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Abstract

Capillary electrophoresis is a generic term used to describe separation techniques
employing high voltages. In its simplest form, capillary zone electrophoresis (CZE),
separations are based on the differential migration of charged analytes under the
influence of a high electric field. CZE offers several advantages over other separation
techniques, such as high performance liquid chromatography (HPLC). These include
higher separation efficiency, enhanced resolution and reduced analysis time. In addition,
small injection volumes (nanolitres ¢f microlitres for HPLC) and low solvent
consumption make CZE an attractive alternative to HPLC. Unfortunately, CZE is not
amenable to neutral species, therefore alternative electroseparation methods are
employed for neutrals, e.g. capillary electrochromatography (CEC) and micellar
electrokinetic chromatography (MEKC), so therefore CZE can be treated as a
complementary technique to HPLC.

Mass spectrometry (MS) has previously been demonstrated to be a sensitive, selective
and near-universal detector. Analytes must be ionised in order to be detected; thus, CZE
(which also requires ions) seems an ideal separation technique for combining with MS.

CZE/MS interfacing would seem problematic; the linear flow velocity through the
capillary is significantly less than that required by appropriate MS ionisation sources
(e.g. continuous-flow fast atom bombardment and electrospray). In addition, it is
necessary to provide a ground for the separation voltage within the interface. However,
interfacing of CZE and MS was first reported in 1987. Since then three distinct interface
designs have been developed, co-axial sheath flow, liquid junction and the use of a low
flow electrospray (nanospray) interface. Co-axial sheath flow and liquid junction
methods serve to increase the overall flow rate of CZE to a suitable level for MS,
whereas nanospray is a low flow ionisation technique that accepts similar flow rates to
those provided by CZE.

The work presented in this thesis details the off-line development of a CZE separation
of a pharmaceutical product (cimetidine) and related impurities. The separation was
then transferred to mass spectral detection on a commercial triple quadrupole MS
instrument employing home-built co-axial sheath flow (electrospray) and nanospray
interfaces and the data obtained evaluated. The separation was subsequently transferred
to an orthogonal acceleration time-of-flight MS (oa-ToF) for the exact mass
determination of the narrow electrophoretic peaks.

The feasibility of hydrogen / deuterium exchange via the sheath liquid for CZE/MS has
been investigated using model pharmaceutical compounds and preliminary work is
presented.

An application of CZE/MS for the separation of nicotine and ten of its metabolites has
been developed. This method could be further developed into a quantitative assay for
nicotine metabolites in biological fluids and suggestions for future work in this area are
made.
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Chapter 1

Instrumental Theory and Literature Review



Section 1.1

Capillary Electrophoresis



1.1.1 Introduction

Electrophoresis is defined as the movement of electrically charged particles in a

conductive liquid medium, usually aqueous, under an applied electric field.

Tiselius' in the 1930s used the principle of electrophoresis to effect the separation of
proteins in solution. Hjertén? initially demonstrated electrophoresis in narrow tubes. At
that time only millimetre bore capillaries were available and many problems were
encountered with diffusion caused by Joule heating. Mikkers ez al.’ later demonstrated
electrophoresis in narrow bore (200 pm) Teflon tubes. The smaller diameter tubes
reduced convective diffusion. Pioneering experiments by Jorgenson and Lukacs® using
75 pm i.d. Pyrex glass capillaries significantly reduced the diffusion problems of wider
bore tubes. The greater heat dissipation available with narrow capillaries meant higher
separation voltages could be used (up to 30 kV). High voltages reduce separation time
and increase efficiency. Efficiencies as high as 4 x10° theoretical plates were obtained.
They suggested that fused silica capillaries would be more suitable than glass due to

their UV transparency.

The term capillary electrophoresis (CE) can be used to describe a family of techniques,
which includes capillary zone electrophoresis (CZE); micellar electrokinetic
chromatography (MEKC); capillary electrochromatography (CEC); capillary gel
electrophoresis (CGE); capillary isoelectric focusing (CIEF) and capillary
isotachophoresis (CITP). CZE, MEKC and CGE are zonal separation techniques,
whereas CIEF is considered a focusing technique and CITP a moving boundary or
displacement technique. CEC can be classified as a chromatographic technique, with

analytes partitioning between stationary and mobile phases.

A major limitation of CZE is the inability to separate neutral species. MEKC employs
micelles as a pseudo-stationary phase and can readily separate, along with CEC, neutral
species. Therefore CZE, MEKC and CEC can be classed as complementary techniques.
CGE is used to separate macromolecules on the basis of size. CIEF separates charged
analytes on the basis of their isoelectric point (useful for separating proteins and

peptides). In CITP the analyte is introduced between two buffers of differing



conductivity, resulting in the formation of analyte bands, the length of which is a

function of concentration.

1.1.2 Theory of Migration and Electroosmotic Flow

Separation in capillary zone electrophoresis is based on differential migration of
charged species under the influence of an applied electric field. The velocity (v) of an

ion through the capillary can be given by

v=,ueE=%V (11D

4. = Electrophoretic mobility; £ = Applied electric field; ¥ = Applied Voltage;
L = Capillary length.

The electric field strength is constant, therefore separations are achieved on the basis of
differences in the analytes’ electrophoretic mobility (), which is constant for a given

medium and can be calculated from:

u=—21 (1.12)
6z

g = Number of charges on an ion; 7= Buffer viscosity; » = Hydrated ion radius
From Equation 1.1.2 it is evident that small, highly charged species will have higher

mobilities.

In CZE, in addition to the sample ions, the buffer solution also moves through the
capillary under the influence of the electric field. This phenomenon is termed
electroosmotic flow (EOF). The flow is usually from the anode to the cathode, i.e. from

the inlet to outlet vials.

The EOF arises as a result of the inner surface of the buffer filled capillary acquiring a
net charge. In the case of fused silica, the surface silanol (Si-OH) groups become
increasingly ionised to negatively charged silanoate (Si-O") groups at pH values above
three. The anionic silanoate groups attract cations from the buffer, which form a fixed
inner layer of cations at the capillary wall (known as the Stern layer). These cations are

not of a sufficient charge density to neutralise the surface charge, so a second diffuse



layer of cations is formed (known as the Gouy-Chapman layer). This is represented

graphically in Figure 1.1.1.

Stern layer o Plane of Shear = o= Charge density
0=0,¢ op = Initial charge
density

z = lonic charge

0 = Double layer

Density (o) thickness

Go

Charge Gouy-Chapman layer

Distance
Figure 1.1.1 Graphical Representation of Diffuse Double Layer

The two layers form a diffuse double layer of cations. When an electric field is applied,
the mobile outer layer is attracted towards the cathode. Since the cations are solvated,

they drag the bulk solution with them thus generating an EOF (Figure 1.1.2).

17 NT7 N1 7
Si Si Si
I I | Stern Layer
o) O O
ode - Cathode
+ -
+ + Gouy-Chapman Layer
Plane of Shear
Figure 1.1.2 Schematic of the Diffuse Double Layer

Between the Stern (fixed) and Gouy-Chapman (diffuse) Layers is a plane of shear.
Application of a voltage generates an electrical imbalance (the potential difference

across the layers), which is given the term zeta potential ({) and can be calculated using

Equation 1.1.3.



Lol (1.1.3)

£
o= Thickness of diffuse double layer; e = Charge per unit surface area; &= Dielectric
constant of buffer.

The EOF is proportional to the Zeta potential, which is in turn proportional to the
thickness of the double layer’ (), the thickness of which can be calculated using
Equation 1.1.4 and is inversely proportional to buffer concentration. Typically, a 10 mM

buffer would produce a layer approximately 1 nm thick,

0.5
§=[QRT] (1.14)

2¢F?

& = Permittivity of a vacuum (8.854 10" F m™); R = Gas constant (8.314 J K 'mol™);
¢ = Electrolyte concentration; F = Faraday constant (96500 C mol™).

Charged analytes separate due to differences in their electrophoretic mobilities
(Equation 1.1.2) and will migrate towards the electrode of opposite charge. The EOF is
usually greater than the electrophoretic mobility of anions and so they are carried along
behind the EOF towards the detector. Neutral analytes are not influenced by the electric
field and therefore move through the capillary at the same rate as the EOF and are

consequently detected as one peak. This situation is represented in Figure 1.1.3.

Cations of increasing size Neutral Anions of decreasing size
and decreasing charge cutra’s and increasing charge
—_— —

Time

>

Figure 1.1.3 Representation of a Separation Based
on EOF and Electrophoretic Mobilities

From Figure 1.1.3 and Equation 1.1.2 it can be seen that small, highly charged cations
would migrate fastest and small, highly charged anions would migrate slowest (due to

their migration against the EOF).



The velocity of the EOF (vgor) is given by

&gE
Vo =—— .(1.1.5
0 (1.L3)
The electroosmotic mobility (zzor) is given by
&
/IEOFZZ{— ...(1.1.6)
zn

and is dependent solely on buffer characteristics and is independent of the applied
electric field.
The addition of a neutral analyte (e.g. thiourea) to the sample can be used to
experimentally determine the EOF velocity (Equation 1.1.7) and mobility (Equation
1.1.8)

Vor =ti .(LL7)

m

[/ = Length of capillary from inlet to detector; #,, = Migration time of neutral marker.

Veor
== ..(1.1.8
Hror E ( )

Cations migrate towards the cathode under the influence of electrophoretic mobility and
EOF, so therefore move in front of the EOF and are separated through differences in
their electrophoretic mobilities. The observed velocity (voss) and observed mobilities

(4ps) are given by Equations 1.1.9 and 1.1.10 respectively.

v

obs

= Vep + Y, (1.1.9)

/Uobs = /aEOF + /ue (1110)
Therefore actual analyte mobility and velocity (4 and v, respectively) can be calculated

from the EOF and observed analyte mobility (or velocity).

1.1.2.1 Experimental Factors Controlling EOF

The EOF is usually beneficial; however, it needs to be controlled. At high pH, the EOF
may be too rapid and analytes may migrate before separatién can occur. At low pH the
reduced wall charge can result in decreased EOF velocity leading to lengthy analysis
times. Some CE techniques, i.e. capillary gel -electrophoresis and capillary

isotachophoresis, require no EOF.



Control of the EOF can be achieved through manipulation of experimental parameters.
These include modification of the capillary wall, separation voltage and buffer

conditions (i.e. pH, concentration, ionic strength, composition ezc.).

1.1.3 Dispersion

Separation in capillary zone electrophoresis is based on differential migration of
charged analytes. The difference required to separate two analytes depends on the
analyte zone lengths. Dispersive processes increase zone length and therefore reduce

separation efficiencies and consequently should be controlled.

A measure of efficiency and hence dispersion can be obtained using the van Deemter
equation (Equation 1.1.11), which is traditionally used in chromatography and gives the
height equivalent to a theoretical plate (HETP), H.

’ 2 d2
H=2&i+2ﬂ%+~L(k j o (1111
P T30lixr) D

L74

A = Tortuosity factor; d, = Particle diameter; » = Obstructive factor for diffusion;
D,, = Diffusion coefficient of solute in free solution; # = Migration velocity; £° = Zone
capacity ratio; D, = Diffusion coefficient in stationary zone.

This can be simplified to

H=a+Zicu (1.1.12)
u

The A and C-terms represent dispersion factors associated with the chromatographic
packing material and can thus be discounted for the purposes of CZE, thus leading to
dispersion occurring through longitudinal diffusion only. Hence in ideal conditions (i.e.
small injection plug length, no analyte / wall interactions) the only contribution to zone

broadening in CZE is longitudinal diffusion (otherwise known as axial diffusion).

The EOF has a relatively flat flow profile compared to pumped flow, which has a
parabolic flow profile (Figure 1.1.4). Frictional drag causes the EOF to be slower at the
capillary wall, but this is negligible when considering the overall flow profile. Thus, all
molecules experience the same velocity caused by EOF regardless of cross-sectional

location and they elute as a narrow band, resulting in narrow peaks with high
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Wos

N= 5.54(LJ (L115)

wy.s = Temporal peak width at half height.
Calculated efficiency (from Equation 1.1.15) is often less than theoretical efficiency

(from Equation 1.1.14). This is because other minor dispersive effects occur.

