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Abstract

Capillary zone electrophoresis - electrospray mass spectrometry (CZE-ESMS)
combines high efficiency separation with mass spectral detection. The principal objective
of this work was to develop CZE-ESMS techniques for the characte ization of
glycoconjugates such as glycoproteins, glycopeptides and lipooligosaccharides (LOS).
The characteristics of three different interface designs were evaluated. The co-axial sheath
flow interface proved to be the most flexible due to its ease of use and universal
applicability. However, a sheathless interface design was developed, and provided a
significant gain in sensitivity compared to the co-axial interface. The O-deacylated LOS
from Hemophilus influenzae type b mutant strains were characterized by anicnic CZE-
ESMS though the performance of the technique was compromised by adsorption of the
analytes on the capillary walls. Oligosaccharides derived from these strains were amenable
to both anionic and cationic CZE-ESMS and separation efficiencies in excess of 180,000
theoretical plates were typically obtained. CZE-ESMS resolved the majority of components
in these samples including those differing only by a single hexose residue. CZE-ESMS
using dynamically coate capillaries anc concentrated organic acid electrolytes was effective
at resolving and characterizing the glycoforms of N-linked glycoproteins and t.e
glycopeptides arising from their chemical and proteolytic digests. The selective
identification of the glycopeptides in these digests was facilitated by the formation of
diagnostic saccharide oxonium ions using collisional activation in the orifice/skimmer
region of the mass spectrometer. The same technique was used successfully to separate
oligosaccharide mixtures derivatized with 2-aminopyridine (PA). Enhanced sample
loadings were obtained using on-line capillary isotachophoresis (CIT}) prior to CZE-
ESMS analysis. Resolution of the PA-derivatized oligosaccharide mixtures was also
possible using this technique although the analysis times were long. In addition, problems
associated with unstable electrophoretic and electrospray conditions were encountered
when samples containing high concentrations of contaminants from the derivatization
procedure were analyzed by CITP-CZE-ESMS.
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1.0 Introduction

Researchers in the biochemical and medical fields are daily faced with enormous
analytical challenges. Biomolecules such as proteins, carbohydrates, and nucleic acids can
be difficult to analyze due to their inherent complexity, large size, polarity, and chemical
and thermal lability. More often than not, the bioanalyst is asked to work with very low
concentrations of sample dissolved in minute volumes of a complex matrix. Furthermore,
the information demanded from these analyses is usually very specific and frequently
quantitative. Challenges such as these drive the constant evolution of ever more

sophisticated analytical instrumentation and techniques.

Resolving complex mixtures of biomolecules is normally done either by
chromatography or by electrophoresis. Since the late 70's high performance liquid
chromatography (HPLC), in all its various modes, has become the predominant
chromatographic technique and is very effective for small molecular weight molecules (i.e.,
amino acids, most drugs, etc.). However, for larger analytes such as proteins and
oligonucleotides, electrophoresis is still the most effective separation method.

Unfortunately, classical electrophoretic techniques, such as slab gel electrophoresis,
give results that tend to be difficult to reproduce and are qualitative in nature. However,
these problems have been overcome with the advent of capillary electrophoresis (CE).
Today, the bioanalyst can choose from a number of CE techniques including capillary zone
electrophoresis (CZE), micellar electrokinetic capillary chromatography (MECC), capillary
gel electrophoresis (CGE), etc. The major advantage of CE is its enormous resolving
power. Theoretical plate counts of 250,000 are typical, but plate counts up to 30 million
have been reported for large oligomers of DNA using CGE [1].

One of the biggest challenges facing capillary electrophoresis is its poor
concentration sensitivity relative to HPLC. This statement is especially poignant when one
considers the fact that the volume of a CE capillary (1-2 pL) is less than a normal HPLC
sample injection (2-5 ul). Furthermore sample concentrations and volumes have
traditionally been kept low in order to maintain good resolving conditions. In addition,
most commonly used on-line detectors for CE (i.e., UV and fluorescence) measure analyte
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signal across the diameter of the capillary, which is typically 50 to 100 pm. Capillary
electrophoresis provides very high mass sensitivity due to its extraordinary efficiency, and
this partially compensates for its poor concentration sensitivity. Nonetheless, strategies
have had to be developed to overcome this problem and these will be discussed in this
chapter. Furthermore, some of these strategies have been used to obtain much of the
research results presented in this thesis.

At first glance it would seem that mass spectrometry (MS) is unsuitable for the
analysis of biomolecules. After all, the ideal analyte for MS has traditionally been small,
volatile, and thermally stable. However, over the past decade or so new methods of
ionization have evolved which allow large and polar molecules to be analyzed by MS. A
new generation of hybrid analytical instruments and techniques have been developed to take
advantage of these new ionization modes. Capillary electrophoresis - mass spectrometry is
still a relatively new technique, though the number of practitioners iz constantly being
augmented by those who have come to realize its true potential.

1.1  Capillary electrophoresis
1.1.1 Conventional zone electrophoresis

Electrophoresis can be definzd as the migration of ions or charged particles in an
electrical field [2]. It is the basis of many of the oldest and most widely used separatory
techniques in the life sciences. Electrophoresis, in all its various forms, has proven
especially useful for the analysis of biopolymers; an area in which it is superior to
chromatographic methods. The development of electrophoresis can he traced back more
than 100 years to the work of Lodge [3] on the migration of protons in an electric field, and
by Smirnow [4] on the electrofractionation of diptheria toxin.

In 1937 the Swedish biochemist, Arne Tiselius, published his work on the
separation of proteins by moving boundary electrophoresis [5]. A solution of proteins was
sandwiched within a large tube between protein-free buffer solutions. An electric field was
established using two electrodes placed at either end of the tube. The ionized protein
molecules migrated to the electrode of opposite polarity at a rate determined by the
electrophoretic mobility (it) of each analyte. Each protein established migrating front and
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rear boundaries outside of which it is not found (Figure 1.1a). However, since the bulk of
the tube's volume was filled with protein solution, it was impossible to isolate any one of
the protein components in a pure form.

Zone electrophoresis is a modification of the above. In this case, the sample is
applied as a small band (zone) at one end of the tube and, if the electrophoretic mobilities of
the compounds to be resolved are sufficiently different, each component will form a
discrete zone after electrophoresis (Figure 1.1b). Typically, zone electrophoresis is carried
out with a stabilizer such as paper, agarose, or polyacrylamide gel. Current passing
through the electrophoretic medium generates Joule heat which can only be dissipated at the
surface. Temperature, and therefore density, gradients are created within the medium,
which in turn leads to convective flow and broadening of the sample zone. The addition of
a stabilizer to the medium eliminates this problem. Furthermore, ufter electrophoretic
separation, the analytes can easily be isolated from the solid or semi-solid medium. This
would be much harder to do in free solution (i.e., without a stabilizer).

Polyacrylamide gel electrophoresis (PAGE) using slabs of polyacrylamide gel has
gained great popularity owing to the microporous nature of the gel which can further
enhance the separation using molecular sieving [6]. Furthermore, the pore size can be
controlled by varying the amount of acrylamide and the cross-linking agent, bisacrylamide,
added to the buffer medium prior to polymerization. For example, gels prepared with
<2.5% (w/v) acrylamide can be used to enhance the separation of compounds with a
molecular weight of 106 or greater, whereas 30% (w/v) gels are_ideal for the resolution of
mixtures of small peptides [6].

The molecular sieving properties of polyacrylamide gels has also been exploited in
other elect:ophoretic methods such as SDS PAGE, which resolves proteins according to
their molecular weight. However, a new level of sophistication was reached with the
introduction of two dimensional polyacrylamide gel electrophoresis [7]. Two
electrophoretic techniques, such as isoelectric focusing and SDS PAGE, are used in tandem
to resolve potentially thousands of components.
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1.1.2 The development of capillary zone electrophoresis

A listing of the characteristics of a good analytical method demonstrates the
drawbacks associated with conventional electrophoretic techniques. An ideal method
should have a low limit of detection and quantification, as well as a large linear dynamic
range with good precision and accuracy throughout. It should be fast, allow a high sample
throughput and, preferably, be automatable. It should also have good intra- and
interlaboratory reproducibility. Other desirable qualities are that the method should be
insensitive to the history of the sample (i.e., sample matrix, the extraction and cleanup
procedure, etc.) and be amenable to scale-up. Another desirable characteristic would be
that the technique could be interfaced with another method to provide complementary
information about the analyte. HPLC, coupled with UV, fluorescence, or mass
spectrometric detectors, is quite often the method of choice for organic compound analysis
as it satisfies most of the above requirements.

However, the electrophoretic methods described in the previous section, though
extremely useful, lack many of these "good" characteristics. Among other things,
conventional electrophoresis is irreproducible, labour intensive, slow, and the final data are
usually qualitative in nature. In addition, while the use of stabilizers eliminates problems
due to convection, it can introduce many more. For example, it is difficult to consistently
produce polyacrylamide gels with the same pore size. This leads to irreproducibility in
migration time, band width, and resolution. Inevitably, some analytes will interact with the
stabilizing medium thus leading to broadening of the band. Finally in an analogy to liquid
chromatography, the zone can be broadened by "eddyv migration” [8]. Not all analyte
molecules choose the same route through the stabilizer and this leads to zone broadening.

Clearly, what was needed were free solution electrophoretic methods that did not
suffer from zone broadening due to Joule heating. It was recognised early on that the use
of capillary tubes as supports for electrophoresis could eliminate this problem. The small
cross-section restricted hydrodynamic flow while the unwanted heat could be dissipated
efficiently due to the large surface to volume ratio. The first successful attempt at "free
solution" capillary zone electrophoresis (CZE) was reported by Hjertén in the 1967 [9]. A
quartz tube, 3mm in internal diameter (i.d.), was used to successfully resolve proteins,
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DNA, and even viruses. Zone stabilization was achieved by rotating the tube along its
longitudinal axis. However, band broadening was still observed, even with this relatively
small diameter. Moreover, the rather complex instrumentation required to do this, whilst
maintaining electrical continuity, was difficult to operate. This technique has been seldom
used since.

In the late 70's, Mikkers et al. reported making considerable progress by using a
200 pm i.d. by 20 cm (to detector) PTFE capillary, equipped with either a UV (254 nm) or
a conductance detector, to resolve and identify up to 16 small inorganic and organic anions
{10]. Moreover, reasonable plate counts (=36,000) with reproducible migration times
(relative standard deviation <1.3%) were achieved.

However, it is widely accepted that the first truely high performance CZE method
was first reported by Jorgenson and Lukacs [11]). They achieved plate counts of
appfoximately 400,000 for the fluorescamine derivative of hexylamine using a 75 pmi.d. x
100 cm glass column equipped with an on-column fluorescence detector. They found that
very high plate counts were achievable using applied voltages of up to 30 kV. The
magnitude of the {'inal plate count depended on, among other things, the efficiency of heat
removal from the electrophoretic medium. This limiting effect became especially noticeable
at the highest applied voltages (i.e., 20-30 kV).

Since then CZE has evolved at a much faster rate than that experienced by HPLC
during its infancy. Today, CE techniques can be used to analyze almost any molecular
species; large or small, charged or neutral, hydrophilic or hydrophobic, organic or
inorganic. Only capillary zone electrophoresis will be described in detail in the following
section, though a description of the use of isotachophoresis (ITP) for sample
preconcentration can be found in section 1.1.6. However, there are excellent books and
reviews available that will give the reader a good sense of the current state of the art of CE
[12-18]).

1.1.3 General description of CZE instrumention

A simplified schematic of a typical CZE instrument is given in Figure 1.2. The
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Figure 1.2: Schematic diagram of a typical capillary zone electrophoresis apparatus.

ends of the capillary are submerged in reservoirs of background electrolyte. A high voltage
is applied to one electrode, in this case the sample introduction end, while the other
electrode is grounded. The use of an on-column detector, typically UV or fluorescence,
does not compromise the separation efficiency and resolution. The use of a post-column
detector, such as a mass spectrometer, necessitates some changes to the apparatus. This
will be discussed in some detail in the introduction to chapter two. Normally, the capillary
is made of fused silica as this material is transparent to UV light. A small window (=5
mm) is made near the end of the capillary by removing the polyimide outer coating. The
detection pathlength would then be the internal diameter of the capillary (typically 50 to 100
pm).

Samples can be introduced into the column either hydrodynamically or by
electrokinetic injection. While manual injection using a syringe and a flow splitter is
possible, this can lead to significant irreproducibity. More typically, the front end of the
capillary is immersed in the sample solution which is then injected by applying a positive
pressure. Alternatively, a vacuum can be applied to the detector end thus sucking in an
aliquot of sample. Sample introduction can also be achieved by raising the level of the
sampling end relative to that of the detection end. Most CE instrument manufacturers have
opted for positive pressure injection and some have claimed reproducibility between
injections with less than 0.1% relative standard deviation (R.S.D.). The volume of sample
injected into the capillary can be calculated using the Poiseuille equation:
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where v is the sample volume (cm3), Ap is the pressure drop across the capillary (g.
cm-1.sec-1), d is the capillary inner diameter (cm), t; is the length of time the pressure is
applied (seconds), M is the viscosity of the solution (poise), and L is the length of the
capillary (cm). However, from a practical point of view, the best method to determine
sample volume is to inject a small amount of air before and after the sample and then to

measure the length of the sample plug visually under a microscope.

Electrokinetic injection is achieved by immersing the front end of the capillary in the
sample and applying a voltage. The sample migrates into the capillary at a rate that depends
on its electrophoretic mobility in the buffer medium. In addition, electroosmosis in the
direction of the detector will pull in some of the sample solution, Of the two modes of
injection, electrokinetic almost always gives better separation efficiency. However, it
suffers from two disadvantages, It is usually less reproducible than hydrodynamic
injection and there is discrimination against analytes of low electrophoretic mobility.
Nonetheless, it is the method of choice in many instances and the only available injection
technique for CGE. The quantity of analyte injected on column is given by:

Q= (uﬂleo)LV ACy ' 1.2

where Q is the quantity injected (millimoles), 1 and [eo are the electrophoretic and
electroosmotic mobilities (cm2.V-1.sec-1), V is the applied voltage, A is the cross-sectional
area (cmz), and C is the molar concentration of analyte in the sample solution.

1.1.4 Principles of capillary zone electrophoresis

In the absence of any other forces (i.e., electroosmosis) the migration velocity (v)
of a charged compound in an electric field can be defined as [11]:



V=uE=ELv— 1.3

where  is the electrophoretic mobility, E is the electric field strength (V.cm-1), V is the
applied voltage, and L is the length of the capillary. It can be seen that the larger the
electrophoretic mobility the faster the compound migrates through the medium.

In capillary electrophoresis another phenomenon called electroosmotic flow (EOF)
can contribute to the overall velocity of the compound. The silanol groups on the inner
surface of the capillary are ionized under most separation conditions (pKA = 2.4) and will
attract ions of opposite charge from the electrolyte solution. A portion of these ions are
tightly held forming the Stern Layer [2] while the remainder are able to move in the
presence of an electric field. As the ions move towards an oppositely charged electrode
they drag along their solvation spheres, which in turn forces the bulk liquid within the
capillary to move. Fortunately, electroosmotic flow has a flat profile in a capillary and does
not usually contribute significantly to band broadening. The velocity of the EOF (Veo) is

given by the Helmholtz-Smoluchowski equation [2]:

Veo=""'E 1.4

where € and 1 are the dielectric constant and the viscosity of the electrophoretic medium
respectively, and  is the potential difference between the boundary of the Stern layer and
the bulk electrolyte (zeta potendal). Equation 1.3 should therefore be rewritten as follows:

1.5

where |l is the electroosmotic mobility. This value is solely dependent on the conditions
of electrophoresis and is the same for all analytes. An EOF in the direction of the detector
can be an advantage as it allows for the detection of neutrals and oppositely charged species
as well as those ions which electrophoretically migrate towards the detector.

