotube

Carboxylated multiwalled carbon nanotubes

Multiwall carbon nanotubes ionic liquid electrode
Multiwalled carbon nanotube paste electrode
Nafion-incorporated carbon paste electrode
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Nafion

Nafion-coated glassy carbon electrode

Nickel hexacyanoferrate nanoparticle

Nickel hexacyanoferrate nanoparticles

Nickel phosphate nanoparticles

Nickel oxide nanoparticles

Non-imprinted polymer
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paste electrode

Non-steroidal antiinflammatory drugs
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Poly(acrylic) acid
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PEGylated arginine functionalized magnetic nanoparticles
3-Amino-5-mercapto-1,2,4-triazole

Polyaniline

Multiwall carbon nanotubes paste electrode modified with
p-aminophenol

p-chloranil-carbon nanotubes paste electrode

Carbon nanotubes paste electrode modified with p-chloranil
Nanocrystalline graphite-like pyrolytic carbon film
electrode

Pseudo-carbon paste electrode

Palladium nanoparticles

Dendrimer modified disposable graphite electrode
Poly(3,4-ethylene dioxythiophene)
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Pencil graphite electrode
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L-diphenylalanine nanotubes
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Diglycolic acid polymer

Poly(pyrocatechol violet)
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Pretreated pencil graphite electrode
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Platinum electrode

Poly(vinylferrocenium)

Pyrolytic carbon electrodes

Reduced graphene oxide

Room temperature ionic liquids
Poly(2-hydroxy-5-[(4-sulfophenyl)azo]benzoic acid) film
Sodium dodecyl sulfate

Sol—gel silica

Silicon carbide nanoparticles

Static mercury drop electrode

Screen-printed carbon electrodes

Screen-printed electrode

Screen-printed glassy carbon electrode

Square wave adsorptive anodic stripping voltammetry
Square-wave adsorptive cathodic stripping voltammetry
Square wave adsorptive stripping voltammetry
Square wave anodic stripping voltammetry

Single walled carbon nanotube

Square wave polarography

Square wave voltammetry
Tellurium-nanowire-coated glassy carbon electrodes
Tast polarography

Tyrosinase

Zero current potentiometry

ZnS nanoparticle

Zn-tetranaphthaloporphyrin

Zn-tetraphenyl porphyrin
Zn-5,10,15,20-tetra(4-sulfophenyl)porphyrin
Beta-cyclodextrin
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9.1 Introduction

The choice of an appropriate technique for the determination of a drug or a mixture
of drug compounds is mainly governed by the sample matrix complexity, the
analyte concentration, and the sample treatment time. Compared to optical, mass,
and thermal methods, electrochemical techniques are especially attractive because
they offer unique detection capabilities with remarkable selectivity and sensitivity
for a moderate cost [1-17]. The final selection of an analytical technique depends
on the intrinsic structure and physicochemical properties of the studied analyte.
Potentiometric electrodes have been described for the selective determination of
pharmaceuticals, but voltammetric methods are most generally developed due to
their inherent high sensitivity and versatility provided that the studied drug com-
pound is electroactive.

9.2 Assay of Drugs

As with other instrumentations, electroanalytical methods have largely benefited
from progress in material sciences, miniaturization, and computerized processing
of analytical data. Electroanalytical methods are widely developed at the academic
level for the assay of pharmaceutically active compounds in their dosage forms and
in biological samples. Their routine use in the pharmaceutical industry and clinical
laboratories is, however, not as popular. This is unfortunate since many pharma-
ceutical analytical problems could readily be solved with a high degree of accuracy
and precision using electrochemical methods. In the analysis of a drug compound in
its dosage form, electroanalytical methods have been shown to be highly suitable
due to the simplicity of sample preparation and lack of interferences from exci-
pients [1-8]. The nowadays most commonly used electrochemical techniques are
cyclic, differential pulse (DPV) and square-wave voltammetry (SWV), stripping
voltammetry, amperometry, and coulometry. Cyclic voltammetry (CV) is usually
the first experiment to be performed in order to check for the electroactivity of a
molecule of interest. It enables a wide potential range to be scanned rapidly for the
screening of the electroactivity of a drug compound (Tables 9.1 and 9.2). Different
electrodes are available, yet most frequently used are glassy carbon, carbon paste,
gold, platinum, and boron-doped diamond electrodes. The experiments can be
performed in a few mL or in pL volumes of solution when using screen-printed
electrodes. The latter have reached substantial commercial success, they are based
on carbon composite material, and can be modified by different reagents, metal, or
carbon particles. They are mass produced with good reproducibility (RSD of
geometric working electrode area below 5 %) and may serve for multiple or single
use. It is expected that their use will stimulate routine analyses in various pharma-
ceutical areas in the near future. In addition to the possible quantification of the
studied compound, CV provides mechanistic information on the redox pattern
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Table 9.1 Redox potentials and chemical structures of some oxi
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occurring at the electrode—solution interface. Multiple voltammetric cyclings on the
same surface provide also information on the extent of drug adsorption and surface
fouling phenomena. This information is useful for orienting subsequent quantitative
electroanalyses especially regarding surface cleaning or renewing. DPV or SWV

can be directly applied to a sample solution provided
achieved. In biological samples, however, since the

present at low concentration and due to the complexi
pretreatment and a separation step are mandatory. Li

that selectivity criteria are
drug of interest is usually
ty of the matrix, a sample
quid-liquid or solid phase

extraction with subsequent dissolution in a suitable buffer can be considered but
usually an additional separation step is needed such as liquid chromatography or

capillary electrophoresis with electrochemical

amperometry) [1-17].