1.1.3.1 Minor Dispersive Sources

There are a number of contributions to zone dispersion in addition to longitudinal
diffusion. These include temperature gradients (generated by Joule heating), injection
plug length, analyte interactions with capillary wall and electrodispersion. If any of
these values dominate the diffusion term, theoretical limits cannot be obtained and

increasing the voltage has minimal effects.

a) Joule Heating and Temperature Gradients®

An advantage of performing electrophoresis in narrow-bore capillaries is the reduction
of heating effects. Heating can cause non-uniform temperature gradients and local
changes in viscosity with subsequent zone broadening. It is advantageous to use as high
a field strength as possible (E term in Equation 1.1.13) but temperature effects
ultimately limit the voltage used, irrespective of capillary dimensions and temperature

control methods.

The heat generated by the passage of a current is known as Joule heating and is a
function of the power (product of voltage and current) generated and is determined by

the capillary dimensions, buffer conductivity and applied voltage.

Increases in temperature are not (necessarily) detrimental to the separation, but
temperature gradients are. Dissipation of heat through the walls can result in higher
temperatures at the capillary centre thus causing viscosity differences in the buffer
leading to zone deformations. Figure 1.1.5 indicates the advantage of using narrow

capillaries.

10



Control of temperature gradients is critical since a one-degree change in temperature

can result in 2 — 3% change of viscosity (and consequently 2 — 3% changes in mobility).

A variety of methods can be used to limit Joule heating

Decreased field strength - proportional decrease in heat generated, at the
expense of efficiency and resolution. '

Reduce capillary internal diameter — current o (resistance)z, therefore drastic
decrease in current. Decreased sensitivity, especially with in-column UV
absorbance (decreased path length).

Decrease ionic strength / concentration of buffer or use a low conductivity
buffer, such as organic zwitterions Tris (2-amino-2-(hydroxymethyl)-1,3-
propanediol) and Caps (3-cyclohexylamino-1-propanesulphonic acid).
Active temperature controls — thermostatically monitor temperature and
remove heat from capillary. This can be achieved in two ways, high-velocity
air cooling via a thermostatically controlled fan or liquid cooling around the

capillary.

Temperature control is important not only for reducing Joule heating, but also for

maintaining a constant temperature from analysis to analysis.

Increased zone

dispersion

d=0.2 mm

|

0.1 mm

0.075 mm

0.05 mm
J 0.025 mm

Field strength —

Figure 1.1.5 Effect of Joule Heating and Capillary Internal

Diameter (d) on Zone Dispersion
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b) Injection Plug Length

It is important that the sample plug length is kept to a minimum. Increasing plug length
significantly reduces efficiency. A practical limit of injection length is less than 1 — 2%
of the total capillary length (this corresponds to 7 mm for a 70 cm capillary). Modern
instrumentation can reproducibly load such small volumes, but detection difficulties

may necessitate larger injection volumes (see t-ITP Section 1.1.8.6).

¢) Analyte-wall Interaction

Interaction between the analyte and the capillary wall is detrimental to CZE. Depending
on the interaction, peak tailing and even total adsorption of the analyte can occur. The
main cause of interaction is the adsorption of cationic species to the negatively charged
capillary wall. The large area-to-volume ratio (preferable for minimising Joule heating)
of the capillary increases the likelihood of adsorption. Proteins and peptides are

especially susceptible to adsorption because of the numerous charges present.

Interaction is dependant on adsorption / desorption kinetics and EOF velocity (i.e. a fast
EOF will not allow an equilibrium to be reached, resulting in the formation of peak
tails) and capillary effective length (longer capillary — more interaction). Decreasing the
EOF can result in reduced adsorption, this can be achieved by increasing buffer
concentration or ionic strength (decreasing zeta potential and hence the EOF), although

this can lead to increased Joule heating.

An alternative approach is to perform the analysis at pH extremes. At low pH the silanol
groups would be fully protonated and hence cationic species will no longer be able to
interact. At high pH the wall and analyte would be deprotonated therefore wall
interactions would be limited by charge repulsion, however this method may be limited
by sample instability at pH extremes. Capillary coatings can also be used to minimise or

eradicate wall interactions.

12



d) Electrodispersion

Differences in sample zone and running buffer conductivities can have three effects,

e Skewed peak shape.

e Analyte zone length, either focusing (lower conductivity sample), or

defocusing (higher conductivity sample) of analyte zones.

o Temporary isotachophoretic states, due to an excess of a certain ion.
When the analyte zone has a higher mobility than the running buffer its leading edge
will be diffuse and the trailing edge sharp. Conversely, when an analyte zone has a
lower mobility than the buffer the leading edge will be sharp and trailing edge diffuse.
When sample and buffer are of similar conductivity there will be no peak distortions.
The causes of these distortions are a mismatch in conductivity and hence field across the
zone. When the analyte has a higher mobility (i.e. higher conductivity and lower
resistance) than the buffer, the front edge of the analyte zone diffusing into the buffer
experiences a higher voltage drop and ions are accelerated away from the zone,
resulting in peak fronting. Analyte ions at the trailing edge experience a similar voltage
drop, but in the direction of migration and are accelerated back into the analyte zone,
resulting in a shape trailing edge. Conversely, sharp front edges and diffuse trailing
edges are obtained for ions of opposite charge and the reverse situation (low

conductivity sample and high conductivity buffer).

These distortions always occur and may be insignificant compared to other dispersion
effects; they are most evident in samples containing analytes of widely differing
mobilities. Peak shape distortions are usually only detrimental to resolution and can be

solved by matching sample matrix and running buffer.

1.1.4 Resolution

Resolution (R) of sample components is the purpose of separation techniques, the

degree of separation can be defined as

r=A=t) ...(1.1.16)
Wl ‘|'W2

t = Migration time; w = Temporal baseline peak width.

13



Separation in CZE is primarily due to efficiency rather than selectivity, because of the
sharp analyte zones. Small differences in solute mobility can lead to fully resolved

Zones.

Resolution can be calculated as a function of efficiency

R=%«/N(A_‘l—lj .(1.1.17)
y7

Where Ay = p, — 44, and 7/=£2+—’u‘

2
(Velocity or the inverse time function can be used to replace mobility).
The combination of Equations 1.1.14 and 1.1.17 results in a theoretical equation that
does not require calculation of efficiency and relates EOF to resolution,

14

R=0.177A
# D(ﬁ"'/‘sop)

..(1.1.18)

In contrast with efficiency, the voltage must be quadrupled to double resolution; Joule

heating prohibits the benefits that would be gained from this.

Infinite resolution (and efficiency) will be obtained when ;and Heor are equal, but

opposite, i.e. the ion migrates in the opposite direction, at the same rate as the EOF, but
analysis time consequently approaches infinity. Capillary length also influences
separation. As the length increases, two analytes of differing mobility have more time to
separate. However, analysis time also increases, therefore the shortest capillary that

gives adequate resolution should be used.

1.1.5 Instrumentation”

A schematic of a capillary electrophoresis system is shown in Figure 1.1.6, this basic
set-up comprises inlet and outlet vials; fused silica capillary; power supply and detector

(usually linked to some kind of data handling device, e.g. integrator or PC).

14
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Capillaries are often thermostated to help dissipate heat and maintain a constant

temperature, thereby minimising diffusion by thermal gradients.

Capillary conditioning is necessary prior to use and between runs to maintain a
reproducible surface and hence migration times. Base conditioning to remove
adsorbates and refresh the surface by deprotonation of the silanol groups is commonly
used. Before the column is first used it is important to thoroughly wash the capillary,
usually with 0.1 M NaOH for at least 20 — 50 column volumes, followed by water (10 —
20 column volumes) and finally electrolyte (20 — 50 column volumes). The wash

periods can be significantly reduced in-between analyses.

A potential problem with base conditioning when low pH electrolytes are used is a
hysteresis of the wall charge, which can result in an irreproducible EOF. It is therefore
advisable to flush the capillary with acid (e.g. 0.1 M HCI) before use and between

analyses.

1.1.5.3 Detectors

A variety of detectors can be used, the most common are summarised in Table 1.1,
along with approximate detection limits. UV/vis absorbance is typically employed, due

to its wide applicability.

Table 1.1 Common Detectors and Approximate Detection Limits

Mass detection limit Concentration detection
Detector *
(moles) limit (molar)
UV/vis absorbance 10" -107 10° -107
Laser-induced fluorescence 1018 - 102 1012 -1071°
Conductivity 10 -1016 107-10?
Mass spectrometry 101~ 10" 10%-107°

" Depends upon volume of sample injected
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In addition, the spherical nature of the fused silica can result in a decrease in sensitivity
due to the dispersion of UV/vis light through the capillary wall. This can be alleviated
through the use of square or rectangular fused silica or employing a detector that has a

lens prior to the capillary, which focuses the light into the inside of the capillary.

Overall sensitivity is reduced compared to HPLC; this is due to a number of factors.
These include reduced path length for optical detection, reduced injection volumes and
column capacity. However, an advantage over HPLC is a reduction in extra column
dispersion (and hence increased efficiency) as detection takes place on-column rather

than post-column.

Sample stacking can also be employed to enhance sensitivity. The sample is injected
into the capillary in a solvent of lower conductivity than the buffer (e.g. deionised
water). When the separation voltage is applied, the sample plug experiences a higher
electric field than the rest of the capillary. Cations will migrate to the front of the
sample plug where they become stacked against the higher conductivity of the running
buffer. The converse occurs with anions (i.e. they stack between the trailing edge of the
sample plug and buffer). Thus, the analyte migrates through the capillary as a zone that

is narrower than the sample plug.

1.1.5.4 Power Supply

The function of the power supply is to provide an electric field across the capillary.
Most can function in constant voltage or current modes. Voltages up to 30 kV and
currents of 300 pA are usually available (a maximum of 50 kV can be used, beyond
which electrical breakdown of air can occur resulting in a corona discharge). Stable
reguiation of the voltage (£ 0.1%) is required to maintain high migration time

reproducibility.

The power supply generally has the capability to switch polarity. Under normal
conditions the EOF is in the direction of the cathode, injection occurring at the anode. In
certain circumstances the EOF is reversed and it may be necessary to reverse the

polarity of the electrodes, i.e. to switch the cathode to the injection end. This is best
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achieved using a dual polarity supply, maintaining the outlet electrode as ground and the

high voltage electrode driven with a positive or negative voltage.

1.1.6 Sample Injection

The sample is usually diluted in the buffer (or water to reduce conductivity, for stacking
effects, see Section 1.1.8.6) and is loaded into a small sample vial (a few pL to a few
hundred pL). Only a small volume is required since usually only a few nanolitres are
injected on column.

There are two types of injection, Aydrodynamic and electrokinetic injection.

1.1.6.1 Hydrodynamic injection

Injections can be performed by application of pressure to the inlet vial, vacuum to the
outlet vial or by siphoning (i.e. raise inlet vial relative to outlet vial). With
hydrodynamic injection, the quantity of analyte loaded is independent of sample matrix
and analyte mobility. The volume of sample loaded (¥) can be calculated using the

Hagen-Poiseuille equation (Equation 1.1.19).

yAPd at
12871
P = Pressure differential across capillary; d = Capillary i.d.; 7 = Pi (3.142); t = Time;

(1.1.19)

77 = Viscosity; L = Total length.

For injection by siphoning, the pressure differential (AP) for use in Equation 1.1.19 is
given by

AP=pAh ...(1.1.20)
p = Buffer density; g = Gravitational constant (6.67 x10™"" Nm? kg?); Ah = Height

difference of vials.

1.1.6.2 Electrokinetic injection

An electric field can be applied to the sample vial causing sample components to
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migrate into the capillary. The quantity of sample loaded is dependent on the
electrophoretic mobility of the individual analytes. Discrimination occurs for ionic
species, since more mobile ions are loaded to a greater extent than less mobile. Thus for
multiple injections, ionic analytes will be injected preferentially, therefore selectively
depleting these analytes (whereas hydrodynamic injection results in reproducible

analyte concentration over multiple injections).

The quantity injected (Q) can be calculated by

(,UE +H ror )Vﬂrz Ct
L

0= (1.1.21)

e = Electrophoretic mobility; #or = EOF mobility; V' = Voltage; r = Capillary radius;

C = Analyte concentration.

1.1.7 Operational Parameters

1.1.7.1 Applied Voltage

Variation in the applied voltage will directly affect the field strength and hence the EOF
velocity. A higher voltage increases the EOF velocity, reducing migration times
(consequently leading to shorter analysis times), improving resolution and efficiency. A
simple view would be to use as high a voltage as an instrument could provide. However,
high voltages lead to higher current and increased Joule heating. In practise a voltage

should be used, which does not lead to temperature effects within the capillary.