The time (t) taken for a compound to travel a specific distance is given by:
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If it can be assumed that the only contribution to band broadening is molecular diffusion
(i.e., no joule heating or adsorption on the capillary walls), then the variance of the width
of the migrating zone (02) is given by:

o2 =2Dt 1.7

where D is the molecular diffusion coefficient of the analyte (cm2.sec-!). By combining
equations 1.4 and 1.5 the following expression can be derived:

o= DL
" (Mtleo) V

1.8

It was Giddings [19] who first expressed the separation efficiency of electrophoretic and
sedimentation separations in terms of plate heights (H) and plate numbers (N), just as in
chromatography. N can be defined as:

L2
== 1.9
o2
Equation 1.8 can then be substituted into 1.9 to give:
_ (i+Heo)EL
N= D 1.10

This suggests that the separation efficiency is not solely dependent on column length but
also on the electric field stength. It was this equation that prompted Jorgenson and Lukacs
to use very high electric field strengths [11]. The actual number of plates obtained during a
separation can be determined for symmetrical peaks using the equations originally derived
for guassian-shaped peaks in chromatography. For example:

N =5.54 (V\,lo—s)2 1.11
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where t is the migration time of the analyte and Wo s is th= width of the peak at half height.

The resolution obtained between two zones in an electrophoretic separation is given
by [11,19]): ]
R =0.177 (u1-p2) [—Dm%@]o-s 1.12

where |11 and py are the electrophoretic mobilities of the two components to be resolved,
and M,y is the average electrophoretic mobility. This equation suggests that if there is a
strong EOF in the same direction as the electrophoretic migration then the resolution will
decrease. Therefore, even though equation 1.10 would seem to suggest that the best
separation efficiencies can be achieved at high voltage with a strong Weo in the same
direction as {, equatio= 1.12 indicates that the best resolution is, in fact, achieved when
Heo is roughly equal and opposite to u. However, such a separation would take far too

long.

There is, however, a practical limit to the magnitude of the electric field strength that
can be applied. For example, Jorgenson and Lukacs found that while the plate numbers
initially increased linearly with increasing applied voltage, they began to level off at
approximately 25 kV or greater [11]. This was most probably due to inefficient re.noval of
Joule heat from the capillary. The heat generated per unit time per unit length of capillary
can be calculated by [20]:

KCnr2v2
1000 L2

P
L 1.13

where P is the dissipated power (joules.sec-!), K and C are the molar conductance
(cm2.mol-1.ohm-1)and molar concentration of the electrophoretic medium respectively, and
r is the capillary radius (cm).

Inefficient thermostating will allow the temperature in the core of the capillary to
increase and, in the absence of mixing, a parabolic temperature profile will eventually be
established within the field. This in turn leads to variation in viscosity, density, electrical
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a) Ak=1

b) Ak<1

C) Ak>1

Figure 1.3: Schematic illustration of zone shape as a function of the conductivity
difference (Ak), [12]

conductivity, etc., all of which will affect the electrophoretic mobility of the sample. An
analyte mclecule close to the wall (where the temperature is lower) will therefore migrate
slower than one migrating along the longitudinal axis of the capillary. The net effect is that
the zone width increases significantly during the run. In extreme cases, the excess heat
may even boil the electrolyte.

In CZE it is not unusual for the separated zones to assume non-symmetrical shapes
which cannot be accounted for by phenomena such as diffusion, joule heating, or
adsorption. Examples of this type of zone broadening are given in Figur.. 1.3 and are due
to differences in the conductivities between the sample zone and the background. The ratio
(Ak) can be calculated as follows [12]:

= (k) (ueto) 114

where C is the concentration of the sample, n is the migration velocity of the zone, and p,
s, and p¢ are the electrophoretic mobilities for the background ion, the sample, and the
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counter-ion respectively. If Ak<1 (i.e., the conductivity of the sample zone is less than that
of the surrounding background electrolyte), the field strength within the zone must be
greater than in the surrounding electrolyte in order to maintain a constant current. If a
sample molecule moves across the front boundzry, it experiences a lower field strength,
migrates slower and will eventually fall back into the sample zone. On the other hand, a
sample molecule that moves across the trailing boundary also migrates slower but will
never catch up with the sample zone. The result is a zone with a sharp front and a diffuse
trailing edge (Figure 1.3b). If Ak>1 a peak similar to Figure 1.3¢ will be obtained.

1.1.5 Surface coating of fused silica CZE capillaries

The surface silanol groups in a fused silica capillary are usually deprotonated except
under very acidic conditions (<pH 2). It has long been recognised that this can cause
problems due to adsorption of buffer components and/or the analytes themselves. This is a
major problem with large molecular weight compounds such as proteins. A popular
approach to solving this is to chemically modify the surface so that no adsorption occurs.
This can be done either by permanently binding a modifier to the surface or by coating it
"dynamically".

Permanent chemical modification of silica surfaces is routine in GC and LC and
there are many examples in the literature of this technology being used in CE [21-27].
Surface coating with neutral polymers such as polyacrylamide is quite popular as this also
substantially reduces the electroosmotic flow within the capillary [21-24]. An example of
the reaction steps required to derivatize a capillary surface with polyacrylamide is given in
Figure 1.4. Alternatively, the electroosmotic flow can be altered or even completely
reversed by the appropriate choice of a hydrophilic or charged polymer [23, 25-27]. The
EOF in uncoated fused silica columns is significantly affected by changes in pH.
However, columns permanently coated with a polyacrylamide-like anionic polymer Lave
been shown to give pH independent EOF, thus ensuring better migration time
reproducibility between runs [28].

Dynamic coating methods involve the adsorption of a surface modifier which ig
either incorporated into the running buffer [29) or applied as a separate solution prior to the
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capillary and (b) a capillary coated with a positively charged polymer [30].
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run [30]. These columns have the advantages that they are more rapidly prepared than the
permanently coated columns and, in many cases, the columns can be cleaned and
regenerated between runs. Examples of neutral, anionic and caticnic polymers that have

been used as surface modifiers have been given in a recent review on the subject [31].

Of importance to this research is the paper by Wiktorowicz and Colburn {30], in
which they reverse the charge on the silica wall using a patented polymeric modifier (Figure
1.5). Therefore, positively charged analytes are repelled from the wall and adsorption is
prevented. Furthermore, a strong electroosmotic flow towards the anode was created
which was opposite to and greater than the electrophoretic migration of the positively
charged analytes, thereby enhancing peak resolution.

1.1.6 Sample concentration methods

As mentioned previously, the principal problem with CZE is its poor concentration
sensitivity. In the earliest publications on CZE, the samples were usually dissolved in the
background electrolyte. This, however, caused a number of problems. If, for example,
the analyte contributed greatly to the conductivity within the sample zone then a skewed
peak similar to that in Figure 1.3c was observed. In addition, larger sample concentrations
led to poorer separaticn efficiencies [20]. As a consequence, sample concentrations were
usually kept as low as possible. Furthermore, in order to obtain good resolution and
separation efficiency, sample volumes were usually no more than 2% of the column
volume. The low sample mass and concentration is especially disadvantageous for sample

detection and characterization either by on-line UV or mass spectrometry.

A number of techniques have been developed to overcome this problem with
varying degrees of success. Sample stacking was first introduced by Mikkers ez al. [10].
The sample is dissolved in a low conductivity fluid (deionised water in this case) and
introduced onto a column filled with background electrolyte. The electric field within the
sample zone is significantly higher than in the surrounding regions and the ions quickly
migrate to the boundary at which time they slow down (Figure 1.6). The sample will
concentrate (stack) at the boundary, forming a sharp band. As the concentration of the
sample increases in the stacking zone the conductivity also increases and will eventually
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equal that of the surrounding electrolyte. At this point stacking will cease [32]. The length
of the sample plug after stacking can be determined as [33]:

X = Xini 1.15
Y

where Xinj and X are the sample zone lengths before and after stacking, and vy is the ratio

of the resistivities of the sample zone and the surrounding electrolyte.

In theory it is possible to inject very large quantities of low conductivity sample
solution and obtain a very sharp band. However, in such a case, a laminar flow is created
within the capillary due to large differences in flow velocities between the sample and
electrolyte regions and this broadens the band [33]. In addition, separation of the ions into
individual zones only commences after stacking is finished. Therefore, there is a practical
limit to the size of sample that can be injected, stacked and resolved. Nonetheless, this
mode of sample stacking can concentrate the original sample injection plug by a factor of 10
or greater [33].

Stacking can also be done electrokinetically. However an electroosmotic flow in
the same direction as the electrophoretic migration will limit the efficiency of stacking,
while a strong opposing EOF will prevent injection altogether. Nevertheless, under ideal
conditions, sarple concentration factors of up to 1000 have been reported for this mode of
stacking [33].

It is possible to concentrate a very large sample by using a modification to
conventional stacking (Figure 1.7). A large sample is introduced into the column in the
usual way. However, the polarity of the electrodes is reversed during stacking [34]. The
electroosmotc flow is reversed and pushes the sample medium back out of the column. At
the same time the sample ions are stacking at the boundary. When the current has reached
approximately 95% of the value when the column is filled entirely with background
electrolyte (i.e., when only a small zone of sample solution is left) then the polarity is
returned to normal and zone electrophoresis commences. Note that only sample ions of

one charge type (negative in the case of Figure 1.7) remain in the column after
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concentration. The authors demonstrated that it was possible to fill the entire column with
sample (in this case a sample of two derivatized amino acids), stack using the reverse
polarity method, and resolve by CZE. However, they point out that resolution gradually
degraded as the sample volume i icreased and that they could foresee problems arising with
concentration of matrix components in a "real” sample. Recently, this method was used to
stack PAH adducts of model DNA nuleotides for resolution and detection by CZE-coaxial
flow FAB-mass spectrometry [35]. However, sample injection size was limited to
approximately 12% of total column volume as it was found that efficiency of detection
dropped off at higher sample volumes. In addition, it was necessary to switch the detection
end of the capillary from an electrolyie buffer solution to the coaxial flow FAB transfer
block after stacking.

Another approach to sample stacking is to incorporate chromatographic packing
beads into a small section of the front end of the CZE capillary [36,37]. The sample can be
concentrated on the beads, eluted off in a band using a different solvent, and then resolved
electrophoretically. This method, termed "preconcentration CE" by its inventors has also
been used to enhance sensitivity by CZE-MS for the neuroleptic drug Haloperidol and its
analogs, as well as for a mixture of peptides {38]. However, in both cases the peaks tailed
significantly due to the slow elution of the analytes off the beads and the presence of the

elution solvent in the capillary during electrophoresis.

Finally, there is another concentration method that has shown great potential for on-
line concentration. Isotachophoresis (ITP) differs from CZE in that the sample is
sandwiched between an electrolyte solution whose electrophoretic mobility is greater than
any of the analyte ions, and a second electrolyte whose W is less than that of the sample
ions. Upon application of an electric field the sample components separate into narrow
bands according to their mobilities. Those with the fastest electrophoretic mobilities stack
up just behind the fast "leading” electrolyte, while the slowest ions locate in front of the
slower, trailing electrolyte. The concentration in each band at equilibrium is determined by
the Kohlraush regulation function [39] :
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Figure 1.8: Concentration enhancement by transient isotachiophoresis: (a) sample

introduction, (b) isotachophoretic focussing and (c) zone electrophoresis
[49].

where C, and Cy, are the concentration of the analyte in band a and b respectively, and Z;X;
are their average charge per ion (i.e., for small ions X=1, for large ions X<1), and i is the
electrophoretic mobility of the counter ion.

In ITP all sample bands migrate at the same velocity and will not be separated from
one another unless electrolyte ions of intermediate mobility are incorporated into the
system. To resolve the band stack into individual zones the sample can be transferred to a
CZE column immediately after ITP using a dual column assembly [40-47]. This has the
advantage of being able to concentrate very large sample volumes (5-20 pL) as the ITP
column i.d. need not be as small as that required for good resolution on the CZE capillary.
However, such a system can be complicated and difficult to use, especially when interfaced
with a mass spectrometer. Alternatively, by careful choice of electrolyte combinations, a
separation can be desigred wk.cre the sample is first concentrated by ITP and then resolved
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by zone electrophoresis, using the same column [48-51]. This method is called transient
capillary isotachophoresis. The mechanism of action of one such system is illustrated in
Figure 1.8 [49]. This type of on-column, pre-concentration systems can enhance sample
detectability by a factor of 200 or more.

Dual column ITP/CZE-ESMS has been used to improve the limit of detection
(LOD) of anthracyclenes by at least 200 [52]. Single column transient ITP/CZE-ESMS has
shown similar sensitivity enhancements for proteins [53] and for B-agonist drugs [54].
Researchers at this laboratory have used this technique to lower the LOD for paralytic
shellfish toxins (PSP's) by at least two orders of magnitude while also achieving excellent
resolution of all major and minor toxin components [55]. Moreover, the response for all
major toxins was linear over the range examined (10-8-10-4 M). A similar transient
ITP/CZE-ESMS was applied to the analysis of derivatized carbohydrates and will be
discussed in chapter 5.

1.2 Quadrupolar mass spectrometry and atmospheric pressure ionization

There are five major forms of mass spectrometers: magnetic and electrostatic sector,
quadrupole, electrostatic ion trap, time-of-flight, and Fourier transform (ion cyclotron
resonance). Each has unique properties, advantages, and disadvantages. However, this
introductory discussion will be restricted to quadrupole mass spectrometers as no other

type of instrument was used during this research.

Similarly, only atmospheric pressure ionization will be discussed here as no other
form of sample ionization and introduction was used during this research. However, it
should be kept in mind that there are many ionization modes available to the analyst
including electron impact, chemical ionization, fast atom bombardment, liquid secondary
ion mass spectrometry, and laser desorption. In fact, time-of-flight mass spectrometry in
combination with matrix assisted laser desorption ionization (MALDI) is presently a very
popular technique for the analysis of large biomolecules and is notable for its speed, large
mass range and relative low cost.
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1.2.1 Quadrupole mass spectrometry

The first quadrupole mass spectrometer (also known as a quadrupole mass filter)
was invented by Wolfgang Paul in the early 1950's [56]. The development and
commercialization of this mass spectrometer was reported on recently [57]. The
quadrupole mass filters in use today consist of four parallel, electrically conducting rods of
circular or hyperbolic cross-section (Figure 1.9). Opposite rods are electrically connected.
A voltage with direct current (DC) and radio-frequency (RF) components is applied to one
pair of rods. Simultaneously , a similar voltage is applied to the other pair of rods but the
DC voltage is of opposite polarity and the RF is 1800 out of phase.

An ion traveling through the centre of the filter (z axis) is induced to oscillate in the
xy plane. If the oscillations are too great or become unstable, the ion will escape the filter
or collide with one of the rods. If, however, the oscillations are stable, then the ion passes
through the filter and will be detected. The complicated motion of the ions can be described
mathematically using the Mathieu equations [58]. These equations define the foliowing
two parameters:

4zeU
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where z is the number of charges, e the magnitude of the charge, m is the ion's mass, U is
the DC voltage, V is the peak voltage of the RF voltage and @ is its angular frequency, and
rg is half the distance betwezn opposite rods. These two parameters determine whether an
ion will have a stable trajectory through the filter. The resolution of the quadrupole can be
changed by varying the ratio of U and V. Scanning the mass filter is achieved by
simultaneously ramping both U and V while maintaining their ratio constant. The upper
mass limit is set by the maximum RF power that can be applied. Modern quadrupole mass
sp« ~trometers have an upper limit of 4000 units or lower. It should also be noted that
qu .upoles to which no DC voltage is applied allow all ions to pass through (RF-only
quadrupoles). These can be used as ion guides or as cells for collisionally induced
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Figure 1.9: Schematic diagram of a quadrupole mass filter.
dissociation (see section 1.2.2).

Ion transmission can be attentuated by a number of impezfections in the electric

fields of the quadrupole [58]. These can be due to contamination of the rod surface (a
common problem for instruments used to analyze "dirty" samples), or the fault could be
systematic (i.e, due to misalignment of the rods). Another serious problem is due to
fringing fields. Ions travelling from the ion source encounter these at the entrance and exit
of the electric field of the quadrupole. The longer an ion stays within a fringing field
region, the smaller the ion transmission. Ion velocity decreases as mass to charge }aﬁo
(m/z) increases. Therefore this problem becomes more prevalent at higher m/z. This is
called the niass discrimination effect. The mass spectromeiers used for this rescarch have
minimised this problem by bracketing the quadrupole with electrical lenses and by using an
RF-only ion guide to channel the ions between the ion source and the analyzer.

