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Preface

Electrokinetic phenomena were discovered quite early in the nineteenth century. Hence in‐
vestigations in the field have been conducted for more than a century and a half. The discov‐
ery of electroosmosis and electrophoresis by Reuss occurred soon after the first
investigations on the electrolysis of water by Nicholson or Carlisle and the electrolysis of
salt solutions by Berzelius (1804) and Davy (1807). Reuss carried out two experiments, the
first demonstrated the effect known as electroosmosis, and the second was actually the dis‐
covery of electrophoresis.

Field effect electroosmosis is a novel interfacial phenomenon which is of particular interest.
Field effect could be demonstrated by combining a metal-insulator-electrolyte system (MIE)
with capillary electroosmosis. Using this technique a capillary at its outside surface and elec‐
troosmatic flow is controlled by applying a perpendicular electric field to the flow.

The potential application of this effect is examined in the process which would benefit from
a flexible control of electroosmatic flow, such as capillary electrophoresis in separation sci‐
ence.

Electrophoresis experiment was first carried out by Tiselius in 1930. In his thesis titled “The
Moving Boundary Method of Studying the Electrophoresis of Proteins“, Tiselius utilized the
electric charge carried by the macromolecules to achieve some pioneering separation of
blood plasma proteins in free solution on a photographic film. Application of electrophore‐
sis experiment is defined as the transport of electrically charged particles in a direct current
electric field. Electrophoretic separation is based on differential rates of migration in the
bulk of the liquid phase and is not concerned with reactions occurring at the electrodes. In
the early days, electrophoresis was carried out either in free solution or in the supporting
media such as paper, cellulose acetate, starch, agarose, and polyacrylamide gel. Between
1950 and 1970, an enumeration of techniques and instrumentation for electrophoresis were
developed.

Gel electrophoresis has been rarely used for the separation and identification of small charg‐
ed molecules of molecular weight less than about 1000 Dalton. In addition, the major draw
back of gel electrophoresis is lack of complete automation.

To overcome the low efficiency and reduce thermal effects, Hjerten carried out electrophore‐
sis in narrow diameter tubes of 300 µm internal diameter for the first time in 1967.

This was the birth of open tubular capillary electrophoresis. However, in the following dec‐
ade, capillary electrophoresis did not draw enough attention from researchers, until 1981
when Jorgenson and Lukacs demonstrated the use of narrow capillaries to produce high ef‐
ficiency for the separation of dansy and fluorescamine derivatives of amino acids, dipepti‐



des and simple amines, high performance capillary electrophoresis was born and a new era
of capillary electrophoresis began. After the introduction of commercial CE instrument in
late 1988 that allowed the full automation of CE analysis to be possible, more and more re‐
search publications and industrial applications have made capillary electrophoresis one of
the dominant technologies in the separation field. In 1985 Terabe et al. added a new dimen‐
sion to capillary electrophoresis. They added micelles to the aqueous electrolyte and were
able to separate neutral molecules such as benzene and phenol.

With this technique it is possible to separate various drugs which are neutral or even charg‐
ed. One that can separate enantiomers by this technique is called micellar electrokinetic ca‐
pillary chromatography (MECC).

The present book contains few fundamentals on capillary electrophoresis and diverse appli‐
cations of electrophoresis in general. We hope this collection will be useful for the interested
readers.

Kiumars Ghowsi
Department of Chemistry,

Majlesi Branch,
Islamic Azad University,

Isfahan, Iran
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Chapter 1

Field-Effect Electro-osmosis –
a New Dimension
in Capillary Zone Electrophoresis

Kiumars Ghowsi, Hosein Ghowsi and M. Razazie 

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59114

1. Introduction

Electrokinetic phenomena were discovered quite early in the 19th century. Investigations in the
field have therefore been conducted for more than a century and a half. The discovery of
electro-osmosis and electrophoresis by Reuss occurred soon after the first investigations on
the electrolysis of water by Nicholson and Carlisle [1] and the electrolysis of salt solutions by
Berzelius (1804) and Davy (1807). Reuss [2] carried out two experiments: the first demonstrated
the effect known as electro-osmosis, and the second was the discovery of electrophoresis.
Considering the simplest case of electro-osmosis in a single capillary, Helmholtz [3] obtained
a formula for the linear velocity of electro-osmosis:

4eov Eex
ph

= -

where ξ is the interfacial electric potential difference, E is the electric field strength, and η is
the viscosity of the liquid. Field-effect electro-osmosis is a novel interfacial phenomenon which
is of particular interest. Field effect can be demonstrated by combining a metal-insulator
electrolyte system (MIE) with capillary electro-osmosis. This technique uses a capillary at the
outside surface, and electro-osmatic flow is controlled by applying a perpendicular electric
field to the flow.

Potential applications of this effect could benefit from a flexible control of electro-osmatic flow,
for example by capillary electrophoresis in separation science [4].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



1.1. Theory

As a result of the elaboration of the theory, and in particular because of Saxen’s experiments
[5], entirely new premises appeared for experimental research. Not only did investigations of
electrokinetic phenomena become possible at this stage, but studies of the double layer on the
basis of these phenomena were also conducted.

The effect of the chemical nature of the surface and the ionic composition of electrolytes on the
sign and magnitude of the potential (determined by the electrokinetic measurement) was
determined experimentally in the early parts of this century, and furnished the grounds for
solving the problem of the mechanism of the formation of the double layer of colloid particles.

Freundlich [6] called attention to a possible connection between the appearance of the double
layer and an adsorption phenomenon.

It was considered that, if the adsorption coefficients of the ions were different, the strongly
adsorbed ions would be present in excess on the surface, and the weakly adsorbed ions would
be present in excess in the liquid part of the double layer, together giving rise to the double
layer.

Another possible mechanism for the formation of the double layer is linked with the dissoci‐
ation of surface ionogenic groups under the influence of a polar dispersion medium. This
mechanism was first studied in regard to proteins. The ionogenic groups in proteins are of
different chemical natures (acidic carboxyl, basic amino groups, etc.), and proteins are
classified as amphoteric electrolytes.

In a first approximation, the amphoteric nature of monomer units of the protein molecule may
be characterized by the following model:

32 NHNH
R R
COOH COO

+

-

ì®ì ï
í í¬ ïî î

At low pH, the protein carries a + charge. As pH is increased, the isoelectric point is first
reached, and then there is a change in the sign of the charge on the protein.

Chemical groups on the insulator surface, at an interface between a liquid and an insulating
solid, dissociate similarly to the above mechanism. Due to this surface ionization and specific
adsorption, the interface is charged and ions of opposite polarity to the interfacial charge
(counter-ions) are attracted to it, while ions of the same polarity are repelled.

2. Theoretical modelling of the Metal-Insulator Electrolyte (MIE) and
postulation of a novel electrokinetic effect called field-effect electro-
osmosis

The zeta potential, which is the potential across the surface of the insulator and electrolyte, has
been shown in the past to be manipulated by pH (surface ionization) and ionic concentration

Field Effect Electroosmosis - A Novel Phenomenon in Electrokinetics and its Applications in Capillary Electrophoresis4
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(specific adsorption). A novel phenomenon is postulated by us in which the zeta potential in
a capillary can be controlled by an external field. If a thin-wall capillary is coated with a metallic
conductor on the external surface and a voltage VG is applied between the metal electrode and
the electrolyte (Fig.1), electro-osmotic flow can be controlled. By changing VG, the voltage drop
across the double layer changes, and this change includes the change in zeta potential, ξ, which
in turn causes a modification in the electro-osmotic flow. We name this phenomenon “external
field-effect electro-osmosis,” or simply “ field-effect electro-osmosis”. Therefore, zeta poten‐
tial, ξ (pH,C, VG), is a function of three variables: pH, C (the ionic concentration in the
electrolyte), and VG. To understand this approach, there is a need to model the metal-insulator-
electrolyte system in more detail. This is addressed in the following sections.

Figure 1. a) A Capillary covered with metallic coating; b) Cross-section of metal-insulator electrolyte, field-effect elec‐
tro-osmosis

3. Ideal metal-insulator electrolyte structures

The ideal metal-insulator electrolyte (MIE) system is similar to what Siu et al. [7] have defined
as the totally blocked interface of an insulator/electrolyte. In an ideal MIE, there is a complete
absence of interfacial reactions between the electrolyte and oxide; in other words, there is
neither specific adsorption nor surface ionization. Since the interfacial electrochemical
processes are absent, the charge and potential distribution in this MIE system are dictated
solely by electrostatic considerations. As shown in Fig. 2, the metal electrode is chosen to be
ground and the applied voltage, VG, is applied to the reference electrode. The reference
electrode is chosen as nonpolarizable, where the voltage drop across it is negligible, so it can

Field-Effect Electro-osmosis – a New Dimension in Capillary Zone Electrophoresis
http://dx.doi.org/10.5772/59114
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be assumed that VG is applied to the electrolyte. The charge per unit area and the potential in
the electrolyte space-charge region are related by the Poisson-Boltzmann equation [8]. From
Gauss’s law and the solution to this equation, we find that for an electrolyte the charge per
unit area in the Gouy-Chapman space-charge region is given by:

( ) ( )1/2
08 sinh / 2d e G dkTn q V kTs e j= é - ùë û (1)

Figure 2. The charge and potential profile in a totally block metal-insulator electrolyte (MIE)

From Fig. 2, a charge neutrality equation can be written as follows:

0d ms s+ = (2)

Also, C ′
o =

CH Co

CH + C ′
o
 since CH > >Co and

o oC C¢ @ (3)

since Cd > >Co then φd −φo < <φo, or

d oj j» (4)

and

o o mCj s» - (5)
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m d o dCs s j- = » (6)

Thus, from eqs. (1) to (6) we find that:

1/2
0(8 ) sinh[ ( ) / 2 ]o d e d GC kTn q V kTj e j= - - (7)

Rearranging eq. (7), we obtain:

1
1/2

2 sinh
(8 )

d o
G d

e o

kT CV
q kTn

j j
e

- æ ö
= +ç ÷

è ø
(8)

1
1/2

2 sinh
(8 )

d o
d

e o

kT C
q kTn

jx j
e

- æ ö
» +ç ÷

è ø
(9)

Since the difference between VG and φd  is very small (in the range of millivolts), whereas the
difference between VG and φd  is several volts, by substituting φd  into the parenthesis of eq.
(9) VG, the calculations are simplified. Thus, the following equation is found for the zeta
potential:

1
1/2

2 sinh
(8 )

d o

e o

kT C
q kTn

jx
e

- æ ö
» ç ÷

è ø
(10)

4. Contributions

It is interesting that much of the basic science involved in electrokinetic phenomena was
discovered more than a century and a half ago¹. After the discovery of dissociation of water
by electricity and the scientific curiosity that ensued, electrokinetic phenomena were discov‐
ered in parallel with electrolysis of water. If a V-shaped test tube is filled with soil and with
electrolyte, and a direct current voltage is applied across the soil, electrolyte is pumped from
one side to the other side. This electrokinetic phenomenonis is called electro-osmosis. Electro-
osmosis can occur at a capillary as well. The charge at the interface of the wall of the capillary
is forced by the electric field applied across the capillary. We propose field-effect electro-
osmosis, a novel phenomena where the zeta potential, ξ, is proportional to the charge at the
interface of oxide and electrolyte, and VG is the voltage perpendicular to the interface.

Fig. 3 shows two-dimensional zeta potential as a function of VG at different concentrations of
electrolytes. The basic science was electrokinetic.

Field-Effect Electro-osmosis – a New Dimension in Capillary Zone Electrophoresis
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Figure 3. Change in zeta potential ξ as a function of VG for various ionic concentrations for ideal case

Gradually during the past 30 years, CZE (capillary zone electrophoresis) [9] and micellar
electrokinetic capillary chromatography (MECC) [10] have become applied sciences in their
own right, through several publications [11]. Fig. 4 shows field-effect electro-osmosis at work
in separation. The electro-osmosis in Fig.4 uses Vd −VG to make the voltage at the interface
uniform. With field-effect electro-osmosis one can make the zeta potential zero or positive or
negative.

Figure 4. a) The schematic of field-effect electro-osmosis with the constant zeta potential across the capillary; b) The
voltage perpendicular to the wall of the capillary versus X

Field Effect Electroosmosis - A Novel Phenomenon in Electrokinetics and its Applications in Capillary Electrophoresis8
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This can achieve the separation of protein with less tailing or shift the movement of electro-
osmosis to the left or right [12] (Fig. 5).

Figure 5. Field-effect electro-osmosis used in separation (source: Biosersor)

List of symbols

C1 Inner Helmholtz layer capacitance

C2 Outer Helmholtz layer capacitance

Ca Capacitance due to variation of surface charge σ0 on the insulator with surface potential
φo

C ′
o Total capacitance of CH  and Co in series for ideal case

Co Oxide capacitance

Cd  Diffusion layer capacitance

CT  Total capacitance for MIE

CH  Helmholtz capacitance for MIE

E Electric field

Ebd  Break-down electric field

K Boltzmann constant

no Concentration of electrolyte

Q Electron charge

T Temperature

Field-Effect Electro-osmosis – a New Dimension in Capillary Zone Electrophoresis
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Veo Electro-osmotic velocity

VG Voltage between metal and electrolyte

Vd  Voltage between cathode and anode

Vss Saturated surface potential

V pzz Voltage VG at which zeta potential is zero

V zs Zero surface-charge potential

Xox Oxide thickness

Zie Total impedance of double layer in parallel with Ca and the Warburg impedance Zw

Greek alphabet

εe Dielectric constant of electrolyte

εo Absolute dielectric constant of vacuum

εr  Relative dielectric constant

ξ Zeta potential

η Viscosity of the liquid

ρ Charge density

σm Charge at the metal-insulator interface

σo Surface charge at the insulator electrolyte due to specific adsorption

σB Charge at inner Helmhotz layer

σd  Charge in the diffuse layer

φo Potential at the insulator-electrolyte interface

φB Potential at the inner Helmholtz layer

φd  Potential at the outer Helholtz layer

6. Conclusion

A novel effect has been postulated by the name of field-effect electro-osmosis. The effect can
change the electro-osmosis flow from left to right or from right to left, or it can make electro-
osmosis zero.

Electro-osmosis is an electrokinetic phenomenon.

Field Effect Electroosmosis - A Novel Phenomenon in Electrokinetics and its Applications in Capillary Electrophoresis10
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1. Introduction

Ionic liquids (ILs) are unique solvents with melting points at or below 100 ºC. They have drawn
scientific interest due to their unique properties that involve good thermal stability, miscibility
in different solvents, tunable viscosity, conductivity, negligible vapor pressure, non-flamma‐
bility, and low toxicity. They have often been called designer solvents in order to indicate their
large structural variability due to the cation or the anion of the salt. This, in turn, broadens
their application area (chemical reactions, catalysis, electrochemistry, separation, etc.) [1-5].

In the last few years, a big number of chiral ILs (CILs), have been designed, synthesized and
used for applications in electrophoretic and chromatographic chiral discrimination [4, 6]. They
play a key role in enantioselective analysis because they combine the advantages of ILs with
the properties of a chiral moiety, which can be anionic and/or cationic. Their utility in separa‐
tion science as chiral selectors, additives, chiral ligands, and chiral stationary phases is
becoming increasingly important [7].

Although a large number of reviews have been provided on the synthesis of CILs [8-10], a
surprisingly limited number of articles have been published on their utility in analytical
separations, and particularly in electrophoretic separations [7, 11]. Capillary electrophoresis
(CE) has been extensively used in chiral separations by using various chiral selectors, such as
cyclodextrins (CDs), cyclofructans, oligo-and polysaccharides, polymeric surfactants, and
others [12]. Some of the problems that limit their use involve low solubility, instability at high
temperatures and/or low pH values, time-consuming organic synthesis procedures and high
cost. The use of CILs is considered a potential alternative because they can dissolve various
polar and nonpolar analytes, they may provide chiral selectivity, and their synthesis procedure
is simple. In CE, the CILs are mainly used as BGE additives, and secondarily as chiral ligands
and chiral selectors.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



A new class of CILs, called amino acid ester-based ILs (AAILs), was synthesized and charac‐
terized in 2005 by Tao et al. [13]. AAILs consist of cations, which are derived from amino acids
or amino acid esters, such as glycine (Gly), alanine (Ala), alanine methyl ester (AlaC1), and
alanine ethyl ester (AlaC2), and commonly used anions, such as nitrate (NO3), tetrafluoroborate
(BF4), lactate (Lac) and bis(trifluromethane)sulfonamide (NTf2). Bwambok et al. [14] used a
simple metathesis reaction to synthesize L-and D-alanine tert butyl ester-based ILs with several
anions, and they studied their enantiomeric recognition properties by using fluorescence and
nuclear magnetic resonance spectroscopy.

In this chapter, the ability of AAILs to be used as chiral and achiral media in CE is investigated.
In particular, some representative studies that involve the utility of AAILs as background
electrolyte (BGE) additives and as sole chiral selectors in electrophoretic separations are
reported and discussed. These studies involve synthesis procedure, establishment of optimum
separation conditions and method validation. The first part of this chapter involves the
application of AAILs as BGE additives and the evaluation of their performance in both chiral
and achiral analysis, while the second part demonstrates their chiral recognition ability for the
enantioseparation of 1,1’-binaphthyl-2,2-diylhydrogenphosphate (BNP).