detection (conductivity or
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A dosage form can be dissolved in an aqueous medium, filtered, and analyzed
directly by voltammetry or, if interfering species are encountered, by LC with
amperometric detection. Biological samples are too complex for allowing the direct
analysis of a drug compound; an extraction step can be realized by preconcentrating
the analyte of interest onto the electrode surface followed by medium exchange and
subsequent electroanalysis. Generally, however, liquid—liquid or solid phase extrac-
tion is required for sample cleanup and analyte preconcentration as mentioned
above. The most demanding of the pharmaceutical analytical assays are those that
require the measurement of a drug and eventually its metabolites in biological fluids
such as plasma and urine following the administration of low doses. These assays
must be of high selectivity with sensitivity in the “ng mL™~ ' range [1-17]. Bio-
logical fluids such as plasma, serum, and whole blood are most commonly analyzed
for pharmacokinetic parameter evaluation. Whole blood presents a unique chal-
lenge in method development and validation because of the viscous nature of blood
and complexity of its composition. A major step in the challenging analysis of
whole blood samples has recently been achieved by the development of a highly
innovative flow system with a microfluidic chip for in vivo continuous monitoring
of a drug compound. The biosensor chip contained a series of gold working
electrodes with an immobilized electroactive aptamer selective to the drug to be
monitored (e.g., doxorubicin or kanamycin) [18].

When dealing with biological samples, liquid chromatography with mass
spectrometric detection (LC-MS/MS) is first applied in method development due
to high sensitivity and selectivity achieved. Once the LC-MS/MS is validated, the
LC separation methodology can subsequently be applied in routine analysis using
other detectors such as UV-Vis or amperometry [17-22]. The innovative combi-
nation of flow-through electrochemical cells on-line with mass spectrometry is an
additional attractive feature of electrochemistry. This hyphenated and purely instru-
mental configuration has allowed pushing electrochemistry several steps forward in
the arsenal of analytical tools for drug biotransformation studies. Coupling EC with
LC/TOF-MS permits structural identifications with a high degree of certainty, and
better mechanistic information is obtained about the oxidation or reduction prod-
ucts generated at solid electrodes. The EC-MS or LC-EC-MS methodology applied
to drug compounds allows microsynthesis and on-line identification of low amounts
of products, and these processes can mimic to some extent in Vivo
biotransformation [19].

As with any analytical procedure, the reproducibility and accuracy of an electro-
analytical assay must be verified for the parent compound and/or a chemical
derivative or a metabolite. Methods developed should be uncomplicated and ana-
lytically robust for use in a routine basis. This chapter centers on coulometric and
voltammetric procedures to demonstrate their utility in solving analytically oriented
pharmaceutical problems in drug development [17-22].

Electrochemical biosensors are electroanalytical tools which combine, in an
intimate contact, a biological compound of recognition with a physical transducer
[1-8]. Their unique dual structure is particularly attractive in some specific niches
in drug research and development [1-5]. An interesting concept is to integrate
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metabolically active enzymes as bio-recognition element. Two major difficulties,
however, are encountered:

(a) The complexity to measure the enzymatic activity
(b) The enzyme stability

These problems can be solved to some extent using different strategies such as
electrode surface modification for fast electron transfer to occur and immobilization
techniques [1-5]. The high degree of miniaturization offered by screen-printed
electrodes with an all in one three electrodes configuration is substantially stimu-
lating the biosensors research field [17]. Cell-based biosensors and DNA-based
biosensors can be considered as unique research tools in drug research. A cell-based
biosensor represents an advantageous compromise between a purely in vitro model
and a whole organism. The use of cells takes into account a more faithful perspec-
tive of the complexity of the in vivo environment. DNA-based immobilized elec-
trodes have emerged as useful tools for drug—-DNA interactions studies and for
detecting damages caused by metabolically generated species which can affect the
integrity of the genetic material. In recent years, there has been a growing interest in
the electrochemical investigation of interaction between anticancer or antiviral
drugs and DNA. Observing the electrooxidation of surface immobilized DNA
(through its guanine and adenine residues) in the absence and in the presence of a
drug compound provides good evidence for the interaction mechanism to be
elucidated. Also this interaction could be used for the quantification of these
drugs and for the determination of new drugs targeting DNA [23].