A commonly used definition for describing the resolving power is %:7‘['-, where AM

is the difference between two masses that can be resolved with 10% overlap and May is the

average of the two masses. The quadrupole mass filter operates at constant AM. Therefore
the resolution will increase as the masses of the ions observed increases. Typically,
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quadrupole mass analyzers provide resolutions that are 10-100 times lower than double
focussing sector instruments. Resolution can be improved by increasing the length of the
rods or by optimizing the U/V ratio. However, the disadvantage of this is that the
sensitivity drops off.

Quadrupole mass spectrometers are quite popular for a number of reasons. The
mass filter is small (20 to 25 cm) and relatively cheap. especially when compared to
magnetic sector instruments. They can operate effectively at higher pressures (typically
10-5 torr) by comparison with magnetic sectors, as the mean free path required (i.e., the
length which an ion must travel without suffering any collision) is smaller. This means that
a quadrupole mass spectrometer can handle the effluent of a capillary gas chromatograph
without any specialised pumping systems. All of these characteristics made them the
instrument of choice when GC-MS instruments were being developed and commercialised
during the 70's [57]). The majority of modern LC-MS instruments use quadrupole mass
filters for the same reasons. In addition, interfacing API ionization sources with sector
mass spectrometers has been difficult in the past as these instruments operate at very high
ion accelerating voltages by comparison with quadrupole instruments.

1.2.2 Tandem mass spectrometry (MS/MS) and collisionally activated
dissociation

Only triple quadrupole tandem mass spectrometers will be discussed in this section
as this was the type of instrument used to obtain MS/MS data for this research. This
instrument consists of three quadrupoles in line (Figure 1.10). The first and third
quadrupoles (Q1 and Q3) are normal mass filters whereas the second one is operated in
RF-only mode. The purpose of this arrangement is to fragment a selected ion, usually to
aid in determining its structure. This can be done by selecting the precursor ion in QI,
causing it to collide with a gas in Q2 (the collison cell) and subsequently to fragment, and
mass analyze the fragment ions in Q3. This process is called collisionally induced
dissociation (CID). The first triple quadrupole designed for this purpose was reported in
1978 [59].
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Figure 1.10: Schematic diagram of a triple quadrupole mass spectrometer with an API
source.

At that time triple quadrupole mass spectrometers (TQMS) offered a number of
advantages over the usual MS/MS carried out on a double sector instrument [60]. The
TQMS provided better resolution of the daughter ions than that achieved by scanning the
electric sector of the double focussing sector instrument. Of course, hybrid, four sector,
and FTMS instruments can now offer superior resolution with respect to TQMS. Other
advantages of TQMS were the low relative cost of construction, the ease of operation, and
the simpler, linear mode of scanning. Finally, a major advantage of using an RF-only
quadrupole is that is helps to confine and collimate the daughter ions prior to analysis in
Q3. This increases the sensitivity of the technique.

CID in a triple quadrupole is carried out on low energy ions. This means that the
ions are accelerated into the collision cell (Q2) at tens of electron volts of energy whereas
high energy CID, as is used in sector instruments, requires that ions have translational
energies in the keV range. Low energy CID‘lcads to fragmentation due to two phenomena
[61]. First, multiple collisions can occur as the ion traverses Q2, thus more efficiently
transferring kinetic energy into vibrational energy. Secondly, argon is usually used as the
collision gas whereas high energy CID uses helium (to prevent excessive loss of daughter
ions due to scattering). The heavier atom also improves energy transfer efficiency. This
effect will drop off in all cases as the mass of the precursor ion increases. Fragmentation in
low energy CID is thought to occur in two steps: an increase in overall vibrational energy
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followed by dissociation at the weakest bonds [61]. This contrasts with high energy CID
where the mechanism of activiation is believed to be electronic rather than vibrational.

High and low energy CID were compared as to their usefulness for biological
compounds [62]. In summary, both techniques gave useful results for compounds with
molecular weight < 1000 a.m.u., while high energy CID was better for larger molecules.
Furthermore, high energy fragmentations can be more structurally informative [62].

Nevertheless, low energy CID in a TQMS can be very useful. Moreover, the
instrument can be operated in a number of MS/MS modes. Fragment ion scanning has
been described above. Precursor ion scanning is performed by selecting the desired
fragment ion in Q3 and scanning all the precursor ions in Q1. In this way precursors that
yield a common m/z ion will be distinguished from all other ions in the sample. This is a
useful way to ascertain relationships between ions. For example, precursors that are
phosphorylated will fragment to yield a phosphate ion (m/z 79 in negative ion mode).
Multiple reaction monitoring (MRM) enhances the selectivity of the technique even further
by looking for a specific fragment ion from a specific precursor ion. This method also
increases the sensitivity of the tandem mass spectrometry as the detector is allowed to
monitor a selected fragment m/z value for longer periods of time with respect to full mass
scanning. Finally, neutral loss MS/MS is carried out by scanning Q1 and Q3 together but
with an offset between them. By this means precursors that lose a specific mass via neutral
loss will be selectively detected. The choice of name for this technique is somewhat
unfortunate as it is the fragment ions that are detected and not the neutral loss.

Of relevance to this research is the fragmentation of peptides and carbohydrates by
low energy CID in a TQMS. The peptide fragment ions produced by low energy CID are
almost always due to cleavage of bonds along the peptide backbone. A summary of the
nomenclature used to designate the type of fragmentation observed is given in Figure 1.11a
[63, 64). Fragment ions produced by cleavage of a peptide bond plus part or all of an
amino acid side chain were not observed during the course of this research and are
therefore not included in this diagram. The fragmentations are designated with lower case
letters so as to avoid confusion with the upper case single letter code used for amino acid
identification. The subscripts define the location of the bond relative to the terminus that is
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included in the ion observed. For example, cleavage of the first peptide bond in Figure
1.11a can produce either a bj ion containing the N-terminus or a y3 ion containing the C-
terminus.

The fragment ions produced by low energy CID of carbohydrates usually arise
from the cleavage of the glycosidic linkages. A nomenclature for carbohydrate
fragmentations has been published [65] and a simplified version is presented in Figure
1.11b. This system uses the same letter codes as that for the peptide fragmentations,
though they are capitalized so as to avoid confusion. The subscripts define the location of
the glycosidic bond cleaved relative to the terminus that is included in the ion observed
(i.e., reducing or non-reducing end) in much the same way as has been described for the
peptides. Sugar ring fragmentations (the A-type ions) were not observed under the MS/MS
conditions used in this research and are therefore not included in Figure 1.11b.

However, carbohydrates can be more complex than peptides as they can be
branched. The main chain that forms the backbone of a2 branched oligosaccharide is

designated the core whereas the branches are called antennae [65]. Each antenna is
represented by a Greek letter with o being the branch with the largest molecular weight, p

being the next largest, etc. Fragment ions arising from cleavage of bonds in the core are
designated as normal while those originating from the antennae are identified by the
addition of the relevant Greek letter as a subscript. Secondary branches of the antennae are
designated by the addition of primes. For example, the hypothetical fragment ion Yiq'
arises from the cleavage of the i th glycosidic bond of the largest secondary antenna of the
largest primary antenna.

1.2.3 Atmospheric pressure ionization

For many years a way was sougit to interface liquid based separatory systems
(i.e., HPLC) with mass spectrometry. Direct introduction of LC eluate into a conventional
ion source was ineffective as the very large volumes of solvent vapour generated in order to
produce gaseous analyte ions had deleterious effects on instrumental performance. One
solution to this problem was provided by the moving belt interface that was first developed
by McFadden et al. in the mid-70's [66,67]. Tuc eluate is deposited on a moving
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polyimide belt, the solvent is evaporated as the belt moves through a series of vacuum
chambers, and the sample is volatilized off the helt at the ion source. Ionization is usually
by electron impact. Suck a system can be very effective for compounds of medium
volatility and thermal stability. However, this interface is not suitable for involatile or
thermally labile compounds.

Atmospheric pressure chemical ionization was developed at about the same time by
Horning et al. [68] ard used for the LC-MS analysis of a variety of small molecules soon
thereafter [69,70]. LC effluent (0.5-2 mL/min) is introduced into a stream of preheated gas
(nitrogen or helium) and passed through a heated evaporation tube. The mixture of
evaporated solvent, analyte and carrier gas then enters the source chamber which contained
either a 63Ni foil or a corona discharge electrode {70]. They found that the corona
discharge produced ion currents that were two orders of magnitude greater than those
produced using the 63Ni foil. Ionization of the analyte usually involves a complex series of
ion molecule reactions that depend on the nature of the LC solvents used. Typically, strong
cationized and deprcionated molecular ion signals were observed in positive and negative
ion mode respectively. The ions then pass into the vacuum region of the instrument via a
25 pm sampling aperture and were analyzed using a quadrupole mass filter. A more open
APCI source was developed sometime later and used for the LC-MS/MS analysis of sulfa
drugs in biological samples [71].

. Thermospray ionization is a variation of APCI and was developed by Vestal and his
colleagues [72,73]). The eluate is passed through a heated stainless steel capillary and a jet
of small droplets and heated vapour is formed. Ion formation is considered to occur
principally by gas phase solvent-analyte reactions. The ions are sampled by a conical
aperture placed orthogonal to the spray and are directed via a series of lenses to the mass
analyzer. The spray chamber is usually kept at reduced pressure (= 3 torr). Thermospray

car. handle flow rates up to 2-3 mL/min but is ineffective at much lower flow rates (<100

pML/min.).

While APCI and thermospray represented major advances in LC-MS interface
technology, these methods were still too aggressive for large and/or labile compounds

(e.g., proteins). Another and even "softer” technique called electrospray was developed
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simultaneousely by Fenn ez al. in the U.S.A. [74,75] and Aleksandrov er al. in Russia in
1984 [76,77]). This work was strongly based on that of Dole and his collegues [78,79].
The solution is passed through a stainless steel capillary to which is applied a high voltage
(£ 3kV). Due to the charge deposited on its surface, the exiting liquid disperses into a fine
mist from which analyte ions are emitted. The ions are sampled through a small orifice and
passed into the analytical region of the instrument.

Nebulizer-assisted electrospray, also referred to as ionspray, was introduced by
Henion et al. in 1987 [80], and is based on the liquid ion evaporation interface first
described by Thomson and Iribarne [81]. A typical ionspray interface is described in
Figure 1.12. It consists of a fused silica capillary through which the sample sclution
flows. The exiting liquid comes in contact with two concentric stainless steel capillaries to
which is applied a high voltage. Simultaneously, the eluate is nebulized by a high velocity
gas which is delivered to the tip via the outermost capillary.

Ionspray is similar to electrospray in most respects except that it uses nebulization
to enhance droplet formation and evaporation. Both electrospray and ionspray can be
classed as true atmospheric pressure ionization (API) techniques as gaseous analytes are
formed at atmospheric pressure and are then directed into the vacuum region of the
instrument. Both ionization modes require that the analyte is charged prior to spraying.
However, ionspray is superior to electrospray in that it can tolerate higher flow rates (up to
200 pL/min, as compared to 20 pL/min for electrospray), is easier to optimize, is less
affected by the solvent composition, and is usually more sensitive, especially for low

molecular weight analytes.

All modern API interfaces, whether electrospray or ionspray, use a curtain of dry
gas, located just before the sampling skimmer, to break up the solvent-ion clusters that are
formed during ionization. In addition, the gas curtain, usually nitrogen, prevents the
admission of solvent laden air and thus the reformation of solvent clusters is avoided as the
gas expands and cools in the vacuum region. Furthermore, the interior of the instrument is
kept clean which is important for the optimum performance of the mass analyzer, ion

guides, focussing lenses, etc.
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Figure 1.13: Ion evaporation model as proposed by Iribarne and Thomson [81,84].
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The electrospray process can be divide< izio three main steps: the initial formation

of droplets from the charged liquid exiting the capillary tip, followed by droplet shrinkage
due to evaporation, and finally to gaseous analyte ion production [82,83). Liquid at the
end of the capillary is initially forced out to form a Taylor cone under the influence of a
high voltage. It has been proposed that ions migrate at the tip by what is called the
electrophoretic mechanism [82]. For example, when a positive voltage is applied to the tip,
the negative ions migrate towards the conductive capillary surface and give up electrons so
as to make a circuit. The positive ions, on the other hand, migrate to the exposed surface
of the liquid. The large positive charge draws the liquid downfield and the cone is formed.

Above a certain voltage the tip of the cone sharpens and a narrow jet of liquid is
emitted [83]. After about a millimetre or two the jet breaks up into droplets with diameters
in the order of a few microns. The droplets shrink due to solvent evaporation angd this
probably forces them to fragment even further as the coulombic repulsion of the charges on
the surface overcome the surface tension of the liquid. Throughout, this process is

perpetuated by liquid coming to the tip from the pump, HPLC, etc.

The actual process by which analyte ions are emitted into the gas phase is not well
understood. The ion evaporation model of Iribarne and Thompson is quite popular
[81,84]. The charge density on the surface of each droplet becomes higher as the droplets
evaporate during their journey through the ionization chamber. These then erupt into a
multitude of smaller ones. The process of evaporation and explosion continues until a
point is reached where the electrostatic field strength is sufficient to emit an analyte ion
(Figure 1.13). This model was favoured by Fenn in his discussion of the formation of
multiply-charged large polymeric ions by electrospray {85].

Dole et al. [78] proposed an aliernative model which Kebarle and Tang [82] called
the single ion in droplet theory (SIDT). The droplet continues to shrink and explode into
smaller ones until there is only one ion in each droplet. Complete evaporation of these
droplets would produce a gaseous ion. This theory seems to be plausible if one considers
the observation of analyte ions from very dilute solutions [83]. It may also provide a better
explanation for the formation of gaseous ions from involatile analytes (i.c., proteins).

However, the ion evaporation model of Iribarne and Thomson may provide a more suitable
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explanation for the electrospray of more concentraied and complex solutions.

A radically different theory has been proposed by Siu e al.[86,87]. They argue
that the analyte ions are emitted very early on in the electrospray process, possibly directly
from the Taylor cone. However, this argument has not gained wide acceptance in the mass
spectrometry community [82).

Finally, there have been interesting reports of abundant protonated ions being
formed by electrospraying strongly basic solutions [88,89]. Moreover, the relative
abundance of charge states (i.e, [M+2H]2*/[M+H]*) for a standard peptide were found to
increase with the proton affinities of the base used as background electrolyte [89]. This,
along with other evidence, led the authors to postulate that the peptide forms an adduct with
the base in solution prior to electrospraying (i.e., [M+2H+2B]2+). This adduct is then
expelled from the droplets as usual and would break up once subjected to collisionally
induced dissociation in the orifice-skimmer region of the mass spectrometer.



2.0 CZE-ESMS intertace evaluation
2.i Introduction

CZE combined with ESMS offers the advantages of high separation efficiencies
together with the mass and structural information that can be achieved by mass
spectrometry. There are three principal interface designs for CZE-MS using electrospray or
ionspray ionization: the sheathless, the co-axial, and the liquid junction. Interfacing CZE
with MS is more challenging than LC-MS in view of the low flow rate typically observed
using CZE (<250 nL/min.). In addition, electrical continuity must be maintained across the
capillary so that electrophoretic migration and separation can occur.

The first successful attempt at coupling CZE with API-MS was reported by
Olivares e al. in 1987 [90]. This was achieved by depositing silver metal on the
electrospray end of the fused-silica CZE capillary (Figure 2.1). The CZE conditions were
chosen so that there was a strong electroosmotic flow in the direction of the mass
spectrometer (= 1 pL/min). This "makeupless” design behaves much like a typical
electrospray intertace. Good detection limits (<1 fmol injected) and moderate plate counts
(up to 14000 theoretical plates) were obtained for a mixture of quaternary ammonium salts
on a 100 pm i.d. x 100 cm capillery column. However, the lifetime of these metallised tips
tended to be short due to etching of the metal by the high voltage. In addition, it was
difficult to obtain stable spray conditions at lower flow rates (i.e., 0.5 plL/min).
Furthermore, organic solvents had to be added to the background to promote droplet
evaporation and to obtain a good analyte sensitivity.

