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ABSTRACT

A novel capillary electrophoresis — electrospray ionization — mass spectrometry (CE-
ESI-MS) interface has been developed to provide a robust, user-friendly and more
sensitive alternative interface strategy. The new interface uses a flow-through microvial
design and a bevelled sprayer tip geometry. The capillary column terminus is surrounded
by a tapered stainless steel hollow needle, and the interior of the needle tip acts as the CE
outlet while its exterior tip surface provides the electrode surface for electrospray
ionization. A chemical modifier is supplied to the open-ended microvial at the CE outlet
through a standard tee union, serving the purpose of maintaining electrical continuity, and
supporting a stable electrospray. The chemical modifier supplied through the flow-
through microvial can also be used to improve the compatibility of CE effluent with
electrospray ionization. The bevelled sprayer tip design extends the optimal flow rate
range for ESI and requires lower flow rate compared to conventional blunt tips or
symmetrically tapered sprayer tips. This feature leads to reduced dilution effect caused by
the chemical modifier solution and improves the detection sensitivity.

The mass transport process in the flow-through microvial was investigated by
numerical simulation and experimental comparison of on-column and post-column
detection. Both approaches demonstrated that the laminar flow profile inside the
microvial does not significantly distort the peak shape and the major characteristics of the
eluted peaks are maintained when the modifier flow rate is properly adjusted.

The chemical modifier solution in the flow-through microvial enables CE separation
without electroosmotic flow (EOF). One useful application of this feature is interfacing

online capillary isoelectric focusing (cIEF) with ESI-MS detection, which could be a
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potential replacement in many applications of two-dimensional gel electrophoresis (2DE)
for protein analysis in the future.

The final part of the thesis elucidates the electric field distribution in the ESI source
with an atmospheric ion lens, which could be incorporated in the CE-ESI-MS interface to

improve the ionization and sampling efficiency in the future.
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Chapter 1: Introduction to capillary electrophoresis and mass

spectrometry interfacing



1.1 CAPILLARY ELECTROPHORESIS — SEPARATION OF CHARGED

SPECIES IN LIQUID PHASE

1.1.1 Capillary zone electrophoresis

First demonstrated by Jorgenson and Lukacs in 1981", capillary electrophoresis (CE)
has become a widely used separation technique for ionic substances in the liquid phase,
especially biomolecules. This technique involves applying a very large electric potential
across a narrow-bore fused silica capillary, and the ionic species migrate in a conductive
medium under the electric field in the capillary. Figure 1.1 shows a typical CE apparatus
using online optical detection. Conventionally, a standard setup involves a high voltage
power supply, a polyimide-coated capillary with inner diameter (ID) smaller than 200 pum,
two buffer vials that host both the capillary ends and the electrodes connected to the

power supply, and a detector *.

Detector

High Voltage Power Supply

Inlet Buffer Vial +

Outlet Buffer Vial —

Figure 1.1: Schematic diagram of a capillary electrophoresis system with optical
detection.



Capillary zone electrophoresis is the most popular mode of application, which
separates charged analytes based on their charge-to-size ratio’. To perform this
experiment, the capillary is first filled with background electrolyte (BGE), and then a
small plug of sample is introduced into the capillary by pressure or electrokinetic
pumping. After that, both ends of the capillary and two electrodes are immersed in the
BGE, and a high direct current (DC) voltage up to 30 kV is applied across the capillary.
Upon application of high voltage, the ions in the solution experience an electrostatic force

I?'e (1-1) and start to accelerate. However, the drag force from the solution F p (1-2) that is

proportional to velocity soon balances the electrostatic force g E (1-3), and the ions travel

at a constant electrophoretic velocity ¥,,, (1-4) determined by the electric field in the

capillary E, the hydrated radius of the ion R, net charge carried by the ion ¢, and the

viscosity of the medium 7.