The aim of this chapter is to give some examples and information to aid the use
of recent electroanalytical and LC-EC methods and electrochemical DNA bio-
sensors in the analysis of drugs in their dosage forms and in biological samples
[1-4, 8-15, 17-26]. The selected pharmaceutical active compounds that can be
determined using different electroanalytical, LC-EC, LC-EC-MS techniques, and
DNA-—drug interaction studies are reported in tables together with some details. The
available information such as supporting electrolyte, pH, measuring or detection
potential, column, mobile phase, extraction procedure, internal standard, sensitiv-
ity, selectivity, precision, accuracy, etc. is presented as follows and in the tables.
Chemical names or structural formulae are given to aid identification of
electroactive moieties.
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9.3 Examples of Electrochemical Application

9.3.1 Cyclic, Pulsed, and Stripping Voltammetric Methods
Using Solid Electrodes in Pharmaceutical Analysis

CV, LSV, DPV, SWV, and stripping voltammetric methods are appropriate for the
determination of numerous classes of pharmaceutically active compounds as
reported in tables.

9.3.1.1 Antibacterial, Antifungal, Antiviral, and Antiparasitic

Ashrafi et al. developed an electrooxidation method that allows the determination
of the antiviral drug abacavir in pharmaceutical dosage forms and human serum
samples using a MWCNT-EPPG electrode [27]. Cyclic voltammograms showed
two oxidation peaks located at +0.91 V and +1.10 V. Dependency of peak potential
and peak current on pH was investigated in detail. The oxidation potentials were
affected by the pH indicating that protons are involved in the electrochemical
oxidation of abacavir. Mass transport to the electrode surface was found due to a
combination of diffusion and adsorption which was concluded by studying the
potential scan rate dependency of both peak currents. A linear relation was
observed upon the abacavir concentration within a range of 0.1-20 pM with
(r=0.999) for both peak responses. The method was validated with respect to
selectivity, sensitivity, precision, and accuracy. Abacavir was also determined with
the proposed method in its pharmaceutical dosage forms and human serum samples.
Another antiviral drug fosamprenavir was studied in aqueous-alcohol medium in
the presence of TritonX-100 at a carbon paste electrode [28]. Linearity was in the
range of 1-50 pM fosamprenavir. Thanks to the low detection limit (0.48 pM) and
good repeatability and reproducibility of the results, the method was used for the
determination of the drug in a pharmaceutical dosage form. Dogan-Topal
et al. developed an electroanalytical method using MWCNT-GCE for the determi-
nation of valganciclovir (antiviral drug against cytomegalovirius infections) in
pharmaceutical dosage forms [29]. The calibration curve was linear in the concen-
tration range of 7.5—1,000 nM with the detection limit of 1.52 nM. A sensitive
electrochemical sensor was developed for the determination of trimethoprim
(a drug used for the treatment and prevention of urinary tract infection) using a
MIP-graphene modified GC electrode [30]. The results were accurate, precise, and
the detection limit was 0.13 pM. The new sensor was applied to quantify trimetho-
prim in urine samples. Norfloxacin is a synthetic fluoroquinolone antibiotic. A
MWCNT modified pyrolytic graphite electrode was prepared and applied to detect
norfloxacin based on its electrochemical reduction [31]. The dynamic range for the
norfloxacin analysis ranged between 1.2 and 1,000 pM with a detection limit of
40.6 nM. The determination of norfloxacin and caffeine was selective and the
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method was successfully applied in biological fluids and pharmaceutical dosage
forms.

Other selected examples of assays of dosage forms and biological samples using
various solid electrodes are listed in Table 9.3.

9.3.1.2 Antineoplastic Drugs

Although chemotherapeutic drugs are often thought of as drugs that kill or suppress
cancer cells, some also target organism that invade the body and are used to treat
microbial infection. Antineoplastic agents are a group of specialized drugs used
primarily to treat cancer. Antineoplastic agents are classified by origin and by how
they work to destroy cancer cells. They can be administered to patients alone or in
combination with other antineoplastic drugs. These agents diffuse in the body and
destroy cancer cells. Many of the side effects associated with antineoplastic agents
occur because treatment destroys the body’s normal cells in addition to cancerous
cells.

The interest in developing electrochemical sensing devices for use in clinical
and pharmaceuticals group is growing rapidly. Hence, sensitive, selective, and
rapid methods are required for the assay of antineoplastic agents in their dosage
forms and biological samples. The selected studies in this area are given as follows
and in Table 9.4.

Zhang et al. presented a sensitive voltammetric method for determination of
baicalein by using a TRGO modified GCE in 100 mM KCI-10 mM sodium
phosphate buffer solution. Under physiological conditions, the modified electrode
showed a linear voltammetric response from 10 nM to 10 pM, with a detection limit
of 6.0 nM [76].

Bozal-Palabiyik et al. developed a sensitive electroanalytical method for the
determination of the anticancer drug etoposide (ETP) using AdSDPV at a
MWCNT-GCE. The calibration curve was linear in the concentration range of
20 nM—2 pM with a detection limit of 5.4 nM [77]. The repeatability of the peak
current was found at RSD = 1.55 % (n=15) in pH 6.0 Britton—Robinson buffer. The
method was successfully utilized for the determination of ETP in a pharmaceutical
dosage form, and a recovery of 99.55 % was obtained. This method using a
MWCNT modified GCE appears to be the most sensitive electrochemical method
reported for the determination of ETP. The possible oxidation mechanism of
etoposide was also discussed.