Recently, significant advances have been made in developing more useful and
stable sheathless CZE interfaces. Wahl et al. used a 1 yum i.d. CZE capillary with an HF-
etched and silver sputtered tip to analyze the tryptic digests of a number of proteins [91].
While the separation of the individual components of the digests was relatively poor and
prominent silver adduct ions in the analyte spectra indicated a gradval breakdown of the
metallised tip, the authors claimed to be able to obtain good full scan mass spectral analysis
on approximately 30 fmoles of digest. Very recently, Kriger et al. reported on the
development of a durable, gold coated ﬁp {92]. The electrospray end of a fused silica

35



34

Power Supply Lead _— Vapour Deposited Silver

R
— Jf —>

Stainless Steel Tubing To MS

Teflon Support

Figure 2.1: Sheathless CZE-ESMS interface as described by Olivares ez al. [83].

capillary (10-50 pum i.d. x 365 pm i.d.) was ground down to a sharp tip using a minilathe.
The tip was then derivatized with 3-mercaptopropy! trimethoxysilane and finally coated
with gold by flash evaporation. Excellent durability (= 100 hours lifetime) and sensitivity
(= 10 fmol full scan limits of detection for the leucine-enkephalin, M: 555 Da) are reported.

A second and more rugged type of interface was developed by Smith er al. [93],
and improved upon by Pleasance et al. [94] using a fully articulated ionspray interface.
The co-axial interface illustrated in Figure 2.2 is an example of the latter design. The CZE
fused-silica capillary passes through two stainless steel tee junctions to the electrospray tip.
Makeup liquid travels coaxially to the tip via an outer stainless steel tube. The CZE eluate
comes in contact with the makeup solution just prior to nebulization, thus ensuring minimal
band broadening. In addition, the makeup fluid provides the necessary connection between
the CZE electrolyte and the electrospray voltage. This interface works best with makeup
flow rates of 2 -10 pL/min., is easy to optimize, and displays a ruggedness not typical of
older sheathless interface designs. However, due to the larger volumes of liquid being
used, the analyte signal is weaker and the background is significantly greater than that
obtained with the sheathless interface, thus resulting in poorer limits of detection (LOD).

Finally, a third type of interface, the liquid junction was developed by Lee et al.
[95,96]. An interface essentially the same as theirs is illustrated in Figure 2.3. The normal
back tee of the articulated ionspray assembly is replaced with one whose centre has been
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Figure 2.3: Liquid junction CZE-ESMS interface with retractable shutter arm.
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bored out to form a well. This is sealed with a glass lens which allows the chamber to be
viewed from above. The CZE capillary is positioned within the modified tee,
approximately 10-20 um from the entrance of the transfer capillary. Makeup fluid is
supplied from a small resevoir and is drawn into the junction by a combination of gravity
(the reservoir is positioned just above the liquid junction) and venturi vacuum due to the
. high velocity of the nebulizing gas flow around the needle tip. Positioning the CZE
capillary with respect to the transfer line is critical since a large gap will lead to significant
analyte band broadening, while too small a gap will not allow an adequate flow of makeup |
fluid to the ionspray. This method also suffers from the high background noise associated
with the addition of makeup fluid to the CZE eluate and from contamination of the junction
with column washings.

A critical comparison was carried out between the co-axial and the liquid junction
interfaces for CZE-MS [94]. In almost all respects, the co-axial interface was superior to
the liquid junction. The initial assembly is much easier for the co-axial assembly.
Moreover, it gave consistenily higher plate counts (at least 50% more) for the test
compounds (a mixture of antibiotics). In addition, the migration times were longer and less
reproducible with the liquid junction. This was most probably due to the extra capillary
length associated with the transfer iine and the slight backpressure caused by the makeup

reservoir.

In a more recent report, Wahl et al. [97] described two sheathless interface designs,
using a conductive tip and a pinhole configuration. They also compared the latter to a co-
axial electrospray arrangement. They produced a sheathless conductive tip configuration in
much the same way as described previously [91]. In this case, however, they coated the
tip with a gold-containing conductive epoxy instead of silver. In general, they found that
the sheathless interface gave a better signal to noise ratio compared to the co-axial.
However, the resulis varied depending on the i.d. of the CZE capillary (they used 10 and
100 pum i.d. capillaries) and the nature and concentration of the background electrolyte
(BGE). They determined that the flow rate through the 100 pum i.d. capillary varied
between 0.5 and 1 pL/min, depending on the BGE used, and that through the 10 pum i.d.
column to be approximately 6 nL./min. Makeup flow to the co-axial arrangement was

typically 2 pL/min.
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The objective of the research outlined in this chapter was to evaluate the three
interfaces in a more comprehensive way and, where necessary, to develop better designs
and modifications. A number of factors must be taken into account when interfacing CE
with ESMS. First, electrical continuity has to be maintained across the capillary during the
electrophoretic separation. Second, the interface arrangement should not contribute
significantly to the peak broadening. Third, the interface should maximise the analyte
signal while also providing the best possible signal to noise ratio. Equally important is that
the interface arrangement must yield reproducible results for the important analytical
parameters such as migration time, peak width, peak area, peak height, signal to noise
ratio, etc. Similarly, the interface design must be rugged and long-lasting. For example,
the first sheathless interface designs were sensitive but were very short lived (a few runs at
best). Finally, the signal obtained should be directly proportional to the quantity of analyte
injected.

In order to make a meaningful comparison, a standard sample mixture and set of
separation conditions were chosen as described in the next section. The standard mixture
contained nine peptides with different molecular weights and isoelectric points (pI). These
are listed in Table 2.1 and the pI's were calculated using the program MacBioSpec (version
1.0.0, PE SCIEX Instruments, Thornhill, ON). While most are linear molecules,
gramicidin S is cyclic and somatostatin contains a disulfide bridge. The first background
electrolyte (35 mM ammonium formate, pH 8) was selected specifically so that some
peptides migrated as cations (i.e., they are detected before the EUF) while others migrated
as anions. This was done to test whether the interface arrangement discriminated between
analyte ions with different charge polarities.

A significant portion of this research project was spent developing a usable
sheathless interface. That described in section 2.2.5 proved to be the most rugged and
reliable of those tried. For reasons that will be described later the conditions used for
evaluating the co-axial and liquid junction interfaces were not suitable for the sheathless
interface. Comparisons will be made with CZE-UV and coaxial CZE-ESMS using the same
type of capillary and separation conditions.
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Table 2.1:  The sequence, molecular weight and calculated pI's of the peptides used

in this study
Peptide Sguence$ Mr (Da)* pl
Leu-enkephalin YGGFL 555 8.2
Neurotensin (fr.1-6) PELYENK 776 8.2
B-lipotropin (fr.1-10) ELAGAPPEPA 951 4.3
Bradykinin RPPGFSPFR 1060 12.6
Gramicidin § c[VOLFP]; 1141 6.1
Angiotensin I DRVYIHPFHL 1296 7.0
Kassinin DVPKSDNFVGLM-NH2 1335 5.2
Somatostatin AGCKNFFWKTFTSC 1637 9.3
Insulin chain B FVNQHLC*GSHLVEALYL- 3495 7.1
-VC*GERGFFYTPKA

$: standard amino acid one letter codes

#: isotopic average molecular weight rounded to the nearest integer
pE:  pyroglutamic acid

O ornithine

C*:  oxidised cysteine

2.2 Experimental

2.2.1 Materials

All peptides and proteins were obtained from Sigma Chemicals (St. Louis, MO,
USA) and were used without further purification. Ammonium formate, formic acid (99%)
and ammonium persulfate (98%) were also purchased from Sigma Chemicals. Glacial
acetic acid (Baker analyzed grade) was obtained from J.T. Baker Inc. (Phillipsburg, NJ,
USA). All organic solvents as well as NaOH were purchased from BDH Inc. (Toronto,
ON). 7-Oct-1-enyltrimethoxysilane was purchased from Hiils America Inc. (Bristol, PA,
USA). [3-(Methacryloylamino)propyl] trimethylammonium chloride, known simply as
MAPTAC, was obtained from Aldrich Chemical Company Inc. (Milwaukee, WI, USA).
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N,N,N'N'-Tetramethylethylenediamine (TEMED) was purchased from International
Biotechnologies Inc. (New Haven, CT, U.S.A.). Sal Hyde 24K bright English gold
plating salts (Mr. Clock, Halifax, NS) were used to prepare the gold plating solution. The
silver conductive adhesive was bought at a local autoparts store.

2.2.2 Preparation of the cyanogen bromide (CNBr) digest of ovalbumin

Ovalbumin (10 mg) was dissolved in 70% aqueous trifluoroacetic acid (100 uL). A
few crystals of CNBr were added to the solution and the vial was stored overnight in the
dark at 4 0C. The solution was then diluted 2:1 with deionised water (DIW) and filtered
through a 2 um filter. The filtrate was lyophilised and rediss~ +« .} in DIW to give an final
concentration of 2 mg/mL with respect to the original protein . zight.

2.2.3 CZE with UV detection

All CZE-UY analyses were carried out using the PPACE™ 2100 system (Beckman
Instruments, Fullerton, CA, USA). The P/ACE instrument was controlled with a 386 PC
compatible computer equipped with Beckman's System Gold 7.1 software. Fused silica
columns (Polymicro Technologies, Tucson, AZ, USA), 50 um i.d. x 365 pm o.d. x 1.07
m (1m to detector) were initially prepared for use by rinsing with 1 M NaOH (20 min),
DIW (20 min) and the CE background electrolyte (20 min). Separations were carried out
using 25 mM ammonium formate, pH 8.0 at 30 kV. The detector was set at 200 nm and
the data acquisition rate was two Hertz. The column surface was regenerated between each
run by rinsing with 1 M NaOH (2 min), DIW (2 min) and BGE (5 min). Samples were
pressure injected for 6 seconds. The sample volume was visually determined to be 23 nL

using air bubbles to bracket the sample plug.

Assessment of the performance of the sheathless interface required that the off-line
CZE-UY analyses were carried out using MAPTAC-coated capillaries. The derivatization
of the capillary walls was carried out as described in section 2.2.5 (iii). The dimensions of
the capillaries, the detector wavelength and the data acquisition rate were the same as
described above. Separations were carried out in formic acid solutions at -30 kV.
Columns were rinsed with BGE for 5 minutes between runs. All samples were dissolved
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in 50 mM HCOOH as this ensured that the electrospray remained stable throughout the
analysis.

2.2.4 CZE-ESMS with the co-axial interface

The co-axial arrangement illustrated in Figure 2.2 was used in this instance. For
on-line experiments a Crystal Model 310 CE instrument (ATI Unicam, Madison, WI,
USA) equipped with an Peltier-cooled sample tray was used. The sample and buffer vial
holders were used without their starburst septa in order to prevent breakage of the CZE
capillary during the column washing and sample injection steps. This was a serious
problem when using columns with small outer diameters (i.e., 180 um o.d.). CZE
capillaries were 1 m in length and were originally recessed 0.5 mm inside the makeup
needle to ensure good electrical contact. Column washing cycles were as described in
section 2.2.3 for the bare fused-silica capillaries and were carried out at 2000 mbar.
Unless otherwise stated, sample injection was carried out at 150 mbar f.ur 0.1 min. This
gave identical sample volumes to those measured off-line (23 nL).

The preliminary CZE-ESMS experiments were carried out on the prototype p2-
TOBY single quadrupole mass spectrometer (SCIEX, Thornhill, ON). Full scan mass
spectral acquisitions were performed by scanning the mass spectrometer from m/z 350 to
1200 with dwell times of 3 msec per step of 1 Da. Single ion monitoring experiments were
performed with a dwell time of 100 msec per channel. A Macintosh IIx computer was used
for instrument control, data acquisition, and data processing.

Makeup fluid was supplied to the back tee of the interface using a Brownlee syringe
pump (Applied Biosystems, Santa Clara, CA). A Valco internal loop injector
(Chromatographic Specialities Inc, Brockville, On) was incorporated into the makeup line.
The ionspray voltage was supplied by a Spellman RHSR series high voltage power supply
instrument (Spellman High Voltage Electronics Corp., Plainview, NY).

A teflon shutter attached to a relay-activated solenoid was incorporated into the
interface arrangement (Figure 2.2). During electrophoretic separation no current passed
through the solenoid and the shutter was retracted out of the spray region. However,
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Figure 2.4: Diagram of the co-axial CZE-ESMS instrumental setup.

during the washing cycles, the solenoid was activated and the teflon shutter was extended
to cover the orifice. This prevented the accumulation of salts and other involatile chemicals
on the orifice plate and provided more consistent performance of the mass spectrometer

over long periods of time.

The overall co-axially interfaced CZE-ESMS instrument is drawn schematically in
Figure 2.4. The entire co-axial arrangement was angled at approximately 40 0 relative to
the centre line of the mass spectrometer. Therefore the spray was directed across the orifice
rather than straight on. This positioning gave he best sensitivity with no problems due to

orifice blockage.
2.2.5 CZE-ESMS with the liquid junction interface

The interface arrangement shown in Figure 2.3 was used for this work. Two
modifications were made to the original liquid junction design of Lee ez al. [95,96]. First,
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the makeup solution was supplied to the back stainless steel tee by a syringe pump rather
than by gravity feed. This allowed for greater certainty as to the flow rate of the makeup
solution. Second, an outer fused silica sleeve (390 pm i.d. x 500 pm o.d. x 2 cm) was
glved to the transfer line (see inset in Figure 2.3). This facilitated the alignment of the CZE
capillary and the transfer line. The transfer line was a fused silica capillary, 8.5 cm in
length. Typically, the i.d. of the transfer line was 75 um, though 50 and 100 um id.'s
were also examined. The gap between the CZE column and the transfer une was measured
using a light microscope and was typically around 15 pm. In all cases the CZE capillary
had the following dimensions: 50 pm i.d. x 360 ym o.d. x 1 m.

The remainder of the CZE-ESMS instrument was the same as described in the
previous section for the coaxial interface arrangement. The Crystal CE instrument was
found to be especially useful here as it was possible to maintain a positive ,)ressure on the
injection end of the capillary during electrophoresis. This was necessary to counteract the
backpressure from the liquid junction which could be significant, especially when the

makeup flow was high or when the i.d. of the transfer line was small.

The injection and separation conditions used were the same as for the co-axial
evaluation.

2.2.6 Sheathless CZE-ESMS

The interface developed here is illustrated in Figure 2.5. Because no makeup liquid
is required, this interface is simple and uncluttered by comparison with either the co-axial
or the liquid junction arrangements. The CZE capillary (50 pm i.d. x 360 ym o.d. x 1 m)
was threaded through a single stainless steel tee and held in place with a graphite ferruie.
This also ensures a good electrical contact with the gold coating on the capillary tip. The
capillary extended approximately 2 cm beyond the tee. Unlike the previous two
arrangements, the capillary pointed straight towards the mass spectrometer, 2-5 mm off the
centre line with respect to the orifice. Normally, the gap between the capillary tip and the
orifice plate was approximately 1 cm.

The CZE capillary for sheathless CZE-MS was prepared as follows:
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of capillaries for sheathless CZE-ESMS



(i) Tapering of the capillary column.

Fused silica capillaries were cut to a length of 1.2 m. The polyimide was burned
off about Scm from one end of the capillary forming a 1 cm window. A weight was fixed
to the opposite end of the capillary and the flame from a microwelding torch was applied to
the window. As the silica softened in the flame the weight pulled the capillary downwards
and formed a taper. Typically, the capillary window was positioned just outside the hottest
point of the flame. This allowed the capillary to soften slowly and form a better, more
reproducible taper.

The taper formed in this way was always too fine for use directly and therefore
needed to be cut. Cutting bare silica cleanly proved to be difficult as it is very brittle.
However, it was found that a flat cut could be made by inserting the tapered end of the
capillary into a larger bore tube and angling it until the tapered end snapped. Usually this
occured at the junction between the two capillaries. The o.d. at the tapered tip depended on
the i.d. of the tubing used to cut it. For example, 30 gauge stainless steel tubing has an i.d.
of about 150 pm and therefore the o.d. of the tapered capillary at the point of breakage
would alsc be approximately 150 um. This would normally give an i.d. of about 20 pm.
A 100 pm i.d. fused silica was also used to cut the taper. This gave an id. of

approximately 15 pum.