F, =qE (1-1)

Fp =6xnRv (1-2)
gE = 67nRy (1-3)
5= 9E 1-4
Ver 6 7nR (-

To describe the electromigration behaviour independent of electric field, £, the

electrophoretic mobility, u.,, is defined as

S

_ v q
Vo _ 1-5
Mo =F = 6anR (1-3)



From Eq (1-5), it is clear that in free solution, electrophoretic mobility only depends on
the charge-to-size ratio of the ionic species, which is the fundamental variable that
differentiates the analytes in the separation.

In addition to electrophoretic mobility, electroosmotic flow (EOF) is another transport
mechanism that can mobilize the analyte towards the capillary outlet. EOF is a type of
bulk flow caused by the movement of the diffuse layer near the charged inner surface
wall. Figure 1.2A depicts the structure of the electrical double layer, diffuse layer and
bulk solution adjacent to a bare fused silica capillary surface. When the pH of buffer is
greater than 3, the capillary surface is negatively-charged due to the dissociation of the
silanol groups. These negatively-charged silanol groups attract counter ions in the
solution to the wall. The counterions are almost bound to the surface due to the strong
electrostatic force. Thus, a fixed layer, also called Stern layer, is formed on the capillary
surface. The amount of positive charges in the electrical double layer are not enough to
neutrualize all the negative charges on the capillary surface, so that a second layer of
cation-rich solution is formed next to the fixed layer. This second layer, which is called
the diffuse layer, contains more positive ions than negative ions. The electrical potential
decreases linearly within the fixed layer, expoentially in the diffuse layer, and approches
zero in the bulk solution (Figure 1.2B). The potential at the interface of the fixed layer
and the diffuse layer is called zeta potential ({). When voltage is applied across the length
of the capillary, the diffuse layer moves towards the cathode as the ions in this layer are
only loosely bound to the capillary surface. Because the ID of the capillary is very small,

the bulk solution is dragged by the diffuse layer to be moved at the same velocity. The



magnitude of electroosmotic flow is determined by Eq(1-6), where ¢ is the dielectric

constant of the fluid, ¢ is the zeta potential, and # is the viscosity of the fluid.

_ v &
Hop =2 -
E 4nny

A Capillary Wall

0700 1 +

(1-6)

P, S T@°
P T D o
?S@ @ D) +/\._ = |
| | —_— + A W
b) OSI@_-I- +f\"/ o & +
2 SP 9 e i - Heos
Yos@ @ @ T &
e ~ @ B
B “Fixedi Diffuse | Bulk
Iayeri layer solution

Electric potential

Figure 1.2: (A) Structure of the electrical double layer. (B) Potential profile from
the capillary surface to the bulk solution.

A 4

Distance from capillary wall

Zeta potential is proportional to the charge density on the capillary wall, which is

affected by the buffer pH. EOF mobility is the strongest above pH 10, because the silanol

groups are fully dissociated; below pH 3, EOF is insignificant since the degree of silanol
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deprotonation is minimal. The ionic strength of the buffer also has an impact on the zeta
potential: as buffers with high ionic strength have more counter ions to be attracted to the
capillary wall in the electrical double layer, the larger potential drop within the electrical
double layer results in decreased zeta potential. Therefore, increasing the ionic strength
decreases the magnitude of electroosmotic flow.

The apparent electrophoretic mobility is the sum of electroosmotic mobility and

electrophoretic mobility as shown in Eq (1-7).

Hopp = o+ He, (1-7)
The most appreciated feature of CE is its exceptional resolving power and separation
efficiency. Assuming that the peak width in CE separations is mainly governed by
diffusion, the resolution of two adjacent peaks can be approximated by Eq (1-8)"*, where

Apep 18 the difference of electrophoretic mobility of two analytes, 1, is the average

electrophoretic mobility, u., is the electroosmotic mobility, V is the voltage applied
across the capillary, and D is the average diffusion constants of the two analytes. From
this equation, it can be concluded that maximizing the difference of electrophoretic
mobility and increasing the voltage applied are the major means to improve the resolving

power of CE.