1.1.7.2 Buffer pH

Variations in buffer pH have significant effect on the EOF velocity. This is because the
pH alters the charge density of the capillary wall. Increasing the pH of a buffer will
increase the extent of dissociation of the surface silanols of a fused silica capillary,
resulting in an increased surface charge. This surface charge is proportional to the zeta
potential of which EOF velocity is a function. Therefore, from Equation 1.1.5 EOF

velocity will increase at higher pH.
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Manipulation of buffer pH can be useful for separating analytes of differing acidities or
basicities. The analytes are in equilibrium (fully ionised <> neutral), variation of the pH
can thus alter the position of the equilibrium and be employed as a tool for separation.
Typically for a basic analyte as the buffer pH is reduced, the sample will become
increasingly positively charged (i.e. protonated) and migrate at a faster rate towards to
the cathode (and detector). At elevated pH values the analyte will be neutral (i.e. ion
suppressed) and migrate under the influence of the EOF. Typically, the buffer pH is

manipulated to optimise analyte separation and not EOF velocity.

1.1.7.3 Buffer Concentration / Ionic Strength

When a capillary is adequately thermostatted, increasing the buffer concentration will
reduce the EOF velocity. This is because the double layer becomes compressed, which
in-turn reduces the zeta potential and EOF velocity. However, if thermostatting is
inadequate Joule heating will increase (due to an increased conductivity) leading to a

reduced viscosity and hence faster EOF.

The correct running buffer selection is essential to the success of a CZE separation. The
sensitivity of EOF to changes in pH requires that the buffer maintain a constant pH.
Effective buffer systems have a range of + 1 pH unit at the pK,. Multibasic buffers
(such as citrate and phosphate) have more than one useful pK, and can be used over a

range of pH values.

A successful buffer must have

e Good buffering capacity at the chosen pH

e Low absorbance at the chosen wavelength (if direct UV detection is being used)

e Low conductivity (i.e. large, minimally charged ions) to minimise current

generation (and thus Joule heating)

Common inorganic buffers include sodium tetraborate, disodium hydrogenphosphate
and sodium dihydrogenphosphate, and organic buffers include ammonium acetate /
formate, Tris (2-amino-2-(hydroxymethyl)-1,3-propanediol) and Caps (3-

cyclohexylamino-1-propanesulphonic acid). Typical concentrations are between
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1 — 100 mM, the lower limit is determined by buffer stability (i.e. maintaining a steady
pH), the upper limit is ultimately restricted by Joule heating. Zwitterionic buffers (Tris
and Caps) can be used at an elevated concentration without a significant increase in

conductivity (thus reducing Joule heating problems).

In addition, it is important to match buffer and sample mobility to prevent peak shape
distortions (Section 1.1.3.1 d).

1.1.7.4 Addition of Organic Modifiers

The effect of voltage and pH can be readily predicted, however, the addition of organic
modifiers results in a complex situation. It is difficult to predict what the effect of
adding an organic modifier to the buffer will be. This is because it can alter a number of
variables, including viscosity, dielectric constant and zeta potential; depending upon
which modifier and how much is used. For example, the addition of methanol up to 50
% to an aqueous phase will increase viscosity, above 50 % viscosity then decreases.
Tsuda et al.’ reported that the EOF velocities obtained using acetonitrile, water and
methanol were in fact proportional to the ratio of their dielectric constant to their

viscosity (g/n).

The addition of organic modifiers can also have effects on analyte solubility and the
degree of hydration. Manipulation of the analyte hydration sphere can result in
enhanced separation of similar analytes'' (e. g. the separation of iodide and chloride, and

azide and perchlorate anions is not possible without the addition of methanol).

a) Non-aqueous Capillary Zone Electrophoresis'>"

In certain circumstances it may prove difficult to investigate a problem employing
aqueous conditions, especially when the analytes are hydrophobic and their solubilities
are insufficient for adequate detection. This can be overcome by using a non-aqueous
buffer system (i.e. 100% organic solvent), typically comprising a mixture of methanol /
acetonitrile. A buffer may or may not be required, but if used solubility problems may

arise with inorganic buffers.
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It has been demonstrated'® that complementary selectivity can be obtained by
performing an analysis under aqueous and non-aqueous conditions. Ellis et al™
developed a separation method for the analysis of cimetidine and related impurities
under both aqueous and non-aqueous conditions. Two of the analytes could not be
solubilised in the aqueous phase, but could be analysed using a non-aqueous buffer. The
selectivity obtained under the two separation conditions was different. Co-migrating
species under aqueous conditions were well separated using the non-aqueous buffer.
Efficiencies were significantly higher and migration time reproducibilities were also
improved for the non-aqueous separation. The increase in efficiency can be rationalised

as a reduction in analyte-wall interaction (observed in aqueous separation as peak

tailing) through the presence of the organic solvents.

This study demonstrated the complementary nature of these separation techniques.
However, before non-aqueous separation conditions are regularly employed, further
investigation of the background theory is necessary to provide adequate understanding
of the underlying separation mechanisms. For example, little is understood about acid /
base theory in organic solvents (pH*), also how an organic solvent (e.g. acetonitrile)

alone can support an EOF.

1.1.7.5 Surface Active Agents

Surfactants (anionic, cationic, ampholytic, zwitterionic and non-ionic) can be used as
buffer additives below the critical micelle concentration (concentration at which
micelles are formed). The surfactant molecules act as solubilising agents for

hydrophobic analytes, as ion-pairing reagents or as wall modifiers.

1.1.7.6 Chiral Selectors”

Chiral analysis is becoming increasingly important in pharmaceutical analysis. Chiral
analysis by CZE usually involves the addition of a chiral species to the buffer. Each

isomer interacts differently with the additive, effecting separation. Common chiral
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additives are cyclodextrins, crown ethers and bile salts. Adjusting the type and

concentration of the additive can alter selectivity.

1.1.7.7 Temperature

Although the main purpose of instrumental ovens is the maintenance of a constant
temperature, altering the temperature can be beneficial. Increased temperature will alter
(typically reduce) the buffer viscosity, and hence EOF and analysis time. Care must be
taken at elevated temperatures, as this may cause zone dispersion, sample
decomposition and buffer boiling (especially when high percentages of organic modifier

are being used).

1.1.7.8 Capillary wall modifications

In some cases, it can be important to modify the inner wall of the capillary with some
chemical functionality, to either alter the EOF or prevent adsorption of analytes to the
wall. The use of pH extremes may render the need for derivatisation unnecessary,
although the analysis of proteins outside physiological conditions can irreversibly alter
protein structure. Wall modifications fall into two categories, bonded or dynamic

coatings.

a) Bonded Phases

A number of wall coatings have been used and generally involve silylation followed by
deactivation with a functional group. Unfortunately the siloxane bond has limited

stability (pH 4 — 7) and hydrolysis limits lifetime.

Depending on the type of deactivation, the EOF can be reversed or eliminated. Neutral
deactivation eliminates EOF; this is due to the decreased wall charge. Cationic
deactivation results in a reversed EOF, ie. from cathode to anode. Ampholytic

deactivation results in a reversible EOF, depending on the pH of the buffer.
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Bonded modifications are intended to be permanent, with little or no maintenance
required. The bonding must also be able to withstand washing without detrimental

effects to the phase.

b) Dynamic Deactivation

The addition of modifiers to the running buffer is an alternative to bonded deactivation.
During an analysis the coating is continuously being regenerated, so therefore stability

can be improved.

Common additives include hydrophilic polymers (masking wall charge and reduce
EOF), surfactants (decrease or reverse EOF, however, may irreversibly denature
proteins) and quaternary amines (decrease or reverse EOF, can also act as ion-pairing

reagents).

Reversal of the EOF can be achieved by the addition of a quaternary amine (alkyl
ammonium salt) to the buffer, this is graphically represented in Figure 1.1.9. The
cationic head-groups interact with the silanoate groups on the capillary wall; the
hydrophobic alkyl tail thus extends into the capillary. The alkyl chains associate with
quaternary amines in solution through hydrophobic interactions. The cationic head
group of the associated amine attracts anions from the buffer, which are (upon
application of a voltage) attracted to the anode. These anions are solvated and drag the
bulk solution towards the anode, resulting in a reversal in direction of the electroosmotic
flow. Common quaternary amines include cetyltrimethylammonium bromide or
chloride (CTAB and CTAC respectively) and tetradecyltrimethylammonium bromide
(TTAB).
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Figure 1.1.9 Reversal of EOF using a Quaternary Amine
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Additives interact with the wall and alter charge and / or hydrophobicity as with bonded
phases. These modifiers are easy to use and optimise, simply requiring dissolution in the
buffer. The addition of a dynamic modifier to the buffer can have unpredictable effects
on the sample, especially in biological applications. Also increased wash and
equilibration times may be necessary to generate a reproducible surface and constant
EOF. The additive may affect post column detection, e.g. addition of surfactants to a

CZE/MS analysis could result in the ion current being dominated by the surfactant.

1.1.8 Modes of Capillary Electrophoresis

1.1.8.1 Capillary Electrochromatography (CEC)

One major drawback of CZE is the inability to separate neutral compounds. CEC
combines the efficiency of CZE with the selectivity of HPLC. CEC employs a fused
silica capillary packed with an HPLC stationary phase (1.5 — 5 pum, C;3, SCX and mixed
mode phases have been used). The mobile phase is driven through the column under the

influence of an applied electric field, which generates an EOF.

As in HPLC, CEC separations are based on differential partition between a stationary
and mobile phase. The separations performed by HPLC and CEC only differ in the
method of movement of the analyte (and buffer) through the column. In HPLC the
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mobile phase is pumped through the column under pressure, resulting in a parabolic
flow profile. In CEC the mobile phase moves through the column by EOF, generating a
flat flow profile.

The packing material typically used is silica based and therefore contains silanol groups
on its surface. These groups act in a similar way to those on the capillary inner surface

and generate an EOF (Figure 1.1.10).

Plane of
Shear

A Packing material

Electroosmotic flow '

Figure 1.1.10 Electroosmotic Flow in CEC.

Pretorius ef al.'®

initially demonstrated CEC in 1974, investigating the effect of an
applied voltage compared to pressure to draw a compound through a packed column.
This work confirmed the theory that band broadening would be reduced, due to the flat
flow profile generated by the electroosmotic flow (EOF), which as predicted, reduced

some of the diffusion mechanisms found in HPLC.

No further work was reported until 1981 when Jorgenson and Lukacs'’ obtained data
using non-aqueous CEC in a 170 pm i.d. column. Although the method was crude it
indicated that highly efficient separations were possible. Stevens and Cortes'® published
work that indicated CEC efficiency would not be as high as expected. They concluded
that if the packing material went below 50 um particle diameter (d,) there would be
insufficient flow to allow separations to occur. This was thought to be due to double

layer overlap, the interaction of mobile layers around the stationary phase particles
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being more pronounced when d, was reduced, disrupting the EOF. These conclusions
were shown to be inaccurate by Knox and Grant'® in 1987. This report included a purely
theoretical look at CEC. The Debye-Hiickel equation was used to determine the double
layer thickness and the mean channel sizes of the packed column. With this information,
it was possible to predict electrolyte concentrations and the d, at which double layer
overlap would occur. It was concluded that particles with a d, less than 1 pm could be

used and this was later confirmed experimentally by Knox and Grant®.

Interest in CEC began to increase from 1994 with a growing number of papers
appearing in the literature. Initially the main focus of research was the successful
packing of capillaries and the investigation into the effects of experimental parameters.

Initially packing CEC capillaries was problematic, especially in the formation of the
frits. The function of the frit within the column is to retain the packing material in the
capillary. Frits are generally fabricated by localised heating of the packing material to
form a sintered plug. A novel device has been suggested by research groups at Glaxo

Wellcome?! %

, which allows the burning of reproducible and robust frits.

A lack of reproducibility in frit burning and packing problems led to a number of
research groups®**’ developing a novel CEC method, in which the stationary phase was
permanently bonded to the capillary walls, producing monolithic beds. Therefore, no
retaining frits were required. The monolithic beds were claimed to be faster and simpler

to prepare than conventional CEC, with comparable efficiencies.

Ramsey et al.?® developed a novel technique using semiconductor technology. An EOF
was generated in an open channel, etched on a microchip, chemically modified with
octadecylsilane. Peak efficiencies between 1000 and 14000 were reported for this initial
development. Improvements in the channel path and dimensions were suggested to

increased efficiency.