2. AAILs as background electrolyte additives

Most of the applications of AAILs (Figure 1) in electrophoretic separations have been as
additives in BGEs [15-23]. Hadjistasi et al. [15] were the first to report the use of an AAIL as an
additive in the BGE to improve electrophoretic separations. In particular, the addition of the
CIL D-alanine tert-butyl ester lactate (D-AlaC4Lac) into the BGE improved the resolution of
the pipecolic acid enantiomers. This CIL provided an increase in resolution from 1.41, obtained
when β-cyclodextrin (β-CD) was used as the sole chiral selector, to 1.87, obtained when both
chiral selectors were added in the BGE. In 2013, two novel AAILs, tetramethylammonium-L-
arginine (TMA-L-Arg) and tetramethylammonium-L-aspartic acid (TMA-L-Asp), were
applied, for the first time, in CE, with glycogen as the chiral selector, in order to evaluate their
potential synergistic effect [16]. Glycogen is an electrically neutral and branched polysacchar‐
ide that has, over the years, proven its chiral recognition abilities for the enantioseparation of
various basic and acidic drug compounds. In their study, it was observed that, when the TMA-
L-Arg/glycogen and TMA-L-Asp/glycogen systems were applied, both resolution and
selectivity were significantly improved in comparison to the single glycogen separation
system. This, in turn, suggested the existence of the synergistic effect. In a more recent study,
the vancomycin-based synergistic system with L-alanine and L-valine tert butyl ester bis(tri‐
fluoromethane)sulfonamide (L-AlaC4NTf2 and L-ValC4NTf2) as additives was evaluated in CE
for the enantioseparation of five profens [18]. When the binary systems were applied, all
enantioseparations were considerably improved, and the resolution values were greatly
higher than in the case where vancomycin was used as the sole chiral selector. In this part of
the chapter, two representative studies performed recently in chiral and achiral CE are briefly
described [17, 22].
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Figure 1. Structures of the AAILs L-AlaC1Lac, L-AlaC2Lac, L-and D-AlaC4Lac, and L-AlaC4NTf2 [27].

2.1. Chiral analysis

The use of AAILs as BGE additives, for improved resolutions, selectivity factors, and efficien‐
cies in chiral analysis, is demonstrated further here by providing a more in-depth analysis of
a research work that was performed by Zhang et al. [17]. In their study, two AAILs (L-
AlaC4NTf2 and L-ValC4NTf2) were applied as additives and β-CD derivatives (methyl-β-CD,
hydropropyl-β-CD, glucose-β-CD) as chiral selectors in CE for the enantioseparation of six
anionic racemic drug compounds.

The synthesis of both AAILs was accomplished by use of a one-step anion exchange reaction
of the corresponding amino acid ester chloride and the bis(trifluoromethane)sulfonimide
lithium salt [14]. Briefly, an appropriate amount of L-alanine and L-valine tert butyl ester
hydrochloride and an equimolar amount of bis(trifluoromethane)sulfonimide lithium salt
were separately dissolved in distilled water. Then, the two solutions were mixed and stirred
for 2 h at room temperature. The mixture resulted in two layers, of which the lower layer was
separated and dried under vacuum overnight. The resulted products were colorless liquids.

The main objective of their study was to evaluate the synergistic effect of the AAILs with the
β-CD derivatives. It was proven to be significant for half of the analytes examined, and
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particularly for naproxen, pranoprofen and warfarin. Figure 2 demonstrates the electrophero‐
grams obtained when β-CD derivatives were used as the sole chiral selectors [(a)], and when
AAILs were used as additives [(b) and (c)].

Figure 2. Electropherograms with the absence and presence of AAILs for enantioseparation with (A) methyl-β-CD for
naproxen, (B) methyl-β-CD for pranoprofen, (C) hydropropyl-β-CD for naproxen and (D) glucose-β-CD for naproxen.
Conditions: fused-silica capillary, 33 cm (24.5 cm effective length) × 50 µm id; 30 mM sodium citrate/citric acid buffer
solution with 20% (v/v) ethanol for naproxen or 20% (v/v) acetonitrile for pranoprofen, containing (A) and (B) (a)
methyl-β-CD; (b) 20 methyl-β-CD+15 mM L-AlaC4NTf2; (c) 20 mM methyl-β-CD+15 mM L-ValC4NTf2; (C) (a) 30 mM
hydropropyl-β-CD; (b) 30 mM hydropropyl-β-CD+15 mM L-AlaC4NTf2; (c) 30 mM hydropropyl-β-CD+15 mM L-
ValC4NTf2, (D) (a) 30 mM glucose-β-CD; (b) 30 mM glucose-β-CD+15 mM L-AlaC4NTf2; (c) 30 mM glucose-β-CD+15
mM L-ValC4NTf2; pH 5.0; applied voltage, 20 kV; capillary temperature, 25°C [17].

The novel synergistic system was optimized by using methyl-β-CD/AAILs as model systems.
An important factor affecting the enantioseparation is the concentration of the chiral selector
and the CIL, since both concentrations will determine the equilibria between the chiral selector,
the CIL and the enantiomers. Initially, at a fixed concentration of 20 mM methyl-β-CD, as the
concentrations of L-AlaC4NTf2 and L-ValC4NTf2 increased from 5 to 15 mM both resolution
and effective selectivity factor improved. However, at the concentration of 20 mM, no peak
was observed, even at 60 min. The electrophoretic mobility decreased dramatically, possibly
due to the adsorption of the CIL cations onto the capillary walls.

The effect of the chiral selector´s concentration on enantioseparation was also studied by
varying the concentration of methyl-β-CD from 10 to 50 mM. In the single methyl-β-CD
separation system, resolution values increased upon increasing the concentration, due to an
increase in the complexation between the chiral selector and the enantiomers. On the other
hand, in the methyl-β-CD/AAILs systems, resolution was initially increased, and then
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decreased mainly due to the gradual complex saturation. Therefore, the optimum concentra‐
tion of methyl-β-CD is lower with the presence of the synergistic effect in comparison to the
single methyl-β-CD system.

The optimum BGE composition was also determined by examining two different systems
(sodium sodium acetate-acetic acid and citrate-citric acid). The first BGE provided deformed
peaks, while the use of the second one resulted in better peak shapes and better resolutions.
The BGE pH was also investigated for the chiral recognition process, because the degree of
protonation in the analytes and the AAILs depends on this parameter. It was observed that at
pH values below 4.4 or above 5.6, resolutions of all the understudy chiral compounds were
reduced. Therefore, a pH value of 5.0 was considered the optimum. According to the authors,
at the particular optimum pH, in the present system of analyte/AAIL/methyl-β-CD, the
following bindings occur: (a) hydrogen bonding among the hydroxyl function in methyl-β-
CD, carboxyl group in the drug compounds and amino function in the AAILs and (b) ionic
interactions between the carboxyl group in the analytes and the amino function in the AAILs.

Another important observation, in this study, was the improvement of both resolution and
effective selectivity factor with the addition of an organic modifier, possibly due to a decrease
in electroosmotic mobility, which, in turn, increases the interactions between the AAIL,
methyl-β-CD and analyte. Other parameters, such as composition and pH of buffer system
and applied voltage were also examined, and the optimum conditions included 15 mM AAIL,
20 mM methyl-β-CD, 30 mM sodium citrate/citric acid (pH 5), and 20 kV.

2.2. Achiral analysis

In a different study, the synergistic effect of sodium dodecyl sulfate (SDS) and L-alanine tert
butyl ester lactate (L-AlaC4Lac) was examined by Mavroudi et al. [22] for the separation of 2-
arylpropionic acid non-steroidal anti-inflammatory drugs (Figure 3). The BGE was supported
with either SDS, or an AAIL or SDS/AAIL, and their performance was evaluated by comparing
migration times, efficiencies and %RSD values. Many analytical CE methods have, so far, been
used for the separation of a wide variety of NSAIDs, by applying different modes of CE. These
include micellar electrokinetic chromatography (MEKC) with SDS as an additive, capillary
electrochromatography (CEC) with poly(stearyl methacrylate-divinyl benzene) monolithic
columns and non-aqueous CE [24-26]. In the study reported by Maria et al., the AAIL L-
AlaC4Lac was applied in CE as a sole additive for the simultaneous separation of NSAIDs for
the first time. A very important consideration in this study was whether the use of an AAIL
as a sole additive resulted in more effective separations than in the case of using a common
surfactant. Therefore, a comparison was performed by adding L-AlaC4Lac or SDS into the BGE
(100 mM Tris/10 mM tetraborate decahydrate).

For the synthesis of L-AlaC4Lac, appropriate amounts of the corresponding amino acid ester
hydrochloride and silver lactate were separately mixed with methanol. The amino acid ester
solution and the suspended silver lactate were then mixed and stirred. Subsequently, the
precipitate was filtered and removed, and the remained solution was evaporated in vacuo and
purified by being crystallized in methanol/ether [14].
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In the single SDS system, separation is achieved by differential partitioning of analytes between
the hydrophilic core of the surfactant and the bulk aqueous phase via electrostatic and
hydrophobic interactions, and hydrogen bonding. SDS was initially examined as a sole
additive, by varying its concentration from 10 to 30 mM. It was observed from Figure 4 that,
even though the migration times of all analytes increased along with the increase of SDS
concentration, resolution values decreased dramatically. At 30 mM, a coelution of indoprofen
and ketoprofen was observed, and carprofen did not elute, even at 30 min. This is because the
predominant population, at pH 8, is in the anionic form, which is expected to be repelled by
the negatively charged headgroup of the anionic surfactant.

For comparison purposes and for further optimization of the separation, an AAIL was used
as an additive. The effect of its concentration on the separation of NSAIDs was first examined.
The optimum concentration was determined according to resolution, efficiency and analysis
time. As demonstrated in Figure 5, when a 20-mM concentration was used, the Rs values for
the peak pairs carprofen-ketoprofen and flurbiprofen-ibuprofen were 1.3 and 1.2, respectively.
Concentrations above 30 mM provided baseline separations with Rs values higher than 1.5. In
addition, the total analysis time, in the cases of 20, 30 and 40 mM L-AlaC4Lac, was not altered
(~ 9.5 min), while, from 50 to 70 mM, it was increased to ~ 12 min. Efficiency was determined
by calculating the number of theoretical plates (N) for all peaks. It was observed that at a
concentration of 40 mM, N for all peaks was very high, in comparison to the ones obtained
when the other concentrations were applied (Figure 6). Another important observation
involved the elution order of NSAIDs, which was different from the elution order observed
when the SDS was added in the BGE, probably due to the different types of interactions

Figure 3. Structures of the five NSAIDs used in this study.
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between the additive and the analytes. In the case of SDS, the interactions are based on
hydrophobicity, while in the case of the additive L-AlaC4Lac, the separation is based on
electrostatic interactions.

pH is another important parameter that is necessary to be optimized because, firstly, alterations
in pH can affect the analyte charge and, secondly, the primary amine group of the cation of
the AAIL can be positively charged or neutral in several pHs. An increase in pH from 8.0 to
8.5, the resolution decreased from 2.9 to 1.5 for peaks carprofen-ketoprofen and from 1.7 to 1.3
for peaks flurbiprofen-ibuprofen. A further increase in pH (9.0 and 9.5) resulted in two
coelutions and shorter migration times due to fewer electrostatic interactions between the
AAIL and the negatively charged analyte, since the amount of the positively charged amino
group is decreased. In addition, at high pH values, the AAIL may undergo ester hydrolysis,
which results in the lack of the tert butyl group in the cation.

The reproducibilities were also evaluated and compared by calculating the relative standard
deviation (RSD) values of the electroosmotic flow (EOF) and the migration times of all the
analyte peaks. In particular, in both SDS and L-AlaC4Lac cases, the run-to-run RSD values were
obtained from 10 consecutive electrophoresis runs. In the case of SDS, the RSD of the EOF was
2.1%, and the RSD values of the analytes ranged from 2.8% to 11.7%. In the case of L-AlaC4Lac,
the RSD of the EOF was 0.4% and the RSDs of the NSAIDs ranged from 1.2% to 1.3% (Table
1). In the same table, a comparison between the two additives in regard to efficiency is also
demonstrated. The efficiency of all analyte peaks was above 102,000 for L-AlaC4Lac, in
comparison to SDS, which provided efficiency values between 47,000 and 76,000 theoretical
plates.

Figure 4. Effect of SDS concentration on the simultaneous separation of NSAIDs. Conditions: 100 mM Tris/10 mM tet‐
raborate decahydrate pH 8, applied voltage 30 kV, temperature 20 °C, detection wavelength 200 nm [22].
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Figure 5. Effect of L-AlaC4Lac concentration on the simultaneous separation of NSAIDs. Conditions: 100 mM Tris/10
mM tetraborate decahydrate pH 8, applied voltage 30 kV, temperature 35 °C, detection wavelength 200 nm [22].

Figure 6. Effect of L-AlaC4Lac concentration on N. Conditions: 100 mM Tris/10 mM tetraborate decahydrate pH 8, ap‐
plied voltage 30 kV, temperature 35 °C, detection wavelength 200 nm [22].
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10 mM SDS 40 mM L-AlaC4Lac

Peak Analyte t (min) RSD % N t (min) RSD % N

EOF ¾ 5.50 2.1 ¾ 3.69 0.4 ¾

1 Indoprofen 14.33 3.0 64,722 8.03 1.2 107,863

2 Carprofen 22.39 11.7 51,868 8.48 1.2 110,156

3 Ketoprofen 15.09 2.8 60,805 8.78 1.3 118,785

4 Flurbiprofen 17.34 4.1 75,824 9.43 1.2 102,357

5 Ibuprofen 16.71 3.6 46,968 9.65 1.3 107,943

Table 1. Run-to-run reproducibility and efficiency of SDS and L-AlaC4Lac for the simultaneous separation of NSAIDs.
Conditions: 100 mM Tris/10 mM tetraborate decahydrate pH 8, applied voltage 30 kV, temperature 20 °C (for SDS) and
35 °C (for L-AlaC4Lac), detection wavelength 200 nm [22].

A last consideration for this study involved the effect of the addition of both SDS and L-
AlaC4Lac into the BGE on the separation of NSAIDs. A concentration of 10 mM SDS and
different concentrations of L-AlaC4Lac were added into the BGE (1-40 mM). An increase in the
concentration of L-AlaC4Lac resulted in a more effective separation of NSAIDs, in regard to
efficiency and resolution, probably due to the synergistic effect of the SDS/L-AlaC4Lac system.
However, the elution order and analysis time (~ 23 min) were similar to the ones obtained
when the SDS was used as the sole additive. Therefore, it was clear from this study that the
additive L-AlaC4Lac is considered an effective alternative to SDS for a reproducible, baseline,
high efficient and fast separation of NSAIDs.

3. AAILs as chiral selectors

Although numerous studies reported the use of AAILs in electrophoretic enantiomeric
separation, only one study was performed by using AAILs both as co-electrolytes and chiral
selectors [27]. However, other CILs, that are not amino-acid based, have been added into the
BGE and used as sole chiral selectors for the enantioseparation of a number of analytes [28-31].
Yuan et al.[28] used the IL (R)-N,N,N-trimethyl-2-aminobutanol-bis(trifluoromethanesul‐
fon)imidate as the sole chiral selector in CE, GC and HPLC for the separation of fifteen
enantiomeric compounds. It was used as an additive in a BGE of 20 mM Na2HPO4-NaH2PO4

or 20 mM Na2B4O7. The resolution values varied from 0.60 for di-O,O’ p-toluyl-tartaric acid to
6.80 for 3-benzyloxy-1,2-propane diol.

In another study by Tran and Mejac [29], the CIL S-[3-(chloro-2-hydroxypropyl)trimethylam‐
monium] [bis((trifluoromethyl)sulfonyl)amide] (S-[CHTA]+[Tf2N]-) was utilized as a sole
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chiral selector for the enantioseparation of a number of pharmaceutical compounds. Even
though S-[CHTA]+[Tf2N]-can serve as a chiral selector, it was unable to be used as a sole chiral
selector since no enantioseparation could be achieved. Therefore, more BGE chiral additives
were used, such as the chiral anion sodium cholate and the neutral chiral 1-S-octyl-β-D-
thioglucopyranoside (OTG).

Ma et al. [30] explored the potential of using an ephedrine-based CIL, (+)-N,N-dimethylephe‐
drinium-bis(trifluoromethanesulfon)imidate ([DMP]+[Tf2N]-) as both a chiral selector and a
BGE in nonaqueous CE. The addition of [DMP]+[Tf2N]-resulted in a reversed EOF (anodic
flow); so, the experiments were performed in the reversed polarity mode by using acetone as
the EOF marker. The enantioseparations of rabeprazole and omeprazole were achieved mainly
due to the different ion-pair formation equilibrium constants between the ephedrine-based
CIL cations and the negatively charged enantiomers, and the hydrogen bonding, and secon‐
darily due to other interactions, such as π-π interactions and dipole-dipole interactions.

In 2013, Yu et al. [31] synthesized a novel CIL functionalized β-CD (6-O-2-hydroxypropyltri‐
methylammonium-β-CD tetrafluoroborate, [HPTMA-β-CD][BF4]) and applied it as a chiral
selector in CE for the enantioseparation of eight chiral drug compounds. The separation
conditions were optimized by studying the effect of the CIL concentration and the BGE pH.
The results obtained demonstrated the excellent chiral discriminating ability of [HPTMA-β-
CD][BF4].

As mentioned earlier, the use of AAILs as sole chiral selectors has only been reported once by
Stavrou et al. [27]. Their applications are demonstrated further here by providing a more in-
depth and informative CE chiral analysis of BNP. In their study, five AAILs [L-alanine methyl
ester lactate, L-alanine ethyl ester lactate, L-and D-alanine tert butyl ester lactate (L-AlaC1Lac,
L-AlaC2Lac and L-and D-AlaC4Lac), and L-AlaC4NTf2] (Figure 1) were synthesized and used
as additives in the BGE in order to evaluate their chiral recognition ability by comparing the
resolution values.

The optimum separation conditions were established by altering different important param‐
eters, such as the alkyl ester group, the anion, the configuration and the concentration of the
AAIL. In their first study, the influence of steric hindrance on the enantiomeric separation of
BNP was examined by applying separately as sole chiral selectors the AAILs L-AlaC1Lac, L-
AlaC2Lac and L-AlaC4Lac at concentrations of 60 mM and 100 mM. It was observed that as the
length and the bulkiness of the ester group increased, the resolution of BNP increased. In
particular, the first AAIL did not demonstrate any enantioselectivity, while the second one
was able to provide partial enantioseparation (RS: 1.09). However, when L-AlaC4Lac was used
at both concentrations, a baseline separation was achieved with RS values of 1.94 and 2.43
(Table 2). It is, therefore, concluded that the enantioseparation of BNP is favored in the presence
of tert-butyl group, and steric hindrance is involved in the enantioseparation mechanism.