L By Y (1-8)
42D, )

For on-column detection in CE, the band broadening is mainly influenced by factors

Re

including injection length of the sample, longitudinal diffusion, Joule heating, wall

adsorption, and width of the detection window™®. The total variance o of the peak is



expressed as the sum of the variance caused by each individual factor (1-9)’. Although
the variance caused by the injection length and longitudinal diffusion are well understood
and easy to calculate*®, research on the band broadening induced by other factors needs

more complicated mathematical modeling and experimental design.

2 2

2 2 2 2
o total — o injection +o diffusion +o Joule heating +o adsorption +o other (1_9)

1.1.2 Capillary isoelectric focusing

Capillary isoelectric focusing (cIEF) is another popular mode of application for CE.
Twenty years after the development of polyacrylamide gel-based IEF (gIEF) was
developed in the 1960s®, Hjerten and coworkers adapted this technique to high
performance capillary electrophoresis’. As the separation is based on the difference
among isoelectric points of amphoteric compounds, cIEF can have many applications in
both pharmaceutical industry and academic research, including purity analysis, post
translational modification, and charge heterogeneity of proteins and peptides'®.

Generally, cIEF involves three steps: sample loading, focusing, and mobilization,
although the mobilization step is unnecessary if whole column imaging is used for
detection. The capillary surface is usually modified with a neutral coating to reduce
protein-wall interactions and ampholyte-wall interactions. The whole capillary column is
first filled with a mixture of analyte proteins and carrier ampholytes which are dissolved
in aqueous gel solution. An acidic solution with a pH value lower than the ampholytes pl
range (anolyte) is placed at the anodic side of the capillary, while a basic solution with a
pH value higher than the ampholytes pl range (catholyte) is placed at the cathodic side of
the capillary. Upon application of high voltage across the capillary, the protons and

hydroxide ions enter the capillary from the anolyte and catholyte reservoir respectively,



and change the pH along the capillary. Meanwhile, the positively-charged ampholytes
and proteins, which possess pl values higher than the local pH, migrate towards the
cathode; the negatively-charged ampholytes and proteins, which possess pl values lower
than the local pH, move towards the anode. Eventually, a pH gradient is established from
the anode to the cathode along the capillary by the carrier ampholytes and each
amphoteric species is focused to a narrow band where the local pH matches its pl value.
At this time, the net charges on the amphoteric compounds are zero, and the current
decreases to almost zero.

There are two common methods to mobilize the focused pH gradient through a single
point detector. The easier way is to apply pressure at the inlet while keeping the high
potential across the capillary. It preserves the formed pH gradient, however, the pressure
induces laminar flow which broadens the peak width and often results in reduced
resolution. An alternative means of mobilization is called chemical mobilization or
electrophoretic mobilization. By replacing the catholyte solution with another solution
that contains anions other than hydroxide ions, the newly introduced anions can disturb
the local charge balance and acid-base equilibrium. Subsequently, the amphoteric species
gain positive charges and migrate towards the cathode. Chemical mobilization can also
be achieved by changing the anolyte solution to another solution that contains cations
other than protons. Although laminar flow is avoided in chemical mobilization, the
electrophoretic migration might alter the relative spacing of the separated bands formed
in the focusing stage, as the analyte velocity depends on charge-to-size ratio during the

mobilization stage.



Harry Rilbe derived equations to describe the resolving power of isoelectric focusing
by simplifying the physical phenomena with a few assumptions in the early stage of gel-
IEF development''. His theory can still be applied in cIEF if we do not take into account
the band broadening caused by the mobilization. The mobility of amphoteric compounds
changes drastically around the pl value. After the amphoteric compounds are completely
focused, if a protein or ampholytes molecule diffuses too far away from the focused zone,
it gains charge again and the electrostatic force will pull it back. At this stage, the mass
transport equation describing the concentration distribution of a specific protein along the
capillary (1-10) can be simplified to Eq (1-11), which reflects the balance of electrostatic

force and molecular diffusion.