A further problem encountered with CEC was the formation of bubbles within the
capillary. This has been attributed to ‘hot spots’ or Joule heating within the packed bed
leading to the formation of bubbles, breaking the electrical connectivity and cessation of

EOF. Two simple methods can be used to minimise Joule heating; the application of a
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supplementary pressure to the inlet and outlet vials preventing the formation of bubbles
and the use of low conductivity buffers, reducing the conductivity within the column

and hence Joule heating.

Carney et al.”® suggested a novel method to minimise bubble formation, which they
demonstrated to be a function of frit length and applied voltage. Short frits and reduced
voltage produced fewer bubbles. However, rebonding octadecylsilane (Cis) to the frit
reduced bubble formation, even in long frits exposed to high voltages. Frits are
generally formed by a pyrolytic process, altering the structure of the material, leading to
velocity changes in the EOF, and consequently formation of bubbles. Rebonding C;g to
the frits generated fewer bubbles, due to the constant EOF velocity through the whole

packed section.

Tsuda®®3? used the principles of CEC to improve separations on narrow bore HPLC.
Initially HPLC apparatus was used which led to a pressurised CEC system. Pressurised
CEC reduces bubble formation, thus allowing higher concentrations of electrolytes to be
used. However, Kraak et al.® reported successful CEC performed at ambient pressure,
claiming that with suitable precautions in column and mobile phase preparation bubble

formation can be avoided.

A further development on pressurised CEC was suggested by Behnke and Bayer™, in
which the inlet vial was connected to a gradient LC system. This meant the system
could be pressurised and also allowed the solvent composition to be altered throughout
the analysis (in a way similar to gradient LC). Taylor and Teale* using gradient-CEC-
MS in the study of drug mixtures later confirmed this work. A further variation of the
gradient-CEC was suggested by Yan et al*® using two power supplies to generate a
gradient by means of the EOF. The electrokinetic gradient system has the advantage of
supplying an instant gradient to the separation capillary, unlike the gradient CEC system
demonstrated by Taylor and Teale®, which has a twenty minute lag for the gradient to

reach the separation capillafy.

The majority of published data has been obtained using standard HPLC reversed phase
Cis packing material. Smith and Evans® investigated the separation of highly polar

pharmaceuticals and concluded that they were difficult to analyse by CEC using
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conventional reverse phase packing materials. They suggested the use of a cation
exchanger in place of Cs silica. The SCX material was found to resolve the highly basic
compounds with extremely high efficiencies (8 million plates per metre), which was

attributed to focusing effects. Other research groups®”*!

using ion exchange materials
have confirmed this work. A further advantage of using ion exchange materials is the
fast EOF generated over a wide pH range. C;s packing materials rely on ionised
silanoate groups to generate an EOF, this is highly pH dependant (pH 4 — 11). The EOF
in SCX materials is generated by ionised sulphonic acid groups, which remain ionised
over a much greater pH range (pH 2 — 11). Bartle et al.*® attempted to define the
behaviour of cation-exchange materials in CEC, however, no clear conclusions could be
drawn, and they suggested that the anomalous results obtained require further
investigation. Smith and Evans* compared standard C;s, ion exchange and a mixed
mode (SCX / Ce) phases, they concluded that C;s and mixed mode phases exhibited

similar selectivities. The ion exchange materials exhibited significantly different

selectivities, with a complete reversal of elution order.

a) Packing Methods

An initial problem in the growth of CEC was the fabrication of reliable packed columns.

Extensive method development has been cited in the literature.

The method of packing can be divided into two main categories, pressure and
electrokinetically driven. Both methods require stationary phase slurries in a solvent

(typically acetone).

The initial packing step is the preparation of a retaining frit for the stationary phase to

pack against. This frit can be formed by tapping the end of the capillary into silicate

20, 21,42-44 34,45,46

solution or silica gel solution to a length of ~1 mm, which is then secured

by sintering. Once the inlet frit is in place the column can be packed.

Pressure packing - there have been several methods devised to slurry pack a column

under pressure. These vary in the way the pressure is applied, through using an HPLC

43-47 22,23,34

pump ' a HPLC column packer , centripetal force*® or supercritical fluid*. The
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use of an HPLC pump is most common (as they are widely available), however, they
are limited in the pressure that they can supply. The column packer offers a higher
packing pressure, which allows for faster, more efficient packing. The highly efficient

packing of u-HPLC, GC, and SFC columns inspired the supercritical fluid method.

Figure 1.1.11 shows a simplified schematic of the slurry packing procedure.

[1 1) Formation of end frit

L] | «— 2)Packing under pressure

Ll [ | ] 3) Formation of retaining frit

4) Removal of excess
packing

— [ L

l I ] I 5) Detection window burnt

Figure 1.1.11 Simplified Schematic of Slurry Packing Procedures

Electrokinetic packing - was devised by an American group and has resulted in a patent
application®’. The capillary is inserted into a vial containing the stationary phase slurry,
to which a voltage is slowly ramped up to 30 kV. This causes the packing material to

migrate along with the buffer, resulting in a homogeneously packed column.

Electrokinetically packed columns can produce higher efficiencies than slurry packed
because of the ability to pack small particle sizes, i.e. less than 1 pm d,. This can be

especially difficult by slurry packing methods.

Once the packed bed has reached a sufficient length (typically 20 cm) a retaining frit is

fabricated and the columns are conditioned. The second frit can be burnt at the desired

34,44,45

point and the initial frit left in place , alternatively, the initial frit can be replaced

and then a second (outlet) frit burnt. The later method was suggested by research groups

21-23

at Glaxo Wellcome™ ™, through the development of a frit burning device.
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b) Dispersion in CEC

As in pressure driven HPLC, flow dispersion, resistance to mass transfer as well as
longitudinal diffusion affects the plate height and hence efficiency. Therefore the

complete Van Deemter equation must be used,

"'V du
H=2/ldp+2}D”’ +—1—( k ) ’ ...(1.1.11)
u 30\1+%') D,
Which can be greatly simplified to Equation 1.1.12
H=A+£+Cu ‘ ...(1.1.12)
u

The A-term represents contributions from flow inhomogeneity in the packed bed
(stream splitting and velocity variation within and between channels). Figure 1.1.12
shows how the flow rate may be expected to vary within a packed bed under EOF and

pressure flow.

Figure 1.1.12 Effect of Packing Material on Flow Profile for
a) CEC and b) HPLC.

Under EOF all velocities will be almost identical since pgor does not vary with channel
diameter (d.), providing d. > 108. In the case of pressure flow there will be a parabolic

flow distribution over any channel, and the mean flow rate will vary between channels,

wider channels providing higher flow rates.

Therefore, only the contribution from the variability in the direction of flow as the
liquid negotiates the particles within the column has any significance on diffusion. The
A-term in CEC is generally less than that obtained with HPLC for any particle size and

can be further decreased on reduction of d, (as demonstrated by Knox and Grant*). The
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C-term arises from non-instantaneous rate of equilibration of analyte between the

stationary and mobile phases.

Reduction of particle diameter will reduce diffusion (H o dpz), and the use of sub-
micron particles will result in the A- and C- terms becoming insignificant compared

with longitudinal diffusion (B-term).

So as with CZE, the B-term of the van Deemter equation is dominant and efficiencies

are significantly increased compared with HPLC.

Overall, CEC appears to be an extremely useful, complementary technique to CZE and
HPLC, exhibiting the advantages of both techniques. However, further development is
necessary to minimise bubble formation and to allow the routine production of packed
columns. The use of ion exchange materials also requires further investigation, to define
the focusing effects that are observed. The recent examination of packing materials
through the use of molecular modelling software® will hopefully assist in defining the
separation mechanisms involved in CEC separations using C;g and ion exchange

materials.

However CEC still primarily remains a research tool, requiring significant investigation
into the underlying theory, and will remain so until these areas are further defined. Until
then CEC will remain (an extremely useful) complementary separation technique to
both CZE and HPLC.

1.1.8.2 Micellar Electrokinetic Chromatography (MEKC)

MEKC is a combination of electrophoresis and chromatography introduced by Terabe et
al®® in 1984. MEKC is a useful complementary technique to CZE as it allows the
simultaneous separation of neutral and ionic species and thus also provides an

alternative to CEC.

Separation of neutral species is achieved by the use of a pseudo-stationary phase in the

buffer, which is usually a surfactant above its critical micelle concentration (e.g. 8 — 9
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mM for sodium dodecylsulphate, SDS). The micelles formed are generally spherical,
with the hydrophobic tails pointing inwards and the charged heads orientated towards
the buffer. The micelles are usually charged and migrate either with or against the EOF.
However, the electrophoretic mobilities of the micelles are low, therefore flow is

usually in the direction of the EOF.

Neutral species are separated due to partitioning between the micelles (through
hydrophobic and electrostatic interactions) and the buffer. The greater the interaction,
the longer the migration time, when not interacting with the micelle the analyte is

carried along with the EOF.

Hydrophilic analytes do not interact with the micelles and migrate with the EOF,
followed by increasingly hydrophobic (or associated) analytes, finally the micelles

along with those analytes totally retained are detected (Figure 1.1.13).

EOF Analytes Micelle

\ Retention window

Time ——»
Figure 1.1.13 Representation of an MEKC Separation
Using an Anionic Micelle e.g. SDS

The region in which the neutral analytes migrate is termed the ‘retention window’.
Resolution between analytes can be improved by increasing the time-scale of the
retention window. This can be achieved by increasing the concentration or changing the
surfactant. However, high concentrations can be problematic due to Joule heating

experienced on increasing the ionic (surfactant) concentration.

Selectivity can be manipulated in MEKC by simply changing the surfactant (differing
size, charge, geometry etc.). A limitation of MEKC is a lack of suitable surfactants for
all types of analytes. Further selectivity can be obtained through the addition of
modifiers (i.e. pH, buffer concentration, organic modifier efc.) to the buffer. These may

affect the charge on the micelle or the analyte-micelle interaction; also the use of a
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secondary pseudo-stationary phase (e.g. cyclodextrins) can improve separations of very

hydrophobic analytes.

Chiral separations can be effected by MEKC through the use of a chiral pseudo-
stationary phase providing selectivity between isomers. Terabe ef al.>* obtained a chiral

separation through the use of bile salt micelles.

1.1.8.3 Capillary Gel Electrophoresis (CGE)

CGE is directly comparable with traditional slab electrophoresis, with a number of
advantages. These include significantly higher field strengths that can be employed
without Joule heating effects (due to the non-convective nature of fused-silica

capillaries), on column detection and simple automation.

CGE has generally been employed in the biological sciences for the separation of
macromolecules (i.e. proteins and nucleotides) and was introduced by Cohen and
Karger*®. Separations are based on size and not charge-to-size ratio as in CZE. The
addition of sub-units to macromolecules (e.g. amino acids to proteins and nucleotides to
DNA fragments) results in a uniform increase in both size and charge, thus maintaining
a constant charge-to-size ratio. The analytes migrate through a polymer network, which
acts as a ‘molecular sieve’. As charged analytes migrate through the polymer, they
become hindered, with smaller analytes migrating first. Separations can be highly

efficient with over 10 plates /m being generated for oligonucleotides.

1.1.8.4 Capillary Isoelectric Focusing (CIEF)

CIEF is a focusing type of electrophoresis, in which amphoteric analytes (usually
proteins) are separated by differences in their isoelectric points (pI). Amphoteric
compounds can exist as either anions or cations, depending on the pH of the solution;

the pH at which the analyte is neutral is termed the isoelectric point (pI).

The separation capillary is filled with a solution of ampholytes and the sample. An
electric field is applied, creating a pH gradient across the capillary. The analytes form
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narrow zones within the capillary at a position corresponding to their isoelectric points.
If an analyte diffuses out of the zone, it encounters a different pH, acquires a charge and
migrates back into the zone. Once a steady state has been achieved the focused zones
are mobilised past the detector, which can be achieved by hydrodynamic flow (i.e. by

pressure) or electrophoretic mobilisation.

1.1.8.5 Capillary Isotachophoresis (CITP)

CITP is a ‘moving boundary’ electrophoretic technique. A combination of two buffer
systems is used, one of a higher mobility (leading electrolyte) and the other a lower
mobility (trailing electrolyte) relative to the analytes. The capillary is filled with the
leading electrolyte, the sample is then injected, and the capillary is then placed in a vial
containing trailing electrolyte, an electric field is then applied in the constant current

mode.

The analytes arrange in zones of increasing mobility, with subsequent differing electric
fields, the zone of highest mobility experiences the lowest field. Therefore all zones
migrate at the same velocity, resulting in sharp boundaries between analytes. If
diffusion occurs into another zone the ion experiences a different electric field and
diffuses back into the correct zone. The zones migrate through the capillary and are

subsequently detected.