Two very important considerations in this study involved the effect of the anion and the
configuration of the cation on resolution. Two different anions were used (Lac and NTf2), which
provided baseline separation (Table 2). In particular, the resolution obtained by use of L-
AlaC4NTf2 was slightly lower (RS=1.72) than the one obtained with L-AlaC4Lac (RS=1.94),
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possibly due to the low solubility of the first in water, which provides fewer free cations and
less interaction with the analyte molecules. In addition, the results obtained with NTf2 were
not reproducible and provided an unstable baseline. As far as the cation configuration is
concerned, the D-and L-AlaC4Lac were used at a concentration of 60 mM in order to compare
their enantioseparation ability. It was observed that the RS values obtained were very similar
(1.95 and 1.94), while the elution order was different. As expected, the chiral center of the cation
is considered the main active center of the chiral selector. Therefore, the elution order of the
enantiomers of the analyte is based on the configuration of the CIL.

CIL *[CIL] tEOF t1 t2 RS

L-AlaC2Lac 60 mM 5.755 11.471 11.511 -

100 mM 6.272 13.929 14.065 1.09

L-AlaC4Lac 60 mM 6.207 12.702 12.922 1.94

100 mM 6.650 13.064 13.377 2.43

D-AlaC4Lac 60 mM 6.172 12.499 12.702 1.95

L-AlaC4NTf2 60 mM 6.495 14.622 14.865 1.72

Table 2. Effect of the cation, the anion and the configuration of the CIL on RS. Conditions: BGE, 100 mM Tris/10 mM
Borate pH=8; applied voltage, 30 kV; capillary temperature, 25 °C; detection wavelength, 214 nm.

In another study for the optimization of the BNP enantioseparation, the effect of the concen‐
tration of L-AlaC4Lac on resolution was investigated. As demonstrated in Figure 7, resolution
increased significantly from ~ 0.4 to 2.43 with increasing the concentration from 20 to 100 mM.
It was also observed that an increase in the AAIL concentration resulted in a decrease in the
electroosmotic flow mobility, probably due to the coating of the AAIL cations onto the capillary
wall Figure 8. The electrophoretic mobility, μEOF, was calculated according to:

μEOF = lLtnmV
where L is the total capillary length, l is the effective capillary length (from the injection end
to the detector), tnm is the migration time of the neutral marker and V is the applied voltage.

The last parameter examined was the BGE pH, which was important, since the cation of the
CILs used seems to be pH depended. Resolution decreased from 1.94 to 1.29, upon increasing
the pH from 8 to 8.5, while at higher pHs (9 and 10), no enantioseparation was observed. As
mentioned in Section 2.2, an increase in the pH decreases the amount of the positively charged
amino group, which consequently reduces the electrostatic interactions between the AAIL and
the negatively charged analyte. In addition, at high pH values, and particularly pH 9 and 10,
the AAIL may undergo ester hydrolysis. This results in the lack of the tert butyl group in the
cation, which is an important factor for the particular enantioseparation. Finally, according to
the authors, it is concluded from the above-mentioned studies that the enantioseparation
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Rs = 1.36

Rs ~ 0.4

Rs = 1.94

Rs = 2.43

Figure 7. Effect of L-AlaC4Lac concentration on the enantioseparation of BNP. Conditions: BGE, 100 mM Tris/10 mM
Borate pH=8 applied voltage, 30 kV; capillary temperature, 25 °C; detection wavelength, 214 nm [27].

Figure 8. Effect L-AlaC4Lac concentration on μEOF. Conditions: BGE, 100 mM Tris/10 mM Borate pH=8 applied voltage,
30 kV; capillary temperature, 25 °C; detection wavelength, 214 nm [27].
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mechanism for this particular application is based on: (a) steric hindrance (tert butyl group),
(b) electrostatic interactions (between the cation of the CIL and the negatively charged analyte)
and (c) hydrogen bonding (hydrogen-bonding capability of the phosphate group in BNP).

4. Concluding remarks

In this chapter, the suitability of the AAILs in chiral and achiral CE analysis was evaluated.
These new AAILs, which can be easily synthesized from commercially available reagents,
proved to be efficient chiral additives for the enantioseparation of different analytes. Even
though only a limited number of studies have, so far, applied AAILs as BGE additives and
chiral selectors, it is easy to conclude from the data demonstrated in this chapter that the future
of AAILs in separation science has a great deal of potential, and it is expected to expand
significantly. Further research though is required in order to understand the chiral recognition
mechanisms between the AAILs, the common chiral selectors and the enantiomers. This will,
in turn, help us design even more effective AAILs for applications in chiral electrophoretic and
chromatographic recognition.
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Chapter 3

Importance of Treatment Process on the Analysis of
Penicillins in Milk Samples by Capillary Electrophoresis

J.A. Rodríguez, E. Martínez, I.S. Ibarra, J.M. Miranda,
C.A. Galán-Vidal and M.E. Páez-Hernández

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59371

1. Introduction

Some veterinary drugs (such as antibiotics) are required in rational use at some stage of animal
production in order to guarantee the hygienic management of farms. Antibiotics can be used
at low levels for growth promotion (2.5 to 125 mgantib kg-1

feed, depending on the species treated),
at intermediate levels for disease prevention (<200 mgantib kg-1

feed), and at high levels to treat
infected animals. Prophylactic antimicrobial use is applied in intense livestock production to
protect animal welfare by treating uninfected animals, thereby preventing epidemic spread of
infectious animal diseases. This provides for a high efficiency of animal production. Antibiotic
use is a potential risk for the development of antimicrobial resistant bacteria since these drugs
can be found as residues in animal-derived food products [1-4].

Antibiotics used in veterinary and human medicine include mainly: penicillins, cephalospor‐
ins, tetracyclines, fluoroquinolones, sulfonamides and macrolides. Penicillins (PENs) have
been widely used for more than 30 years and today are one of the most important groups
of antibiotics [5].

Residue analysis is closely related to food safety. It establishes whether food is or is not safe
for human consumption. Residue analysis is part of the monitoring programs of regulatory
agencies. Its aim is to guarantee that concentration levels are below the established maximum
residue levels (MRLs). Regulatory demands for the control of chemical contaminants in food
have led to an increase in the demand for analytical methods for detecting concentrations
below MRLs in food stuffs.

Advances in analytical instrumentation have been invaluable in assisting in each step of the
analytical cycle. Different strategies have been developed for controlling the presence of PENs

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



residue in food samples. These methods vary in reliability, the speed of obtaining results, and
cost of the analysis. These methods can be grouped into the following categories [6]:

1. Microbiological approaches based on bacterial growth inhibition

2. Electroanalytical methods

3. Immunochemical techniques

4. Separation techniques

Separation methods, such as gas chromatography and high performance liquid chromatogra‐
phy, are the techniques commonly used to determine the low concentration levels of this
antibiotic group. Capillary electrophoresis (CE) is increasingly being used for confirmation
purposes. The main drawback of CE is the low sensitivity when UV detection is used, as a
consequence of the short optical path length and the extraction of PENs from complex matrices.
Several sample treatments are required in most cases to extract and pre-concentrate the
analytes. Additionally, during CE analysis some inorganic ions, proteins, and other major
compounds can affect the electrophoretic mobility [7].

Recently, a review article focused on PENs analysis by CE can be found in the literature [8]. It
describes the importance of high sample volumes in the analysis as an alternative for obtaining
lower limits of detection. In this study, we propose the combination of magnetic solid phase
extraction and capillary electrophoresis in the analysis of PENs in milk samples.

1.1. Penicillins

Penicillin  was  discovered  by  Alexander  Fleming  in  1928  and  was  purified  and  then
synthesized by Florey and Chain in 1940. PENs belong to the β-lactam antibiotics.  Their
structure consist of a thiazolidine ring attached to a β-lactam ring, forming 6 aminopenicil‐
lanic  acids  and  a  side  chain  in  the  6-position,  which  determines  the  stability  and  the
antimicrobial activity of the different derivatives. The mechanism of action of PENs is via
the inhibition of  bacterial  cell  death of  the offending bacteria  due to the faulty produc‐
tion of the vital cell wall components [9].

The most common PENs are ampicillin (AMP), amoxicillin (AMO) and penicillin G (PEN G).
Figure 1 shows the acid structure of the main PENs.

Figure 1. Chemical structures of the main PENs

Field Effect Electroosmosis - A Novel Phenomenon in Electrokinetics and its Applications in Capillary Electrophoresis32



residue in food samples. These methods vary in reliability, the speed of obtaining results, and
cost of the analysis. These methods can be grouped into the following categories [6]:

1. Microbiological approaches based on bacterial growth inhibition

2. Electroanalytical methods

3. Immunochemical techniques

4. Separation techniques

Separation methods, such as gas chromatography and high performance liquid chromatogra‐
phy, are the techniques commonly used to determine the low concentration levels of this
antibiotic group. Capillary electrophoresis (CE) is increasingly being used for confirmation
purposes. The main drawback of CE is the low sensitivity when UV detection is used, as a
consequence of the short optical path length and the extraction of PENs from complex matrices.
Several sample treatments are required in most cases to extract and pre-concentrate the
analytes. Additionally, during CE analysis some inorganic ions, proteins, and other major
compounds can affect the electrophoretic mobility [7].

Recently, a review article focused on PENs analysis by CE can be found in the literature [8]. It
describes the importance of high sample volumes in the analysis as an alternative for obtaining
lower limits of detection. In this study, we propose the combination of magnetic solid phase
extraction and capillary electrophoresis in the analysis of PENs in milk samples.

1.1. Penicillins

Penicillin  was  discovered  by  Alexander  Fleming  in  1928  and  was  purified  and  then
synthesized by Florey and Chain in 1940. PENs belong to the β-lactam antibiotics.  Their
structure consist of a thiazolidine ring attached to a β-lactam ring, forming 6 aminopenicil‐
lanic  acids  and  a  side  chain  in  the  6-position,  which  determines  the  stability  and  the
antimicrobial activity of the different derivatives. The mechanism of action of PENs is via
the inhibition of  bacterial  cell  death of  the offending bacteria  due to the faulty produc‐
tion of the vital cell wall components [9].

The most common PENs are ampicillin (AMP), amoxicillin (AMO) and penicillin G (PEN G).
Figure 1 shows the acid structure of the main PENs.

Figure 1. Chemical structures of the main PENs
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The existence of PENs charge molecules suitable for electrophoretic separation is a result of
the presence of acid-base functional groups in their structure such as amino, carboxylic acid,
and phenol. They can exhibit cationic and zwitterionic forms when an amino group is
presented, while the carboxylic and phenol groups contribute to generate anions. The pKa
values are: ampicillin (pKa1=2.6, pKa2=7.4), amoxicillin (pKa1=2.6, pKa2=7.2, pKa3=9.6), and
penicillin (pka1=2.6). [10]

β-lactams are usually employed in treating mastitis in cows, therefore milk is the most
frequently analyzed sample. As a result, the international organizations have defined MRLs
for PENs. The European Union directive establishes MRLs of 4 µg kg-1 for the three main PENs
[11]. On the other hand, the U.S. Food and Drug Administration established the MRLs for these
drugs as follows: amoxicillin and ampicillin, 10 µg kg-1; and penicillin G, 5 µg kg-1 [12]. In order
to achieve the MRLs, sample preparation processes including both clean-up and pre-concen‐
tration are indispensable during determination of PENs residue in milk samples.

1.2. Sample preparation

PENs exhibit significant binding to proteins contained in milk samples, thus the first step
during milk analysis by CE is to deproteinize the sample. Additionally, this procedure helps
to prevent emulsions during partition equilibriums. The main strategies used are acidic
precipitation or addition of acetonitrile. Methanol should be avoided as a precipitation solvent
because it degrades PENs to the corresponding alkyl-α-D-penicilloic acids. [13]. Strong acidic
deproteinizong agents are not recommended because of the degradation of PENs. However,
good recoveries have been described when trichloroacetic acid was used for the precipitation
of milk samples containing PENs concentrations higher than the MRLs [14].

Acetonitrile provided satisfactory results for precipitating proteins and, since the solubility of
lipids in the organic solvent is low, most of the lipid fraction was co-precipitated. For the
recovery of PENs from milk, a volume ratio of acetonitrile:milk higher than 2:1 was optimal.
The use of lower ratios has been described for the analysis of PENs during the first step using
the QuEChERS technique [15].

Once the sample is deproteinize, the acetonitrile phase is separated and evaporated. The
sample is reconstituted in aqueous phase to be suitable for solid phase extraction. Oasis HLB
and C18 cartridges have been applied during sample pre-concentration and clean-up. Aceto‐
nitrile was commonly used for the elution of the sample. When an on-line pre-concentration
system such as large volume sample stacking is employed, a low conductivity sample is
required. The acetonitrile extract is then passed through a polar sorbent (alumina N) and the
PENs are eluted with deionized water.

Recently discovered, dispersive techniques (liquid and solid) have shown to improve the
contact between the analyte and the extracting phase [16-17]. A clear example is the so-called
QuEChERS process, which involves a second clean up step based on dispersive solid phase
extraction. During PENs analysis, a mixture of silica C18, primary and secondary amine and
acetonitrile were added to an aliquot of the organic extract in order to remove sugars and fatty
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acids. The extract was centrifuged, evaporated, and reconstituted in a phosphate buffer before
its analysis.

There are a few reports related to the analysis of PENs in milk samples by CE. Table 1 shows the
conditions used for the preparation of a milk sample for analysis of AMP, AMO and PEN G.

Recovery of the solid phase in dispersive solid phase extraction requires the use of additional
procedures such as filtration or centrifugation. The loss of solid during extraction might affect
precision and accuracy. In order to minimize the steps involved, magnetic compounds have
been incorporated (mainly, Fe3O4 or γ-Fe2O3) in the solid phase. These magnetic supports can
be dispersed and isolated from the sample by the use of an external magnetic field [18-19].

Sample pre-treatment
Separation
mode

Limit of
detection

Reference

a) 50 ml milk+20 ml trichloroacetic acid (20%)
b) SPE (Oasis-HLB), elution with ACN
c) Evaporation and reconstitute in 5 ml of H2O:ACN (1:1)

CZE-UV 0.48-1.09 µg ml-1 [14]

a) 5 ml milk+15 ml ACN
b) SPE (Oasis-HLB), elution with ACN
c) SPE (Alumina N), elution with H2O
d) Evaporation and reconstitute in 1 ml of H2O
e) On-line concentration

CZE-DAD 4 µg kg-1 [17]

a) 2 mL milk + 4 mL ACN
b) The liquid phase was dried and reconstituted in H2O (1 ml)
d) SPE (C18 cartridge), elution with ACN
e) Evaporation and reconstitute in H2O (1 ml)
f) On-line sample concentration

CEC-MS 0.05-0.11 µg l-1 [10]

a) 50 ml milk+HCl to reach a pH 3.4-3.8
b) SPE (Oasis HLB), elution with ACN:MeOH (1:1 v:v)
c) Evaporation and reconstitute in H2O (0.25 ml)

MEKC-UV
2.4-3.2
µg kg-1

(in water)
[15]

a) 10 g milk+ 8 ml (PBS) + 10 ml (ACN) + QuEChERS mixture
b) 4 ml of liquid phase + dispersive SPE (C18, PSA, MgSO4)
c) Evaporation and reconstitute in H2O (0.25 ml)

MEKC-UV N.R. [15]

SPE: solid phase extraction, ACN: acetonitrile, MeOH: methanol, CZE; capillary zone electrophoresis, CEC: capillary
electrophoresis, MEKC, micellar electrokinetic chromatography, UV: ultraviolet, DAD: diode array detection, MS: mass
spectrometry.

Table 1. Summary of the main PENs analysis in milk samples by CE

Core-shell particles with paramagnetic core and silica shell are the most common particles
synthesized. The magnetic solids offer adequate surface area and the possibility of function‐
alization and paramagnetic properties. Their application as dispersed sorbents in liquid
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alization and paramagnetic properties. Their application as dispersed sorbents in liquid
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samples is called magnetic solid phase extraction (MSPE) [20]. This technique has demon‐
strated several advantages such as the decrease in sample treatment time, the decrease in
solvent use, and the easy treatment of high volume samples [21-22]. The basic procedure
involved in MSPE is represented in Figure 2. Initially, the pre-activated magnetic solid is added
to the sample (Fig. 2.a.), the solid is dispersed in the sample and the analytes are retained on
the support (Fig. 2.b). Once the extraction is complete, a magnet is placed on the external wall
of the sample container to isolate of the solid containing the analytes (Fig. 2.c). Finally, the
analytes are eluted from the solid using an appropriate organic solvent (Fig. 2.d).

Milk sample Eluent

(a) (b) (c) (d)

Figure 2. Representation of the magnetic solid phase extraction methodology

MSPE can be coupled with different analytical techniques including gas and liquid chroma‐
tography and CE. MSPE-CE has been applied for the selective separation of tetracyclines and
fluoroquinolones from milk samples. The possibility of modification has allowed the synthesis
of magnetic solid modified with phenyl and phenyl-octyl in order to improve the selectivity
during the sample treatment through mixed interaction modes [22-23].

One of the limits of detection obtained with CE-UV is that it requires the use of pre-concen‐
tration strategies. On-line concentration by large volume sample stacking has been successfully
applied. Taking into account that MSPE allows the use of high volume samples (until 1 liter)
during the extraction process, simultaneously with the use of dispersive extraction mode, we
propose the analysis of PENs by MSPE-CE-UV.