The effect of surface modification on the electrooxidation behavior of the
anticancer drug idarubicin was studied at MWCNT-GC and MWCNT-EPPG elec-
trodes [78]. The method was validated and successfully applied for the determi-
nation of idarubicin in pharmaceutical dosage forms. Under the optimized
conditions, idarubicin gave a linear response in the range 93.6 nM-1.87 pM for the
modified glassy carbon and 93.6 nM—0.936 pM for the modified edge plane pyrolytic
graphite electrodes. The detection limits were found as 18.7 nM and 37.5 nM based
on modified glassy carbon and edge plane pyrolytic graphite electrodes, respectively.
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Interfering species such as ascorbic acid, dopamine, and aspirin showed no interfer-
ence allowing the selective determination of idarubicin.

The voltammetric behavior of the anticancer drug irinotecan was investigated at
a PMB/MWCNT modified GCE [79]. The calibration curve was linear in the
concentration range between 8 and 80 pM with a detection limit of 0.2 pM by
DPV. Another anticancer drug picoplatin was studied using a graphene-MWCNT
modified GCE using DPV [80]. It can be used to detect as low as 0.21 pM of drug.
Other selected examples, which include dosage forms and biological samples using
various solid electrodes, are listed in Table 9.4.

9.3.1.3 Drugs Acting on the Central Nervous System

Central nervous system agents can be used as analgesics, anesthetics, anti-emetics,
anti-convulsants, sedatives, and have many more therapeutic uses such as for
Alzheimer’s disease, depression, Parkinson’s disease, etc. These drugs act on the
brain and spinal cord and are used widely to treat psychiatric disorders, induce
anesthesia, or reduce pain [81]. This group is widely worked using electrochemical
methods because of their electroactivity. In this section some of the selected works
are discussed as follows and in Table 9.5.

Shahrokhian et al. studied the electrooxidation of the neuroleptic drug clozapine
on the surface of a GCE modified with a thin film of MWCNTs/new coccine-doped
polypyrrole modified electrode by using LSV [117]. The pH of the supporting
electrolyte (D), drop size of the deposited MWCNTs suspension (E), and accumu-
lation time of CLZ on the surface of modified electrode (F) were considered as
effective experimental factors. By using factorial-based response-surface methodo-
logy, the optimum values of factors were obtained as 5.44, 10 pL, and 300 s for D,
E, and F, respectively. Under optimized condition, a significant increase (~14
times) was observed in the anodic peak current of CLZ on the surface of the
modified electrode relative to the bare GCE. Oxidation peak currents increased
linearly with CLZ concentration in the range of 0.01-5.00 pM with a detection limit
of 3.00 nM. The RSD value for the peak current of CLZ was obtained as 4.5 %. The
modified electrode was used for the determination of clozapine concentration in
pharmaceutical and clinical preparations with satisfactory results. Mashhdizadeh
and Afshar developed a new carbon paste electrode chemically modified with TiO,
nanoparticles for the same drug. Using adsorptive DPV at optimum parameters, a
linear dynamic range of 0.5-45 pM clozapine was observed with detection limit of
61.0 nM [118].

Agin et al. developed a selective and sensitive electroanalytical method for the
determination of the antidepressant drug mirtazapine at a GCE and a BDDE
[119]. In cyclic voltammetry, mirtazapine showed one sharp oxidation peak and
one additional wave in acidic media in the positive potentials; at pH 5.50, the
mirtazapine peak was single and sharp. Under optimized conditions, the peak
current showed a linear dependence with concentration in the range 0.8—100 pM
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9.3 Examples of Electrochemical Application 287

for the GCE and in the range 4-100 pM for the BDDE using DPV and SWV. The
possible oxidation mechanism of mirtazapine was also discussed.

Raj and John applied a new electrochemically reduced graphene oxide modified
electrode for the simultaneous determination of uric acid (UA), xanthine (XN),
hypoxanthine (HXN), and caffeine (CAF) in human blood serum and urine samples
[120]. Selective determination of one purine derivative in the presence of low
concentrations of the other three purine derivatives was also realized at this
modified electrode. Using a pulsed voltammetric method, detection limits of
88 nM, 0.11 pM, 0.32 pM, and 0.43 uM were obtained for UA, XN, HXN, and
CAF, respectively. The practical application of the modified electrode was demon-
strated by simultaneously determining the concentrations of UA, XN, HXN, and
CAF in human blood plasma and urine samples.

Other selected examples, which include dosage forms and biological samples
using various solid electrodes, are listed in Table 9.5.

9.3.1.4 Drugs Acting on the Peripheral Nervous System

Drug affecting the peripheral nervous system alter voluntary (through the somatic
motor system) and involuntary (though the autonomic nervous system) processes in
the body [81]. In this section, some sensitive and selective voltammetric methods
are reported and tabulated for the assay of peripheral nervous system drugs in their
dosage forms and biological samples (Table 9.6).