A unique feature of CITP is the data output, which features steps instead of the more
familiar peaks. This is because the zones elute with very little separation, so no baseline
is observed. The length of the steps or zones is proportional to the concentration of the
analyte, as there are no peak heights measured (and no response differences);
quantification using CITP is straightforward. Requiring that only a concentration vs.
zone length calibration be performed for one analyte, all other analytes of similar

molecular weight and ionic charge can be quantified without individual calibration.
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1.1.8.6 On-column Transient Isotachophoresis Preconcentration (t-ITP)

Capillary isotachophoresis can be used to concentrate diffuse analyte zones; it can also
be used as a preconcentration stage prior to separation by CZE. Used as a
preconcentration method it is termed t-ITP (the term transient is used as the analyte
migration changes between ITP and CZE mode) and was initially developed by Karger

et al.>>"®,

In t-ITP the sample is injected between two buffers of differing conductivity, focusing
then occurs on application of an electric field. The composition of the buffer is then
changed such that ITP can no longer occur and the analytes are separated by CZE in the

same capillary.

There are two basic modes of t-ITP, if the CZE buffer has a higher conductivity
(mobility) than the sample (as in Figure 1.1.14) it can be used as the leading buffer. The
sample is injected followed by a (lower conductivity) trailing buffer, ITP occurs. The
trailing buffer is replaced with the CZE buffer and separation occurs. Alternatively, if
the CZE buffer is of a lower mobility (conductivity) the sample is injected (into a
capillary already filled with the CZE buffer) along with a salt that acts as a leading
buffer, ITP occurs. After stacking occurs the analytes are separated by CZE.

A further benefit of t-ITP is the ability to inject larger volumes of dilute samples, t-ITP
allows these samples to be focused and separated by CZE. Karger et al.>® demonstrated
t-ITP/CZE/MS for the analysis of proteins. The detection limits using t-ITP were
increased by a factor of 100 to ~ 10”7 M, with injection volumes up to 750 nL in ~ 2.2

pL column (~ 35% column volume).
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Section 1.2

Mass Spectrometry



1,21 Introduction

A mass spectrometer must, in the most basic form be able to achieve the following
functions:
e Produce gas phase ions from sample molecules.
e Separate the ions produced according to their mass-to-charge-ratio (m/z),
and subsequently detect and record them.
Mass spectrometers require an elaborate vacuum system to maintain low pressures
(10* - 10” mbar), in order that the ion beam is not attenuated by collisions with air

particles.

Mass spectrometry evolved around the beginning of the century from the studies of ions
in electrostatic and magnetic fields. During the following decades the instrumentation
was refined and provided useful information on the isotopic abundance of various
elements. By the 1940s reliable mass spectrometers were commercially available. These
instruments were designed for use as quantitative tools specifically for the petroleum
industry. By the middle of the 1950s commercial mass spectrometers were available for
both quantitative and qualitative determinations based upon mass-to-charge ratio (m/z).
Beginning in 1960, there was a major trend towards using mass spectrometers for
structural elucidation by studying fragmentation patterns. Recently, mass spectrometry
has advanced greatly in many areas including the characterisation of biological

compounds.

1.2.2 Instrumentation'

The main components of a mass spectrometer are as follows:
o Inlet systems
¢ Ionisation sources
e Mass analysers / filters

e Detectors
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1.2.2.1 Inlet Systems

The purpose of the inlet system is to transfer the sample from atmospheric pressure to
the high vacuum of the instrument. There are three types of the inlet commonly found,
which accommodate various types of sample.

e Batch Inlet - The simplest inlet, in which the sample is volatilised externally and
allowed to leak into an ionisation region.

e Direct Probe Inlet - Solids and non-volatile liquids can be introduced into the
ionisation region by means of a probe, inserted through a vacuum lock.

e Chromatographic Inlet - Mass spectrometers are often coupled with
chromatographic systems to permit on-line detection of separated mixtures.
Specialised inlet systems / ion sources are required to be able to cope with the large
volume of solvent from liquid chromatographic techniques expanding into the high
vacuum region. Gas chromatography, however, can be interfaced directly with ion
sources such as electron ionisation, but GC/MS is outside the context of this study.
Liquid chromatographic interfacing will be dealt with in more detail in Section
1.2.2.2.

1.2.2.2 Ionisation Sources

The ion source, traditionally, consists of a small chamber, which is held under vacuum,
into which the sample is introduced and ionised. Ions formed are ejected from the
source into the mass analyser by a potential difference held between an exit slit and a

repeller plate (or a potential gradient across a number of sampling orifices).

The claséical mass spectrometry ionisation source is electron ionisation (EI). Sample
vapour is introduced into a chamber, which is then ionised by a beam of electrons
produced by a heated tungsten filament. The ions are then ejected out of the source by a
repeller electrode.
This is summarised (1.2.1):

e€+M-—>M"+2¢ ..(1.2.)
Thus a radical cation is formed (this is called a molecular ion). The ionising electron is

accelerated by a voltage to 70 eV. This high energy interaction in conjunction with the
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high vacuum of the instrument (10® mbar) can leave some molecules with excess
internal energy, which causes bonds to break leading to ion fragmentation (Scheme
1.2.ii):

e€+M—> (M")*+2e — A*, B  efc. ...(1.2.1i)

Intact molecular ions are sometimes not detected; therefore, a technique called chemical
ionisation (CI) was developed, in which a reagent gas (such as methane) is introduced
into the ion source. Interaction of an ion and a molecule can lead to a reaction

generating a new charged species, this process is termed an ion / molecule reaction.

For example, the reaction between a methane ion and methane results in the formation
of a carbocation (CHy") (Scheme 1.2.iii):

CH," + CH, — CH," + CH; ...(1.2.ii)

For ion / molecule reactions of this type to occur much higher source pressures
(10 mbar) are required cf. EI sources. Many collisions will occur within the source at

these high pressures resulting in an equilibration of internal energies.

If an analyte (M) is present in the source this can collide with the carbocation (called
reactant gas ion) to form a protonated molecule, [M+H]". This is summarised:

M + CH,* — [M+H]" + CH, (1.2iv)

There are numerous reagent gases (for example, hydrogen, ammonia, butane, methanol
etc.), different gases result in various degrees of fragmentation, which can be related to
the proton affinity (PA) of the reactant gas. The lower the PA the more exothermic the
reaction between reactant gas and analyte. For highly exothermic reactions
fragmentation can occur. For example, the use of methane (PA 551 kJ mol™) as a
reactant gas frequently results in fragmentation, whereas isobutane (PA 824 kJ mol™)

results primarily in the formation of a protonated molecule ((M+H]").
An inlet system has been developed which allows liquid chromatography to be

interfaced to an EI source; this was termed particle beam. The eluent from the LC

passes through a nebuliser, forming droplets, which then pass into a desolvation
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chamber where solvent evaporates. Further solvent is removed when the droplets pass
through a skimmer into an evacuated chamber. Any solvent still associated with the
analyte is removed when the droplets pass through a second skimmer and heated wire

grid into the ion source (either EI or CI).

Unfortunately, a prerequisite of both EI and CI (and consequently particle beam) is that
the analyte needs to be volatile. Most biological molecules are polar and therefore
involatile. Fast atom bombardment (FAB) was developed to enable mass spectrometry
to be used in the study of involatile polar compounds. An atom or ion gun is used to
project heavy fast atoms (argon or xenon) or ions (caesium, Cs*) onto the surface of a
target solution (matrix). The matrix consists of the analyte dissolved in a high boiling
point solvent (such as glycerol, 3-nitrobenzyl alcohol), which does not evaporate
quickly in the ion source. The impact of the atoms or ions on the surface of the solution
results in the desorption of ‘secondaries’ (positive and negative ions and neutrals) into
the region above the matrix surface. A set of lenses held at a potential will accelerate
the ions (either positive or negative) into the mass analyser. FAB usually results in
protonated ions, with little or no internal energy, thus fragmentation occurs to a lesser
extent than in EI. A development of FAB, continuous-flow FAB, allows

chromatographic systems to be directly interfaced to FAB (see Section 1.2.2.2 b).

For capillary electrophoresis to be successfully interfaced to mass spectrometry the
analyte emerging from the column needs be to transferred into the vacuum system (and
ionised). The ionisation interfaces used to accomplish this are electrospray (ESI, a form
of atmospheric pressure ionisation) and continuous-flow fast atom bombardment (flow-

FAB), which are discussed in the following sections.

a) Atmospheric Pressure Ionisation (API)

A stream of solvent containing the analyte of interest (often liquid chromatographic
eluent) undergoes nebulisation to form a spray of fine droplets at atmospheric pressure.
The droplets carry an excessive positive or negative charge. The droplets are

transported through a heater, in which solvent evaporates, as the droplets decrease in
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size, electrostatic repulsion occurs causing charged particles to be expelled. These

particles can then be sampled into the mass spectrometer.

Sensitivity is increased if a secondary ionisation step occurs. This can be in the form of
a high electric field (electrospray, see below), high temperature (thermospray) or the
combination of high temperature and plasma discharge (plasmaspray or atmospheric
pressure chemical ionisation (APCI)). These ionisation techniques (along with FAB) are
termed ‘soft’ ionisation methods, which result in little or no fragmentation and the

generation of protonated molecules.

i) Electrospray Ionisation (ESI)

ESI is an atmospheric pressure ionisation (API) technique, that is ionisation takes place
at atmospheric pressure and ions are then transferred into the vacuum system of the
mass spectrometer. Ionisation is achieved during the electrostatic nebulisation of a
solution of analyte ions by a high electrical field gradient (> 3 kVem™) between a spray
needle and counter electrode. Highly charged droplets are formed in a dry bath gas of
nitrogen. These charged droplets shrink as neutral solvent evaporates until the charge
density exceeds the Rayleigh limit and coulombic repulsion causes the droplet to divide
(Figure 1.2.1). The Iribane and Thomson*® model suggests that the smaller droplets
continue to evaporate and the process repeats until evaporation of charged solutes

occurs.

= D o<
DR O=e

Solvent evaporates from the droplets causing
the droplet to reduce in size, until coulombic
repulsion occurs causing ions to be ejected.

Figure 1.2.1 Mechanism of Ion Evaporation Stage of Electrospray
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The evaporation of solvent is aided through the use of nebulising and bath gas (typically
nitrogen). The nozzle / skimmer inlet arrangement allow the ions to be sampled from
atmospheric pressure into the high vacuum of the instrument by passing through
differentially (rotary) pumped chambers. A typical commercial electrospray source is

represented in Figure 1.2.2.

Counter Nozzle
Electrode
Spray Voltage Skimmer
(4kV) /
\ [ Spray Capillary
Nebulising Gas t Multipole Ion
(Nitrogen) Bridge
Curtain Gas j 1
(Nitrogen)
s To Rotary Pump

Figure 1.2.2 Typical Commercial Electrospray Source with Nozzle /
Skimmer Arrangement and Drying Gas

ESI was originally described by Dole et al.*?, studying the intact ions of synthetic
polymers in excess of 100 kDa, with detection by Faraday-cage. No data was published
for the following fourteen years until Fenn et al.*” used ESI with a quadrupole mass
analyser. Demonstrating fundamental aspects of ESI, the analysis of modest molecular
weight biomolecules and its ability as an interface for combining liquid chromatography
and mass spectrometry was achieved®. A Russian group’, working independently, using

a magnetic sector instrument, almost simultaneously reported similar results.

An advantage of electrospray ionisation is the formation of multiply charged ions, i.e.
[M+zH]" where z > 1. Large molecules can contain many basic sites, which can all
become protonated. A mass spectrometer analyses ions by differences in mass-to-
charge ratios (m/z), when singly charged ions (z = 1) are detected, m/z = m. Increasing
the number of charges on a molecule reduces the observed m/z, thus m/z < m, thus

allowing large molecules to be analysed on instruments having limited upper-mass
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range.