2
%:—v-?w% (1-10)
X X
— dc d*c
ﬂE.E:Dﬁ (1-11)

Here, c is the concentration of a certain species, ¢ is time, x is the position along the
column, v is the velocity of convective flow, D is the diffusion constant, E is the electric
field, and u is the apparent electrophoretic mobility.

Assuming that the protein’s mobility is proportional to the distance deviated from the

centre of the focused band, where the pH equals to its pl value, solution to the equation

above (1-12) gives a Gaussian profile of the concentration in Eq (1-12) below.

m E -
c(x) :Z'/;:z—De b (1-12)

Here, x is the distance deviated from the centre of the focused band, and the

concentration of the protein reaches a maximum when x = 0. 4 is the cross sectional area



of the capillary, m is the total mass of this protein in the zone, and p is the slope of
mobility near x = 0. If resolving two adjacent peaks requires that the distance of the band
centers is at least three times of the standard deviation of the peak, then the minimal pI

difference that can be differentiated is expressed by Eq (1-13).

(8pD) = i P = 35 P
dx dx
3 D (dpH / dx) (1-13)
E(—duldpH),

In an ideal case when the pH gradient in the whole capillary is linear, dpH/dx can be
simplified as (ApH)iota’L, Where (ApH)otar 18 the entire pl range of the ampholytes used.

Therefore, Eq (1-13) can be further simplified as (1-14) below .

D ) (ApH)total
V-(-duldpH), (1-14)

(ApD),,;, = 3\/

Except for (-du/dpH),; ,which is the intrinsic property of the protein analyte, other factors
determining the resolving power of the IEF can be optimized experimentally. Better
resolution can be achieved by applying higher voltage, decreasing the diffusion
coefficient using inert neutral polymer solutions as the focusing medium, and using
narrow pl range ampholytes. It is important to notice that increasing the length of the
capillary alone does not improve the resolution, because the increase of distance between
band centres is accompanied by broadening of each band, due to the smaller field
strength counteracting the molecular diffusion.

If the peak width is approximated as four times the standard deviation of the Gaussian

peak, the maximum number of peaks that can be accommodated in a capillary, which has
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a length of L, is calculated by Eq (1-15). Higher voltage, smaller diffusion coefficient and
larger ampholyte pl range will increase the peak capacity. Still, the capillary length itself

does not play an important role in determining the peak capacity.

p =L _L|E _du, dpH
" 40 4\D  dpH'" dx

(1-15)

1|V du

:ZJB'(_@_H oo (BPH s

Although these conclusions above only apply to cIEF without mobilization, they still

provide some guidelines for optimizing the separation efficiency cIEF.

1.2 MASS SPECTROMETRY - SEPARATION OF CHARGED SPECIES IN GAS

PHASE

Mass spectrometry separates and detects charged species, such as metal ions, organic
molecular ions, polymer ions, protein ions, or their fragment ions, in the gas phase under
vacuum. Its high sensitivity, high speed, and low detection limit lead to many
applications that have raised this technology to an unrivalled position among analytical
technologies. At the heart of a mass spectrometer is the mass analyzer, which
differentiates the ions based on their mass-to-charge ratio. The discussion below is
focused on three types of mass analyzers involved in later applications of this thesis,

namely, linear quadrupole, 3D ion trap, and time of flight mass analyzers.