The tapered end was further sharpened by etching it in 48% HF for 30 minutes.
During this process the capillary was rinsed with DIW (2 pL/minute) to p.event the acid
from widening the i.d. at the tip. Aftcr etching the capillary surface was rinsed to remove

any traces of the acid. The column was then dried in a vacuum oven overnight at 60 °C.

(ii) Gold coating of the tapered end of the capillary

The column was wrapped around a ring support (= 5 cm in diamerer) with about 10
cm of the tapered end free. The ring was then covered with aluminum foil to prevent gold
deposition on this section of the capillary. The ring was positioned on the stage of an



46

Edwards 306A high vacuum coater at an angle of about 45 0 and with the tapered tip of the
capillary 1 cm from the gold target electrode. The exposed portion of the capillary was then
sputter-coated with gold for one hour. The voltage and current across the electrodes was
maintained at 1kV and 20 mA respectively during the coating process. Best results were
achieved when a vacuum ¢f < 1 x 105 torr was obtained prior to coating.

The column was then removed from the ring and cleancd with MeOH. The gold
coated portion of the tip was covered with silver conductive adhesive to within 1 cm of the
tapered tip. This prevented the swirling motion of the gold plating solution used in the next
step from sloughing off the sputter-coated gold. Removal of the gold was observed to
happen only at the meniscus of the plating solution. Electrodeposition of gold was then
carried out using the apparatus shown in Figure 2.6. The gold plating salts were
suspended in 946 mL of DIW and approximately 50 mL was used each time. The
suspension was heated to 55 0C prior to use and the solids were maintained in suspension
by gentle stirring during electrodeposition. The capillary was rinsed with DIW (1 yL/min)
during the plating process so as to prevent blockage. Best results (i.e., the smoothest
deposition of gold) were achieved when two columns were plated simultaneously. The
current was maintained at 0.75 mA for 1.5 to 2 hours. Examination of the final product by
electron microscopy revealed that the thickness of the gold coating was approximately 2.5

pm.
(iii) Derivatization of the inner surface of the capillary

The tapered and gold-coated column was prepared for derivatization by rinsing in
turn with 1 M NaOH, DIW, and finally methanol, ail for 1 hour at 20 PSI. A solution of
7-oct-1-enyltrimethoxysilane (100 pL) and glacial acetic acid (100 pL) in methanol (20 mL)
was then passed through the column overnight at 10 PSI. The capillary was subsequently
rinsed with methanol and then DIW, both for 1 hour. All of these solutions were filtered
before use through a 0.2 um Ultrafree MC centrifuge filter unit (Millipore Corp., Bedford,
MA, USA).

The final derivatization solution was prepared as follows. A 1% (v/v) solution of
[3-(methacryloylamino)propyl] trimethyl ammonium chloride, simply known as MAPTAC,
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was prepared by diluting 200 pL of the original stock solution (50% v/v) to 10 ml with
DIW. This solution was filtered as described above, and degassed. TEMED (20 puL) and
10 % (w/v) of aqueous ammonium persulfate (140 pL) was then added and the final
solution was immediately applied to the column for 8 hours at 10 PSI. The column was
then flushed with DIW for one hour and stored in this state until used.

Much of the data presented here was obtained using the TOBY single quadrupole
mass spectrometer. However, the peptide L.O.D. assessment, CNBr digest analysis, and
the CZE-MS/MS of the peptide mixture were carried out on a SCIEX API III + triple
quadrupole rnass spectrometer (SCIEX, Thornhill, ON). All activities pertaining to the
API III mars spectrometer were carried out on a Macintosh Quadra 950 computer using
software provided by SCIEX. . Mass spectral acquisitions were performed using similar
settings as for the TOBY. The optimized positioning of the sheathless capillary with
respect to the orifice vas much the same as that for the TOBY mass spectrometer. For
maximum sensitivity the nitrogen curtain gas was maintained at the lowest possible setting
that could maintain the integrity of the vacuum. Tandem mass spectrometry was carried out
by introducing argon into the collision cell at a gas thickness of 4 x 1015 atoms/cm2.

Comparisons in terms of separation performance and sensitivity were made with the
co-axial interface using untapered capillaries. These capillaries were 50 m i.d. x 180 um
0.d. x 90 cm and were derivatized with MAPTAC as described above. The sheath liquid
was 0.2% HCOOH in 25 % aqueous MeOH and was supplied to the interface at a flow rate
of 2 uL/min. All other conditions were as described in section 2.2.3.

2.3 Results
2.3.1 CZE-UV

The CZE-UV trace is illustrated in Figure 2.7 and corresponds to a 23 nL injection
of an aqueous sample containing 20 pg/mL of each peptide. Sample loadings ranging from
820 (leu-enkephalin) and 130 (insulin chain b) fmoles were injected on the column. All but
two of the peptides (kassinin ard angiotensin I) are well resolved. Three peptides
(gramicidin S, somatostatin and bradykinin) migrate as cations and are detected before the
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EOF. The latter two ar: known to be basic peptides (pI's of 9.3 and 12.6 respectively) and
were expected to show this behaviour.

Gramicidin S was surprising in that its calculated pI was 6.1. It would therefore
be expected to migrate as an anion and be detected after the EOF. However, gramicidin S
is a cyclic peptide and in order to calculate its pI using the program described in the
introduction, the sequence was entered as a straight chain but with both end groups blocked
so as not to make any contribution to the acidity or basicity of the peptide. However, the
calculated value does not explain its strong basic character as revealed by this CZE-UV
profile. Another feature of this peptide is the pronounced tailing. This is most likely due to
interaction with the negatively charged column surface.

The remaining peptides migrate as anions. B-Lipotropin (fr. 1-10) is the most
acidic peptide in the mixture (pI 4.3) and therefore it is not surprising that it is detected last.
The high efficiency of CZE is attested to by the fact that the theoretical number of plates
(shown in parenthesis in Figure 2.7) calculated for the peptides are almost all between
400,000 and 1 million.

2.3.2 CZE-ESMS with the co-axial interface

(i)  Full scan analysis

The full scan total ion electropherogram (TIE) for the standard mixture of peptides
is illustrated in Figure 2.8a. This was obtained by injecting 26 nL of the 20 pg/ml peptide
mixture on to a 50 pm i.d. x 180 pm o.d. x 1 m column. The makeup flow rate was 2
pL/min. Almost all of the pcptides can be readily distinguished from the background.
Peak definitior: and resolution are poorer than those observed by CZE-UV (Figure 2.7).
However, this is expected as the rate of data acquisition is slower for CZE-ESMS (2.5 sec /
scan ) than for CZE-UV (0.5 sec / datum).

The mass spectra for three of the peptides are given in Figure 2.8b, candd. Asa
rule, ie smaller peptides (i.e., <1000 a.m.u.) yield predominantly monoprotonated ions
whereas the larger ones are mainly observed as doubly protonated molecules. Both
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Figure 2.7: CZE-UV analysis of the mixture of peptide standards (20 pg/mL each in
DIW). 23 nL injection. EOF is the electroosmotic flow.

bradykinin and leu-enkephalin gave intense ions with good signal to noise ratios (= 270/1).
The spectrum of p-lipotropin, on the other hand, is significantly weaker, which may due to
the acidic nature of the pertide. In general, however, peptides that migrated either as
anions or cations were detected with comparable sensitivity in positive ion mode.

(ii) Effect of column internal diameter

Two columns with different i.d.'s were used (19 and 50 um). The interface
configuration was the same in both cases and the makeup flow rate was maintained at 8
puL/min. The length of the injection plug was kept to 1.24 cm. Therefore the TIE's in
Figure 2.9 represent injection volumes of 24 and 3.3 nL for the 50 and 19 pm i.d. column,
respectively. Data were acquired in single ion monitoring mode. Table 2.2 summarizes the
relevant infcimation for leu-enkephalin (m/z 556.6) and neurotensin, fr. 1-6 (m/z 777.4).
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CZE-ESMS analysis in full scan acquisition mode of the mixture of

peptide standards (20 pg/mL) using the co-axial interface. 25 mM
ammonium formate, pH 8.0, 25 kV effective, 26 nL injection. Sheath
flow rate was 2 ulL/min. Total ion electropherogram for m/z 350-1200 (a)
plus extracted mass spectra (b to d).



Table 2.2: Effect of column i.d. for co-axially interfaced CZE-ESMS.

31

Leu-enkephalin (m/z 556.2) | Neurotensin, fr 1-6 (m/z 777.0)
Col. i.d. (um) 50 19 50 19
Amt. Inj. (fmole) 863 119 618 85.6
M; (min) 14.98 14.96 15.23 15.27
Peak Height 129000 26111 63556 6667
SN 501 6.6/1 1 66.6/1 51
Peak Area (P.A.) 667611 79444 180000 13389
P.A. /fmole 774 666 291 156
Th. Plates (N) 150104 239075 440852 516373

Not surprisingly, all the peptide intensities are larger for the 50 um i.d. capillary.
However, the background signal in both cases is about the same, implying that the makeup
liquid contributes most of the background noise. This automatically places the small i.d.
capillary at a disadvantage as the signal to noise ratio is significantly poorer. This would
seem to contrast with the findings of Wahl er al. [98] who claim that a smaller i.d. (5
versus 50 pm i.d.) gave a 25 to 50 fold increase in sensitivity for a set of standard proteins
when the two capillaries were used under similar conditions. It must be kept in mind that
the optimal orifice / skimmer voltage difference for proteins is greater than for peptides and
the background noise for proteins is substantially lower as a consequence. Nonetheless,

no increase in the peak height or peak area per unit mass is observed here (Table 2.2).

The efficiency of the separation increases with decreasing i.d. as can be seen from
the plate numbers listed in Table 2.2. This has been commented on previously [20] and is
due, in part, to the more efficient dissipation of joule heat through the walls of the smaller
column. It is noteworthy that a decrease in separation efficiencies of between 2 and 4 has
been observed for CZE-ESMS by comparison with off-line CZE-UV. The most likely
cause of this is that the capillary is thermally regulated off-line using an in-built coolant
system, whereas this is not the case on-line.
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CZE-ESMS (co-axial interface) separations obtained for different capillary
i.d. sizes, (a) 50 pm i.d. and (b) 19 pmi.d. Injection volumes were 24
nL and 3.3 nL respectively. Data was acquired in selected ion monitoring

mode (10 ions).
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Table 2.3:  Tubing dimensions for the two co-axial interfaces

Makeup Needle Nebulizer Needle
CZE col. od. | gauge id. o.d. _gauge id. o.d.
180 mm 27 206 um | 500 um 20 593 pum | 870 um
360 mm 22 390 um | 700 um 18 837 um | 1250 um

Table 2.4:  Comparison of performance of the 180 and 360 um o.d. CZE capillaries
for co-axial CZE-ESMS interface

Peptide Column M; | Peak Wos®* | Peak Area N S/N

leu- 360 15.66 6.0 308889
enkephalin 180 14.98 5.4 666556 153478 50/1
neurotensin 360 15.94 3.78 67889 354654 3

(fr. 1-6) 180 15.23 2.7 172611 634577 55/1

*: Peak width at half maximum height
(iii} Effect of column outer diameter

Two CZE capillaries with the same i.d. (50 pm) and different o.d.'s (180 and 360
pm) were examined. While it is possible to use the same interface for both capillaries, it
was believed that better performance would be achieved by keeping the dimensions of the
makeup and nebulizer capillaries as small as possible. Therefore, a unique co-axial
assembly was constructed for each capillary (Table 2.3). The conditions of the experiment
were the same as described previously.

It was found that the signal intensity for all peptides was greater when using the
smaller o.d. capillary (Figure 2.10 and Table 2.4). The signal to noise ratio was better for
the small o.d. capillary, though this varied somewhat with the peptide in question. This
improvement in performance is attributed to the formation of smaller and more
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o.d. sizes, (a) 360 ym i.d. and (b) 180 pm i.d. The i.d. was 50 um in
both cases. Data was acquired in selected ion monitoring mode (10 ions).
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homogeneous droplets using the smaller interface arransement. These results reflect the
general trend observed in this laboratory over the past few years. Furthermore, peak
efficiency was better for the smaller capillary, though this was due to less peak broadening
in the interface as will be discussed in section 2.3.2 (iv).

Recently, the influence of capillary dimensions on the performance of co-axial
CZE-ESMS was examined in a more elaborate investigation [99]. Their findings suggest
that there is a relationship between the ratio of the cross-sectional areas of the concentric
tubes and the interface performance. In other words, a large o.d. CZE capillary can give
similar performance to that of a small o.d. capillary, as long as the makeup and nebulizer
tubing are of the complementary dimensions. Best performance was achieved with an
internal area ratio of 1 : 4.3 : 27 (CZE capillary : makeup : nebulizer). They consider this to
be important as small o.d. capillaries tend to become brittle with age and use, a problem
observed less frequently with larger o.d. capillaries. Similar behaviour has been observed
in this laboratory also.

(iv) Effect of column position within the makeup needle

For all of the data presented so far the CZE column was recessed approximately 0.5
mm inside the makeup tube. However, it was decided to determine whether this was

Table 2.5:  Effect of column positioning on the separation performance of
neurotensin, fr. 1-6.

360 um o.d. 180 um o.d.
CZE Col. M; | Peak Width| Plate No's M; | Peak Width | Plate No's
Position (min.) (sec.) (N) (min.) (sec.) (N)
Flush 18.57 8.7 530678 15.1 7.6 506610
0.5 mm inside | 17.54 9.8 473280 15.2 8.7 439349
2 mminside | 16.93 13.0 248110 14.5 7.6 464116
Smminside | 16.95 20.6 196570 - - -

Ppri)
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actually the optimum position. Therefore a series of experiments was carried out with both
the large and small o.d. co-axial assemblies, where the CZE column position within the
makeup capillary was varied. For the purpose of simplicity only the reconstructed ion
electropherograms (RIE) for neurotensin, fr. 1-6 (m/z 777.4) are presented in Figure 2.11.

The position of the large o.d. column had a profound effect on peak width.
Retracting the CZE capillary inside the makeup needle, yielded wider peaks. This effect
may be due to the increasing void volume in front of the CZE capillary. This was
calculated to be 0.CS HL at 0.5 mm back and 0.6 L at 5 mm back for a 22 guage makeup
capillary. However, since the makeup flow rate is 8 pl/minute, it only takes 4.5 seconds
to wash out the largest of these void volumes. Therefore, the observed peak broadening
cannot be attributed entirely to the larger void volume.

The makeup flow moves cc-axial to the CZE capillary. Therefore, the flow
around the capillary tip would be laminar and a low flow region may exist around the exit
of the column's internal channel. This would be offset somewhat by the electroosmotic
flow through the CZE capillary (= 160 nL/min). Analyte bands eluting from the CZE
capillary may not be immediately swept away by the sheath liquid and therefore band
broadening would occur. This would be less of a problem at or near the tip as the
nebulizing gas would assist in the dispersion of the sample into the sheath flow.

The other effect is the change in migration time. As the column is retracted further
into the makeup tube, the migration times get shorter. This has been attributed to the effect
of the nebulizing gas which may be able to briefly interrupt the electrical connection when

the column is very close to the tip.

The position of the CZE column within the small o.d. arrangement had a less
profound effect on the peak shape as can be seen from Figure 2.11b and Table 2.5. The
larger gauge makeup needle has a smaller internal volume (0.033 pL/mm for a 25 gauge)
and the same makeup flow rate will provide a higher linear velocity compared to the larger
o.d. makeup tubing. Therefore, the position of the CZE capillary will have less of an effect
on band width. Furthermore, the smaller 0.d. would be less of a hindrance to sample
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Figure 2.11: Effect of CZE capillary position within the electrospray needle of the co-
axial interface., The sheath flow rate was 8 uL/min. RIE's of
neurotensin, fr. 1-6 using the 360 pm o.d. (a) and the 180 um o.d.
capillary arrangements. Data was acquired in SIR acquisition mode.
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Table 2.6:  Effect of makeup flow rate on the separation performance of neurotensin,
fr. 1-6

360 pm o.d. 180 um o.d.