The use of multiply charged ions was initially demonstrated by Fenn et al.'°.
Polyethylene glycol oligomers with a nominal molecular mass of 17.5 kDa were
observed bearing a net charge of +23. The reduction in the mass-to-charge ratio allowed
these ions to be detected on an instrument of low upper-mass limit. The muitiple
protonation of basic sites of peptides and proteins extended the mass range of analysis
up to 40 kDa using a quadrupole mass spectrometer of m/z limit 1600'. Other
laboratories rapidly confirmed this work'%. The utility of multiple charging has allowed
the analysis of molecules with RMM greater than ~2.5 MDa"® using conventional mass

spectrometers.

ii) Atmospheric Pressure Chemical Ionisation (APCI)

APCI is performed on similar instrumentation to ESI. Nebulisation is achieved by a
thermal process rather than using the high potential associated with ESI. The fine mist
of sample and solvent is carried by a flow of nitrogen past a corona discharge needle
where ionisation occurs. The plasma generated at the corona discharge strips electrons
from neutral solvent (or nitrogen) molecules, which then react with the analyte in

similar ways to CI.

b) Continuous Flow Fast-atom-bombardment (c/~FAB)

Continuous-flow FAB (otherwise known as dynamic FAB) employs a constant flow of
matrix onto the target area. The liquid flow is normally comprised of the eluent from a
chromatographic separation mixed with the matrix. The flow FAB probe (Figure 1.2.3)
employs a heated metallic frit at the target area, which aids the evaporation of solvent
and matrix from the probe tip and prevents freezing as the liquid evaporates in the
vacuum. This results in flow rates of 1 - 10 uL/min being readily dealt with. To obtain
such flow rates from standard (4.6, 2.1 mm) analytical columns a substantial split is
required, thus reducing sensitivity, therefore microbore (<1 mm) HPLC and CE
techniques (which produce these flow rates) are ideally suited to flow FAB. Flow FAB

has been demonstrated'*"® to be readily combined directly with CE.
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Matrix Fast atoms / ions

Secondary species
+ ve, - ve ions and
neutrals

\

Combined flow of eluent and
matrix, between 1 - 10 pL/min

Absorbent wick

Figure 1.2.3 Schematic Representation of Flow FAB Probe

1.2.2.3 Mass Analysers

A mass analyser is used to separate ions due to differences in their mass-to-charge ratio
(m/z). The classical mass analyser is the magnetic sector analyser. There are two main
types of magnetic sector, single and double focusing mass analysers. In single focusing
instruments ion separation is achieved using a magnet. The magnetic field is swept to
focus ions of similar mass-to-charge ratio sequentially onto the detector. Therefore a
- single focusing instrument has directional focusing capabilities. Double focusing
instruments employ a magnet and an electrostatic analyser (ESA, usually referred to as
an electric sector). The ESA functions to focus any energy spread at the detector, with
momentum separatibn achieved by the magnet, resulting in a higher resolution
spectrum. Double focusing instruments can have two orientations, an instrument with
the ESA before the magnet is known as forward geometry and if the ESA is placed after

the magnet reverse geometry.

Magnetic sector instruments generally scan too slowly for routine use with capillary
electrophoresis, as the peak widths are of the order of a few seconds. Therefore fast
scanning analysers are frequently used for this type of work. The most widely used are
quadrupole mass filters (Section 1.2.2.3 a), and increasingly, time-of-flight analysers

(ToF MS, Section 1.2.2.3 b). Ion traps (IT MS) and Fourier-transform ion-cyclotron-
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resonance (FT-ICR MS) mass spectrometers have also been used.

Ion traps consist of a ring (similar in shape to a doughnut) with two end cap electrodes.
Application of radio frequency potentials to the electrodes can result in ions being

stored within the cell and then selectively removed and detected.

FT-ICR consists of an ion cell contained within the solenoid of a superconducting
magnet, under an extremely high vacuum (10 mbar). An ion contained within the cell
is constrained to move in a circular direction, perpendicular to the magnetic field. The
frequency of circulation depends on the magnetic field strength and ion mass-to-charge
ratio, the ions are prevented from escaping by application of a d.c. voltage across
trapping plates within the cell. Ions are excited to a greater orbit by the application of a
radio frequency (r.f.) pulse. The increased ion motion causes image currents to be
detected on receiver plates of the cell. The decay of these images is monitored as the
coherent motion of the ions is destroyed by collisions. This electrical signal is
transformed from the ‘time-domain’ to ‘frequency-domain’ by the mathematical

process of Fourier-transformation, resulting in the generation of a mass spectrum.

Frequencies can be detected with a high degree of accuracy, therefore ultra high
resolutions can be obtained (3 x10° for the O ion). However, resolution decreases

rapidly with increasing mass-to-charge ratio.

a) Quadrupole Mass Filters"

The quadrupole mass filter consists of four short, parallel, rod-like electrodes with a
hyperbolic, elliptical or circular cross-section (Figure 1.2.4). The diagonally opposed
electrodes are at the same potential and are separated by the distance 2r,. One pair of
rods is attached to the positive terminal of a d.c. source and the other pair to the
negative terminal. A variable radio frequency a.c. potential is applied to each pair of

rods, with one pair being 180° out of phase with the other.
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Figure 1.2.4 Diagrammatic Representation of Quadrupole
Analyser

The potential (¢) applied to the electrodes is of the form

¢ =U+V cosart

U =d.c. voltage; V cos ot =r.f. potential

The potential at any point (x, y) in the quadrupole field is then:

4= ¢0(x22—y2)

1)

~(1.2.1)

(12.2)

Thus for x =y, ¢ = 0, this gives rise to planes of zero field strength (represented as red

lines in Figure 1.2.4). At all other positions within the rods, the oscillating electric field

causes the ions to be alternatively attracted and repelled. The electric field has no effect

on the ion in the z-axis, and requires an accelerating potential between the ion source

and the assembly in order for ions to be transmitted through the rods.

The oscillatory nature of the electric field results in two different trajectories between

the rods (dependant on the parameters U, V, o, m/z and ry). The first is for a stable

trajectory, in which the ion oscillates along the z-axis, with amplitude of less than ro.

The second is for an unstable trajectory, in which the amplitude of the oscillations
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increases exponentially and the ion eventually collides with or passes between the rods
and is lost. So therefore for a particular m/z value there are specific d.c. voltage (U), r.f.
amplitude (V) and frequency (®) values, which allow stable trajectory (r, is fixed) and
hence for the ion to be transmitted. A mathematical solution for the stable transmission
of ions through the field results in two important parameters, @ and g,

8zU 4zvV a 2U '
a= ) ; q=__2—2 ; _— — ...(1.2.3)
ma-r, ma-r, qg v

The conditions for stability can be represented on a stability diagram (Figure 1.2.5). The

zone of stable combinations of @ and g lies between the two curves representing the

limits of stability in the x and y directions.

0.237
r/ a/q = constant

————

unstable oscillation
along y-axis . 7 unstable oscillation
,,,,,,,,,,,,,, along x-axis

Stable oscillation

-
....
____
-
e
-
....
....

0.706

q >

Figure 1.2.5 Stability Diagram for a Quadrupole Mass Filter

Therefore for the values of a/q = constant all ions between m,/z and myz will pass
through the rods. For maximum resolution a value of a/q = constant must be chosen that
intersects the curve as close to the apex as possible, therefore transmitting only a small
range of m/z at a time. ‘Scanning’ of a/q = constant (i.e. changing the parameters U, V

and @) will result in consecutive m/z values to be transmitted.

It is easier to change voltages (U and V) than frequency (o). Therefore to transmit ions
of differing m/z value, the frequency is maintained constant and the voltages are varied
in such a way that U/V (or a/q) remains constant. Therefore by continuously increasing

or decreasing U and V (whilst keeping the ratio constant) ions of increasing or
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decreasing m/z successively traverse the quadrupole assembly resulting in a mass

spectrum.

In a triple quadrupole instrument, there are three sets of quadrupole rods placed in series
(generally termed Q1, Q2 and Q3). The middle quadrupole (Q2, which can also be a
hexa- or octapole) is used in the ‘r.f. only’ mode, which means it simply acts as a
focusing lens, it can also act as a collision cell for tandem mass spectrometry
experiments, allowing collision induced dissociation (CID) to occur. Triple quadrupoles
have a significant advantage over a single quadrupole for structural elucidation using

tandem mass spectrometry (MS/MS) scanning methods.

Tandem Mass Spectrometry (MS/MS) Scanning Techniques

There are four types of MS/MS scanning techniques that can aid in structural

elucidation:

1. Product Ion Scan: Q1 is set to transmit one ion of interest, CID occurs in Q2, Q3 is
scanned and the fragment ions detected. Useful for determining / confirming
structure.

2. Precursor Ion Scan: Q1 is set scanning, CID occurs in Q2, Q3 is set to transmit one
ion of interest. The mass spectrum obtained indicates all the precursor ions to a
chosen product. Confirmatory / complementary information to product ion scans,
screening mixtures for a constant neutral loss (see below).

3. Multiple Reaction Monitoring (MRM): This is the MS/MS version of single ion
monitoring (SIM), in which QI is static on the ion of interest, CID occurs in Q2 and
Q3 is static on the product ion of interest. An increase in sensitivity (~ x100) is
obtained over scanning MS/MS because of the increased dwell time on each
analyte. Useful for rapid screening of ‘dirty’ samples for known analytes.

4. Constant Neutral Loss: The scans of Q1 and Q3 are synchronised with an offset
characteristic to the elimination of a neutral species, i.e. loss of 44 from carboxylic

acids. Useful for screening mixtures for particular classes of compound.
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b) Time-of-flight Analysers™

In recent years the technique of time-of-flight mass spectrometry (ToF MS) has re-
established itself as a mainstream technique (mainly due to the development of pulsed
ionisation techniques, such as a matrix assisted laser desorption / ionisation (MALDI)).
ToF MS has distinct advantages® over scanning instruments, these include high duty
factors (percentage of ions formed that are detected), fast acquisition rates, sensitivity
and wide mass range. Recent advances in API sources (electrospray) along with the
development of high-speed electronics and computers, the introduction of the ion mirror
(reflectron)”? and orthogonal acceleration”® (o0a-ToF) have further increased the

development of ToF MS.

The ToF MS in its simplest form is the linear analyser. Ions are accelerated out of the
ion source at a high potential (up to 20 kV) into a field-free ‘drift tube’ to a detector
(schematically represented in Figure 1.2.6).

_/—' Ion Source I’ Temporally Separated Ions

R

() ® o () ° °
r | j
\—— Drift Tub e Detector

Figure 1.2.6 Schematic of Linear Time-of-Flight Mass
Spectrometer

The length of time taken for an ion to traverse the drift tube depends on velocity, which
in turn depends on its mass and charge via energy gained in acceleration. For singly
charged ions the length of time taken to travel from the source to the detector is
proportional to a function of mass. The lower the mass the faster the flight time (kinetic
energy and mass are fixed, therefore velocity varies). The simple nature of the analyser

results in increased sensitivity (due to enhanced transmission and the non-
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discriminatory mass analysis) for ToF MS compared with that of quadrupole or

magnetic sector instruments.

Ions are produced and a short pulse is used to extract them from the ion source (a pulse
is used because the start time must be the same for all ions). The ions are then
accelerated through an electric field (£ volts). The velocity (v) attained by the ions is
given by Equation 1.2.4,

mv?

= zeE ..(12.4)

where m = mass, z = number of charges on ion, e = charge on an electron.

Rearrangement gives Equation 1.2.5:

= JzzeE ...(12.5)
m

If the distance from the source to the detector is d, then the time taken for an ion to

traverse this distance is given by Equation 1.2.6:

d d _d[«/ﬁ}

[=— = —_

v x/2zeE/m— v2eE

d is fixed, E is constant and e is a universal constant. The flight time of an ion, ¢ is

...(1.2.6)

directly proportional to the square root of its m/z (Equation 1.2.7).

t=Jm/z)xC ..(1.2.7)

where C = a constant.

i) Resolution

The resolution of a linear ToF MS is limited, particularly at higher mass. This is due to
an inherent problem with the technique and a practical problem. Flight times are
proportional to the square root of m/z, the difference between two masses (¢, and ¢,,,,)

separated by one mass unit is given by Equation 1.2.8:

=t = At =|miz)-(Jm+1)iz)xC ...(1.2.8)

As m increases, At becomes smaller, making the arrival time of ions at the detector
smaller and more difficult to differentiate. An (impossible) solution would be to make
the flight tube of infinite length.
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The practical disadvantage is that not all ions are created at the same time or location in
the source thus discrepancies in kinetic energy and flight time arise. This effects
(decreases) instrument resolution, but the problem can be reduced by the incorporation
of a reflectron into the instrument. Metastable decomposition of ions can also occur
within the (field-free) flight tube. If an energy loss is associated with the decomposition,
flight time will increase. This results in an increase in the spatial spread of ions and thus
decreases resolution. The effects of metastable decomposition can also be reduced

through the use of a reflectron.

ii) The Reflectron™

A homogeneous electric field is placed at the end of the flight path of the ions, which is
the same polarity as the ions (i.e. a retarding force). The ions decelerate, and are

repelled out of the field, the ions are thus ‘reflected’ (Figure 1.2.7).