1.2.1 Quadrupole mass analyzer13
The linear quadrupole mass analyzer is composed of four parallel electrodes ideally
with hyperbolic surfaces, though round rods are sometimes used for approximation. The

cross sections of the rods and electric potential applied on each rod are shown in Figure
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1.3. The applied potential, ¢y, contains both direct current (DC) and radio frequency (RF)
components, and is given by Eq(1-16),

@, =U -V, cosQt (1-106)
where U is a DC voltage applied pole to ground, Vrris a zero to peak alternating voltage
applied pole to ground, and Q is the angular frequency of the RF voltage. By solving the
Laplace equation, V¢ =0 , with boundary conditions shown in Figure 1.3, the potential
among the four rods is expressed as Eq (1-17), where x and y are Cartesian co-ordinates,
with the origin at the centre of the four rods, and where 7 is the shortest distance from
the centre to the rod surface.

2 2
L XU -VycosQr)  (1-17)

P(x, y,0) = (

ry

_¢o

Figure 1.3: Quadrupole with hyperbolic rods and applied potential.

The centre point (0, 0) is a saddle point and its potential is maintained at zero no
matter how the potential on the electrodes vary with time. The charged ions travelling
through the quadrupole experience oscillating electric field generated by the potential

applied on the rods, and the ion motions in the x and y directions are subjected to
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Newton’s law shown in Eq (1-18), where m is the mass of the ion, and ze is the charge

carried by the ion.

2 d’ O
Frzmd fz—zeﬁ, Fy:m—y=—ze—¢ (1-18)
: dt ox dr? oy

The ion trajectories determined by Eq (1-18) are difficult to solve analytically; however,
the stability diagram can be used to judge whether an ion with a specific m/z will hit on
the rods as a result of its displacement in either x or y direction being greater than »y. The
most frequently used stability region is shown in Figure 1.4. The parameters a and ¢ in

the diagram are given by Eq (1-19).

_ 8zeU _Azely,
a=——5 ,q4=—3 (1-19)
mQ°ry mQ°r;
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Figure 1.4: The First stability region of quadrupole with an operation line.

Under given conditions, if the point (a, g) for an ion with a specific mass-to-charge
ratio falls within the triangular stability region, then the ion will pass through the
quadrupole and be detected. Otherwise, it will collide with the quadrupole surface
without reaching the detector. For a commercial quadrupole mass spectrometer, 7y is a
constant and Q is usually fixed, so the U and V" are variables that determine whether an
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ion has a stable trajectory. By increasing U and V' simultaneously, ions can be brought
into and pushed out of the stability region sequentially, so that the ions in the order of
increasing mass-to- charge ratio can pass through the linear quadrupole region and reach
the detector. Thus, a mass spectrum is generated by scanning the DC and RF voltage
simultaneously, and the resolution depends on the slope of the operation line. If the slope
of the operation line is zero, the quadrupole serves as a low molecular weight cut-off ion
guide that lets all the ions pass through.

Operated in scanning mode, the duty cycle of the quadrupole mass analyzer is
determined by the ratio of dwell time on each small mass window over time spent on the
whole scan range. If the mass-to-charge ratios of the target ions are known, the
quadrupole can be operated in single ion monitoring or multiple ion monitoring mode. In
this case, U and V are fixed or hopping among several pairs of settings for the specific

mass-to- charge ratio, and the duty cycle is significantly improved.

1.2.2 3D ion trap mass analyzer

3D ion trap is another type of mass analyzer which makes use of the quadrupole field.
It is composed of two cap electrodes and a ring electrode, and the inner surfaces of all the
electrodes have a hyperbolic contour (Figure 1.5). When the cap electrodes are grounded,
and a combined DC and RF voltage ¢ (1-16) is applied on the ring electrode, a near ideal

quadrupole field is produced within this specifically designed geometry.
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Figure 1.5: (A) Photograph of an ion trap cut in half along the axis of cylindrical
symmetry. (B) Schematic diagram of the cross section of an ion trap showing the

asymptotes. (7> =2z2) '*

Reprinted from Journal of Mass Spectrometry, 32, R.E. March, An Introduction to Quadrupole Ion Trap
Mass Spectrometry, 351, Copyright (1998), with permission from John Wiley & Sons.