A lichen-like nickel oxide nanostructure was synthesized and characterized
[129]. The nanostructure was then applied to modify a CPE and for the fabrication
of a sensor for the “enzyme less” electrocatalytic oxidation of acetylcholine (ACh).
The mechanism and kinetics of the electrooxidation process were investigated by
cyclic voltammetry, steady-state polarization curve, and chronoamperometry. The
catalytic rate constant and the charge transfer coefficient of ACh electrooxidation
by the active nickel species and the diffusion coefficient of ACh were reported. A
sensitive and time-saving hydrodynamic amperometric method was developed for
the determination of ACh. ACh was determined with a sensitivity of
392.4 mA M~ cm ™2 and a limit of detection of 26.7 pM.

Prasad et al. developed a CNT-mer (multiwalled carbon nanotubes bearing
terminal monomeric unit) dispersed sensor for determination of epinephrine
[130]. A linear dynamic range of 0.49—32.12 nM epinephrine was observed with
detection limit of 0.108 nM. The proposed sensor was advantageous in obtaining
enhanced differential pulse anodic stripping voltammetric current vis-a-vis the
corresponding imprinted sensor modified with randomly dispersed flocculated
multiwalled carbon nanotube bundles.

Other selected examples, which include dosage forms and biological samples
using various solid electrodes, are listed in Table 9.6.
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9.3.1.5 Cardiovascular and Renal Active Drugs

These drugs are used to treat conditions related to the heart, blood vessels, and
kidneys, such as hypertension, heart failure, ischemia, cardiac arrhythmias, and
abnormalities in fluid volume and blood composition [81]. Cardiovascular drugs
encompass a large number of prescription medications that are used to control heart
disease. It is a complicated group of drugs with many being used for different heart
problems. Renal drugs increase urine output by the kidney. Most diuretics produce
diuresis by inhibiting the reabsorption of sodium at different segments of the renal
tubular system. Sometimes a combination of diuretics with cardiovascular drugs is
given because this can be significantly more effective than either compound alone
(synergistic effect).

In this section, selected voltammetric applies and their validation parameters on
the cardiovascular, renal drugs, or their combinations are reported and tabulated for
the assay of peripheral nervous system drugs in their pharmaceutical dosage forms
and biological samples as follows and in Table 9.7.

Kaur et al. fabricated electrochemical AgNPs/rGO sensor for the simultaneous
determination of ascorbic acid, dopamine, uric acid, and tryptophan [175]. Electro-
chemical studies were carried out by using cyclic voltammetry, linear sweep
voltammetry, and chronoamperometry. AgNPs/rGO modified electrode exhibited
excellent electrocatalytic activity, stability, sensitivity, and selectivity with well-
separated oxidation peaks for ascorbic acid, dopamine, uric acid, and tryptophan
allowing the simultaneous determination of their quaternary mixture. The ana-
Iytical performance of this sensor was demonstrated for the determination of
ascorbic acid and dopamine in commercial pharmaceutical samples such as vitamin
C tablets and dopamine injections, respectively. The applicability of this sensor was
also extended in the determination of uric acid in human urine samples.

Khoobi et al. developed MWCNT/CPE for simultaneous determination of
betaxolol and atenolol using DPV coupled with multivariate curve resolution-
alternating least squares [176]. Characterization of the modified electrode was
carried out by electrochemical impedance spectroscopy and cyclic voltammetry.
Operating conditions were improved with central composite rotatable design and
response surface methodology, involving several chemical and instrumental para-
meters. Then second order data were built from variable pulse heights of DPV and
after correction in potential shift analyzed by MCR-ALS. Analytical parameters
such as linearity, repeatability, and stability were also investigated and a detection
limit of 0.19 and 0.29 pM for betaxolol and atenolol was achieved, respectively.
The proposed method was successfully applied for the simultaneous determination
of the two analytes in human plasma.

The determination of bezafibrate (BZF) in pharmaceutical dosage forms by
SWYV at a cathodically pretreated BDDE was proposed [177]. CV results showed
one irreversible oxidation peak for BZF at 1.20 V at pH 2.0. Under optimized SWV
conditions, a linear analytical curve was obtained for BZF concentration range
0.10—9.1 mM in the BR buffer solution (pH 2.0), with detection limit of 0.098 mM.
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9.3 Examples of Electrochemical Application 295

The obtained recoveries ranged from 93.4 to 108 %. The proposed method was
successfully applied to the determination of the BZF content in tablets, and the
results were in close agreement with those obtained using a comparative spectro-
photometric method.

Prasad et al. developed a dual-template imprinted polymer modified carbon-
ceramic electrode for ultra trace simultaneous analysis of ascorbic acid and dopa-
mine [178]. The detection limits realized by the proposed sensor, under optimized
conditions, were found to be as low as 12.72 nM for ascorbic acid and 1.37 nM for
dopamine.

9.3.1.6 Endocrine Drugs

Endocrine drugs are hormones or hormone derivatives, or drugs that may modify
the synthesis or action of normally secreted hormones. Endocrine drugs mimic or
block the effect of endogenous hormones. Endocrine dysfunctions may be related to
the hypothalamus or pituitary gland or to the target tissues that function under the
control of hypothalamus and/or pituitary hormone [81]. The electroanalytical
performance and determination parameters of some endocrine drugs using solid
electrodes were demonstrated and discussed as follows and in Table 9.8.