The reflectron corrects positional and velocity discrepancies in the acceleration region
of the ToF MS and removes neutral species which may have resulted from in-flight
decay. Faster ions (having greater kinetic energy) will penetrate the electrostatic field
further than slower ions, thus spending marginally more time in the reflectron, causing
the ions to exit the reflectron together, in the same time frame. This results in a decrease
in the spatial spread of the ions, leading to an increase in resolution. Resolutions in
excess of 5000 (FWHM) are now readily available. However, a decrease in sensitivity
(especially at higher mass), is observed when using a reflectron. This is caused by ion
loss due to collisions and dispersion from the main beam. ToF analysers frequently
contain two detectors (Figure 1.2.7). One which operates in ‘linear’ mode (no field
applied to the reflectron, ions pass straight through and are consequently detected) or
‘reflectron’ mode where the ions are reflected as described above and consequently

detected (the first detector can also be used to detect neutrals).
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Figure 1.2.7 Different Stages in the Flight of Ions (of the same m/z) of
Varying Kinetic Energy through a Reflectron Instrument

1) Ions exit the source region, 2) Faster ions become separated from
slower, 3) Ions enter the reflectron and are repelled, those of higher
kinetic energy penetrate further and consequently take longer to
emerge, 4) Focused ions pass on to the detector, 5) Detection takes
place.

iii) Orthogonal Acceleration™

The development of orthogonal acceleration allows continuous ion sources (i.e.
electrospray’) to be coupled to ToF MS. Orthogonal acceleration is represented

graphically in Figure 1.2.8.

Generally an oa-ToF MS will receive ions for mass analysis from a continuous ion
source, i.e. EI, ESP, APCI etc.. The beam leaves the ion source and passes through a
series of focusing lenses (quad-, hexa- or octapoles acting in ‘r.f. only’ Amode) to
achieve collisional cooling, in which the divergent beam becomes collimated and passes
into the orthogonal accelerator (oa). The oa alternates between fill-up mode and pulse
mode. In the former state the pulsing electrode and exit slit (usually a grid) are both
grounded and the ion beam simply traverses the extraction region (i.e. continue in the x-
axis). Sufficient time must be allowed for the ions of m/z equal to the upper mass limit
of the spectrum to reach and fill the extraction region before the extraction pulse is
applied. The pulsing electrode is then driven to the potential required to push a packet

of ions out of the extraction region towards the exit slit i.e. the ions are extracted in the
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y-axis. The pulse applied is typically of the order of 100 V, to enable short rise-time and
low amplitude. When the last of the ions in the sample have passed through the exit slit,
the pulsing electrode returns to ground, and the oa returns to the fill-up mode. Any ions
that enter during extraction mode or any of the transition periods are unlikely to acquire

any of the characteristics required for successful transmission to the detector.

Continuous ion beam Continuous ion beam )
_ - Multichannel
__I v v Pulse of ions plate detector]
v
zeV,
zeV,
Pulsing electrode, off Pulsing electrode, on. ToF drift tube
Direction of field
gradient indicated 2
y
(@ (b)
x

Figure 1.2.8 Operation of Orthogonal Acceleration.

To avoid overlap of consecutive spectra, an extraction pulse cannot be applied until the
slowest ion (highest mass) has reached the detector. The duty cycle (time taken for an
ion packet to be extracted, traverse the drift tube and be detected) is proportional to
(m/z)"?, and there is systematic discrimination against low-m/z ions®. This
discrimination is predictable and in most cases signals are stronger at low-m/z than
high-m/z, therefore for practical purposes can be ignored. In most ESI oa-ToF
instruments the duty cycle is 5-50% (i.e. percentage of ions generated, which are
detected) depending on the m/z of the ion and instrumental parameters (i.e. flight tube

dimensions).

The pulsing electrode may be operated at repetition rates of up to 20 kHz (resulting in a
full spectrum being recorded by the detector every 50 microseconds). The ions are
transferred into the drift tube via focusing lenses towards a reflectron, which reflects

ions back to the detector (reducing spatial spread due to distributions in kinetic energy).
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conversion-dynode, which is held at a high voltage of the same bolarity as the ion beam.

The ions are thus redirected onto the detector.

a) Electron Multiplier

Electron multipliers are by far the most common detectors in mass spectrometry. Ions
from the analyser are accelerated by a potential difference of about 2 to 5 keV. The ions
collide with the first plate (or dynode) of the multiplier, which causes a number of
secondary electrons to be ejected. These electrons are accelerated by a positive potential
to a second dynode, where electron amplification occurs once more and so on.
Commercial electron multiplies have 10 to 12 dynodes, which provides a current
amplification of approximately 10°, resulting in an electric current, which can be

electronically amplified.

b) Photomultiplier

Photomultiplier tubes (PMT) are used in mass spectrometry along with a phosphor,
which emits photons when struck by a particle (in this case an ion). The photon then
hits a cathode within the PMT, which is coated with a photoemissive material. Upon
irradiation electrons are emitted from the cathode, which are accelerated by a potential
to an electrode, which consequently emits electrons on to another electrode etc.

resulting in an electron cascade, as in an electron multiplier.

¢) Multichannel Plate Detectors

A multichannel plate (MCP) detector is an assembly (array) of single point collectors
(such as electron multipliers (see above)), packed closely together in a plane (Figure
1.2.10). |

MCP detectors are used in ToF instruments, where ions of differing m/z are separated
temporally, resulting in all ions of a specific m/z ratio being detected at the same time.
No ions are lost through scanning and the MCP forms a very sensitive detector. Since

the MCP detector records the arrival times of all ions the instrument resolution depends
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on the analyser and MCP response time. MCP detectors with a pore size of 10 pm have
a response time of < 2 ns, ions of adjacent m/z are usually separated by 20-30 ns, the

MCP therefore does not usually have any appreciable effect on instrument resolution.

— > |
Ion beam - —
from ToF T
analyser ,‘f > | f
-5_’ /’I 7
7/
— >
1177/ A
Electron collector

Bands of ions of different m/z plate

values, temporally separated Individual electron multiplier elements

of the assembly of microchannels

Figure 1.2.10 Multichannel plate detector.
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Section 1.3

Methods of Interfacing Capillary Electrophoresis to
Mass Spectrometry



1.3.1 Introduction to CE/MS Interfaces

For a CE/MS interface to be successful, the analyte must be transferred from the
separation capillary into the interface system, ionised and extracted into the mass
spectrometer. In the case of electrospray the ions must also be transferred from

atmospheric pressure into the high vacuum of the mass spectrometer.

The liquid inlet / ionisation methods that have been used in the development of CE/MS
are electrospray ionisation (ESI) and continuous-flow fast atom bombardment (cf-FAB)

(for a discussion of mass spectral instrumentation efc. see Section 1.2).

Capillary electrophoresis is generally performed with both ends of the separation
capillary immersed in buffer filled vials. To permit mass spectral detection the outlet
end (cathode) of the capillary is connected to the mass spectrometer. Thus, the interface
must provide electrical connectivity for the CE separation voltage. If electrospray
ionisation is employed the spray voltage is also required to be applied at the interface,
resulting in a reduced field strength across the capillary (in the case of positive ion,
negative ion would increase the field strength). For example, a 60 cm column with a
separation voltage of 30 kV would normally experience a field strength of
500 Vem™. However, if a spray voltage of 4 kV is applied to the capillary outlet, this
would result in a field strength of 433 Vem™, resulting in increased migration time.
Whereas, using cf-FAB the CE voltage must be earthed prior to ionisation, this can be

simply achieved using a grounded liquid junction.

A further difficulty in the interfacing of capillary electrophoresis and mass spectrometry
is the mismatch in flow rates. The electroosmotic flow (EOF) generated in CZE is
typically << 1 pL/min, whereas traditional ESI requires 5 — 10 pL/min and cf-FAB 2 —
10 pL/min.

Therefore, the interface must be able to supplement the low flow rate of the EOF to a
suitable rate for ionisation by either ESI or cf~FAB. This can be achieved in two ways,
1. Liquid junction

2. Co-axial sheath flow
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Liquid junction and co-axial sheath flow interfaces have been demonstrated employing
both continuous flow-FAB and electrospray ion sources. The interfaces differ on the

method of supplying the make-up flow to the separation capillary.

An alternative approach is to use a low-flow electrospray interface (nanospray,
microspray etc., the term nanospray will be used throughout this thesis to avoid
confusion) without any make-up flow, as the flow rates are compatible. Nanospray
interfaces spray directly at the flow rate of the EOF, and thus are more sensitive as there
are no dilution effects of the make-up flow. The voltage required to generate an
electrospray is significantly less using nanospray compared to the traditional method.
This has a smaller effect on the CE field strength (and migration times). However, only
certain (volatile) buffers can be used and in order to achieve a stable spray, a (relatively)
high (i.e. > 20%) content of organic modifier is required. This can have a significant
effect on the separation (Section 1.1.7.4). Whereas organic modifier can be added
through the make-up flow with both co-axial sheath flow and liquid junction interfaces.
In addition, the narrow i.d. of the nanospray tip (frequently < 25 pum) can be easily
blocked, therefore rigorous filtering of buffer and sample is required, this is less of a

problem with co-axial sheath flow or liquid junction interfaces.

1.3.2 Liquid Junction Interfaces

The liquid junction interface consists of two separate capillaries, one to perform the
separation (normal CE capillary) and one to carry the eluent into the mass spectrometer
(either cf~FAB capillary or ESI spray tip). The capillaries are separated by
approximately 20 pm; this gap is filled with a make-up flow either fed by a reservoir or
pumped at a suitable flow rate. Liquid junctions have been successfully applied to both
ESI and cf-FAB. The major limitation of the liquid junction interface is the difficulty in
construction and alignment of the capillaries. A simplified schematic of the interface is

shown in Figure 1.3.1.
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Tjaden et al.” employed pseudo-electrochromatography (p-CEC), which is a variation of
CEC, to compare co-axial sheath flow and liquid junction interfaces for cf-FAB
ionisation. The co-axial sheath flow interface was achieved using two concentric
capillaries (separation capillary 50 pm i.d. 200 pm o.d. inserted into 220 pm i.d. sheath
capillary) inserted into the cf-FAB probe. A different liquid junction interface was

developed to that of Caprioli ez al.', and is shown schematically in Figure 1.3.3.

Matrix solution supplied by a
syringe pump
T2 cf-FAB
e WA

\ —

L LSS JW

Separation
Figure 1.3.3 Schematic of Liquid Junction Used for cf-FAB?

Epoxy
capillary

The performance of the system was assessed by analysis of nucleotides, alkaloids and
an antiviral drug. They reported full scan detection was possible for nucleotides in 10-
50 picomole quantities. The liquid junction interface was reported to be more robust,
owing to the difficulties encountered in assembling the co-axial sheath flow probe. The
major problem was inserting the 200 pm o.d. separation capillary into the 220 pm i.d.
sheath capillary to a length of 75 cm. They state that the post-column addition of the
FAB matrix did not have any detrimental effects on either the separation or the ion

current.

Gordon et al.® demonstrated CEC/MS using cf-FAB, using a test mix of steroids. The
matrix solution was added to the column flow via a T-piece, in which mixing occurred
and a suitable flow-rate was introduced into the mass spectrometer. They concluded that
CEC/MS was a suitable alternative to capillary LC/MS and that CEC was a viable
substitute to MEKC for interfacing to mass spectrometry.
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Henion ef al.* compared the performance of electrospray and cf~FAB for CZE/MS.
Both interfaces were coupled to the separation capillary using a liquid junction;
enabling comparison of the two different ionisation methods. The electrospray set-up
gave molecular weight information only, whereas the cf-FAB gave molecular weight
and limited fragmentation information. Sensitivity was comparable for both methods.
Increased extracolumn band broadening was observed with cf-FAB; this was reasoned
to be due to the increased length of transfer capillary required for the cf-FAB probe
compared to the electrospray system. The ruggedness of the two techniques was
compared, in both cases the alignment of the liquid junction was critical, with cf-FAB
being further hampered by matrix collection on the probe tip. In conclusion, they state

that the electrospray interface was the more routine of the two techniques.