Using the Laplace equation, the potential in the ion trap can be expressed as Eq (1-20),
where 7 and z are the cylindrical coordinates with the origin at the intersection of the two
asymptotes, 7y is the nearest distance from the origin to the ring electrode surface, and zy

is the nearest distance from the origin to the cap electrode surface.

222 2

2
d(r,z,1) = rz—zrox (U =V, cos Q) (1-20)
4

From Eq (1-20), the potential at the centre is ¢o/2, which oscillates with the potential
applied on the ring electrode. By applying Newton’s Law in the » and z directions
respectively, the ion motions inside the ion trap can be treated the same way as inside the
linear quadrupole. Again, the complexity of solving the differential equations for the

trajectories is reduced to the stability diagram, which predicts a range of stable mass-to-
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charge ratios depending on simple variables. Figurel.6 shows the first stability region for
a 3D ion trap. The parameters a, and g, in the diagram are determined by Eq (1-21). If the
calculated (a,, ¢,) under given conditions for a specific ion is within this stability region,
the oscillation of the ions will be confined within the 3D ion trap.

_ lezeU _ 8zely,
T omQ () +2z2)) oL (7] +2z7)

(1-21)

For the 3D ion trap to function as a mass analyzer, the ions are first injected into the
ion trap through the gating lens and the orifice on one of the cap electrodes. From Eq (1-
21), the adjustable variables that determine the stability of specific ions are U and Vgp,
since ry and z, are decided by the trap geometry and the RF voltage frequency Q is
usually fixed. The simplest way to sequentially eject ions through the orifice on the other
cap electrode is to set the DC voltage on the ring electrode zero and ramp up Vzr
gradually. While scanning the RF voltage, the (a., ¢.) of the stored ions will eventually
approach the point (0, 0.908) in increasing mass-to-charge ratio. According to the
stability diagram, when U equals to zero, ¢g. must be smaller than 0.908 for an ion to be
stored in the trap. Thus, the lower mass-to-charge ratio cut-off value of this ejection
method is determined by Eq(1-22),

ﬂz &V o
ze  0.908Q°(r?, +2z2) (1-22)

The upper mass-to-charge ratio limit of this ejection method is determined by the
highest Vrr that could be applied on the ring electrode. For the first series of LCQ ion
trap mass spectrometers with 7,=7.07 mm, zy=7.83 mm, Q= 21x20.76 MHz, and Vgr is

variable up to a maximum of 8500V, the calculated upper mass limit is 1837.6 Th'.
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To increase the mass analysis range of ion trap mass spectrometer, resonant ejection at
smaller ¢, value, also known as ‘axial modulation’, is used'®. The stored ions oscillate in
the z direction at secular frequency f. , which can be approximated by Eq (1-23), when a,
is zero and ¢, is smaller than 0.4.

Q
£~ q.
22 (1-23)

If a small AC voltage at the frequency f; is applied on the cap electrodes, the ions at
this g, value will resonate along the z-axis, and the oscillation amplitudes will increase
until the ions are ejected through the end cap. By applying AC voltage on the end cap
electrode while scanning the Vzr on the ring electrode, ions of increasing mass-to-charge
ratio are brought to a desired ¢, value, that is smaller than 0.4, excited and then ejected.
In this way, the required Vgp for ejection can be reduced and the mass analysis range of
the 1on trap analyzer is extended.

az

0.2
- 2,=0.908

.14

Figure 1.6: First stability region of 3D ion trap.'

Reprinted from Journal of Mass Spectrometry, 32, R.E. March, An Introduction to Quadrupole Ion Trap
Mass Spectrometry, 351, Copyright (1998), with permission from John Wiley & Sons.
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As the ions have to be stored in the ion trap before they are ejected, the electric field
induced by charged ions will modify the original field applied by the electrodes. The
resulting field is the sum of the original external field and the field induced by the ion
clouds. When there are too many ions trapped, the stability diagram will be shifted,
resulting in problems on the mass accuracy and resolution. Although increasing the ion
injection time improves the detection sensitivity, a balance between sensitivity and space
charge effect should be maintained.