2. Experimental conditions

2.1. Reagents and dissolutions

All solutions were prepared in deionized water with specific resistivity greater than 18 MΩ
cm. PENs solutions were prepared daily by dilution of a 1.0 g l-1 standard solution of AMO,
AMP, and Pen G (all reagents are analytical grade, Sigma, St. Louis, MO, USA). The back‐
ground electrolyte or buffer solution used for analysis by MEKC consisted of a mixture of: 20
mM sodium tetraborate and 50 mM sodium dodecyl sulfate (SDS) at pH 8.5. The internal
standard used was acid (S)-6-methoxy-α-methyl-2-naphthaleneacetic, which was dissolved in
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the background electrolyte at a concentration of 5 mg l-1. All the diluted solutions were stored
at 4°C for a period no more than seven days.

Milk samples analyzed included 5 of pasteurized milk, 5 of ultra-pasteurized milk and 3
without heat treatment. All the samples were acquired in markets in Pachuca, Hgo, Mexico.

2.2. Synthesis of magnetic support

Magnetite particles (Fe3O4) were synthesized as follows: 12 g of FeSO4.7H2O was dissolved in
100 ml of water. The mixture was heated with stirring until it reached 60°C. The pH value was
adjusted to 10 while airflow was bubbled during the reaction. After 1 hour, the magnetic
precipitate was isolated from the solution with a magnet and it was washed with 50 ml portions
of deionized water several times. The magnetite obtained previously was added to a flask
containing 5.910 g of octyltriethoxysilane (C8-TEOS) and 1.182 g of tetramethoxysilane
(TMOS), dissolved in 24.0 mL of a solution which contained: Triton X-100 (2.0%, w/v),
cetyltrimethylammonium, methanol (12.5%, v/v), and 200.0 µl of catalyst (NH3 28 %, v/v). The
mixture was heated and refluxed at 120°C for 12 hours with stirring. The obtained magnetic
particle was dried at 60°C for 120 hours [21].

2.3. Characterization of the magnetic solid

The structures of the magnetic solid were examined by X-ray diffraction (XRD) patterns using
a PHILIPS PW1710 instrument equipped with a Cu anode, automatic divergence slit, and a
graphite monochrometer under the following experimental conditions: CuKα radiation, 1.54
Å; generator tension, 40 kV; generator current, 30 mA; intensity ratio (α2/α1), 0.500; divergence
slit, 1°; receiving slit, 0.1; start angle (2θ), 5; end (°2θ), 70. The morphological analysis of the
products was performed using a JEOL JSM-820 scanning electron microscope (SEM).

2.4. Sample treatment

The MSPE consisted in the activation of 0.1 g of the magnetic support with 4.0 ml of methanol
for 5.0 min in an ultrasonic bath; the solid was isolated magnetically and washed with 5.0 ml
of deionized water for 4 min, then the milk sample was added (50,100 and 200 ml), dispersing
the magnetic solid for 8.0 min. Once the dispersion was concluded, the magnetic support was
magnetically isolated and the milk was decanted and the solid was washed with 20 ml of
phosphate buffer solution (pH 7.0, 0.1 M). Finally, the adsorbed analytes were eluted with 5.0
ml of acetonitrile for 4 min and the organic phase was evaporated under an air steam until
dried. The residue was reconstituted in the background electrolyte containing the internal
standard at 5 mg l-1 concentration.

2.5. Procedure of separation by MEKC

Capillary electrophoresis experiments were performed on a Beckman Coulter P/ACE 5500,
with a diode array detector. The data obtained was analyzed by the P/ACE MDQ software
version 2.3. Separations of the PENs were performed in a fused-silica capillary (57 cm× 50 µm
I.D.). The detection wavelength was set a 200 nm and the temperature capillary was thermo‐
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stated at 30°C during separation. The separation voltage was set at 16 kV. The sample was
introduced using a pressure of 0.5 psi.

Initially, the capillary was rinsed with 1.0 M NaOH (20 min), followed by 0.1 M NaOH (20
min), deionized water (15 min), and finally with the background electrolyte (20 min). Each
separation in samples was preceded by a rinse with 1.0 M NaOH (2 min), 0.1 M NaOH (2 min),
followed by H2O (5 min), and background electrolyte (5 min).

3. Results and discussion

3.1. Optimization of background electrolyte composition

PENs can be separated in different modes including capillary zone electrophoresis, micellar
electrokinetic  chromatography,  and  capillary  electrochromatography.  Different  back‐
ground electrolytes have been described for PENs analysis in different matrices. The pH
value used is in the interval from 3.6 to 9.2 using phosphate or borate and sodium dodecyl
sulphate salts [24-28].

Figure 3 shows the predominance zone diagrams for the studied PENs using the pKa values
reported for the analytes. The zone marked in the Figure denotes the pH values used for
separation of PENs. It can be seen that neutral and anionic forms are presented, then MEKC
(using SDS) is the most suitable mode for the separation of PENs.

Figure 3. Predominance zone diagrams for PENs

Different factors affecting the separation with the background electrolyte required evaluation.
A Taguchi parameter design (TPD) was selected as the optimal method since this provides the
necessary information with the minimal experimentation. TPD discriminates between control
factors, treating them separately by a means of special design matrices (orthogonal arrays) in
which the columns (corresponding to factors) and rows (corresponding to trials) are arranged
in a conveniently fixed manner. These matrices indicate the combination of factor settings in
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each experiment and allows for the simultaneous evaluation of several variables with the
minimum number of trials. The results obtained were analyzed statistically to adjust each
variable to its optimum [29].

Optimization of the system with TPD involves 5 steps, I) identifying the output variable to
optimize, II) identifying and selecting factors that affect the system, III) selecting the appro‐
priate orthogonal array and assigning adequate settings to the chosen factors, IV) analyzing
the data and determining the optimum settings, and V) conducting a confirmatory experiment
under the optimal conditions obtained [30].

In CE techniques, the effect of the background composition on the separation can be evaluated
using the sum of the electrophoretic mobilities (µion) of the ions evaluated according the
following relation:

µion=
LtLd

V
1

tion
- 1

teof

Where Lt is the total capillary length (0.57 m), Ld is the capillary length from the injection inlet
to the detector (0.32 m), V is the applied voltage (16 kV), and tion and teof are the migration times
(s) of the analyte and the electroosmotic flow, respectively [14].

The composition (concentration of borate and SDS) and pH value are the variables involved.
The selected orthogonal array must have a number of columns equal to or higher than the
number of degrees of freedom of the system; thus an L9(33) array was used. The three settings
selected for each factor were chosen using MEKC electrolytes reported during PENs analyses.
The concentrations of borate and SDS affect the conductivity and the micelle formation. With
respect to the pH, the value influences the formation of anionic forms of the analytes. Table
2 shows the settings for each control and noise factor used in the optimization experiments.

Factors
Level

1 2 3

[BO3 -] (mM) 10 20 30

[SDS] (mM) 50 60 70

pH 7.5 8.0 8.5

Table 2. Control factor settings for the optimization experiment

Table 3 shows the factorial design matrix and the results obtained for each trial. All experiments
were performed in duplicate in order to calculate the residual error; the total number of
experiments was therefore 9 experiments x 2 replicates. Measurements were performed with
solutions containing 50.0 mg l-1 of each PEN.
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Exp
Control factors and levels |Σμion |*

(10-8 m2V-1s-1)[BO3 -] [SDS] pH

1 1 1 1 3.21

2 1 2 2 3.31

3 1 3 3 3.48

4 2 1 2 4.65

5 2 2 3 3.88

6 2 3 1 4.41

7 3 1 3 4.71

8 3 2 1 4.08

9 3 3 2 2.58

* mean values (n=2)

Table 3. L9(33) orthogonal array and sum of ion mobilities (each value is the mean of two readings).

The results were analyzed statistically to adjust each variable to its optimum with the least
variability possible. All calculations were made using ANOVA-TM v2.5 software. Table 4
shows the results for these analyses. The values of the variance ratio (F) and the critical variance
ratio (3.98 for a 95% confidence level) show that all the factors taken into account were critical
(Fcalculated> Fcritical). The factor with the greatest influence on the response was the borate concen‐
tration, which accounted for 55.0% of the total variance of the results, followed by SDS
concentration (28.8%). The contribution of the residual error was 0.1%; this indicates the correct
selection of experimental parameters.

Figure 4 shows the effects of the control factors on the output variable (sum of ion mobilities),
among which the sample volume is the most important. The combination of settings that
allowed the highest output peak was [BO3

-] 20 mM, [SDS] 50 mM and pH 8.5.

Variance source
Degree of
freedom

Sum of squares Variance Variance ratio (F)a
Influence

(%)b

[BO3 -] 2 102.77 51.39 2569.50 55.0

[SDS] 2 53.68 26.84 1344.50 28.8

pH 2 30.22 15.11 755.50 16.1

Residual 11 0.22 0.02 1.00 0.1

Total 17 186.69 100.0

a The critical variance ratio for a 95% confidence level is 3.98 (2,11 d.f.)

b Contribution is defined as 100 x (sum of squares/total sum of squares)

Table 4. ANOVA for sum of ion mobilities in Table 3.
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Figure 4. Effect of control factors on the sum of ion mobilities.

3.2. Characterization of magnetic solid

The results of analysis by the XRD are displayed in Fig. 5.a; the diffractogram obtained shows
diffraction lines characteristic of magnetite (2θ=30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6°)
expressed in the Figure as “m”. The wide band observed at 2θ angle from 10° to 25° is consistent
with the amorphous phase of silica gel [31]. The micrograph obtained for the magnetic support
(Fig. 5.b) shows a spherical morphology for the solid with a particle size around to 1-2 µm.

Figure 6 shows FTIR spectra for the magnetic supports. Magnetite has an inverse spinal type
structure with a characteristic vibration MT-O-MO at ≈ 600-550 cm-1, where MT and MO

correspond to the metal occupying tetrahedral and octahedral positions, respectively. On the
other hand, the spectra showed a band of intense stretching at ≈3450 cm-1, attributable to the
vibration of the silanol group (SiOH). The peaks below 3000 cm-1 corresponds to the vibration
of-CH2-. The bending band at ~1630 cm-1 corresponds to H2O occluded in the support. The
flexion vibration band at ~1400 cm-1 represents the C-H bond of the alkyl groups joined to the
silicon. The stretching band at 1100-1000 cm-1 is assigned to the Si-O-Si bond and the defor‐
mation band at ~888 cm-1 belongs to Si-OH bonds [32].

The synthesis protocol used to obtain the magnetic solid is based on the hydrolysis of alkox‐
ysilanes. This process produces solids with silanol (Si-OH) and octyl groups (Si-C8H17),
modifying the retention mechanism [23,33].
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The results of analysis by the XRD are displayed in Fig. 5.a; the diffractogram obtained shows
diffraction lines characteristic of magnetite (2θ=30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6°)
expressed in the Figure as “m”. The wide band observed at 2θ angle from 10° to 25° is consistent
with the amorphous phase of silica gel [31]. The micrograph obtained for the magnetic support
(Fig. 5.b) shows a spherical morphology for the solid with a particle size around to 1-2 µm.

Figure 6 shows FTIR spectra for the magnetic supports. Magnetite has an inverse spinal type
structure with a characteristic vibration MT-O-MO at ≈ 600-550 cm-1, where MT and MO

correspond to the metal occupying tetrahedral and octahedral positions, respectively. On the
other hand, the spectra showed a band of intense stretching at ≈3450 cm-1, attributable to the
vibration of the silanol group (SiOH). The peaks below 3000 cm-1 corresponds to the vibration
of-CH2-. The bending band at ~1630 cm-1 corresponds to H2O occluded in the support. The
flexion vibration band at ~1400 cm-1 represents the C-H bond of the alkyl groups joined to the
silicon. The stretching band at 1100-1000 cm-1 is assigned to the Si-O-Si bond and the defor‐
mation band at ~888 cm-1 belongs to Si-OH bonds [32].

The synthesis protocol used to obtain the magnetic solid is based on the hydrolysis of alkox‐
ysilanes. This process produces solids with silanol (Si-OH) and octyl groups (Si-C8H17),
modifying the retention mechanism [23,33].
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Figure 5. a) Diffractogram of the diffraction lines of magnetite of C8-TEOS; b) Scanning electron micrograph of the
magnetic C8-TEOS

Because they have a higher affinity for the polar part of the solid, proteins interact with the

silanol groups, releasing penicillins, which then are partially retained by the MSPE octyl group.
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Thus, the presence of both groups promotes a mix mode retention mechanism. In consequence
a single MSPE process can be performed without a protein precipitation and multiple SPE
procedures [34].
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Figure 6. FTIR spectra for magnetic solid (C8) used for MSPE experiments

3.3. Analysis of PENs by MEKC-CE

Quantification of PENs at maximum residual limits involves clean-up and pre-concentration
steps. In order to achieve the limits of detection (LOD) required by the international norms,
the effect of initial sample volume used on the MSPE methodology was evaluated in the range
from 25 to 200 ml. Table 5 shows the LOD obtained; the values decrease with increasing
volume. Since a volume of 200 mL yields adequate LODs, it was chosen as the optimal original
sample volume.

Sample volume initial (ml) Limits of detection obtained (μg l-1)

25 100.0-120.0

100 24.0-30.0

200 0.20-3.0

Table 5. Limits of detection (µg l-1) reached at different initial sample volumes.
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the effect of initial sample volume used on the MSPE methodology was evaluated in the range
from 25 to 200 ml. Table 5 shows the LOD obtained; the values decrease with increasing
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sample volume.

Sample volume initial (ml) Limits of detection obtained (μg l-1)

25 100.0-120.0

100 24.0-30.0

200 0.20-3.0

Table 5. Limits of detection (µg l-1) reached at different initial sample volumes.

Field Effect Electroosmosis - A Novel Phenomenon in Electrokinetics and its Applications in Capillary Electrophoresis42

Once the appropriate initial sample volume for analysis is established, a series of penicillin
standard solutions with concentrations ranging from 10-70 µg l-1 were analyzed. Table 6 shows
the evaluation of analytical performance of the MEKC methodology. Precision of the method
(reproducibility and repeatability) was expressed as relative standard deviation (%RSD)
calculated from three assays using a concentration of 10 µg l-1 penicillin. A maximum %RSD
value of 20% is required during ultratrace analysis, thus the PENs determination with the
proposed method is precise [1,35].

Parameter AMO AMP PEN G

Slope confidence interval
b1±t s(b1)

0.267±0.012 0.342±0.007 0.709±0.001

Intercept confidence interval
b0±t s(b0)

0.027±0.002 0.023±0.001 0.032±0.002

Correlation coefficient, r2 0.999 0.999 0.999

Limit of detection (µg l-1) 2.7 1.7 0.2

Limit of quantification (µg l-1) 8.1 5.1 0.6

Linear range (µg l-1) 2.7-60 1.7-60 0.2-60

Repeatability
(%RSD, 10 µg l-1, n=3)

6.8 1.2 5.1

Reproducibility
(%RSD, 10 µg l-1,n=3)

13.0 9.9 11.6

Table 6. Analytical parameters obtained of analysis of penicillins in milk.

The accuracy was evaluated by recovery assays through spiked milk samples with the
penicillins studied in a range of 10-30 µg l-1. Table 7 shows the recovery percentages obtained
from the assay. The results generated by the proposed methodology are accurate according to
the determined recovery percentages. The recovery must be in the range of 80-120% during
ultratrace analysis to be considered an acceptable parameter [1].

Concentration (μg kg-1)
% Recovery

AMO AMP PEN G

10 87 97 106

20 97 80 83

Table 7. Recovery values obtained of analysis of spiked milk samples.

The developed method was applied to the determination of penicillins in 15 commercial milk
samples. Three replicate determinations were carried out on each sample. Overall, two samples
of ultrapasteurized milk were found positive for the presence of residues of penicillins, one
with AMP and other with AMO. The concentrations found were 35±1 and 34±1 µg l-1 for AMP
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and AMO, respectively. The concentration found is higher than the MRLs. Figure 7 shows the
electropherograms obtained during the analysis of the spiked blank sample (Fig. 7a), com‐
mercial milk sample positive to ampicillin (Fig. 7b), and the blank sample (Fig. 7c). These
results are congruent with the antibiotic resistance found for Escherichia coli isolated from Food
Stuffs in Hidalgo [36].

AMO
AMP PEN G I.S.

(c)

(b)

(a)

Figure 7. Electropherograms obtained at the optimized conditions in the analysis of: a) PENs spiked blank sample, b)
commercial milk sample analyzed by MSPE and c) milk blank sample

The mixed mechanism offered by the solid supports contributes to a better clean-up of the
sample, as can be seen in the electropherogram. Although the re-usability of the solid extracting
phase is not possible due to the adsorption of other components of the sample, the proposed
sample treatment has advantages such the use of fewer organic solvents and the time required
for sample treatment is faster than SPE methodologies described.

4. Conclusions

In this study, an octyl-silica based magnetic support was synthesized and successfully applied
for the separation of penicillin antibiotics from milk samples. The penicillins were isolated and
the matrix interferences were eliminated using this support. The extraction technique is a
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robust preconcentration technique that can be coupled successfully with MEKC. The meth‐
odology described (MSPE-MEKC) is faster than classical sample preparation procedures such
as solid phase extraction, with a minimum sample handling, less solvent consumption, and is
a promising methodology for routine milk sample analysis. Moreover, the linear range covers
the MRL for PEN and the recovery studies are acceptable regarding to the range for ultratrace
analysis.

In the analysis of commercial products, some samples contain residues of penicillins at higher
levels than the MRLs. These results are consistent with the antibiotic resistance found for
Escherichia coli isolated from Food Stuffs in Hidalgo, which shows the congruence between
MSPE-MEKC and other microbiological studies.
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Chapter 4

Capillary Electrophoresis as Useful Tool in Analysis of
Fagus sylvatica L. Population Genetic Dynamics

Justyna A.  Nowakowska and
Malgorzata K.  Sulkowska

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59197

1. Introduction

1.1. What kind of tool is Capillary Electrophoresis (CE)

The Capillary Electrophoresis (CE) is one of the method widely used in modern molecular
genetics, applied for fast and efficient DNA fragment separation in the sieving polymer in the
electric field [1]. The use of this method has increased dramatically over the last fifteen years,
due to high precision of small nucleic acid separation (even to the singe nucleotide level) of
the available material analysed in the field of analytical chemistry, physical chemistry,
biochemistry, and biotechnology. Essentially, the CE technique has been used for genome
sequencing projects, e.g. Human Genome Project [2] or many others assignments (for animals,
plants, bacteria and fungi), published in NCBI database (www.ncbi.org).