Rafiee and Fakhari developed a nickel oxide nanoparticles modified nafion-
MWCNT screen-printed electrode for the determination of insulin by CV
[188]. Amperometry was also used to evaluate the analytical performance of the
modified electrode in the quantitation of insulin. Excellent analytical features,
including high sensitivity (1.83 pA pM™'), low detection limit (6.1 nM), and
satisfactory dynamic range (20.0—260.0 nM) were achieved under optimized
conditions.

In the search for new and mercury-free electrode material, different bismuth-
based electrodes have been developed by Lima and Spinelli for the determination of
progesterone in four pharmaceutical samples [189]. Two peaks were observed by
CV, at —1.68 V and —1.47 V in 0.1 M BR solutions at pH 12.0. Square-wave
adsorptive stripping voltammetry was used after accumulation of progesterone for
60 s at —1.0 V. The peak current at —1.63 V, related to the reduction of proges-
terone, increased linearly with the hormone concentration in the range of
0.40—7.90 pM.

Typical endocrine drugs determined voltammetric methods are listed in
Table 9.8.

9.3.1.7 Anti-inflammatory, Anti-allergy, and Immunoregulatory Drugs

Anti-inflammatory, anti-allergy, and immunoregulatory drugs constitute a large
group that regulate autacoid (prostaglandins, leukotrienes, cytokines, histamine,
5-HT, and endogenous peptides)-related dysfunctions in the body.
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Some voltammetric methods are discussed as follows and tabulated in Table 9.9
for the assay of these drugs in their dosage forms and in biological samples.

Electrochemical reduction and determination of montelukast, a drug prescribed
for the treatment of hay fever (chronic allergic rhinitis) and asthma, was studied by
Yildiz et al. using CV and DPV at chitosan modified CPE [218]. The linear range
was 0.17—18.3 pM by DPV. Limit of detection and limit of quantification were
0.0532 pM and 0.161 pM, respectively. The proposed method was applied to the
determination of the drug in pharmaceutical dosage forms and spiked human
plasma.

Ghadimi et al. fabricated and characterized a poly(4-vinylpyridine)/ MWCNT
modified GCE (P4AVP/MWCNT GCE) [219]. The electrode demonstrated excellent
electrochemical activity toward paracetamol oxidation compared to the bare GCE
and MWCNT/GCE. The anodic peak currents of paracetamol at the P4VP/
MWCNT GCE were about 300 fold higher than at the non-modified electrode.
By applying DPV under optimized experimental conditions, a good linear relation
between oxidation peak current and concentration of paracetamol over the range of
0.02—450 pM with a limit of detection of 1.69 nM were achieved. This novel
electrode was stable for more than 60 days, and reproducible responses were
obtained at 99 % of the initial current of paracetamol without any influence of
physiologically common interferences such as ascorbic acid and uric acid. This
electrode was useful for determination of paracetamol in pharmaceuticals and urine
samples.

A simple, sensitive, and reproducible silver nanoparticlessMWCNT modified
GCE was developed by Karadas et al. for the voltammetric determination of
zolmitriptan prescribed for the treatment of migraine headaches [220]. The
voltammetric determination of zolmitriptan was performed between the linear
range of 10 nM and 0.8 pM with a detection limit of 1.47 nM.

Typical anti-inflammatory, antiallergy, and immunoregulatory drugs determined
voltammetric methods. Their application details are listed in Table 9.9.

9.3.1.8 Miscellaneous

In this section, some selected voltammetric examples of electroactive drugs with
different pharmacologically effects are collected and reported. Some of them are
discussed as follows and the others are reported in Table 9.10.

Silva et al. developed a MWCNT/gold nanorod modified GCE for the electro-
chemical detection of L-cysteine [253]. The sensor presented a linear response
range from 5.0 up to 200.00 uM, detection limit of 8.25 nM, and a sensitivity of
120 nA pM— 1.

Levodropropizine is a cough suppressant and its electrochemical determination
was investigated on GCE and BDDE by Agin et al. using different voltammetric
techniques [254]. The electrooxidative behavior was investigated by cyclic, linear
sweep, differential pulse, and square wave voltammetry. The dependence of the
peak current and peak potentials on pH, concentration, nature of the buffer, and
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9.3 Examples of Electrochemical Application 305

scan rate was examined. The proposed method was successfully applied for the
determination of levodropropizine in pharmaceutical dosage forms.

Drugs not mentioned in the above-described pharmacologically section are
collected in this part and listed in Table 9.10.

9.3.2 Applications of Polarography in Pharmaceutical
Analysis

Polarography is dealing with a mercury-based electrode and is especially well
suited for the electrochemical reduction of a drug compound. Theoretically, each
drug active compound that is either electroreducible or electrooxidizable within the
potential range of the dropping-mercury electrode (between +0.5 and —2.5 V) can
be determined polarographically. If several electroreducible substances are present
together in the same solution, they can all be estimated if their half-wave potentials
are more than 0.2 V apart. Steps that are less than 0.2 V apart can sometimes be
separated by either changing the pH value of the base solution or by converting the
reactants into complexes from which they deposit at potentials far enough apart for
each step to be measured separately. Some application examples of polarographic
methods on drug analysis are discussed as follows and tabulated in Table 9.11 for
all types of pharmaceutical active compounds.