If the ions are generated continuously in the ion source, only those ions injected into
the ion trap can be analyzed, and the rest are repelled by the gating lens while the ion trap
is scanning. The duty cycle of a trap analyzer is calculated by Eq (1-24), where #;,; is the
time for ion injection, and #,,, is the time for mass analysis. It was estimated that more
than 98% of the ions from the ion source are discarded without entering the 3D trap”.

inj

Ly 1, (1-24)

Duty Cycle =

1.2.3 Time of flight mass analyzer

The time of flight (TOF) analyzer employs a very simple concept to separate ions of
different mass-to-charge ratio in field-free vacuum. All the ions are accelerated through
an electric field to gain the same kinetic energy, and then they drift in a field-free region.
The time of flight in the drift tube is related to mass-to-charge ratio by Eq (1-25), where

U is the acceleration potential, ¢ is the drift time, and L is the length of the drift tube.

m _ 2eUt?

1-25
z I ( )
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As larger mass-to-charge ratio simply results in longer flight time, a TOF instrument does
not have an upper mass limit in principle. This feature makes it ideal for analyzing large
molecules such as proteins and protein complexes. Another advantage of TOF is the fast
analysis speed. A broad mass range spectrum can be obtained on a time scale of about
one hundred microseconds.

In order to correct the kinetic energy dispersion of the ions with the same mass-to-
charge ratio coming from the source, a reflectron composed of a series of equally spaced
grid electrodes is usually added at one end of field free region, and the detector is placed
at the other end of the drift tube opposing the reflectron, as shown in Figure 1.7. When
the ions enter the reflectron region, the electric field will decelerate the ions and reverse
their travel direction. Given identical mass-to-charge ratio, ions with higher kinetic
energy in the source will penetrate the reflectron region further, and the total traveling
distance would be longer than that of the ions with lower initial kinetic energy. The
longer time that the ions with excess energy spend in the reflectron region will
compensate for the shorter time they spent in the field-free region, resulting in identical
flight time regardless of the initial kinetic energy. Mass resolution of a reflectron TOF

mass spectrometer can reach as high as 20,000".
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Figure 1.7: Schematic illustration of a TOF mass analyzer with reflectron.
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The blue and green circles represent ions of the same mass-to-charge ratio but different
initial kinetic energy.

1.3 ELECTROSPRAY IONIZATION — GENERATING GASEOUS IONS FROM

A LIQUID SOLUTION

Electrospray ionization (ESI) is a soft ionization technique that converts charged
species in liquid phase to gas phase under atmospheric pressure. Dispersion of liquid into
small charged droplets in an electrostatic field was observed as early as two centuries
ago'®. Since then, electrospray as a method for generating fine aerosols has found a wide
range of industrial applications, including crop spraying, paint spraying, and ink-jet
printinglg. In 1968, Malcolm Dole" first attempted to use electrospray as a means to
produce gas phase ions of macromolecules from a liquid solution for analysis by mass
spectrometry. However, this technique did not prove to be an effective ionization method
for MS until two decades later, when Fenn and Yamashita® successfully coupled ESI to a
quadrupole mass spectrometer. Since these pioneering studies, ESI has demonstrated its
analytical prowess in analyzing many classes of chemical compounds, from small
molecules to large polymers. Its contribution is especially significant in the study of
biomolecules, in the fields such as metabolomicszl, lipidomicszz, and proteomicsB, and
the non-covalent complexation of biomolecules®. Furthermore, ESI owes its increasing
popularity to the ease of online coupling to separation techniques such as liquid
chromatography and capillary electrophoresis.