Progress in the CE area in recent years relied more on increasing the number of samples
analyzed at the same time, as well as the development of new gels (which allow multiple
separation in the same capillary filling), and "chemistry" (a mixture of buffers, substrates, and
the so-called polymerase enhancers) for analyzing a sequence of one fragment nearly 1000
base-pairs. Nowadays, the CE technique applied for sequencing analysis is overcome by
pyrosequencing method relying on the luminometric detection of pyrophosphate that is
released during primer-directed DNA polymerase catalyzed nucleotide incorporation [3].

The CE technique is commonly performed in automated sequencers, i.e. CEQ™ 8000 Genetic
Analysis System (Beckman Coulter, Fullerton, CA) composed by two main components:
hardware (apparatus) and the CEQ System software. The named model is equipped by 8
capillary system which ensure 8 sample analysis in the same time.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



Another apparatus used for CE, especially recommended in case of DNA sequencing, is e.g.
3500 Genetic Analyzer (Life Technologies) which includes the capillary electrophoresis
instrument with the workstation and the 3500 Data Collection Software for instrument control,
data collection, quality control and autoanalysis of sample files for basecalling and fragment
sizing. Auto-analysis can also be performed in this model thanks to the GeneMapper® or
GeneMapper® ID-X Softwares.

Both sequencers cited above are equipped with 8 capillaries, but 16-or even more capillary
system are available [4]. All type of automated sequencers require appropriate chemistry used
for the given goal (genotyping or sequencing), comprising polymer (separation gel), chemical
buffers and washing solutions.

The current chapter describes application of DNA based genotyping of Fagus sylvatica
population by capillary electrophoresis performed in CEQ™ 8000 (Beckman Coulter) se‐
quencer.

1.2. Advantages of Capillary Electrophoresis (CE) and weak points

The CE method is widely used in modern molecular biology science in assessment of gene or
allele presence (genotyping) in a given DNA sample, as well as in determining of the DNA
nucleotide composition (sequencing) of the studied gene.

In general, the CE technique has several advantages:

• Good tool to support conservation and management of forest trees genetic resources, in
order to:

◦ Characterize the genetic structure of the forest tree stands

◦ Assess the initial gene pool of the population

◦ Detect the selection processes and to maintain high level of the natural diversity of forest
stands

◦ Reflect the history of the stand in relation to the post-glacial migration refugia in Europe
and in the world (phylogeny study)

• Provide genetic characteristics of different forest tree species reproductive material in:

◦ Mother and progeny stands gene flow analysis

◦ Seed orchards and progeny plantation mating system

◦ Assignment of populations selected for preservation in gene banks or in situ or ex situ
measures

• Solving of problems from seed stand management point of view:

◦ Clonal/pedigree identification/selection processes

◦ Pollen contamination especially important in management of artificial tree stands like
forest seed plantations
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◦ Patterns of gene flow and mating system in natural and artificial stands

• Tracing of forest tree species with DNA markers as a support in the combat with illegal
logging:

◦ Thanks to the DNA profiles established on a basis of minimum 4 microsatellite nuclear
DNA loci, and at least one cytoplasmic (mitochondrial or chloroplast) DNA marker

◦ Strong proof to support the decision taken by several District Law Courts, as far as the
identification of wood samples is proved with a high probability (approximately 98–99%)

◦ Consistent with the assumptions of the European Parliament Directive on Timber
Regulation (EUTR), which came into effect in 2013 to stop the circulation of illegally
logged wood in the European Union.

Major weak points of the CE method are derived from:

• Can be avoid by appropriate programme i.e. GeneMapper® or GeneMapper® ID-X
Softwares which analyse, process and report the date basing on bank of dataset

• Addition of at least 10% formamide improves the denaturing capacity of the sieving matrix
and reduces the compressions

• Can be avoid by appropriate machine running respecting all routine maintenance and
installation rules according to the manufacturer.

1.3. Methodical problems

Two main errors may occur during the genotyping procedure performed with CE technique.
First of all, some alleles are not identified as peaks in chromatograms (so called null alleles),
influencing the general allele distribution in the population. Appropriate software, e.g.
GenALEx [5] or Micro-Checker (http://www.microchecker.hull.ac.uk) may help in calculation
of the probability of the null allele occurrence in the studied group of trees.

Secondly, the homplasy phenomenon may also occur during genotyping. This term is applied
to the DNA fragments of the same size (in base-pairs, i.e. 324 bp) deriving from different
microsatellite loci e.g. mcf-5 and mcf-11 in the case of Fagus sylvatica species. Such errors are
avoided by different fluorochrome labelling of the primers during PCR prior to the CE
detection in automated sequencer.

In sequencing data obtained from CE technique, the sample contamination by the DNA
molecules from the other species, or errors in trimming of the 5’ and 3’ ends of the coding
regions. The trimming errors are estimated to be very low, corresponding to the rate of 0.07,
0.06, 0.05, 0.03, 0.01 with medium default value of 5%.

Good quality of DNA sequences and fragments are obtained thanks to cautious application of
the user guide advice provided by the sequencer manufacturer, e.g. CEQ™ 8000 Genetic
Analysis System User’s Guide (www.beckmancoulter.com/wsrportal/wsr/index.htm) or
Applied Biosystems 3500/3500xL Genetic Analyzer User Guide: http://tools.lifetechnolo‐
gies.com/content/sfs/manuals/cms_069856.pdf.
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All those troubleshoots occurring within genotyping and sequencing procedure can be
overcome by use of the control samples (individual of reference, with known DNA structure)
analysed in the same run. The other possibility of solving problems related with CE analysis
is repetition of the experiment from the beginning with new reagents and new PCR reactions
(see Methods below).

2. Methods

2.1. The idea of Capillary Electrophoresis (CE) electrophoresis

The assessment of the genetic structure (both for genotyping and sequencing) rely on five basic
steps of treatment applied to the plant material collected from the field.

Applied procedure of DNA analysis in CE consists on the following steps:

• Total genomic DNA isolation from the plant tissues (homogenization and extraction of
nucleic acid molecules)

• Specific loci amplification via PCR technique using labeled primers

• Separation of the amplified fragments via CE in automated sequencer

• Allele scoring and / or sequence data processing

• Computing of the obtained data base with utilization of proper software.

Concerning the DNA isolation, there are several techniques of extraction, based on the lysis of
cell walls to facilitate proper isolation of nucleic acids from the plant, fungal and animal tissues
[6]. Good performance of extraction is guaranteed by kits ready for DNA isolation, e.g. DNeasy
Plant Mini Kit (QIAGEN®) or NucleoSpin® Plant II (Machery-Nagel).

The first step in obtaining DNA molecules from plant tissues, is initial mechanical homoge‐
nization or grinding the material in liquid nitrogen. Liquid nitrogen damages mechanically
cell walls, which allows easier access to DNA molecules, at the same time as their stability at
low temperature –176°C, is maintained. Efficiency of DNA extraction is then analyzed by
spectrophotometry (Fig. 1) or by electrophoresis in agarose gel, followed by staining with
ethidium bromide (50 mg ml-1). During sequencing, template impurity due to presence anions
coming from unpurified PCR product mix or the presence of another DNA sequence can
significantly influence the separation performance of the capillary. At the end, obtained DNA
molecules can be stored in stabilizing buffer (pH 7.0) for a long term (even years) at –75°C.

The polymerase chain reaction (PCR) proceeds in DNA multiplication in a thermocycler
programmed for multiple (average of 30 to 40) cycles (Fig. 2). Most of DNA techniques are
based on amplification of the genomic DNA fragments thanks to the thermostable enzyme Taq
polymerase deriving from thermophilic bacteria Thermus aquaticus.
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Figure 2. General scheme of the microsatellite loci analysis using the CE in automated sequencer. After PCR amplifica‐
tion followed by gel-electrophoresis, the DNA samples are loaded to the sequencer (e.g. HITACHI Abi-Prism 3100 Ge‐
netic Analyzer) for the CE running. After this, the separated DNA fragments are examined in software for precise loci
location and genotyping comprising the visual inspection of the peaks (alleles), numeric data collection (list of alleles)
and final statistical analysis.

Figure 1. Spectrophotometrical assessment of the DNA extracts from the beech leaf samples in the spectrophotometer
NanoDrop® ND-1000 (TK−Biotech, USA). All the DNA extracted from the plant tissues are examined for their purity
and evaluation of the DNA concentration before the amplification of microsatellite loci in PCR reaction.

Capillary Electrophoresis as Useful Tool in Analysis of Fagus sylvatica L. Population Genetic Dynamics
http://dx.doi.org/10.5772/59197

53



The PCR reaction involves the DNA-matrix in the following reaction mixture: labeled oligo‐
nucleotide primers (from 10 to 24 base pairs length), four types of free nucleotides (dATP,
dGTP, dCTP and dTTP), magnesium ions (Mg2+), reaction buffer and Taq polymerase. The first
stage of amplification takes about a few minutes and leads to double-stranded DNA template
denaturation at 94°C. Then the stage of annealing at 32– 42°C comes, lasting from 30 sec. to a
few minutes, when the formation of complementary DNA strand to the matrix (at 72°C) occurs.
The temperature and duration of each stage depends on many factors, mainly on the G/C and
A/T content in primers and the size of duplicated DNA fragments. Efficiency and precision of
PCR is very high, and theoretically it allows reproducing the output-template DNA molecules
present in the extract up to 109 copies [6].

Then, the PCR products, labeled with different fluorochromes (e.g. WellRed D2, D3 and D4
for CEQ™ 8000 model; and FAM, JOE, ROX and TAMRA for Abi-Prism sequencer) are
subjected to the CE run in automated genetic analyzer (Fig. 2 and 3). Several labeling strategies
have been developed. With some exceptions, the DNA primer labeling is generally done at the
5’ end of one primer. The DNA markers separated in the gel during electrophoresis can be
detected by florescence of specific nucleotides in labeled primers.

During electrophoresis in polyacrylamide gel, negatively charged DNA molecules migrate in
the direction to a voltage positive electrode of the gel at a speed proportional to their size and
molecular weight. After completion of electrophoresis on capillary, the DNA fragments are
detected by laser thanks to the appropriate fluorochrome labeling of the primers in PCR
reaction (Fig. 3). The separated DNA fragments are then analyzed using computer software.

Figure 3. General scheme of the CE principle in the CEQ™ 8000 (Beckman Coulter) sequencer. 1) Gel cartridge – con‐
taining the polymer used for separation, 2) 96-well plate with samples, 3) Eight capillaries in which the samples are
automatically loaded and the CE is performed, 4) Optical system of windows for the peak detection.
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2.2. Genetic differentiation evaluation process

The most crucial step in allele scoring is the exact allele-size determination. For this, a general
scheme can be applied, helping to avoid the erroneous allele listing for examined population
(Fig. 4). The most tricky allele assignment occurs into 2-base-pair repetition in the SSR
fragment, especially when two adjacent alleles for the same locus differ only by 2-bp length
(Fig. 4C). Good quality laboratory manipulation and broad experience of the scientist easily
overcome such a discrepancy and depict the heterozygous loci in an individual. Otherwise,
the false result would lead to the excess of homozygotes in the examined group of trees.

The nuclear microsatellite DNA sequences have so far been considered as the most informative
markers, and have been used in the genetic diversity studies of many organisms. They are
formed by short repeats of 1-6 base-pairs, so called Short Sequence Repeats (SSR or SSRs), and
constitute the most powerful tool in modern population genetics and forensic studies.

Figure 4. Microsatellite allele scoring, examined according to the appropriate threshold (red line) for peaks obtained
from the CE performed in automated sequencer. The biggest peak (i.e. sharing the biggest peak-area) represent the
correct fragment size following the rule: A) Well separated Heterozygote, B) Homozygote, C) 2 base-pair separated
heterozygote.

The advantages of microsatellite sequences are numerous: they are uniformly distributed over
entire genome, are present in high proportion in forest tree species, form discrete loci and co-
dominant alleles. The observed mutation rates for the SSR markers vary from 10-3 to 10-6. The
SSR fragments obtained after the CE technique applied to the European beech populations in
Poland illustrate the precision of the detection of different alleles in four nuclear SSR loci
investigated (Fig. 5)

The sequencing methodology based on CE relies on nucleotide extension product growing
from 5’ to 3’ direction by forming a phosphodiester bridge between the 3’-hydroxyl group at
the growing end of the primer and the 5’phosphate group of the incoming deoxynucleotide.
The principle of DNA replication follows Sanger dideoxy sequencing procedure [7]. The DNA
sequence is copied with high fidelity at each base on the DNA template, as far as the DNA
polymerase incorporates only one complementary nucleotide. The resulting nucleotide
alignment is registered in chromatogramme and four letter code corresponding to the studied
gene fragment (Fig. 6)
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2.2.1. Analysed parameters to describe population genetic variation and differentiation

The genetic diversity is defined as the probability of occurrence of the identical genotype
among randomly chosen trees in a forest stand. The picture of electrophoretic separation of
DNA fragments is converted to numerical data, using software such as CEQ System software
(Beckman Coulter sequencer) or GeneMapper® or GeneMapper® ID-X Softwares (Abi-Prism
sequencer).

The allele size obtained from sequencing data can be checked with the use of S-Plus software
version 3.4 release 1 for SPARC (Statistical Sciences, Math Soft Inc., Seattle, WA).

In fact, the population genetic variation and differentiation are based on the heterozygosity
parameter (1) calculated as values from zero (no heterozygosity) up to nearly 1.0 (when we
observe a large number of almost equally frequent alleles). Instead of average number of alleles
per locus more precise measure of effective number of alleles per locus (ne) – Crow & Kimura
[8] can be used (2).
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Figure 5. Example of microsatellite nuclear DNA analysis in Fagus sylvatica genotyping in 
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after Beckman Coulter® software CEQ™ 8000 Genetic Analysis System v 9.0 (Fullerton, USA). 
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Figure 5. Example of microsatellite nuclear DNA analysis in Fagus sylvatica genotyping in population from Bieszczadz‐
ki National Park in Poland: two alleles 87 and 93 base-pairs in locus FS1-03 (A), two alleles 85 and 101 bp in locus
FS1-25 (B), two alleles 303 and 324 bp in locus mcf-5 (C), one allele 328 bp in locus mcf-11 (D). Obtained from DNA
capillary electrophoresis after Beckman Coulter® software CEQ™ 8000 Genetic Analysis System v 9.0 (Fullerton, USA).
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Heterozygosity is often one of the most important parameter when we describe the genetic
data. Using this measure we explain the general trend in the structure of analysed populations
– even is their history and future genetic structure is concerned. Low values of heterozygosity
is influenced by small population size and processes of genetic drift e.g. bottlenecks effect. A
lot of heterozygotes in population signify high genetic variability. When we compare the level
of the observed and expected heterozygosity in balanced populations concerning random and
open mating system (i.e. under Hardy-Weinberg equilibrium) and the observed heterozygos‐
ity level is higher than the expected one, we can presume the gene flow via alien pollen outside
of population. If the observed heterozygosity is lower than expected one we can assume that
some inbreeding processes may occur in the population.

Figure 6. General scheme of capillary electrophoresis data processing for gene sequencing in automated sequencer
CEQ™ 8000 (Beckman Coulter). All single nucleotide acids are visible thanks to the different fluorochrome labeling,
Adenine (A) in red, Thymine (T) in blue, Guanine (G) in green and Cytosine (C) in black.
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The interpopulational variation is described very often as GST [9] used as equivalent of FST in
GST statistics [10, 11], and it enables to assess the distance for each population from other
populations (3).

T S
ST

T

H H
G

H
-

= (3)

HT-interpopulation heterozygosity

HS-intrapopulation heterozygosity

The FST parameter called as fixation index is the measure of proportion of the total genetic
variance within subpopulations in relation to the total genetic variance (4). The values of this
parameter can range from 0 to 1. High FST implies a considerable degree of differentiation
among populations.

FIS (inbreeding coefficient) is the proportion of the variance in the subpopulation. High FIS

implies a considerable degree of inbreeding (5). Values can range from-1 (outbred) to+1
(inbred).

( ) /ST T S TF H H H= - (4)

( ) /IS S I SF H H H= - (5)

HT-total heterozygosity for a population

HS-heterozygosity within a subpopulation

HI-heterozygosity of an individual

2.2.2. Software

One of the oldest programs enabling computing of DNA markers analysis data is BIOSYS-2.
This program was elaborated to help biochemical population geneticists to describe the
analysis of electrophoretically detectable allelic variation. It can be utilized to study allele
frequencies and genetic variability measures, to test deviation of genotype frequencies from
Hardy-Weinberg, expectations, to calculate F-statistics, to perform heterogeneity of chi-square
analysis, to calculate a variety of similarity and distance coefficients, and finally to construct
dendrograms using among others cluster analysis procedures. The program, documentation,
and test data are available from the authors [12].

The statistical analysis of the alleles consists in calculation of the genetic parameters estimated
by Nei [9, 13], i.e. expected heterozygosity (HE), observed heterozygosity (HO), observed
number of alleles (AO) and population differentiation parameters (HS, HT, FST). Those param‐
eters may be calculated with the programs like GENEPOP software 3.2a [14], GenALEx [5] or
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ARLEQUIN (http://lgb.unige.ch/arlequin/). The spatial correlations may be evaluated with
SPAGeDi v.1.2 [15] and the genetic distances estimated according to Nei [13]. Another one
interesting software enabling the analysis of DNA data markers is POPGENE [16]. The current
version of POPGENE is designed specifically for the analysis of co-dominant and dominant
markers using haploid and diploid data. The software performs most types of data analysis
encountered in population genetics and related fields. It can be used to compute summary
statistics, including: allele frequency: estimates of gene frequencies at each locus from raw
data, effective number of alleles per locus, percentage of all polymorphic loci, observed and
expected homozygosity, Shannon Index, gene diversity Nei’s [9], F-Statistics, gene flow from
the estimates of GST or FST and many others parameters.