DPP of atorvastatin, a drug used for high cholesterol and triglyceride levels, in
pure and pharmaceutical dosage forms has been investigated in borax buffer using
the SMDE by Ramadan et al. [342]. Regression analysis showed a good correlation
coefficient between I, and concentration over the studied range with LOD and LOQ
of 19.8 and 58.58 nM, respectively.

Sun et al. investigated the electrochemical behavior of the anti-tumor drug
capacitabine (CPT) using the second order derivative linear-sweep polarography
[343]. A well-defined reduction peak of CPT was observed at the potential of
—1.19 V in pH 5.0 Britton—Robinson (BR) buffer, which was attributed to the
reduction of carbonyl group with the N-C bond cleavage on the mercury electrode.
Under the selected optimized conditions, the reduction peak current was found to be
linearly dependent on the CPT concentration in the range from 0.1 to 10 pM with a
detection limit of 85.3 nM. The proposed method was further applied to determine
the CPT contents in tablets.

Typical application and analysis of polarographic methods on drugs are listed in
Table 9.11.
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9.3.3 Applications of LC-EC Detection in Pharmaceutical
Analysis

LC-EC with amperometry detection can advantageously be considered for highly
sensitive assays provided that the drug compound is electroactive [20, 344]. Glassy
carbon is the most used electrode, yet other working electrode material can be
considered such as platinum or gold, e.g., for aminoglycoside antibiotics using
pulsed amperometric detection (PAD). A general rule of thumb for proper use of an
amperometric detector is that once the appropriate working electrode potential is
applied, the detector should be maintained polarized under hydrodynamic condi-
tions for weeks without interruption in order to keep low background currents. In
this section, some selected applications are given below and in Table 9.12.

Jia et al. studied the influence of nanogold particles in the mobile phase on the
LC-amperometric response of a glassy carbon electrode for the pharmacokinetic
study of danshensu (DSS), protocatechuic acid (PA), protocatechuic aldehyde
(PAH), hydroxy safflower yellow A (HSYA), and ferulic acid (FA) [377]. Some
enhanced signal (electron transfer) was noticed thanks to the presence of the
nanogold particles. Linear regression analysis for the four phenolic compounds
(DSS, PA, HSYA, and FA) were performed in a range of spiking levels from
19.7 nM to 1.263 pM, 24-719.35 nM, 13.9—-81.76 nM, and 37.03 nM—3.06 pM
in rat plasma, respectively. The linear ranges of DSS, HSYA, and FA expanded
from 19.7 nM to 1.263 pM, 13.9-204.41 nM, 36-578.57 nM in urine and feces,
respectively. The sensitivity was evaluated by determining the LOQ, having a
precision smaller than 10 % and signal/noise ratio higher than 10: DSS 19.7 nM,
PA 24 nM, HSYA 13.9 nM, FA 36 nM (S/N = 10). The extraction recoveries of PA,
HSYA, and FA from rat plasma were evaluated. The mean recoveries of the
samples were more than 70 % which indicated that the extraction recoveries of
DSS, PA, HSYA, and FA from the biological samples (plasma, urine, and feces)
were concentration-independent in the concentration range evaluated.

Wall-jet/ thin layer amperometric electrochemical detection coupled with LC
was used for the simultaneous analysis of dopamine (DA) and homovanillic acid
(HVA) at a GCE by Lou et al. [378]. Under optimized conditions, the LC-ECD
calibration curve showed good linearity from 0.01 to 100 pM for DA and HVA, and
the limit of detection obtained were 1.1 nM for DA and 0.7 nM for HVA. Also the
method was tested on human urine with satisfactory results.

A recently available BDD working electrode has been developed for use with
LC to aid in the detection of molecules with high redox potentials by Birbeck and
Mathews [379]. Hydrodynamic voltammograms were constructed for dopamine
and adenosine, and the optimal potentials were determined to be +740 and
+1,200 mV versus a palladium reference electrode, respectively. The detection
range achieved with the BDD electrode was from the low nanomolar to high
millimolar levels. To determine the practical utility of the BDD electrode, tissue
content was analyzed for seven monoamine and two purine molecules, which were
resolved in a single run in less than 28 min.
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9.3 Examples of Electrochemical Application
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320 9 Applications for Drug Assays

In another study, vitamin E was analyzed using LC-ED by Shintani [380]. ECD
detection was selective for the compounds with tautomerism such as keto = enol or
amine = imine with relatively low oxidation—reduction voltage. So in case of
vitamin E analysis, ECD detection can be applied because phenolic OH = carbonyl
tautomerism exists under the applied voltage. In addition, ECD detection was
approximately ten times more sensitive than UV detection. Sensitivity and selecti-
vity of ECD detection was almost identical to fluorescence detection.