Flow rate | Mg (min)| Peak area | Th. plates (N) | Mg (min)| Peak area | Th. plates (N)

§ul/min | 19.26 | 329,000 517775 14.34 | 288,744 287110
2ul/min | 20.30 | 756,611 108584 14.1 514,994 318373

transport from the CZE eluate into the makeup liquid. However, the effect of capillary
position on migration time is similar to that observed for the large o.d. capillary. This
phenomenon may be important when dealing with columns having low or zero EOF (i.e.,
may have difficulties maintaining electrical contaci at the tip).

(v) The effect of the sheath liquid flow rate

As can be seen from Figure 2.12 and Table 2.6, the makeup flow rate has a
profound effect on the quality of the TIE's obtained when using the large o.d. co-axial
arrangement. Separation efficiencies decrease as the flow rate is lowered, whereas the peak
area increases. Peak area also increases as the flow rate decreases for the small o.d.
arrangement. Howcver, separation efficiencies actually change very little. This is a very
telling result as it suggests that the smaller o.d. co-axial interface can be optimized for
sensitivity (i.e., use lower sheath flow rates) without sacrificing separation efficiency.
Furthermore, a gradual increase in migration time was observed when using the large o.d.
capillary as the sheath flow rate was decreased. This was not observed for the smaller
interface.

(vi) Makeup composition
The composition of the sheath flow can also affect the stability and the background

noise of the ionspray signal. Formic acid was added to the makeup liquid in order to
maintain electrical continuity at the interface and also to acidify the CZE efflue-t prior to
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Figure 2.12:

The influence of sheath flow rate on the performance of the co-axially
interfaced CZE-ESMS using the 360 um o.d. (a and b) and the 180 um
o.d. (c and d) capillary arrangements. Data was acquired in SIR

acquisition mode.
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Table 2.7: Effect of the organic solvent on the performance of the co-axial interface

Org. Solvent Mt (min) Peak Area S/N Trace quality
m/z 557.0 (Leu-enkephalin)
MeOH 14.63 2,394,317 831 | smooth
ACN 14.14 2,378,764 76.9/1 erratic
Acetone 14.40 2,697,520 25071 erratic
IPA 14.62 2,937,500 167/1 smooth

m/z 777.6 (Neurotensin fr. 1-6)

MeGid 15.31 1,234,935 333/1 smooth
ACN 14.97 1,334,306 247/1 erratic

Acetone 14.65 1,298,667 500/1 erratic
IPA 14.97 1,456,111 555/1 rel. smooth

nebulization. The acid concentration was varied to determine its effect on the ionspray
signal (Figure 2.13). While the lower acid concentrations (Figure 2.13a and b) gave
similar ion intensities, the signal dropped off at the highest concentration (1% HCOOH
v/v). Furthermore, ionspray stability was poorer as indicated by the frequent occurrance of
noise spikes in the TIE (Figure 2.13c). In practice, sheath liquids with 0.2% and 0.5% v/v
HCOOH have been interchanged with no major changes in the quality of the spectral data
obtained. It is noteworthy that similar trends were observed for acetic acid, although the
background chemical noise was typically higher for this acid.

Organic solvent is always added to the sheath liquid as an aid to evaporation and ion
production. It was found that the best signal/noise and signal intensities were obtained
when using 25% v/v aqueous organic solvent (data not shown). Sheath liquids with the
same relative proportions but containing four different solvents were examined (Table 2.7).
The differences between the electropherograms were subtle but closer examination revealed
that the sheath liquid containing isopropyl alcohol (IPA) gencrally gave the best peak areas
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Figure 2.13: The effect of sheath liquid organic acid content on the CZE-ESMS

anajysis of the mixture of standard peptides (20 pig/mL each) using the co-
axial interface. The sheath flow rate was 8 pL/min for all analyses. Mass
spectral data was acquired in SIR acquisition mode.



62
Table 2.8: Peptide reproducibility data for the co-axial CZE-ESMS interface

Peptide m/z | Mi(min) | R.S.D. | PeakArea | R.S.D.
Bradykinin 531.0 10.45 3.23 1,014,327 3.98
Kassinin 668.0 12.81 0.26 280,633 3.80

Leu-enkephalin 5562 | 14.25 0.30 1,218,418 | 3.59
. Neurotensin (fr. 1-6) | 777.5 | 14.69 0.70 376,670 2.54
p-lipotropin (fr. 1-10) | 951.6 | 18.54 0.30 72,953 1.05

and signal to noise. Both MeOH and IPA éave relatively consistent background traces
whereas acetonitrile (ACN) and acetone produced erratic signal. Migration times varied a
little depending on the solvent used. The currents during electrophoresis were as follows:
MeOH = 18.4 uA, ACN = 19.3 pA, acetone = 18.4 pA, IPA = 17.9 pA. In general,
ACN gave the fastest migration times, while IPA gave the slowest, though there were

exceptions.
(vii) Reprouacibility

The results given in Table 2.8 were obtained for 5 consecutive runs using the small
o.d. capillary. The makeup liquid was 0.2% HCOOH in 25% aqueous methanol and the
flow rate was 2 pL/min. Migration time reproducibility was good (usually < 1% R.S.D.).
The relatively large variation in migration time observed for bradykinin reflects the fact that
this peak is non-symmetrical, most probably due to interactior with the inner capillary
walls. The peak area variation was somewhat larger (typically 3-4% R.S.D.), though that
for p-lipotropin was significantly smaller.

There are a number of possible sources of error that could account for some of this
variation. The CE instrument manufacturer claims that the variation in pressure-injected
sample volume should be 1% R.S.D. Another possible source of variability is carry over
on the injection end of the CZE capillary. Sample liquid may adhere to the capillary during
vial switching and some of this material may enter the capillary upon commencement of
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Table 2.9: Smallest quantity detected for peptides in SIR acquisition mode using the

co-axial CZE-ESMS interface
Peptides Mol. Wgt. nz Amount inj. S/N
(Da)* (23 nL sample)

Leu-enkephalin 555 556.2 1.2 pg (1.9 fmol) U1
Neurotensin (fr. 1-6) 776 771.5 1.2 pg (1.5 fmol) n
p-lipotropin (fr. 1-10) 950 951.5, 476.5 | 4.4 pg (4.7 fmol) | /1
Bradykinin 1060 531.0 1.2 pg (1.1 fmol) y7)
Gramicidin S 1141 571.6 442 pg (380 fmol) | 121
Angiotensin I 1296 433.2, 649.5 | 111 pg (85 fmol) 5/1
Kassinin 1335 668.1 44pg (33 fmol) 31
Somatostatin 1637 819.7 44 pg (27 fmol) 2071
Insulin chain B 3495 1166.1 44 pg (12 fmol) 10/1

#: isotopic average molecular weight rounded to the nearest integer.

electrophoresis. Finally, another source of variability is the potential interaction of the
peptide with the capillary wall. Therefore, it would seem that the co-axial interface is not a
major source of irreproducibility.

(vii) Sensitivity

A dilution series of the peptide standards mixture ranging from 0.05-20 pg/mL was
analysed in selected ion monitoring acquisition mode using the smail o.d. capillary interface
(sheath flow rate was 2 pL/min). The smallest guantity detected for each peptide and the
corresponding signal / noise values are listed in Table 2.9. The high signal to noise ratio
tabulated for some peptides suggests that some of the analyte is lost due to adsorption on
the walls of the capillary. Most peptides could be detected in the low femtomole range.
This represents sample concentrations ranging from 0.045 to 4.5 pmol/uL and is typical of
the kind of sensitivities obtained in this laboratory and others. The minimum amount
detectable for gramicidin S is unusually high due to strong adsorption of this peptide on the

capillary wall.
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Full mass scan detection limits were usually 10 times higher than those obtained in
SIR mode. Meaningful mass spectra for the least sensitive peptides required sample
concentrations of 5-20 pg/mL.

2.3.3 Liquid junction interface

(i)  Full scan analysis

The TIE obtained for a 26 nL injection of the peptide standard mix (20 pg/mL)
using the liquid junction interface is presented in Figure 2.14a. In this case a 75 pmi.d. x
8.5 cm transfer line and a makeup flow rate of 2 pL/min was used. A pressure of 50 mbar
was maintained on the injection end of the capillary during the electrophoretic separation in
order to balance the backpressure exerted by the makeup liquid flow at the liquid junction.
Both bradykinin and leu-enkephalin give intense spectra (Figure 2.14b) with similar signal
intensities and signal to noise (= 300/1) to those obtained using the co-axial interface
(Figure 2.8). The intensity of the [M+H]* ion for B-lipotropin at m/z 952 is approximately
the same as that for the co-axial full scan analysis. Resolution of individual components
under the present conditions appears to be similar to that obtained using the co-axial

interface.
(ii) Transfer line internal diameter and makeup flow rates

The effect of transfer line i.d. on the separation performance was exarnined using
capillaries with different i.d.'s. Three i.d. sizes were examined: 50, 75 and 100 um. The
o.d. and lengtl: was the same for all three ( 360 pum x 8.5 cm). The results obtained for
neurotensin (fr. 1-6) are given in Table 2.10 and reflect the general trends observed for ali
the peptides. The TIE's obtained using the 75 pm i.d. transfer line are illustrated in Figure
2.15. Better sensitivity was observed for separations conducted using smaller i.d. transfer
lines. However, it must be stated that the S0 pm i.d. transfer line was the most difficult of
the three to optimize and use. In addition, it was prone to blockage, a problem not
observed with the larger i.d. transfer lines. Furthermore, it was impossible to get
reasonable reproducibility from one run to the next, even though great care was taken to
ensure that the experimental conditions were consistent. This may be due to the larger back
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Figure 2.14: CZE-ESMS analysis in full scan acquisition mode of the mixture of
peptide standards (20 pg/mL each) using the liquid junction interface.
The transfer line was 75 umi.d. x 8.5 cm. The injection volume was 26
nL and the makeup flow rate was 2 pL./min. Total ion electropherogram
for m/z 350-1200 (a) plus extracted mass spectra (b to d).
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Table 2.10 Comparison of transfer line i.d. and makeup flow rates for neurotensin (ft.
1-6) using the liquid junction interface.

Flow rate | Pressure* M; Peak Width | Peak Area | Th. Plates | S/N
|_(ul/min) | (mbar) | (min) (sec) )
100 pm i.d. transfer line

8 80 11.983 15.24 79,722 98,210 4071
5 50 12.873 17.34 125,111 70,871 3271
2 20 13.652 20.64 156,611 52,680 52/1
75 ym i.d. transfer line
8 175 13.64 11.94 176,778 75,170 40/1
5 125 12.91 11.94 199,778 67,340 102/1
2 50 14.37 13.08 367,889 69,490 244/1
1 25 15.32 15.4 391,889 58,220 64/1
50 pm i.d. transfer line
5 450 15.45 11.94 290,714 | 146,509 76/1
2 200 12.26 15.24 530,720 59,794 284/1
1 100 14.05 16.32 770,193 68,874 272/1
0.5 50 14.95 14.16 478,567 | 103,063 111/1

*: pressure applied during electrophoresis -

pressure caused by the small i.d., and the correspondingly high compensatory pressure that
must be applied during the electrophoretic separation (Table 2.10). Even at low makeup
flow rates (i.e., <1 uL/min) this irreproducibility problem persisted. For this reason, a 75
pm i.d. transfer line was used for all subsequent analyses.

The most obvious effect of lowering the makeup flow rate is that the signal
intensities and peak areas increase. This is in keeping with the observations made for the
co-axial interface (Table 2.4). In addition, the peaks broaden and the separation
efficiencies decrease with decreasing flow rate, though the results for the 50 pm i.d.
transfer line are not consistent i - this regard. It must be taken into account that different
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Figure 2.15: Influence of makeup flow rate on the CZE-ESMS analysis of the mixture
of peptide standards (20 pg/mL each) using the liquid junction interface.
The transfer line was 75 um i.d. x 8.5 cm. Values in parenthesis indicate
the forward pressures used. Mass spectral data was acquired in SIR
acquisition mode (10 ions).
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compensatory pressures were applied each time and this may account for some variation in
the peak widths and migration times. However, it is also possible that the lower flow rates
may allow peak broadening within the interface, especially when a large i.d. transfer line is
used. The internal volumes of the 50, 75, and 100 um i.d. transfer capillaries, are 0.17,
0.38 and 0.57 pL respectively. Therefore, at low sheath flow rates (1-2 ulL/min) the long
residence “‘me within the two larger i.d. transfer lines would be sufficient for significant
band broadening to occur.

(iii) Makeup liquid acidity

Three makeup solutions containing 0.2, 0.5 and 1.0% HCOOH (v/v) in 25%

aqueous methanol were examined. A 75 pm i.d. transfer line was used and the makeup _ _

flow rate was 2 pul/min. A compensatory pressure of 50 mbar was applied during
electrophoresis in every case. The results for leu-enkephalin and neurotensin (fr. 1-6) are
summarised in Table 2.11. Signal intensities are similar for both 0.2% and 0.5% acid
concentrations but decrease slightly at 1%. This decline in signal intensity at higher acid
concentrations was observed for all peptides examined. In addition, when the 1% acid
makeup was used, spikes were observed in the TIE. However, this erratic behaviour was
not as prevalent as that observed for the co-axial CZE-ESMS interface using the same
makeup solution (Figure 2.13c).

Table 2.11: Effect of makeup acidity on CZE-ESMS using the liquid junction interface.

Peptide (m/z) Acid Conc. | Mt (min) | Peak area | Th. plates(N) | S/N

Leu-enkephalin 02 % 11.59 | 4,048,444 | 74,366 256/1
(myz 556.4) 0.5 % 12.60 | 4,153,556 88,009 257/1

1.0 % 11.93 | 3,821,667 72,948 338/1

Neurotensin, fr.1-6 | 0.2 % 11.91 | 1,054,222 | 94,944 256/1
(/2 777.4) 0.5 % 12.73 | 1,021,556 | 111,864 256/1

1.0 % 12.17 863,222 99,085 260/1
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The migration times for both leu-enkephalin and neurotensin (Table 2.11) vary in

what seems like a random fashion from one run to the next. These experiments were
carried out in duplicate and in the following order: 0.5%, 1.0%, and 0.2%. In fact, the
migration times actually decreased in a consistent manner during the course of the day.
Great care was taken to ensure that the entire experiment was conducted in a consistent
manner. Furthermore, it is unlikely that electrolyte solution was at fault as a new batch of
buffer was made each moming. Previous experience suggests that the same buffer vial can
be used for a full day with no degradation of CZE performance. A contaminated CZE
column may be at fault, though this is unlikely considering that the capillary surface is
regenerated between analysis. The most likely source of the problem is the liquid juncticn
itself. The desired transfer line was installed just prior to the beginning of this experiment.
This required that the interface be completely dismantled and rebuilt. It is possible that the
interface was contaminated and took the entire day to clear itself and settle down. In fact,

this problem has occurred on a number of occasions under similar circumstances.
(iv) Reproducibility

Six replicate injections were made using a 75 um i.d. transfer line. The makeup
flow was 1 ul./min and the compensatory pressure was 40 mbar. Three of the six
electropherograms are illustrated in Figure 2.16 and the results for five of the peptides are

given in Table 2.12. In general, the peak areas are larger by a factor of 1.5-2 than those

Table 2.12: Reproducibility data obtained for CZE-ESMS using the liquid junction

interface
Peptide m/z Mi(min) | R.S.D. | Peak Area | R.S.D.
Bradykinin 531.0 9.76 0.34 2,053,646 5.49
Kassinin 668.1 11.39 0.72 333,795 4.80
Leu-enkephalin 556.2 12.49 1.07 1,877,703 3.51
Neurotensin (fr. 1-6) 771.5 12.92 0.30 627,010 5.50
B-lipotropin (fr. 1-10) | 951.6 | 1558 | 078 | 129245 | 4.86
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Figure 2.16: Comparison of the CZE-ESMS analyses obtained for replicate injections
of the standard peptides mixture (20 pg/mL each) using the liquid junction
interface and a 75 um i.d. transfer line. The makeup flow was 1 plL/min
and the forward pressure was 40 mbar. Mass spectral data was acquired

in SIR acquisition mode (10 ions).
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obtained using the co-axial interface for the same injection size (Table 2.8). This is to be
expected as the makeup flow rate is half that used in the present experiment. Migration
times variability is similar to that observed for the co-axial interface, though the % R.5.D.
for the peak areas are generally higher.