All those programs represent good tool for population genetics analysis and simulations,
including: Hardy-Weinberg Equilibrium (HWE), multiple allele and loci inheritance, natural
selection, genetic drift, migration, mutation and inbreeding.

3. Results presentation Genetic variation characteristics of Fagus
sylvatica L. as an example of utilization of capillary electrophoresis
method on the basis of nuclear and chloroplast DNA markers

3.1. Object of the study

European Beech (Fagus sylvatica L.) is one of the most important forest tree species in Poland.
Beech forests cover about 5.6 % of forest area [17]. The most typical beech forest tree popula‐
tions are formed at the lower forest belt in Carpathians and Sudety Mountains on the South
and at the moraine landscape of Pomeranian Lake District of the North of the country. In
Poland beech attains its north-eastern limit of natural range [18, 19]. Varying environmental
conditions have resulted in a great number of ecotypes and populations which are character‐
ized by various ecological requirements [20, 21]. The growth of beech stands outside the natural
beech limit indicates that species possess potentially much wider range [22, 23].

Present genetic structure of beech populations in Poland was formed by many different factors,
not only environmental and genetic ones but also anthropogenic [24, 25, 26, 27]. Recent
investigations of beech variation in Poland performed with isoenzyme study [28, 29, 30, 31],
showed high genetic diversity, similar to other neighboring European populations, slight
decrease of average number of alleles per locus and lower level of differentiation towards the
North of the natural range limit, which generally confirm the migration paths after glaciations.
The present paper describes the genetic structure within one generation, i.e. mother and
progeny beech stands in Poland assessed with chloroplast and nuclear DNA markers.

There were investigated six beech populations representing natural beech range in Poland.
The populations were classified according to phytosociological characteristics to the following
plant associations: Galio-odorati-Fagetum (Gryfino and Kwidzyn), Dentario glandulosae-Fage‐
tum (Bieszczadzki National Park), Luzulo-luzuloides-Fagetum (Suchedniów, Tomaszów),

Capillary Electrophoresis as Useful Tool in Analysis of Fagus sylvatica L. Population Genetic Dynamics
http://dx.doi.org/10.5772/59197

59



Dentario enneaphyllidis-Fagetum (Zdroje) - Fig. 7. The genetic structure of these populations was
analysed.

Figure 7. Localisation of investigated Polish European beech populations.

3.2. Methods

The genetic variation and differentiation of mother stands and their open-pollinated progeny
were characterised on the basis of nuclear microsatellite markers, i.e. FS1-03, FS1-25, FCM5,
mcf5, mcf11 [32, 33], as well as chloroplast DNA markers: ccmp4, ccmp7, ccmp10, according
to reference [34, 35]. Thirty individuals per one generation (mother, progeny stands) in every
provenance were investigated.

The extraction of total DNA from the leaves was performed using Qiagen DNeasyTM Plant
Minikit according to the manufacturer instruction (Qiagen). The quality and purity of DNA
were analyzed on 1% agarose gel electrophoresis and via absorption in 230, 260 and 280 nm
in NanoDrop® spectrophotometer (Wilmington, USA). DNA samples were analyzed with
DNA capillary electrophoresis in Beckman Coulter® sequencer, and analyzed using the
software CEQ™8000 Genetic Analysis System v 9.0 (Fullerton, USA).

Parameters of genetic diversity (HS and HT) and differentiation (GST) were counted and
compared between mother and progeny generation according to Nei [36, 11] in PopGene 1.32
software [16].
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3.3. Results

3.3.1. Quality and quantity of the analyzed DNA

The very high quality and purity of DNA were assessed on the basis of the ratio of absorbance
at 260 and 280 nm. A ratio about ~1.8 was typical for most of the samples (Fig. 2), and proved
a high purity of the extracted DNA. A ratio ~2.0 is generally accepted as RNA-free. If the ratio
is lower in either case, it indicates the presence of contaminants. The good quality of isolated
DNA from samples was confirmed also by measurement of absorbance at 230 nm wavelength.
The quantity of the genomic DNA samples balanced between 35 up to 160 ng.µl-1 and was
fully appreciated to perform next steps of the DNA analysis procedure.

3.3.2. Genetic structure based on nuclear DNA markers

As far as nuclear microsatellite markers of Polish beech stands were concerned, different
fragment-variants of haplotypes, i.e. from 73 to 348 base-pair size were distinguished. In
investigated trees both heterozygous and homozygous alleles were found (Fig. 5).

The FS1-03 locus was the most polymorphic, i.e. exhibited 27 allele variants: 73 up to 154 bp
DNA fragments, while the smallest number of variants was observed in case ofmcf-11locus –
11 alleles variants with DNA fragment length from 315 up to 348 bp. Usually the observed
number of alleles per locus was higher for mother stands comparing to progeny stands except
practically only population Tomaszów. For instance, mother trees presented mean observed
number of alleles per locus 9.4, comparatively to 7.4 found in progeny from Tomaszów
population (Fig. 8).

Figure 8. Average number of alleles in populations of investigated mother and progeny Fagus sylvatica L. stands.
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Mean gene diversity among and within all studied mother stands (Tab. 1) were more or less
at the same level (HT=0.8291, HS=0.7693, respectively) than mean genetic diversity in the
progeny stands (HT=0.8257, HS=0.7672), as well as the gene diversity level of all mother and
progeny stands were almost at the same level: FST=0.0587 and FST=0.0576 respectively (Tab. 1).
The differentiation among studied Polish Fagus sylvatica population stands and their progeny
can be explain that most genetic diversity resides within the stands.

Differentiation based on Nei [13] genetic distances was independent to geographical location
of populations (Fig. 9).

Locus
Mother Stands Progeny Stands

HT HS FST HT HS FST

FS1-03 0.7165 0.6994 0.0404 0.7730 0.7284 0.0433

FS1-25 0.8855 0.8371 0.0489 0.8861 0.8354 0.0496

FCM-5 0.9072 0.8370 0.0590 0.8862 0.8275 0.0591

mcf-5 0.9127 0.8370 0.0683 0.8984 0.8309 0.0708

mcf-11 0.7236 0.6357 0.0766 0.6847 0.6140 0.0652

Mean 0.8291 0.7693 0.0587 0.8257 0.7672 0.0576

St. Deviation 0.1001 0.0955 - 0.0939 0.0966 -

Table 1. Genetic variation parameters of nuclear DNA markers microsatellite loci analyzed in Fagus sylvatica L. stands
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3.3.3. Genetic structure based on chloroplast DNA markers

As far as ccmp4 and ccmp10 microsatellite markers of Polish beech stands were concerned,
different fragment-variants of haplotypes, i.e. from 116 to 152 base-pair size were distinguish‐
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3.3.3. Genetic structure based on chloroplast DNA markers

As far as ccmp4 and ccmp10 microsatellite markers of Polish beech stands were concerned,
different fragment-variants of haplotypes, i.e. from 116 to 152 base-pair size were distinguish‐
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ed. The ccmp7 locus was the most polymorphic, i.e. exhibited 8 allele variants: 144, 145, 147,
148, 149, 150, 151 and 152 bp. Nevertheless, some populations e.g. Bieszczadzki NP showed
less polymorphism in the locus ccmp7, with only one 147 bp variant present, similarly to the
previous study performed on Polish beech [38]. Another two loci, ccmp4 and ccmp10, shared
the same range of 5 allele-size variants of 116, 117, 118, 119 and 120 bp. Generally, mother beech
trees had more variable allele, than the progeny trees of the same provenance. For instance,
mother trees presented alleles from 117 to 119 bp, comparatively to only one allele of 119 bp
found in progeny from Bieszczadzki NP population. Mean gene diversity among and within
all studied mother stands (Tab. 2) were slightly higher (HT=0.4916, HS=0.3606 respectively) than
mean genetic diversity in the progeny stands (HT=0.4600, HS=0.3375). The gene diversity level
of all mother and progeny stands were almost at the same level: GST=0.2666 and GST=0.2663
respectively (Tab. 2). The overall haplotypic differentiation among studied Polish Fagus
sylvatica populations was quite low (GST=0.016), which means that most genetic diversity
resides within the stands.

Differentiation based on Nei [13] genetic distances was independent to geographical location
of populations (Fig. 10).

Locus
Mother Stands Progeny Stands

HT HS GST HT HS GST

ccmp4 0.5053 0.3058 0.3947 0.3957 0.3042 0.2313

ccmp7 0.3228 0.2667 0.1738 0.4650 0.2767 0.4050

ccmp10 0.6468 0.5092 0.2128 0.5193 0.4317 0.1688

Mean 0.4916 0.3606 0.2666 0.4600 0.3375 0.2663

St. Deviation 0.0264 0.0169 - 0.0038 0.0068 -

Table 2. Genetic variation parameters of chloroplast DNA markers microsatellite loci analyzed in Fagus sylvatica L.
stands

3.4. Discussion

The DNA markers constitute powerful tool when gene variability of forest trees is assessed.
The complicity of genome of these organisms makes impossible in most cases to obtain
information about particular gene structure or variability. Nowadays, microsatellite markers
analysed via CE technology overcome this difficulty, enabling the genetic variation study of
the given organism, but only at the level of non-coding DNA regions.

The great advantage of the CE method is that all steps of allele fragment genotyping and DNA
sequencing analysis are performed automatically in one integrated system. The laboratory
tasks are then concentrated on high purity DNA molecules isolated from plant tissue and on
appropriate PCR amplification procedures.

The data of CE application to study the SSR markers in European beech stands in Poland
revealed: high genetic diversity of beech, similar like in other neighboring European popula‐
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tions, slight decrease of average number of alleles per locus and level of differentiation towards
the North of the natural range limit, which generally confirm the migration paths after
glaciations but it is not the basis to distinguish geographic regions. More cpDNA variation in
the chloroplast ccmp4, ccmp7 and ccmp10 loci (GST=0.810) was reported for other 400 European
beech populations [37]. Nevertheless, some populations e.g. Bieszczadzki NP showed less
polymorphism in the locus ccmp7, with only one 147 bp variant present, similarly to the
previous study performed on Polish beech [38].

In most cases, higher level of genetic variation was found within the investigated beech
populations, predispose them to higher genetic tolerance against harmful environmental
factors-reference [39].

4. Conclusions

In recent years the development and dissemination of new molecular methods based on CE
method has remarkably increased. The use of automatic machines (sequencers) enables the
investigation not only of DNA and RNA structure, but also gene bank creation for the forest
tree species in order to achieve the appropriate forest stand management level. The CE gives
very good resolution in separation of DNA molecules at the level of single nucleotide base-
pair. Moreover it helps to overcome the problem of homoplasy in population genetics and
offer cheap and fast results in sequencing of a small amount of samples. Concurrent develop‐
ment of software and computerisation offered the possibility of complete automation of the
sample processing data, including the transfer of data and results.
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Application of CE electrophoresis method is useful tool in forest trees genetic diversity
assessment, despite of their limits. It is possible to use them on wild scale, especially in:

• Genetic characteristics of different forest reproductive material of natural and artificial
stands e.g.

◦ Mother stands and progeny stands gene flow

◦ Seed orchards gene flow

◦ Gene banks representation of populations assessment

• Solving of particular problems in case of:

◦ Clonal/pedigree identification/selection process

◦ Pollen contamination

◦ Mating system

◦ Patterns of gene flow

• Good tools to support conservation and management of forest genetic resources e.g. to
support following activities:

◦ Selection and protection of ecotypes

◦ To asses initial gene pool for needs of effective gene conservation measures

◦ To present selection processes of forest stands to maintain rich natural diversity

◦ Prevention of illegal logging procedure thanks to the polymorphic SSR markers assessed
with CE technique.
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1. Introduction

Whole saliva contains a wide variety of proteins and peptides, of glandular or blood origin,
with diverse functions, namely proteins that participate in teeth and oral tissues protection, as
well as proteins related to ingestive and digestive processes [1]. Several studies, in animals
and humans, present evidences that saliva is involved in eating behaviour [e.g. [2–5]]. The link
between saliva composition and oral perception is increasingly reported. Several studies refer
that oral sensations, such as astringency, result from an interaction between food constituents
(e.g. polyphenols) and salivary proteins [6]. Moreover, the involvement of saliva in taste
sensitivity has been also considered and an example of this relationship is the correlation
established between taste dysfunction and reduced levels of the salivary protein carbonic
anhydrase VI [7]. Recently, some studies added evidences that protein saliva composition is
involved in taste by associating salivary proteins to fat perception and liking [8], as well as to
sensitivity for the bitter tastes of 6-n-propylthiouracil (PROP) [9] and caffeine [10]. Besides the
involvement of saliva in oral perception, which can greatly influence food choices, the effect
of this fluid in ingestive behaviour can also be considered by the role of certain salivary proteins
in digestive processes and/or in the regulation of energy intake: one example is salivary α-
amylase, which is involved in the digestion of starch in the mouth; another example is the
presence in saliva of proteins involved in appetite/satiety regulation such as leptin [11] and
ghrelin [12].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Electrophoresis has been applied for salivary protein separation for years and progresses have
been made until now. Several studies report salivary protein separation according to their
mass, isoelectric point and both parameters (two-dimensional electrophoresis – 2DE), both for
human [e.g. [10]] and animal saliva [e.g. [13]]. The application of electrophoretic techniques to
saliva samples, together with advances in mass spectrometry, for protein identification,
resulted in an increased interest in this biological fluid as a source of biomarkers. In fact, saliva
collection has the great advantage of being relatively easy, cheap and non-invasive to perform,
presenting proteins also existent in other body fluids such as blood. Besides Sodium Dodecyl
Sulfate Polyacrylamide Gel Electrophoresis (SDS PAGE) and 2DE, salivary protein and peptide
separation have been described to be achieved through capillary electrophoresis (CE). The
possibility of work with small sample volumes and to perform high-resolution analysis is a
great advantage of CE [14]. Although only few studies about salivary protein/peptide profiles
related to ingestive behaviour have used CE, we believe that this area of research can gain from
the use of this approach.

Electrophoresis has also the potential of being used in paraffin embedded tissue samples [15].
This possibility has the great benefit of allowing access to already acquired tissue samples
which can be readily correlated with histological parameters. Moreover, it provides access to
tissue that would be either difficult to collect prospectively in a timely manner or unlikely to
be available as fresh samples. For salivary composition analysis it may have the potential of
allowing the study of individual salivary glands composition, in situations where no individ‐
ualized glandular saliva collection was possible. As such, this may have the potential of aiding
in the comprehension of salivary gland regulation and differential contribution for total
salivary composition.

This chapter gives an overview of the use of electrophoresis in studies about the involvement
of saliva in ingestive behaviour. Studies about the role of salivary protein composition in oral
sensations and taste sensitivity will be reviewed. The particularities in the use of electropho‐
resis in saliva samples will be discussed, as well as the advantages and limitations of the
technique for the analysis of this body fluid. The major limitations in the electrophoretic study
of salivary proteins, such as the presence of high abundant proteins (impairing the study of
scarce ones), the high content of mucins, the high proteolytic activity, among others, will be
critically commented based also on our experience. Moreover, the promising use of capillary
electrophoresis, as well as electrophoresis of paraffin-embedded tissue samples, for the study
of salivary secretion will be proposed. Finally, non-electrophoretic techniques that can give
complementary information will be presented, accentuating the importance of integrated
approaches in the study of saliva and salivary secretion.

2. The involvement of salivary proteins in food perception and choices

2.1. Taste sensitivity

Taste perception occurs when a sapid molecule (or tastant) activates a taste receptor of the
tongue. Taste receptors are located mainly on cells of specialised structures, the taste buds,
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which are themselves situated in the clefts of fungiform, circumvallate or foliate papillae. Five
basic tastes are commonly admitted: sweetness, saltiness, bitterness, sourness and umami. In
addition, discovery of receptors to free fatty acids on the human tongue [16,17] has prompted
suggestions that fat could be a sixth taste.

The tongue is constantly lined and hydrated by the oral fluid made of secreted saliva, crevicular
fluid, microorganisms etc. Therefore, saliva is intuitively associated to the gustatory function.
This assumption applies even more prominently to saliva secreted by the von Ebner’s glands
(VEG). These minor salivary glands secrete their saliva at the bottom of the clefts of circum‐
vallate and foliate papillae, i.e. in near vicinity to the taste buds. In other words, taste buds
bathe in saliva from the VEG, a fact that attracted interest in this type of saliva as playing a
role in taste perception. To our knowledge, systemic proteome analysis of VEG saliva has never
been performed. However, by studying VEG from rats [18,19] and human subjects [20], two
specific proteins have been identified. These are the VEG protein, which is also known as
lipocalin 1, and Ebnerin. Lipocalin 1 was found in VEG saliva of human subjects [21]. This
protein presents some sequence homology with transporters of hydrophobic molecules, and
therefore some authors have proposed that it may help in concentrating and delivering
hydrophobic tastants to the specialised gustatory cells [18]. However, in a sensory-based study,
lipocalin 1, although measured, was not pointed as an important salivary factor correlated
with detection threshold to the taste of oleic acid [22]. Bläker et al. (1993) [20] suggested another
function for lipocalin 1, namely that it has a protective effect of taste structures against the
detergent action of fatty acids. Concerning Ebnerin, it has been found only in rats, more
specifically released into the clefts of circumvallate papillae [19]. The putative function
attributed to this protein is to carry growth factors which would be expressed in VEG [19]. To
conclude with VEG saliva, despite the proximity of VEG and taste buds, relatively little
evidence is provided for involvement of VEG saliva proteins in taste perception.