Typical drugs determination examples by LC-ECD methods are listed in
Table 9.12.

9.3.4 Biosensors in Pharmaceutical Analysis (See also
Chap. 6)

Biosensor for analysis of drug use is one of the most popular topics in recent years.
In this section, some examples of different biosensors for drug analysis and
biological samples can be found as follows and in Table 9.13.

The interaction of ciprofloxacin with dsDNA was studied by Fotouhi et al. [424]
using CV, fluorescence emission spectroscopy, and UV-vis spectroscopy. The
presence of DNA resulted in a decrease in the current. A positive shift in the
ciprofloxacin oxidation peak indicated the intercalative interaction. The
corresponding heterogeneous rate constant (k) and the electron transfer coefficient
(a) were calculated to free Cf and the bound Cf~DNA complex.

Asturias-Arribas et al. developed a tetrathiafulvalene (TTF) modified screen-
printed biosensor based on the inhibition of the acetylcholinesterase activity for the
determination of codeine [425]. Applying a potential of +250 mV, a 1 mM solution
of acetylthiocholine in electrolyte solution pH 7.0 gave an oxidation signal due to
the TTF catalytical oxidation of the enzymatically generated thiocholine. The
electrochemical signal decreased by consecutive additions of codeine. It allowed
linear calibration curves to be obtained between 20 and 200 uM with a reproduc-
ibility of 3.31 % (n=6). Additionally, the developed biosensor was used for the
determination of codeine in pharmaceutical commercial tablets and urine samples.

The interaction between codeine and morphine with dsDNA was assessed at
pH 7.0 by Ensafi et al. [426]. DPV at a pencil graphite electrode showed that both
molecules were electrochemically oxidized due to the presence of phenolic and
amino groups in their structure. Detection limits of 0.137 and 0.15 pM were
obtained for codeine and morphine, respectively. The biosensor was applied to
the analysis of codeine and morphine in blood serum, urine samples, and pharma-
ceutical dosage forms.

Canbay and Akyilmaz fabricated MWCNT-nafion-cysteamine modified tyro-
sinase biosensor for determination of dopamine [427]. In this study, dopamine
determination was realized by DPV in the range 0.4 and —0.15 V. In the optimi-
zation studies, some parameters such as pH, temperature, enzyme amount, and


http://dx.doi.org/10.1007/978-3-662-47138-8_6
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324 9 Applications for Drug Assays

effect of MWCNT concentration were investigated. Afterwards some parameters
such as linearity and reproducibility were determined. A standard deviation of
£0.04 and a coefficient of variation of 3.8 % were obtained for a 1 pM dopamine
concentration (n=15). Determination of dopamine was carried out in drug
samples.

Huang et al. developed based on the Au@carbon dots-chitosan composite film
(Au@CDs—CS/GCE) biosensor for determination of dopamine [428]. Under opti-
mal conditions, selective detection of dopamine in a linear concentration range of
0.01-100.0 pM was obtained with the limit of 0.001 pM. At the same time, the
Au@CDs-CS/GCE was also applied to the detection of DA content in DA’s
injection with satisfactory results, and the biosensor could keep its activity for at
least 2 weeks.

An electrochemical biosensor based on the drop-casting of MWCNTs and
microsomal cytochrome P4501A2 on graphite screen-printed electrode was real-
ized by Baj-Rossi et al. [429]. The dynamic linear range for the amperometric
detection of naproxen (NAP) had an upper limit of 300 pM with a limit of detection
of 16 £ 1 pM. The MWCNT/msCYP1A2-SPE sensor was also calibrated for NAP
detection in mouse serum that was previously extracted from mice, showing a
slightly higher LOD (33 &+ 18 pM).

Marco et al. developed a DNA modified MWCNT paste electrode for the
determination of promethazine using a SWV method [430]. The best results were
obtained by using SWV in 0.30 M phosphate buffer pH 7.0 and DNA immobili-
zation onto SiAIND surface using 0.8 mg mL ™' concentration. The sensitivity of the
sensor was found to be 0.210 pA pM~".

Some typical drug assay using different electrochemical biosensors are listed in
Table 9.13.

9.4 Conclusion

An analytical method dedicated to the analysis of a drug compound in a given
matrix should be developed in a critical manner, considering different available
instrumentations and by knowing their performances in terms of selectivity, sensiti-
vity, ease of use, speed of analysis, etc. Electrochemistry is a well-established and
continuously growing area with a number of possible applications in the pharma-
ceutical field. The scope of electroanalytical assays has largely benefited during the
past decade from the development of new electrode material and innovative
electrode modifications. The main advantage of electrochemical techniques is
their high sensitivity with a wide concentration range up to the low nanomolar
concentration level and their high versatility for a relatively moderate
equipment cost.

Many of the applications described in this chapter are of limited relatively scope,
but they are all of some significance in their own particular field and contribute to
the general importance of electroanalytical assay in modern pharmaceutical ana-
lysis. This is a rapidly developing subject, and it can be anticipated that many new
applications of electroanalytical methods may be offered in the near future.
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