(v) Sensitivity

A dilution series of the standard peptide mixture was analyzed under the same
conditions as described in the previous section. With some exceptions, the smallest
amounts detected (Table 2.13) compare well with those obtained using the co-axial
interface. The decreased signal to noise due to the broader peak widths obtained using the
liquid junction is offset by the lower makeup flow rate used in this instance (1 pL/min
rather than 2 pL/min for the coaxial interface). Gramicidin S and angiotensin I show
higher detection limits attesting to the fact that they are being adsorbed on the CZE column.
In addition, the detection limit for insulin chain B is significantly higher than that observed
using the co-axial interface (Table 2.9). This was a consistent result and suggests that the
signal for this peptide is being attenuated by the liquid junction.

Mixing of the CZE column eluate with the makeup solution was expected 1o be
more efficient within the liquid junction than for the co-axial interface arrangement.
Therefore it was anticipated that the signal intensity of all peptides would increase
significantly when using the liquid junction. However, this was not observed in the
present experiment. While it is possible that the poorer separation efficiencies obtained
using the liquid junction may mask subtle improvements in signal intensity, the increase is
not significant. Moreover, the signal intensity of peptides migrating as anions was
expected to increase relative to the cationic peptides. However, this was not observed in
this experiment. For example, the ratio of detection limits for B-lipotropin and bradykinin,
peptides with very different pI's, is approximately the same for both interface
arrangements. This suggests that the column eluate and makeup solution are mixing
reasonably well within the co-axial interface.
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Table 2.13: Smallest quantity detected for the standard peptides using the liquid

junction interface
Peptides Mol. Wgt. m/z Amount Inj. S/N
(Da)*

Leu-enkephalin 555 556.2 1.3 pg (2.2 fmol) 21
Neurotensin (1-6) 776 777.5 1.3 pg (1.7 fmol) 21
B-lipotropin (1-10) 950 951.5 5.2 pg (5.5 fmol) 3N

Bradykinin 1060 531.0 1.3 pg (1.2 fmol) 2/1
Gramicidin S 1141 571.6 130 pg (114 fmol) 2/1
Angiotensin I 1296 433.2, 649.5 | 140 pg (108 fmsl) 3/1

Kassinin 1335 668.1 13 pg (10 fmol) 2/1
Somatostatin 1637 819.7 13 pg (8 fmol) 16/1
Insulin chain B 3495 1166.1 520 pg (148 fmol) 3/1

#: isotopic average molecular weight rounded to the nsarest integer

2.3.4 Sheathless interface

(i) Development of a useful sheathless interface for CZE-ESMS

In a sheathless interface there is no post-column addition of makeup liquid.
Therefore the eluate from the CZE column is the only source of solution for the
electrospray. This poses a number of difficult problems that must be solved in order to
develop a useable sheathless interface. The flow rate through a CZE column depends on
the electroosmotic flow which, for a 50 um i.d. x 1 m column, is typicai’y € 250 nL/min.
At best, this is nearly 10 times less than the optimum flowrates used for the interfaces
discussed previously. Moreover, efficient electrical contact must be made with the CZE
eluate during electrophoresis to ensure the maintenance of a stable field gradient across the
capillary and to provide good electrospray conditions. In addition, the electrolyte solutions
used are typically aqueous with very low concentrations of organic solvent. Previous
experience has indicated that for flow rates 2 1 pL/min a significant percentage of the
solution to be electrosprayed has to contain a volatile organic solvent in order to obtain the
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best sensitivity.

The development of a satistactory sheathless interface required a greater effort than
the previous two interfaces. Initially, electrical contact was made by sputter-coating the last
4-5 cm of the interface end of the CZE capillary with gold. In effect, the CZE capillary was
also acting as the electrospray needle. Good electrical contact was made across the
capillary, thus =nsuring that electrophoretic separation occurred. However, a number of
problems associated with the electrospray quickly became apparent. The flat-end that is
produced when a fused silica capillary is cut properly did not produce the taylor cone that is
typical of electrospray. Digestion in concentrated HF solution for approximately 1 hcur
sharpened the tip and, after gold coating, produced an electrospray from which ions were
observed. However, for a 50 um i.d. capillary, the electrospray could not be stabilized
easily and the ion intensities were always very low. Furthermore, the gold coating at the
very tip of the sharpened capillaries was lost quickly during analysis.

It was quickly discovered that reducing both the i.d. and the o.d. at the tip stabilized
the electrospray and yielded intense ion signals for the aqueous solutions of the standard
peptides. While other researchers in this field used smaller i.d capillaries [91,92,97] to
achieve this objective, it was decided that SO pm i.d. capillaries should be used for the
present work. It was believed that the production and use of these columns would be less
problematic. Furthermore, significantly greater injection volumes are possible for larger
i.d. capillaries and, since the i.d. at the tip would be the same, an increase in sensitivity
was expected. For example, a 1 cm sample plug length on a 50 and 20 pm i.d. capillary is
equivalent to a sample volume of 20 and 3.2 nL respectively. Reducing the i.d. at the tip
was achieved by tapering in the flame of a micro-torch as discussed in section 2.2.6.

Developing a durable conductive coating also proved to be difficult. Protecting the
coating of sputter-coated gold with polyimide was found to be unsuccessful. Both the goxd
and the polyimide were lost quickly from the tip. Conductive silver adhesive was used
instead of the sputter-coated gold. However, it also suffered from the same problem. An
interesting alternative was the use of a bevelled stainless steel outer sleeve. One end of a 4
cm length of 27 gauge stainless steel (s.s.) tubing was bevelled using a lathe to obtain a
final i.d. of approximately 80 um. A 50 pmi.d. x 180 pm o.d. capillary was drawn in the
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flame of a microtorch and the tapered end was inserted into the s.s. sleeve until it could
move no further. It was then glued into position and the silica extending beyond the
belleved stainless steel tip was cut away. Excellent electrical contact across the capillary
was achieved with this arrangement and the ion intensities observed were similar to those
obtained with the final version of the sheathless interface. However, the electrospray was
unstable and difficult to optimize and maintain, even after electropolishing. The procedure
used here to bevel the end of the tubing produced a rounded rather than a conical end and
this may not be the best configuration to achieve a stable taylor cone. This interface has
great potential as a stainless steel sleeve is long-lasting and reusable. However, the

equipment necessary to produce the desired tip shape was not available.

The most effective sheathless interface design was achieved using the procedure
outlined in section 2.2.6. Supplementing the sputter-coated gold via electrodeposition
produced a coating that could last for 4-5 days of continuous use. The outlined procedure
for electrodeposition produced a smooth, reflective coating of gold. At higher currents, the
coating became loose and granular. An electron micrograph of the gold-coated and tapered
tip of a sheathless CZE capillary prepared using this procedure is presented in Figure 2.17.

Finally, the electrophoretic conditions used for assessing the previous two designs
were found to be unsuitable for use with the sheathless interface. Full scan analysis of the
standard peptide mixture using a sheathless CZE-MS column tapered to 20 pm i.d. at the
tip produced a TIE of poor quality with only the most basic peptides being observed
(Figure 2.18 a). The signal intensities for the negatively charged peptides were especially
low. Furthermore, washing the capillary with NaOH solutions, a normal part of
reconditioning, always led to capillary blockage. Therefore, it was decided to use organic
acid solutions as electrophoretic media. These electrolytes work best when the inner walls
of the capillary were coated with a positive polymer. Dynamically coated columns, such as
those described in subsequent chapters, were also prone to blockage during preparation and
reconditioning. Therefore, the inner walls were permanently derivatized with MAPTAC as
described in section 2.2.6. This reagent is an acrylamide-like compound with a quaternary
amine ligand and yields a positively charged coating that produces a strong electroosmotic
flow in the opposite direction to that observed for the uncoated column. Since the silanol
groups on the capillary walls are permanently derivatized with this reagent, no column
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Figure 2.17: Micrograph of the gold-coated and tapered tip of a sheathless CZE
capillary.
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Figure 2.18: CZE-ESMS (sheathless) analysis of the standard peptide mixture (20
pg/mL each) using an uncoated capillary (50 umi.d. x 360 ymo.d. x 1
m) with a gold-coated, tapered tip (20 pmi.d.). The electrolyte was 25
mM ammonium formate (pH8) and the injection volume was 25 nL.. TIE
for m/z 350-1200 (a) plus extracted mass spectra (b to d).
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Figure 2.19: CZE-UV analysis of the mixture of peptide standards (10 pg/mL
each) using a 50 pm i.d. x 107 ¢cm (100 cm to detector) MAPTAC-coated
capillary. The BGE was 0.1 M HCOOH, the injection volume was 23
nL, -30 kV across the column, and the detector was set at 200 nm. The

values in parenthesis indicate the separation efficiencies obtained.

conditioning was required between injections. However, the EOF was significantly greater
than the electrophoretic mobilities of the analytes. Therefore, the polarity of the CE high
voltage power supply had to be changed from positive to negative to direct the anodal EOF
towards the mass spectrometer.

(ii) CZE-UYV analysis of the peptide mixture using a MAPTAC column

A S0 pmid. x 360 um o.d. x 1 m (to detector), MAPTAC-coated capillary was
used for this work. The concentration of the peptide mixture was 10 pg/mL each and the
BGE was 0.1 M HCOOH. All peptides were detected after the electroosmotic flow (Figure
2.19). Under these conditions, all the peptides were positively charged and therefore
migrated electrophoretically towards the negative electrode and against the anodal EOF.
The order in which the peptides were detected has changed from that observed previously
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using uncoated capillaries and the ammonium formate, pH 8 buffer. B-Lipotropin was
observed first and angiotensin I last.

All peptides were resolved from one another and the separation required
significantly less time when compared to the previous CZE-UV trace using the uncoated
column (Figure 2.7). Separation efficiencies vary from approximately 150,000
(angiotensin I) to 350,000 (leu-enkephalin) theoretical plates. While this i somewhat
lower ihan those obtained using the uncoated column, it must be kept in mind that
migration tiines were significantly shorter in this case. Peak widths were approximately the
sarne in both instances. The EOF varied depending on the pH of the electrolyte solution.
Using 0.1 M HCOOH as electrolyte (pH 1.5), the EOF was calculated to be 220 nL/min
This was reduced to 180 nL/min in 2.0 M HCOOH (pH 0.5).

(ifi) Full scan analysis using the MAPTAC sheathless column and formic
acid electrolyte

The TIE and extracted mass spectra i{lustrated in Figure 2.20 were obtained using a
50 umid. x 1 m MAPTAC column with a 25 pm i.d. tapered tip. The BGE was 0.1 M
HCOOH and the CZE and ISP voltages were -25 kV and +4 kV, respectively. The most
significant point is that the concentration of the peptides injected on-column is 10 times less
than that for the full scan analyses using the co-axial and liquid junction interfaces.
Approximately 52 pg of each peptide was injected onto the column for this analysis. The
peptide mass spectra illustrated in Figure 2.2 are simple and intense. An equivalent
analysis with the co-axially interfaced MAPTAC-coated column v.as 10-20 times less

sensitive (data not shown).
(iii) Sheathless CZE-ESMS and the effect of acid strength

The TIE's illustrated in Figures 2.21a-c were obtained under full scan analysis
using 50 mM, 0.1 M and 0.5 M HCOOH respectively. The same quantity of sample was
injected on-column as in the previous section. The net result of increasing the acid
concentration is to improve the resolution between the peptides. In general, however, this
is offset somewhat by a decrease in the signal to noise. A good balance between peak
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Figure 2.20: Sheathless CZE-ESMS analysis of the stan:ard peptide mixture (2 pg/mL

each) using a MAPTAC capillary with a gold-coated and tapered tip (23
pmid.). 26 nL injected. TIE for m/z 200-1400 (a) plus extracted mass
spectra (b to ¢).
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Table 2.14: Reproducibility data for the sheathless CZE-ESMS interface

Peptide mz |M@in)| RS.D.| PeakArea |R.S.D.
Bradykinin 531.2 | 1136 | 0.63 | 45370584 | 3.56
Kassinin 668.1 | 897 | 066 | 2823000 | 8.02
Leu-enkephalin 557.0 | 878 | 057 | 3336653 | 5.36
Neurotensin (fr. 1-6) | 777.0 | 846 | 0.62 | 17394871 | 443
B-lipotropin (fr.1-10) | 951.0 | 8296 | 0.56 | 1,332,102 | 6.8

-

resolution and sensitivity would seem to be 0.1 M HCOOH. It shouid also be pointed out
that the MAPTAC coating was able to withstand the concentrated organic acid electrolytes

both on- and off-line.
(iv) Reproducibility

The TIE's illustrated in Figure 2.22 were part of an unsupervised, overnight run.
The BGE was 0.1 M HCOOH and the amount injected on-column was 52 pg (26 nL
sample volume) each. Excellent migration time reproducibility was obtained (Table 2.14)
and the peak area reproducibility was generally comparable with these obtained using the
co-axial and liquid junction interfaces. Reproducibility carried out off-line on the peptide
standard mix (10 pg/mL each) using the conditions described in section (ii) above gave %.
R.S.D. values for the peak areas of 2-7%. This suggests that most of the variation is not
due to the interface, though it must stated that each column was prepared separately, thus
resulting in some iniercolumn variability. Furthermore, separation efficiencies obtained
using this interface were comparable to those observed off-line. For example, the CZE-UV
theoretical plate count for B-lipotropin and neurotensin were 205,541 and 269,822
respectively, while values of 189,242 and 196,223 were obtained for the sheathless CZE-
ESMS interface.

The % RSD for the peak area of kassinin (Table 2.14) was larger than that observed
previously (Tables 2.8 and 2.12). This can-be partly attributed to the susceptibility of the
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Figure 2.21: Sheathless CZE-ESMS analysis of the standard peptide inixture (2 pg/mL
each) in full scan accaisition mode (m/z 350-1300) using a MAPTAC
capillary with a gold-coated and tapered tip (23 ymi.d.). The BGE was
50 mM (a), 0.1M (b) and 0.5 M (c) formic acid.
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C-terminal methionine residue to oxidation (m/z 676 in Figure 2.20c). The site of
oxidation was determined to be the methionine residue using tandem mass spectrometry.
Oxidation of methionine appears to be an artifact of the ionization conditions (i.e., as the
elecrospray voltage increases the abundance of the oxidised peptide increases). In
subsequent investigations care was taken to ensure that the electrospray voiage was set low
enough to avoid oxidising the susceptible peptides. However, below a certain voltage the
electrospray was not stable. It shou!ld also be pointed out that oxidatinn of susceptible
residues occurs with: the other interfaces also, though not to the same extent as was

observed in this instance.

(v) Comparison of the sensitivities of sheathless and co-axial interfaces

The determination of the detection limits for the standard mixture of peptides was
initially carried out on the TOBY mass spectrometer. However, unusually high
background noise was obtained, especially in the lower mass range (m/z 350-700). After
some investigation the cause of the problem was found to be the 0.2 um PVDF disk filters
(Chromatographic Specialties Inc., Brockville, ON) used to remove particulates from the
electrolyte solutions. Filtration was carried out in order to prevent blocking the tapered tips
of the sheathless columns. However, the contamination increased the detection limit
threshold significantly for the sheathless interface. An alternative filter (Ultrafree MC
centrifuge filter unit, Millipore Corp., Bedford, MA) did not cz:.se the same problem and
v-as used thereafter. The investigation was repeated, though this time on the SCIEX API
III + triple quadrupole mass spectrometer.