Salivary proteins or peptides have been related to taste perception, acting at different levels
(Figure 1). Some of these proteins/peptides found in whole saliva have been suggested to act
as factors implicated in the growth and renewal of taste buds. For example, carbonic anhydrase
6 (CA6 or gustin) levels are reduced in hypogeusic patients [23] and such patients also present
taste bud anatomical abnormalities [24]. CA6 was therefore considered as a trophic factor
involved in taste bud growth and development. Leinonen et al. [25] later suggested that CA6
may also have an anti-apoptotic action on taste buds by locally regulating pH. More recently,
the perception of the bitter compound 6-n-propylthiouracil (PROP) was also associated to the
protein CA6. However, it was not the quantitative expression of the protein that was different
between PROP tasters or nontasters, but rather the ability of CA6 to bind zinc which conditions
its functionality. This ability differed according to genetic polymorphism [26], although some
controversy appears to exist, with a recent study lacking to obtain similar results [27]. Another
protein, metalloproteinase MMP-3, is under-expressed in saliva from subjects with taste
disorders and may serve in continuous regeneration of taste buds [28]. Finally, the epidermal
growth factor (EGF) secreted by the parotid and submandibular glands might assist in
maintaining the morphological integrity of taste buds. In rats, for instance, removal of major
salivary glands alters greatly the appearance of the taste buds of fungiform papillae but oral
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administration of EGF restores a normal morphology [29]. Whether salivary EGF is linked to
taste in humans has not been demonstrated to our knowledge.

Figure 1. From food to taste perception: examples of salivary proteins involved in taste function (right – examples of
salivary proteins potentially involved in each of the phases of taste perception described on the left)

Another impact of salivary proteins on taste perception resides in their direct physico-chemical
interaction with taste molecules, which modifies the availability of tastants to the taste
receptors. For example, Wada et al. (2010) [30] have shown that histatin 5 concentration was
significantly lower in subjects hypersensitive to the taste of quinine, and the authors further
demonstrated that histatin 5 could bind quinine. For a given quantity of quinine, subjects with
lower levels of histatin 5 had therefore more free quinine which could interact with their taste
receptors, thereby increasing their sensitivity. Another example of salivary protein – tastant
interaction has been suggested by [31] based on the demonstration by 1H-NMR that the PROP
molecule could interact with the arginine and lysine amino-acids. This investigation followed
a study where top-down analysis of saliva of supertasters vs nontasters of PROP revealed that
saliva of supertasters had higher levels of basic proline-rich proteins (PRPs), in particular the
Ps1 protein which contains a high proportion of arginine and lysine [9]. In this particular case,
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higher proportion of Ps 1 and the consequent binding of PROP would confer to the molecule
a new conformation, which would facilitate its access to its taste receptor. Finally, the interac‐
tion of oleic acid with the salivary protein zinc-α-2glycoprotein (ZAG) has been suggested, on
the basis that this protein was over-expressed in a group of subjects hypersensitive to the taste
of this fatty acid [32]. This protein may, for example, act as a solubilizer of oleic acid in saliva.

In addition to these two mechnisms (growth or protection of taste buds/physico-chemical
interactions with tastants), it is also possible that the structured biological layer covering the
tongue surface, and made mainly of salivary proteins, may contribute to modulate accessibility
of tastants to the taste receptors. This hypothesis has been formulated by Dsamou et al. (2012)
[10] and deserves further investigations. In this context, one should focus in particular on the
“taste pore material” which is the biological layer covering directly the taste buds, described
for example by Matsuo (2000) [33].

2.2. Mechanical sensations (astringency)

Physical properties of foods are also important factors in consumer appreciation and enjoy‐
ment of food products. Salivary proteins are known to modulate food tactile characteristics by
interacting with food constituents. The involvement of salivary proteins in food perception
started to be studied in terms of their effect in astringency development. Astringency is
described as “the complex of sensations due to shrinking, drawing or puckering of the
epithelium as a result of exposure to substances such as alums or tannins” by the American
Society for Testing of Materials [34]. Astringent molecules are mainly plant-based products,
namely polyphenols, among which tannins [35], but also acids and metal alums [6] and other
dehydrating agents such as alcohols [36], which can also create this subjective oral feeling.

Astringency has been considered as an aversive quality responsible for the lowering accepta‐
bility of some plant food products [37,38]. Two possible mechanisms were proposed to explain
this oral sensation. The oldest belief is that astringency is due to the precipitation of salivary
proteins by astringent substances, with such precipitates increasing friction between mouth
surfaces and stimulating mechanoreceptors [39]. On the other hand, a number of studies
suggest that astringency is the result of modifications in the viscous elastic properties of
glycosylated proteins, which result in the rupture of the lubricating saliva film that lines the
oral cavity [40–43]. Nayak and Carpenter [43] proposed a more integrative view, suggesting
a two-step interaction between salivary proteins and polyphenols (and/or other astringent
substances). According to this model, saliva is considered to be composed of two different
phases, a thin dynamic film coating the internal oral surfaces and an adsorbed layer of proteins
on the hard and soft tissues. In the first step of interaction, the astringent molecules may bind
the proteins from the dynamic film with the highest binding affinity. In the second step, the
remaining astringent molecules, not bound in the first step, can interact with the adsorbed
glycoprotein layer, with the consequent oral cavity loss of lubrication and astringency
development.

Different families of salivary proteins have been considered as having a specific role in
astringency of polyphenols, due to its high affinity for these compounds: PRPs [44], histatins
[45], statherins and cystatins [46]. These salivary proteins represent a considerable part of the
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saliva total protein content and have important biological functions, in this oral fluid, associ‐
ated with calcium binding to enamel, maintenance of ionic calcium concentration (PRPs and
statherin), antimicrobial action (histatins and cystatins), or protection of oral tissues against
degradation by proteolytic activity (cystatins) [47]. The nature of the interaction between these
salivary proteins and polyphenols depends on several factors, among which protein charac‐
teristics and the type of polyphenol. Salivary proteins such as acidic PRPs and statherins
present lower selectivity towards polyphenol structures, comparatively to histatins and
cystatins [46]. Among these, salivary PRPs were by far the most studied, being generally
considered as the main family of salivary proteins involved in astringency. PRPs have an
extended structure allowing them to have a high affinity to bind tannins [48]. Basic PRPs have
been suggested as having a primary role in the prevention against the negative antinutritive
and/or toxic effects of these polyphenols [37,49]. The induction in the secretion of basic PRPs
by the regular consumption of tannins reinforced this hypothesis [50]. Additionally, glycosy‐
lated PRPs, which are thought to contribute to salivary lubrication [51] also interact with
tannins [52,53] and, consequently, these are proteins with potential impact in astringency.

Mucins also seem to have a role in astringency, although some controversy exists among
studies. These proteins are the main responsible molecules for the viscoelastic properties of
saliva. Some authors reported the binding of mucins to polyphenols, and consequently an
effect on astringency development [54]. On the other hand, other authors [e.g. [36]], observed
that these proteins are precipitated by alum and acid, but not by polyphenols, suggesting
different involvement according to the type of astringent molecule.

From all these different studies, with different suggestions about astringency mechanism, what
appears to be unequivocal is the complexity of this oral sensation, with multiple mechanisms
potentially involved in its development, and the participation of salivary proteins.

3. Usefulness of electrophoresis for ingestive behaviour analysis using
saliva

3.1. Methodological issues related to the use of electrophoresis in saliva study

Accurate examination of salivary components requires optimal collection, processing and
storage conditions and, as such, there is a need for standardized protocols [55,56]. Saliva‐
ry secretion is mainly regulated by the two branches of the autonomic nervous system (both
sympathetic  and parasympathetic),  and as  such it  presents  some plasticity,  changing in
amount and composition according to the nature of the stimulus. Factors such as circadi‐
an rhythm [57], gender [58], drugs [59], exercise [60], eating [61], among others, result in
variations in saliva composition.  Based on that,  it  is  important to define the protocol of
collection method.  Firstly,  it  must  be  determined if  the  collection of  saliva  will  be  per‐
formed without or with stimulation. According to the first, the most used procedure consists
in  allowing  saliva  to  drip  off  the  lower  lip  into  a  tube  maintained  on  ice.  Concerning
stimulated saliva,  it  is  frequently obtained after  parafilm mastication,  or after  sour taste
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3. Usefulness of electrophoresis for ingestive behaviour analysis using
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3.1. Methodological issues related to the use of electrophoresis in saliva study

Accurate examination of salivary components requires optimal collection, processing and
storage conditions and, as such, there is a need for standardized protocols [55,56]. Saliva‐
ry secretion is mainly regulated by the two branches of the autonomic nervous system (both
sympathetic  and parasympathetic),  and as  such it  presents  some plasticity,  changing in
amount and composition according to the nature of the stimulus. Factors such as circadi‐
an rhythm [57], gender [58], drugs [59], exercise [60], eating [61], among others, result in
variations in saliva composition.  Based on that,  it  is  important to define the protocol of
collection method.  Firstly,  it  must  be  determined if  the  collection of  saliva  will  be  per‐
formed without or with stimulation. According to the first, the most used procedure consists
in  allowing  saliva  to  drip  off  the  lower  lip  into  a  tube  maintained  on  ice.  Concerning
stimulated saliva,  it  is  frequently obtained after  parafilm mastication,  or after  sour taste
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stimulation [62].  Advantages and disadvantages of  each approach have been mentioned
previously [63].  Another issue to be considered is  the origin of  collected secretions,  i.e.,
whether it  is  glandular  or  whole saliva,  since considerable differences exist  in composi‐
tion. Reported storage conditions of saliva samples have varied widely among studies, with
no current consensus on optimal procedures. Saliva contains many salivary proteins that
are processed by post-translational modifications (PTMs), namely glycosylation, phosphor‐
ylation, sulfation and proteolysis,  these modifications being responsible for many of this
fluid functions. Consequently, de-glycosylation, de-phosphorylation and proteolysis should
be minimized, and different research groups have employed different methods with this
purpose.  For  example,  the  addition  of  ethanol  apparently  allows  the  storage  of  saliva
samples  at  room  temperature  (for  a  period  of  about  two  weeks)  without  considerable
changes  [64].  The  use  of  protease  inhibitors  to  prevent  proteolysis  was  also  referred as
allowing saliva storage at 4°C, during approximately 2 weeks, without significant degrada‐
tion [64]. Nonetheless, it is known that not even an inhibitor cocktail can prevent all protein
degradation [65]. It is important to note that the ideal handling and storage procedures will
greatly depend on the peptides/proteins of interest. Whereas working on ice for no longer
than one hour, with subsequent storage of samples at -80°C, has been considered a safe
and practical handling protocol [65,66], recovery of salivary immunoglobulin A (sIgA) has
been suggested to be greater for short storage times at room temperature than when samples
are  stored at  low temperatures  [67].  Freeze-thaw cycles  are  also not  desirable,  inducing
protein precipitation, in particular from low molecular mass components, resulting in loss
of  some  proteins  expression  and  particularly  enzymatic  activity  [65].  In  any  case,  little
research has been directed on ways of minimizing degradative processes, and this is clearly
needed [56].

Another methodological issue, in electrophoresis of salivary proteins, concerns the presence
of particular proteins in high levels, obscuring the low abundant ones, for which analysis may
be of interest. This is even more pertinent considering studies aimed at detecting physiological
biomarkers, since most of them are present in saliva at low amounts. The protein α-amylase
contributes to almost 60% of total salivary proteome [68] and, many times, its depletion is
necessary. Salivary α-amylase depletion can be achieved through elution of samples from
starch columns to reduce this protein amounts specifically [64,69].

Saliva contains a diverse array of proteins and particularities of each type should be considered
when choosing the staining procedure. PRPs, which exist in considerable amounts in parotid
saliva, contain reduced amounts of amino acids containing sulphur. Consequently, these
proteins are not easily stained with silver [70]. On the other hand, these proteins stain violet-
pink with Coomassie Brilliant Blue R-250, particularly when a destain protocol consisting in
10% acetic acid, instead of 10% acetic acid/10% methanolis used [71]. Phosphoserine, phos‐
phothreonine and phosphotyrosine containing proteins are detected at low levels by using
Pro-Q-Diamond [72]. Periodic-acid Schiff (PAS) is used for glycoprotein staining. Nevertheless
this procedure presents the limitation of needing high levels of protein load [73]. When the
amount of sample is limited and higher sensitivity is needed, Pro-Q-Emerald can be a good
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option for glycoprotein detection, since it can be approximately 50-fold more sensitive than
PAS [74].

Some particular characteristics of saliva should also be taken into consideration for Western
blotting. It is important to be sure that samples are being compared for an equal amount of
total protein. Since by using this technique only the protein that react with the antibody is
visualized, the existence of a control of the quantity of protein loaded is important. In some
types of samples there are proteins which levels are proportional to the amount of protein
loaded, and as such, they can function as internal controls. In these cases, the simultaneous
use of primary antibodies for these proteins and the protein of interest may allow adjustments
[e.g. 75]. Nevertheless, in saliva a protein which relative amount to total protein remains
constant is not known. One way to circumvent this limitation is through the stainning of the
membrane with a reversible stain (e.g. Ponceau), before incubation with the primary antibody,
in order to visualize the several bands present in each lane [76, 77].

Although needing studies to elucidate that, it is possible that some salivary mucins and/or
other proteins can irreversibly adsorb to cotton roll, and, consequently, being lost. Another
possible drawback, when working with animal saliva is the low amount produced by some
species. For example, for small rodents, which are frequently used as human and animal
models, saliva collection is not easy without stimulation. The use of parasympathetic agonists,
such as pilocarpine, is often used, since it induces the increase in the volume secreted without
changing the relative amount of each protein. On the other way, the use of sympathetic agonists
(e.g. pilocarpine) is also frequent, but in this case, when the amount of protein concentration
is wanted. This type of stimulation induces the synthesis and secretion of proteins from
salivary glands, but a relatively low volume [79].

Most of the gel-based approaches need further protein identification, most of the times by mass
spectrometry. Although advances have emerged, in the last years, for some animal species,
salivary proteins identification continues to be challenging, due to the lack of complete and
annotated genome and protein sequences [81]. When this happens, the search in other related
species databases is needed, increasing the possibility of to rise the number of false positive
results.

3.2. The use of SDS PAGE and 2-DE in salivary proteome study related to ingestive
behaviour

For both humans and animals, it has been observed that 2DE is the most popular technique
for the global analysis and initial profiling of saliva, being used as a first step for protein
separation, followed by mass spectrometry (MS) or tandem MS (MS/MS) [82]. 2DE simulta‐
neously separates proteins according to their isoelectric points (pI) and molecular masses,
enabling the visualisation and identification of several thousand proteins on a single gel. It is
particularly useful for screening and comparing complex mixtures such as saliva samples. By
opposition to the study of several different diseases, the use of saliva for biomarker discover
in the field of nutrition only more recently started to emerge. One of the greatest advantages
of 2DE in salivary protein study relates to its capacity of separating proteins with different
PTMs, allowing their separate quantification. Many salivary proteins present different
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isoforms [e.g. [83]], with only some of them potentially related to taste sensitivity, making this
individual isoform comparison essential.

Separation of proteins from mixed saliva, by SDS PAGE and 2DE, coupled to MS for protein
identification, allowed a better understanding about the relation between saliva and taste. In
2DE profiles, the expression of some protein spots were observed to be differently changed
following taste stimulation, these differences being dependent on the type of taste stimuli [84].
This suggests different adaptations of saliva to the five basic tastes. Concerning bitter taste,
the use of these techniques also added a great contribution to advances of knowledge in this
field. Until recently, only salivary CA6 was reported to influence taste sensitivity, whereas
now it is known that other salivary proteins may also be involved. For example, by using 2DE
based approaches, cystatin SN was identified as being differently expressed among groups of
sensitivity to the bitter taste of caffeine [10]. In addition, recently, using SDS PAGE for
separation of proteins from mixed saliva of 3-month-old-infants, differences in salivary
profiles related to bitterness acceptance were reported: higher abundance of zinc-alpha-2-
glycoprotein and CA6 was associated to a lower acceptance of this taste, whereas higher
abundance of lactoperoxidase, S-type cystatins and prolactin inducible protein was associated
to a higher acceptance [32,85].

Electrophoresis also proved to be useful in studies aimed at understanding astringency,
namely in the search for the salivary proteins involved in the development of this oral
sensation, as well as for assessing the astringency of some food compounds. Several different
studies used SDS PAGE and 2DE to compare salivary protein profiles before and after tannin
ingestion, and to identify salivary proteins interacting with these plant secondary metabolites
[e.g. [86,87]]. Dinella et al. [88,89], by separating proteins through SDS-PAGE, presented
evidences that differences among individuals in sensitivity for astringent stimuli relates to the
differences they present in salivary protein composition after repeated stimulation, i.e.,
individuals in which tannin stimulation results in higher changes in salivary protein profiles
are the ones who strongly detect astringency. The evaluation of polyphenol astringency was
also demonstrated to be possible by using SDS PAGE to separate the salivary proteins present
in human saliva after mixture with these plant secondary metabolites [54].

3.3. New perspectives for electrophoresis in saliva study

3.3.1. Capillary electrophoresis: potential and use in saliva study

Capillary electrophoresis (CE) is a separation method, performed in capillaries, in which
analytes migrate through electrolyte solutions under the influence of an electric field. The
electrophoretic velocity of the analyte will depend upon the magnitude of the electric field and
its electrophoretic mobility, and upon the rate of electroendosmotic flow.

In the last years, some studies surged highlighting the potential of CE in several different areas
of research [e.g. [14]]. A great advantage of this over the conventional electrophoretic techni‐
ques is that, although also based on the movement of molecules in an electric field, CE is not
restricted to the separation of large molecules based on size or charge. As such, it allows also
the separation of molecules that have low molecular mass and/or neutral charge. Moreover,
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CE has the advantage of working with considerable small volumes of sample (from picoliters
to nanoliters) [14], what in saliva study may be important.