1.3.1.2 CZE / Liquid Junction / ESI

A liquid junction interface was developed by Henion et al.’ for the coupling of capillary
electrophoresis to pneumatically assisted electrospray (ionspray, ISP). The interface was
constructed from a modified stainless steel T-piece. The T-piece was drilled to
accommodate a syringe barrel (to act as the solvent reservoir). The cathode end of the
CZE capillary and the ISP needle were positioned centrally in the T-piece,
approximately 10 - 25 pum apart by viewing under a microscope (the gap could be
further adjusted by loosening and tightening of the fittings). The final port was blocked
off with a plug. The make-up flow was gravity fed, and therefore was drawn at a rate
suitable for electrospray. The electrospray voltage was applied to the T-piece. The
interface was able to compensate for the differences in flow rate obtained in CZE and

that required for stable spray in ESI / ISP.

Pleasance ef al.’ compared liquid junction and co-axial sheath flow interfaces analysing
marine antibiotics and toxins by CZE/MS. They conclude that both interface types are
suitable for CZE/MS analysis, but the co-axial arrangement is more robust and reliable.
They suggested that a major advantage of the co-axial arrangement is that the
composition of make-up flow is independent of the separation buffer, thus allowing a

greater range of CZE buffers to be utilised. Using a co-axial sheath flow interface both
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(~2 L/min) nitrogen flow co-axial to the sample tube. The charge density of the droplets
was increased by the application of voltage to the interface (~1.2 kV), which would be
insufficient to generate electrospray on its own. To prevent an induced laminar flow
through the action of the nitrogen, a liquid junction buffer reservoir was situated
between the separation and spray capillaries. In addition, the liquid junction could be
used to alter the composition of the electrophoretic buffer to aid the desolvation process,
i.e. inclusion of methanol (MeOH) or acetic acid. The interface was successfully used to
analyse neurotransmitters (dopamine and GABA) and gramicidin-S by CZE/MS
employing a 15 mM phosphate buffer without any significant interference.

Applications using the liquid-junction interface include pesticides’, sulphonated azo
dyes®, tryptic digest of proteins™, pharmaceutical compounds'®'!, herbicidal
sulphonylureas'?, aromatic sulphonates, anionic surfactants, dansylated amino acids and

poly(acrylic acbtid)]3 and marine antibiotics and toxins®.

1.3.3 CZE / Co-axial Sheath flow / EST

In a co-axial sheath flow interface, the separation capillary passes through two
concentric tubes. The outer tube supplies nebulising gas (to aid in desolvation), between
the inner tube and the separation capillary is pumped the sheath liquid, this is shown

schematically in Figure 1.3.5.

Sheath liquid ~ Nebulising gas (N)

Sheath tube End-on view

—AC F >
/ i )
Separation capillary High voltage \ f
(up to 4kV) Nebulising gas tube

T-pieces

Figure 1.3.5 Representation of a Simple Co-axial Sheath-flow Interface
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Typical make-up flow rates are 2 — 10 pL/min, the composition of which is usually 1:1
aqueous / organic solvent (acetonitrile, methanol, 2-propanol) with 0.1% "/, organic
acid (acetic / formic acid). As the CZE capillary passes through the sheath tube there are
no contributions to zone dispersion by the interface, maintaining separation resolution /

efficiency.

The first example of a co-axial sheath flow CZE-MS interface was reported by Smith

et al."*

(Figure 1.3.6). This was an improvement to their previous attempts at sheathless
CZE/MS''S, owing to certain restrictions imposed by the interface. These limitations
included poor tolerance to involatile inorganic buffers (especially at concentrations
above 10 M); organic modifiers were necessary to aid the electrospray process, which
could have deleterious effects on the separation. In addition, a metal coating was
required at the capillary terminus (to apply electrospray voltage and terminate the CZE

voltage), which was both time consuming to produce and unstable.

Teflon capilla CZE electrode
ctlon capiiary / ESI voltage
for sheath liquid
- Machined
T o olvcarbonate
CZE capilla .
priaty SS tubing
SS éapillary (at ESI voltage)
2 of 6 Teflon tubes - cooling at ESI voltage
and ESI stabilising N,

Figure 1.3.6 Schematic of Co-axial Sheath-flow Interface
Suggested by Smith"

It was suggested that the use of a co-axial sheath flow would solve these problems. The
addition of a make-up flow would increase the CZE flow rate to suitable levels.
Involatile buffers of a high concentration could also be used, due to the dilution effect of

the sheath-liquid. The electrospray voltage was applied through the sheath liquid
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completing the CZE circuit and generating an electrospray (schematically represented in

Figure 1.3.7); a metal coating was thus unnecessary.

|«— Electrospray
voltage

; \
i
i

AAAANIIIANIIIIIIINY

Sheath liquid
‘electrode’

AN
»

Electrospray

CZE capillary

Stainless Steel
sheath capillary

Figure 1.3.7 Representation of the Sheath Liquid Electrode used by Smith'*

Smith et al. suggested that the co-axial sheath flow interface was more robust and
reliable compared to their previous attempts at sheathless interfaces and that this method
of interface would allow much broader investigation of analytes by CZE/MS. As a
development of this work Smith et al.'” investigated the multiple charging effects
observed with various organic sheath-liquids. For a predominately aqueous solvent, a
higher charge state was observed, which decreased for methanol and acetonitrile and
was the least for isopropanol. ‘Tailing’ at the high mass side of the peaks was also
observed for IPA, this was suggested to be due to incomplete desolvation, yielding
solvent / molecule complexes. The shift in charge distribution was attributed to the
solvents having a lower surface tension, which causes the molecular species to be
formed with a lower degree of association with solvent. However, a much higher degree
of solvation was observed with IPA (lowest surface tension of solvents used). This was
attributed to instabilities in the spray, which could cause ‘microdroplets’ to be
produced, the size of which would be related to analyte and solvent properties, but less

dependant on interactions between solvent and analyte.

The following year (1989) Smith ef al.'® demonstrated the rapid separation of a peptide

mixture using the above co-axial sheath flow interface. The first mixture consisted of
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bradykinin, angiotensin I, porcine insulin and glucagon in a phosphate buffer at pH 11.
The analysis of peptides in alkaline buffers reduces the association of the peptide with
the capillary wall and thus reduces peak tailing. The sheath flow comprised methanol /
water and 10% ('/v) glacial acetic acid, to produce an overall acidic sheath liquid flow,
aiding the electrospray process. The second mixture contained proteins (bovine insulin,
sperm whale and horse myoglobin), which were separated employing a Tris/HCI buffer

at pH 8.4 (to avoid protein denaturation), with an acidic sheath flow.

Smith et al" described the modification of a commercially available capillary
electrophoresis instrument (Beckman P/ACE 2000) to be used for CZE/MS, with

subsequent analysis of peptide mixtures.

Tomer et al.*® compared the use of nano-HPLC and CZE interfaced via co-axial sheath
flow to a mass spectrometer for the analysis of macrolide antibiotics. CZE separations
were performed at both high and low pH (at low pH, 3-aminopropyltrimethoxysilane
(APS) derivatised columns with -30 kV were used to minimise analyte-wall
interactions, for more details see Section 1.1.7.8). Unfortunately, the low sensitivity of
the mass spectrometer in full scan mode required increased injection volumes, which
led to column overloading (resulting in increased zone dispersion). Therefore, only SIM
analysis was possible for CZE/MS. Baseline separations were not achieved, this was
likely due to the structural similarity (and thus charge-to-size ratio) of the analytes.
Overall, they conclude that either CZE or nano-HPLC could be used to separate
macrolide antibiotics, but the increased loadability of nano-HPLC columns proves
advantageous where sensitivities are low. CZE/MS resulted in higher peak efficiencies,
shorter analysis time, but nano-HPLC/MS gave improved detection limits and

chromatographic separation.

The effect of different sheath liquids and acidic and basic buffers on the CZE separation
of peptides with MS and tandem MS detection has been investigated'. The analysis of
peptides with acidic buffers can be problematic due to the interaction of analytes with
the capillary wall when bare fused silica is used. The use of chemically modified
capillary walls can reduce the interaction and thus increase efficiency. In this case an
APS coating was used to provide a surface of aminopropy! groups with a net positive

charge. In conclusion, they suggest that the use of a 10 mM acetic acid pH 3.4 buffer
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gave the best sensitivity when used with an APS coated column. Peak efficiencies of up
to 250 000 theoretical plates were achieved from 160 fmol of a peptide (Lys-
bradykinin). CZE/MS/MS was also demonstrated on less than 1 pmol of peptide

yielding sufficient structural information to confirm the peptide sequence.

In 1994 Naylor et al.** reported the analysis of the hydrophobic drug mifentidine, using
a non-aqueous separation medium consisting of ammonium acetate (5 mmol/L) in
methanol containing acetic acid (100 mmol/L). The sheath liquid comprised 60:40 2-
propanol : water 1% acetic acid (/). Reported detection limits were 80 fmol for the

standards analysed.

In an in-depth investigation of the effects of the sheath liquid on separations, Karger et
al.? concluded that moving ionic boundaries might be formed in the capillary as liquid
sheath counterions migrate down the separation capillary. This may be particularly
problematic if low electroosmotic flow systems are being used. Analyte migration order
may change or be delayed, when compared with CZE/UV systems. To minimise the
effects they recommended:
e Use of a common counterion in CZE buffer and sheath liquid
(e.g. ammonium acetate and acetic acid)
e Use of a sheath liquid counterion with a pK, and electrophoretic mobility
similar to the CZE buffer
e Use of pressure (~10 mbar) applied to the capillary inlet vial to introduce
laminar flow through the column to overcome the migration of the ionic
boundary through the capillary
o Use of a capillary that generates sufficient EOF
o Use of a sheathless interface
The first two recommendations could readily be achieved employing volatile buffer
systems (frequently required for stable electrospray) and corresponding organic acids
(i.e. ammonium acetate / acetic acid, ammonium formate / formic acid etc.). The third
point could be achieved providing commercial instrumentation is used; home built
systems frequently do not have pressure control (especially <50 mbar). The use of a
buffer at high pH with an uncoated capillary or a low pH buffer with an amine coated

capillary would both generate a high EOF (due to the fully ionised surface of the
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capillary). Although surface modification can increase the EOF, the velocity of the
moving boundary may still be faster than the EOF. Finally the use of a sheathless
interface solves this problem, but there are many associated problems with sheathless

interfaces, i.e. connectivity problems, limited buffer use ezc.

Tetler ef al.** investigated the influence of capillary dimensions on the performance of a
co-axial sheath flow interface for CZE/MS, in particular the i.d., 0.d. and wall thickness.
In conclusion decreasing all of the sheath capillary dimensions and the o.d. of the
separation capillary enhances sensitivity. However, the use of narrow wall tubing can

result in increased breakage after prolonged use due to the brittle nature of the tubing.

Banks® performed a comprehensive study of the optimisation of a peptide separation,
which employed a liquid sheath probe. The probe was constructed so as to enable the
manipulation of column outlet relative to the sheath and the nebulising gas tubes. The
results are reproduced in Figure 1.3.8. The signal optimises with the CZE column

protruding 0.3 mm from the sheath tube, this was consistent with the range 0.2 — 1.0

mm, which had previously been suggested'*?',
60000 -
50000 -
.?&40000 -
5

“30000 ]
20000
10000 -

0 \g T T T 4 +

-0.2 0 0.2 0.4 0.6
CE column exit distance (mm)
Figure 1.3.8 Effect of Distance Between CE Column and
Sheath Tube Exits
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distortion that was observed with the quadrupole instrument was quite severe, the first
three peaks appeared to co-migrate and the fourth peak was not detected, without prior
knowledge of the separation or sample, interpretation would be impossible. This data
demonstrated the advantage of ToF analysers over quadrupoles for high-resolution, fast

separations.

ToF MS
0.125 s/ spectrum
100-1700 m/z

0,0&0 ®

Quadrupole MS
2.00 s/ spectrum
100-1700 m/z

{ | | I I
80 85 90 95 100

Time /s

Figure 1.3.9 Graphical Representation of TICs from a
Peptide Separation Using a ToF and Quadrupole Instrument

Belder and Stockigt® used a magnetic sector instrument for the analysis of basic
pharmaceutical compounds, they suggested that the use of polyethylene glycol or
polyvinyl alcohol coated columns would increase separation performance and
efficiency. The use of a sector MS instead of a quadrupole gave more reliable mass
accuracies and higher resolution. However, the scanning speed of sectors is poor
compared with quadrupoles and ToF mass analysers and can result in poor temporal

resolution of closely migrating species.

Cole et al.*® have demonstrated a non-aqueous (methanolic) separation of the anti-

cancer drug Tamoxifen using CZE/MS with the inclusion of surfactant (sodium dodecyl
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