For the purpose of comparison the detection limits were determined using the
sheathless and co-axial iaterfaces. The conditions for the co-axial interface are described in
section 2.2.6. The sheathless column was tapered to 23 pum i.d. at the tip. In both cases
the BGE was 50 mM HCOOH and tiie analyses were carried out in SIR acquisition mode.
A comparison of the extracted ions for leu-enkephalin and neurotensin using the sheathless
and co-axial interfaces is presented in Figure 2.23, and the minimum quantity detected for
all the peptides are tabulated in Table 2.15. For most peptides the smallest observable
quantity using the co-axial interface was in the low femtomole range. However, using the
sheathless interface, the detection limits were 5-20 times lower. The increased sensitivity
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Table 2.15 Comparison of the minimum quantity detected for the peptide standards by
CZE-ESMS using sheathless and co-axial interfaces.

|

Peptide m/z Sheathless ‘ Coaxial

Amt. inj. S/N Amt. Inj. S/N
Leu-enkephalin 556.7 | 55 fg (99 amol) 2/1 | 2.4 pg (4.3 fmol) | 22/1
Neurotensin (1-6) | 777.6 | 220fg (280 amol) | 3/1 | 2.4 pg (3.1 fmol) | 5/1
B-Lipotropin (1-10) { 476.7 | 220fg(232amol) | 4/1 | 6.0 pg (6.3 fmol) | 10/1
9519 | 22pg(23fmol) | 41 | 24pg(2.5fmol) | 7/1
Bradykinin 531.0 | 550fg (519 amol) | 4/1 6 pg (5.7 fmol) | 20/1
Gramicidin S 5719 | 55pg (4.3 fmol) | 4/1 24 pg (21 fmol) | 20/1
Angiotensin I 433.2 | 2.2 pg (1.7 fmol) | 8.5/1 | 6.0 pg (4.6 fmol) | 17/1
Kassinin 668.0 | 220 fg (165 amol) | 1.5/1 | 2.4 fg (1.8 fmol) | 5/1
Somatostation 819.8 | 5.5 pg (3.4 fmol) | 20/1 | 6.0pg (3.7 fmol) | 10/1
Insulin ch. B 1166.1 | 5.5 pg (1.57 fmol){ 2/1 | 24 pg (6.9 fmol) | 7/1

was due to a combination of increased analyte signal and decreased background noise.
This was especially true at the lower m/z values. The detection limits tabulated for the
sheathless interface correspond to an original sample concentration ranging from 2.5 to 250
nanomolar for a compound with a molecular weight ¢f 1000 Da.

Based on the very intense signals obtained when greater concentrations of the
pepiide mixtures were injected on-column (i.e., 210 pg/mL solutions), the detection limits
for angiotensin I, gramicidin S, and somatostatin were higher than expected. This was true
for both interface configurations and for all MAPTAC columns investigated. CZE-UV
analysis demonstrated that peak areas for these peptides increases linearly with increasing
peptide sample concentrations (from 2.5 to 100 jtg/mL). However, the LOD for UV
detection was 1 pg/mL, and it was at or below this concentration that the problem was
observed using CZE-ESMS.
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Figure 2.23: Comparison of signal intensities for (a) leu-enkephalin (m/z 556.6 and (b)
neurotensin, fr. 1-6 (m/z 777.6) obtained by CZE-ESMS with MAPTAC-
coated capillaries using a sheathless (left column) and co-axial (right
column) interface. The BGE was 50 mM formic acid in both cases and
the injection volumes were 22 nL and 24 nL, respectively.
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Figure 2.24: The response curve for neurotensin, fr. 1-6 obtained by sheathless CZE-
ESMS using a MAPTAC capillary. Mass spectral data were acquired in
SIR acquisition mode

An infusion-ESMS experiment using the sheathless MAPTAC column suggested
that adsorption of the peptides on the capillary walls was occurring. For example,
incrementally changing the concentration of angiotensin I and leu-enkephalin in 50 mM
HCOOH from 0.1 to 1 pg/mL produced good linear increases in response for both
peptides. However, the change in the signal intensity of leu-enkephalin was always
observed approximately 5-10 seconds before that of angiotensin I. This is most likely due
to adsorption of the latter peptide on the capillary walls. At higher peptide concentrations,

the sites of adsorption are quickly saturated and this effect is not readily noticeable.
(vi) Linearity of response

Despite the comments in the previous section, many of the peptides gave linear
responses over the range of concentrations investigated using the sheathless interface. The
response curve for neurotensin (Figure 2.24) was linear from 200 pg down to the detection
limit in the mid femtogram range. The correlation coefficient (R2) value obtained was
0.998. In spite of the fact that this was only a preliminary investigation using a simple
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Table 2.16: Effect of tip i.d. on the sensitivity of the sheathless CZE-ESMS interface.

Tipi.d (um) Amt. injected Peak Height Peak Area
Neurotensin, fr. 1-6 (m/z 777)
30 240 pg (309 fmole) 422,857 791,429
23 220 pg (284 fmole) 1,222,857 1,645,714
13 230 pg (296 fmole) 1,028,571 2,138,572
Angiotensin I (m/z 433)
30 240 pg (185 fmole) 1,991,000 9,892,857
23 220 pg (170 fmole) 4,271,428 16,762,855
13 230 pg (177 fmole) 4,394,286 30,305,712

mixture of standard peptides, this result bodes well for future quantitative analysis at very
low concentrations by sheathless CZE-ESMS.

(vii) Effect of tip i.d. on sensitivity sheathless CZE-ESMS interface

Three sheathless MAPTAC columns with different i.d.'s (13, 23, and 30 pm i.d.,
respectively) at the electrospray tip were evaluated for this investigation. This analysis was
carried out in full scan acquisition mode using the same standard peptide mixture. The
migraton times were subject to variability from one column to another (Figure 2.25).
However, poorer performance in terms of sensitivity were observed for the 30 pm i.d. tip.
Moreover, this capillary was also the hardest to optimize and stabilize. The peak height
intensities for the other two columns are similar. However, the peak areas for the 13 um
i.d. capillary are usually greater than those for the 23 um i.d. capillary (Table 2.16). This
alone suggests that capillaries with the smallest tip i.d. possible are the most desirable to
use. However, tips tapered to less than 15 um were very prone to blockage both during
production and use. Therefore, from a practical point of view, capillaries with a tip i.d. of
approximately 20 pm provide the best compromise betweer ease of use and sensitivity.
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Figure 2.25: Influence of the tip i.d. size on the sensitivity of sheathless CZE-ESMS
analysis in full scan acquisition mode (m/z 300-1200) for the mixture of
standard peptides (10 pg/mL each). TIE's for tip i.d. size of 13 um (a),
23 um (b) and 30 um (c). The injection volumnes were 23, 22 and 24 nL,

respectively.
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(viii) Comparison of sheathless and co-axial CZE-ESMS for the analysis
of the CNBr digest of ovalbumin

Ovalbumin is a glycoprotein with two potential sites of phosphorylation (Ser 68 and
344) and a single site of glycosylation (Asnzgz). The glycoform population at this one site
is quite heterogenous and consists of both high mannose and hybrid type N-linked
saccharides. A more complete discussion of the significance of this heterogeneity, plus a
more critical analysis of the CZE-ESMS results for a number of glycoproteins will be given

in chapter four.

CZE-UV analysis indicated that the best separation of the glycopeptides produced
by the CNBr digestion of ovalbumin is achieved using strong acid electrolytes such as 1 M
HCOOH (Figure 2.26a). Figure 2.26b and ¢ compare the TIE's obtained by CZE-ESMS
with a sheathless and a co-axial interface using MAPTAC capillaries and 1M HCOOH as
tiie BGE. This work was carried out on the SCIEX API III+. The i.d. of the sheathless
column was 23 pum at the electrospray tip. The migration times for the co-axial interface
(Figure 2.26¢) were faster than that for the sheathless column as the column was 90 cm in
length rather than 1 m. It is immediately obvious that neither system has produced the
quality of resolution observed by CZE-UV. This is mainly due to the slower data
acquisition rate of a full scan analysis (3.5 sec/scan by comparison with 0.5 sec/datum
point for CZE-UV). Better resolution was obtained using a dynamically coated Polybrene
capillary as will be demstrated in chapter four. Nevertheless, approximately the same
amount of the digest (1 pmole and 890 fmole respectively, based on the original weight of
the protein) was analyzed in both cases. The signal strength for the sheathless arrangement
(Figure 2.26b) was approximately four times greater than that for the co-axial interface
(Figure 2.26c¢).

Comparison of the glycopeptide extracted mass spectra illustrates the superiority of
the sheathless interface arrangement (Figure 2.27). The signal intensity is significantly
better and the mass spectrum is dominated by both triply and doubly protonated peptide
molecules. This spectrum confirms the expected heterogeneity of this single site of
glycosylation. The major peaks observed have moiecular weights corresponding exactly o
the combination of the CNBr protein fragment (a.a. 288-298) plus a variety of high
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Figure 2.26: Analysis of the CNBr digest of ovalbumin (2 mg/mL) by CZE-UV (a),
sheathless CZE-ESMS (b) and co-axial CZE-ESMS (c) using MAPTAC-
coated capillaries. The BGE was 1M formic acid in all cases. Mass
spectral data was acquired in full scan acquisition mode (my/z 800-1800).
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the CNBr peptide 288-298.
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mannose and hybrid saccharides as indicated on the spectrum. The presence of triply and
doubly protonated ions in the mass spectrum makes determination of the original molecular
weight easier. The spectrum obtained using the co-axial arrangement (Figure 2.27b)
shows mainly triply protonated ions with only very weak doubly protonated ions.

However, all of the major glycoforms were observed in this mass spectrum.

The digest solution was subsequently diluted with 50 mM HCOOH to a final
concentration of 0.05 mg/mL and analyzed by sheathless CZE-ESMS. In this instance the
BGE was 0.5 M HCOOQH and the scan range was m/z 400 to 1400. This was done in
order to detect more of the non-glycosylated peptides, many of which give multiply
protonated ions below m/z 800. The TIE and spectra illustrated in Figure 2.28 were
obtained using the most dilute sample (23 fmoles of the protein digest was injected). Even
at this very low concentration the glycopeptide peak car: be observed on the TIE (Figure
2.28a) and the the major glycoforms are still clearly visible above the background in the
corresponding spectrum (Figure 2.28b). Given the complexity of the glycoform
population, most of these glycopeptides are present at either very low femtomole or very
high attomole levels. In addition, most of the expected non-glycosylated peptides can be
observed either directly from the TIE or by extracting the appropriate m/z values. The mass
spectrum of the CNBr fragment 228-239 (Figure 2.28c) consists mostly of the doubly
protonated ion. The intensity is such that the sample could be diluted at least 100 times
more before reaching the detection limit. The mass spectrum for the CNBr fragment 274-
285 is less intense and consists of the triply protonated ion (Figure 2.28d). This peptide
fragment contains 4 basic residues and abundant quadruply protonated ions are expected.
However, the corresponding my/z value (m/z 380) is below the mass range scanned. The
multiply protonated nature of this peptide also explains the length of time that elapses
before it is detected (i.e., the greater the electrophoretic mobility of an ion the longer it will
take the electroosmotic flow to bring it to the inierface).

(ix) Analysis of proteins
The sheathless interface was also used for the analysis of a mixture of protein

standards with mol::cular weights ranging from 15 to 20 kDa. A 1 m MAPTAC sheathless
capillary with a tip i.d. of 25 um was interfaced with the TOBY mass spectrometer. The
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Figure 2.28: Analysis of the CNBr digest of ovalbumin (0.05 mg/mL) by sheathless
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best sensitivity for proteins was obtained by increasing the orifice voltage to 200 V from
135 V (the optimum setting for peptide analysis). The TIE's illustrated in Figure 2.29 were
obtained for the on-column injection of 900 pg of each protein (i.e., 23 nL of 40 pg/ml
solutions). As indicated in Figure 2.29a-c, increasing the acid concentration from 50 mM
to 1 M improved the resolution of each individual protein. Furthermore, the order of
detection changes as the acid concentration increases suggesting that the conformational
state of soruie of the proteins had altered.

The intensity of the peaks at all acid concentrations is quite high. Equivalent
analysis using a co-axial interface gave intensities approximately 10 to 20 times lower.
Unexpectedly, the peak intensities increased as the acid concentration increased. This was
consistently observed even for separations conducted with the co-axial CZE-ESMS
interface. Examination of the spectra obtained for a-lactalbumin at the three acid
concentrations confirms that the most intense ions were obtained at 0.5 M HCOOH (Figure
2.30). Here again this is consistent with the co-axial CZE-ESMS interface results. The
spectrum obtained using 1 M HCOOH gave the same prefile of multiply protonated ions
but each charge state was broadened by the presence of «dducts. The 50 mM acid spectrum
gave the least intense ions but the charge envelope ncluded a [M+10H]10+ jon. This
upward shift in the charge envelope at higher acidities (low=r pH) has been observed
previously [100,101] and it is believed to be due to a recoiling of the pretein which masks
some of the basic sites.

The spectra for four of the five proteins, obtained using 0.5 M HCOOH as BGE,
are given in Figure 2.31. The signal intensity is 20-50 times greater than those obtained
using a co-axial interface. The spectrum for myoglobin was relatively poor as this protein
optimized at a lower orifice voltage than the other four (i.e., 90 V). Unfortunately,
reducing the on-column sample amount to the very low femtomole level (i.e., < 10 fmole)
greatly reduced the signal intensity of the proteins. Once again this was attributed to
adsorption of the proteins on the inner capillary walls. Infusion-MS of low concentrations
of proteins (i.c., 4 and 10 pg/ml) using a sheathless MAPTAC capill=ry gave good signals
for all proteins. Therefore, the current LOD of = 10 fmole (400-550 nanomolar sample
solution) for these proteins is significantly higher than that anticipated once this adsorption
problem is solved.
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was 50 mM (a), 0.5 M (b) and 1.0 M (c) forrnic acid.
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Figure 2.31: Extracted mass spectra for the other proteins obtained by sheathless CZE-
ESMS using 0.5 M HCOOH as the BGE (Figure 2.29b).
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(x) CZE-MS/MS of peptides using the sheathless interface

An obvious advantage of increasing the sensitivity of CZE-MS is the ability to carry
out tandem mass spectrometry on very small quantities of sample. Figure 2.32a shows the
electropherogram of mixture of 10 standard peptides obtained using a sheathless MAPTAC
capillary (tip i.d. = 23 pm), 0.1 M HCOOH as BGE, and normal electrophoretic voltage (-
28.5 kV). The amino acid sequence of peptides and the amount injected on-column are
listed in Table 2.18. The separation is complete in approximately 14 minutes and the signal
intensity is high for all peptides. However, the peptide peaks are no more than 6 to 10
seconds wide at the base and are too narrow to obtain meaningful MS/MS spectra with a
triple quadrupole instrument such as the SCIEX API III+.

Figure 2.32b shows the electropherogram obtained when the peptides were
separated under normal electrophoretic conditions for the first seven minutes, at which time
the voltage across the capillary is reduced by approximately a factor of three to -8.5 kV
[102]. The peptides take significantly longer to elute and the peak width is typically 30-60
seconds. However, the peak resolution is as good, if not better, than that obtained under
normal conditions. In addition, the stability of the electropherogram is excellent despite the
fact that the electroosmotic flow has been reduced to approximately 60 nL/min. In fact, the
area under each peak increased by a factor of 2-3 when compared to the peaks obtained

using the constant high voltage, suggesting that the lower flow enhanced sensitivity.

Another advantage of reducing the rate of elution was that a higher number of
MS/MS scans can be acquired for each peptide. Furthermore, it was also possible to
program the instrument to switch from one precursor ion and set of MS/MS conditions to
acquire the following product ion spectrum so that most peptides could be analyzed in a
single run. The MS/MS spectra illustrated in Figure 2.33 were obtained in this manner.
Each spectrum represents one scan taken at the apex of the peak of the respective peptide.
The MS/MS conditions were set to unit mass resolution (see inset in Figure 2.33) and it
required 20 seconds to record a single scan. A total of 154 and 160 fmoles were injected
on-column for angiotensin I an¢! cholecystokinin (fr. 10-20) respectively. In both cases
abundant fragment ions were observed that were used to confirm the sequence of these

peptides. In the case of angiotensin I the precursor ion was triply protonated and both