The commonly separation modes by CE are capillary zone electrophoresis, capillary gel
electrophoresis, capillary isoelectric focusing, micelar electrokinetic chromatography and
capillary isotachophoresis. Capillary zone electrophoresis, also known as free solution
capillary electrophoresis, is the simplest form of CE. The application of the sample occurs in a
narrow zone or band, with the separation buffer surrounding it. With the application of the
electric field, the migration of each component in the sample occurs according to its own
mobility. In this method, non-charged molecules cannot be separated, since this will move at
the velocity of electroosmotic flow.

Capillary gel electrophoresis is based on the use of a polymeric gel medium, inside the
capillary, which acts as a molecular sieve in which smaller molecules migrate faster than larger
ones. This method has the advantage of separating molecules that have similar charge-to-mass
ratios, which in the absence of the gel medium (i.e. in free solution) would have similar
electrophoretic migration rates. Capillary isoelectric focusing is a type of CE that offers
significant advantages over isoelectric electrophoresis slab gels in terms of automation,
separation speed and quantitation. Although at the beginning capillary isoelectric focusing
was not readily accepted, due to the difficulties in isolating the focused zones for the detector,
actually this separation technique presents the highest resolution of all charge based separation
techniques, due to nowadays systems that allow the monitorization of the whole column at
once [90]. Micellar electrokinetic capillary chromatography is an electrophoretic technique
developed in the early 90’s that extends the applicability to non-charged molecules, which
cannot be separated using simple free solution CE [91]. This technique is based on the
combined effects of: 1) the differential portioning of molecules between the aqueous buffer
and the micellar phase; 2) the differential migration of ionic species. It consists in the separation
as the result of the combined effect of the differential partitioning of molecules between the
aqueous buffer and the micellar phase, as well as any differential migration of ionic species.
The sample is inserted between a leading electrolyte, which as a higher mobility than ions in
sample zone, and a terminating electrolyte, with lower mobility, relatively to these last. The
separation achieved through capillary isotachophoresisis based on differences in the velocities
of analyte ions within the sample zone.

CE  can  help  to  circumvent  some  limitations  in  the  study  of  saliva.  One  constraint  of
searching for salivary protein biomarkers is  that  they may be massively diluted,  requir‐
ing highly sensitive analytical approaches, often exceeding the dynamic range of current‐
ly  available  proteomic  platforms.  Moreover,  and  although  saliva  collection  is  non-
invasive, sometimes it is not possible to have access to large volumes. Different CE-based
approaches have been described in the study of salivary protein components. Convention‐
al electrophoretic analysis of parotid saliva by SDS-PAGE is hampered by the fact that a
number of proteins,  such is the case of PRPs, are only poorly stained by currently used
stains  (as  it  was  described  in  section  3.1).  In  this  context,  CE  was  suggested  to  offer
advantages  for  the  quantitation of  the  main components  of  parotid  saliva,  including α-
amylase and a number of PRPs [92]. Analysis of salivary peptides, have also been report‐
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ed, namely separation of histatins [93], which are a group of neutral to basic low molecular-
weight proteins of human saliva with relevant antifungal properties. Moreover, substance
P,  a  peptide present in saliva at  trace levels,  in the picomolar to nanomolar range,  that
functions as a neurotransmitter and/or as neuromodulator, has been analysed in this fluid
by a  CE method [94],  circumventing  the  problems of  detection  of  such small  amounts.
Another challenging approach has been presented in the case of secretory immunoglobu‐
lin A (sIgA) that was analysed in saliva by CE in association with immuno-fluorescence-
labelling  detection,  which  was  considered  an  enormous  advantage  over
radioimmunodiffusion  or  enzyme-linked  immunosorbent  assay  (ELISA)  usually  used  to
assess the amounts of this salivary protein [95]. For proteome study, capillary isoelectric
focusing  has  been  used  in  combination  with  nano-reversed  phase  HPLC  and  mass
spectrometry  to  profile  and identify  over  a  thousand salivary  proteins  [96].  The  use  of
transient  capillary  isotachophoresis/capillary  zone  electrophoresis  had  been  used  for
allowing the reduction of high-abundance proteins such as amylases, mucins, PRPs, and
sIgA complex,  what  provides  unparalleled advantages  toward the identification of  low-
abundance proteins [97].

Saliva study based on the use of CE was not limited to the separation of proteins and peptides.
Fluorescein-labeled amines were separated and detected in saliva using a microchip CE
apparatus [98]. Additionally, some researchers have used this separation technique for the
analysis of inorganic ions in saliva. The UV absorbing anions nitrate, nitrite and thiocyanate
were determined in saliva by micellar electrokinetic capillary chromatography employing N-
tetradecyl-N,Ndimethyl-3-ammonio-1-propanesulfonate (zwittergent-3-14) as a surfactant
additive to the BGE [99]. Other slightly different micellar electrokinetic capillary chromatog‐
raphy procedures were optimized for these ions and are described elsewhere [e.g. [100–102]].

In salivary studies related to taste sensitivity and ingestive behaviour, the use of CE-based
approaches may therefore offer advantages. Besides the already reported advantages for the
study of saliva, some of the results obtained so far suggest the potential involvement of
peptides in taste sensitivity and ingestive behaviour [e.g. [10]]. Hormones and peptides related
to ingestive behaviour, known to be present in saliva are present in relatively low amounts
(e.g. PYY, leptin and ghrelin) [12,103], and in this context their analysis can also be benefit from
some of the advantages in CE. Nonetheless, this is an issue deserving further attention.

3.3.2. Electrophoresis in formalin-fixed and paraffin-embedded tissue samples

The fixation of tissues in formalin followed by embedding in paraffin is the standard tissue
fixation and storage method adopted by most health institutions of pathology and histology
departments, for research on biomarkers and molecular mechanisms of diseases. A great deal
of information on proteins involved in many biological aspects is encased within these
formalin-fixed paraffin-embedded (FFPE) tissue repositories, which offer an extensive
resource for conducting retrospective and prospective studies.

The FFPE tissues are highly stable, even stored at room temperature, with cell or tissue
structure being mainly preserved. The stability of proteins is achieved through cross-linking,
with multiple reports showing that protein modifications, such as phosphorylation are
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maintained and can be determined years later by immunohistochemistry [104]. As such the
FFPE tissues have the potential to constitute a valuable source of samples for proteome analysis
using electrophoresis [105,106]. Protein extraction from FFPE tissue samples allows the
generation of protein profiles by high-throughput techniques, providing an improvement over
other traditional methods such as immunohistochemistry [107,108].

However, many questions remain in terms of quantification of the expression levels of proteins
extracted from FFPE tissue samples and this approach has proven to be a daunting task with
success varying according to the biomarker of interest and the tissue type [109,110]. In fact, the
protein extraction efficiency is reduced by the extensive molecular crosslinking that occurs
upon formalin fixation, with possible interferences in immunoreactivity or even in protein
identification by mass spectrometry [111], imposing the development of efficient extraction
methods [109,110,112,113]. The achievement of protein recovery with minimal losses in
immunoreactivity is particularly relevant in studies needing immunoblotting. Several studies
report methods of collecting and processing tissues directly from selected areas of histological
sections using different tissue types [see extensive review in [113]], including salivary glands
[114–116]. Most studies revealed comparability between protein extracts from FFPE and from
unfixed fresh frozen tissue samples by different validation methods including SDS–PAGE and
Western blotting [105,109,114,116,117].

The use of alternative fixatives, their advantages and disadvantages and potential for per‐
forming both morphological and molecular analyses on paraffin-embedded tissue sample, for
proteomic applications and genome-wide expression analysis have been extensively investi‐
gated [114,117–120]. Another alternative for overcoming the problems posed by fixation with
formalin passes through the development of robust long-term room temperature biospecimen
tissue storage technologies that provide high quality nucleic acids or proteins [121].

Functional and morphological/histological changes of salivary glands are associated with
various diet-related diseases, such as diabetes [122,123], hyperlipidemia [124], and obesity
[125]. Moreover, the physical and chemical properties of foods affect salivary glands mor‐
phology and histology [126–129]. Although the regulation of the secretory activity of salivary
glands has been almost exclusively attributed to the autonomic nervous system [130], recent
evidences suggest that during variations in appetite and food intake the glands are probably
also regulated by gastric (gastrin) and intestinal (cholecystokinin and melatonin) hormones
[131–133]. Additionally to the peptide-hormones involved in short-term regulation of food-
intake, the action of leptin in the salivary gland should not be discarded considering that the
the presence of leptin receptors in salivary glands suggests in situ effects of this hormone
[134,135]. As such, not only research in saliva fluid, but also in salivary glands, is valuable in
studies related to ingestive behaviour.

Nonetheless, with optimized extraction methods, FFPE tissue samples can be a valuable source
of protein, allowing reproducible and biologically relevant proteomic profiles for research on
biomarkers and biological molecular mechanisms [109,110,112,136], with particular interest in
systematic analysis of saliva and salivary gland feed-back regulation. However, despite the
number of studies taking advantage of electrophoresis in FFPE tissue samples, currently, there
is no consensus on the optimal protocol for protein extraction, neither accepted standards for
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quantitative evaluation of the extracts. As such, further research is recommended to develop
standardized methods ensuring quantitative and qualitative reproducibility in the protein
recovery.

3.4. Complementarity of techniques — Contribution to a best case scenario

The potential of the different electrophoretic techniques, for the study of salivary secretion
related to food perception and ingestive behaviour, alone or in combination, have been
presented so far. However, the knowledge in this research area can be increased by combining
different techniques that can give information which cannot be obtained through electropho‐
resis (Figure 2).

3.4.1. Enzymatic activity analysis

Some of the most abundant proteins in saliva are enzymes. These are the cases of: α-amylase,
which, among several functions in saliva, begins the process of carbohydrate digestion in the
mouth; and CA6, responsible for the maintenance of pH in oral cavity. Both of these enzymes
are described to play a role in oral food perception and/or taste sensitivity, since they may
contribute to changes in the concentration of simple sugars in the mouth and affect the viscosity
of starch based products, in the case of α-amylase [137], or influence the conditions of the
medium surrounding taste buds, in the case of CA6 [7].

Figure 2. An integrative approach for studying saliva: techniques that can complement electrophoresis.

The Use of Electrophoresis for the Study of Saliva Involvement in Ingestive Behavior
http://dx.doi.org/10.5772/59290

83



The knowledge about the expression of salivary enzymes is important and can be achieved
through electrophoretic techniques. However, proteome by its owns does not represent,
necessarily, the functionality of these proteins. The complementarity between enzymatic
activity data acquisition and electrophoretic protein profiles is also valuable for enzymes
present in several different isoforms, being α-amylase and CA6 two examples [83]. In most of
the cases the different isoforms are not all involved in the same physiological pathways and
frequently express differences in activity and regulation motifs. Enzyme activity is dependent
namely on the allosteric and fine-tuned phosphorylation/dephosphorylation regulation
processes, thus reflecting an average of the activity of several isoenzymes present in the sample
in a specific environment. For example, α-amylase activity depends on the presence of calcium
and chloride [138], and changes in the amounts of these ions result in variations in enzyme
activity.

Moreover, although two-dimensional electrophoresis allows the separation, visualization, and
even the quantification, of the different isoforms (based both in different molecular masses
and pIs), as well the discrimination of isoforms resulting from different PTMs, the major draw-
back of this technique resides in the fact that, by being an at least partially denaturing method,
it does not allow the identification of the native structure of an enzyme but its subunits only.
In this context, enzyme activity analysis offers functional information that is complementary
to proteome analysis by electrophoresis. The acquisition of electrophoretic profiles and
enzymatic activity data, simultaneously, can greatly amplify the physiological interpretation
of results, being valuable in the analysis of the interaction saliva-food perception. Previous
results, from studies in obesity, obtained in our laboratory, present evidences of the meaning
of such complementarity, showing that minor changes in protein expression, may be associ‐
ated with significant differences in enzymatic activity [139]. For instances, a higher α-amylase
activity was not accompanied by changes in the expression of this protein, evidenced by
western blot analysis. Despite the unchanged expression, it was hypothesised that this increase
in enzymatic activity could be related to changes in sweet food perception and acceptance,
reported by other authors for obese individuals [140]. Moreover, the evaluation of enzymatic
activity has the advantages of being relatively inexpensive, in comparison with some electro‐
phoretic techniques and of offering the possibility of being almost fully automated. The most
common methodologies applied are dependent on spectrophotometry or fluorimetry techni‐
ques. The use of the multi-well plate readers allows the analysis of a high number of samples,
with minimal reagent consumption.

3.4.2. Microscopy techniques

Changes  in  salivary  proteome  related  to  food  perception  and  ingestion  can  be  better
understood if complemented with microscopy imaging techniques. These may improve the
knowledge about the secretory mechanisms and cell type contributing for the secretion of
salivary  proteins,  its  expression  and localization,  i.e.  information  not  possible  to  obtain
through electrophoretic salivary protein profiles alone. Different studies have used different
microscopy based techniques in salivary gland research. Some examples are: the observa‐
tion  of  subcellular  distribution  of  lysozyme  in  the  mouse  major  salivary  glands,  the
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intragranular  compartmentation  of  this  secretion  enzyme  and  its  relationship  with  α-
amylase using light and electron microscopy [141]; the study of contraction of myoepithe‐
lial cells in the human submandibular gland using confocal microscopy [142]. Moreover,
the combination of electrophoretic and immunohistochemical techniques have been used
to evaluate the distribution and expression of several proteins, such as CA6 in minor and
major salivary glands of humans [25,143], leptin and the functional leptin receptor in major
salivary glands of humans [135], muscarinic receptor subtypes in salivary glands of rats,
sheep and man [144], aquaporin water channels in rat major salivary glands [145,146], and
cytoskeleton proteins in rat parotid glands [147].

The salivary glands are a good model for the study of exocrine secretion. The proteins that will
be secreted are synthesized in the endoplasmic reticulum and transported through the Golgi
apparatus to the trans-Golgi network where they are stored in secretory granules (SCGs) after
which they are released into the cytoplasm and transported to the periphery of the cell [148].
Electron microscopy studies have shown that the secretory cells of salivary glands are
ultrastructurally equipped to produce and store large amounts of secretory proteins in
secretory granules (SGs) [149]. The volume and number of SGs per cell are a morphological
evidence of the storage capacity of the secretory cells. Regarding the secretory cell activity, the
number and development of organelles, as well as membrane cell specializations, are ultra‐
structural traits associated with the mechanism of secretory production. A recent study
reported differences in secretory activity and volume of saliva secreted by goat parotid glands
(PGs) between liquid and solid diets: milk-suckling kids (MSKs) and diet-fed goats (DFGs)
[150]. Such differences were correlated with the ultrastruture of the secretory cells. In PGs of
DFGs a well-developed system of membrane specializations was identified, which was not
prominent in PGs of MSKs. Such a characteristic is typical of cells in phase of intense secretory
activity [151]. Moreover, the presence of well-developed smooth muscular cells around the
secretory endpieces of the PGs of DFGs, but not in MSKs, is a morphological evidence of the
release of large amounts of secretion into the acinar lumen. This is also supported by the low
number of SGs observed in the apical cytoplasm of the secretory cells of DFGs as compared
with that in MSKs.

The ultrastructure of the salivary glands can also reflect the chemical composition of the
secretion and the subcellular localization of the salivary proteins of interest. Secretory cells
of the three major types of salivary glands possess SGs with variable appearance and density
under  electron  microscopy.  Presumably,  these  morphological  features  of  the  SGs  are
indicative of constituent differences in secretory protein content [152]. Immunohistochemis‐
try  coupled to  electron microscopy proved also  to  be  useful  by providing an increased
knowledge of localization and distribution of the different salivary proteins in the parenchy‐
ma of major and minor salivary glands [e.g. [153,154]]. From the different studies, eviden‐
ces arrived that different proteins can be differently distributed among secretory granules
and that different mechanisms can be involved in the packaging of the different salivary
proteins. In conclusion, the electron microscopy coupled to the cytochemistry may provide
valuable knowledge on cell biology of the salivary glands. This information is a basis to
know the morphological and functional diversity of these glands, which allows understand‐
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ing the modes of production and secretion, as well as the types of secretion correlated with
ingestive behavior.

4. Concluding remarks

Saliva study received considerable attention in the last years, particularly due to the potential
of this fluid as a non-invasive source of biomarkers. Despite the focus had been put mainly in
pathological conditions, it is known that salivary proteins can be useful for the understanding
of physiological mechanisms. Research in the area of ingestive behaviour can be improved
with the study of saliva. Salivary proteins, besides participating, by different manners, in food
perception, may also be markers of taste sensitivity and/or food choices with potential
application in the management of dietary programs.

Despite the existence of limitations, electrophoresis continues to be an essential tool in the
study of salivary proteome. It constitutes the basis for the separation of several different
components, allowing a summary characterization and also providing a purification step prior
the application of more selective and commonly more expensive methods. Several human and
animal salivary proteins, involved in taste perception and food choices, have been separated
through electrophoretic techniques, for further identification. Nevertheless, enhanced meth‐
odologies for sample fractionation and processing might be useful to circumvent some of the
limitations in the study of this fluid by electrophoresis. The possibility of using electrophoresis
in samples obtained from formalin-fixed paraffin embedded tissues, for different purposes,
has been presented as a great advantage for the study of long-term stored samples. However,
this approach has rarely been applied to non-malignant salivary tissue samples, being mainly
used in quantitation of protein biomarkers in clinical tissue specimens. Non-electrophoretic
techniques, such as microscopy and/or studies of enzymatic activity, can greatly add in saliva
research related to ingestive behaviour. Knowledge in secretion induced by dietary com‐
pounds can benefit from structural and ultra-structural information. Moreover, protein
expression is not necessarily concordant with enzymatic activity.

In conclusion, new and improved approaches will be valuable to cope with the challeng‐
es in understanding the influence of saliva in food perception and ingestive behaviour. The
study  of  saliva  appears  to  be  promising  in  biomarker  discovery  contributing  for  the
understanding of food choices, hence having major impact in human and animal health,
and major fundamental relevance for animal production. As such further integrated and
systematic analysis of saliva, combining old and new approaches, will profit from comple‐
mentarity of different methodologies.
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