A schematic of the positive electrospray process™ is illustrated in Figure 1.8. A
voltage of 2—5kV is applied to a metal capillary whose outer diameter is usually several
hundred micrometers and is located several centimetres away from the counter electrode

(in this case, the MS inlet). The counter electrode is grounded or has a potential several
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kilovolts lower than the metal capillary. It might be a plate with an aperture leading to the
mass spectrometer sampling system, or a sampling capillary or cone mounted on a plate,
which serves as the entrance of mass spectrometer. Due to the large voltage difference
between the two electrodes, a strong electric field, typically ~10° V/m, can be generated
at the capillary tip. A solution of polar and volatile solvent in which electrolytes are
soluble is usually delivered to the capillary tip by a syringe pump, liquid chromatography

or capillary electrophoresis. Typical flow rate of the solution is from 1uL/min to

20puL/min.

Power Supply

Figure 1.8: Schematic of the electrospray ionization process.

The analyte solution is pumped through a needle to which a high voltage is applied. A
Taylor cone with an excess of positive charge on its surface forms as a result of the
electric field gradient between the ESI needle and the counter electrode. Charged droplets
are formed from the tip of the Taylor cone, and these droplets evaporate and burst into
smaller droplets as they move towards the entrance to the mass spectrometer. Eventually,
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free, charged analyte molecules are generated to be analyzed by their mass-to-charge
ratio.

Three major steps are involved in the production of gas-phase ions from electrolyte
ions in the solution®**’: (1) formation of charged droplets at the electrospray capillary tip;
(2) shrinkage of the charged droplets by solvent evaporation and disintegration of the
droplets; and (3) production of gas-phase ions from high charge density droplets. When
the voltage is turned on, the large electric field penetrates the solution at the capillary tip.
The electrostatic pressure on the solution surface induced by this large electric field
makes the solution stretch downfield. A liquid cone (also known as Taylor cone) forms at
the tip of the capillary as the result of the surface tension generated to oppose the
electrostatic pressure. Meanwhile, under the influence of the electric field, charges in the
solution are redistributed to counteract the external field: positive ions migrate towards
the meniscus of the solution while negative ions drift upfield in the solution. Due to
electrophoresis of the electrolytes, excess positive ions accumulate at the surface of the
liquid. The mutual repulsion among the positive ions soon overcomes the surface tension
and the surface begins to expand, allowing the positive charges and liquid to move
downfield. If the electric field at the capillary tip is high enough to overcome the surface
tension of the liquid, a fine jet emerges from the liquid cone tip, which breaks up into
small charged droplets.

The droplets emitted at the cone jet are positively-charged because of excess positive
electrolytes. These charged droplets then move in the air towards the counter electrode
and shrink in size due to solvent evaporation. Shrinkage of the droplets with constant
charge leads to an increased electric field normal to the surface of the droplet. Ata

certain radius, the mutual Coulombic repulsion of the positive ions on the droplet surface
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finally overcomes the surface tension, resulting in Coulombic fission. During Coulombic
fission, smaller offspring droplets are generated. Further fissions of the charged droplets
produce progressively smaller and more highly charged droplets.

Two mechanisms have been proposed to account for the formation of gas-phase ions
from very small and highly charged droplets. The first one, developed by Dole'?, is
commonly called the charged residue mechanism (CRM). It is suggested that when the
solution is dilute enough, successive Coulombic fission will produce droplets so small
that each one would contain only one solute molecule. With continuing evaporation of
the solvent, single gas phase ions could be eventually set free, bearing one or more excess

charges. Iribarne and Thomson®**

proposed another mechanism: ion evaporation
mechanism (IEM). It predicts that after the radii of the droplets decrease to a certain size,
direct ion emission from the droplets becomes possible. In fact, it is proposed that direct

ion emission dominates over Coulombic fission for droplets of radii smaller than 10 nm.

Merits of each mechanism are still under debate.

1.4 INTERFACING OF CE AND MS

Since capillary electrophoresis and mass spectrometry are both techniques for
separation of charged species, combining of the two would create an extremely powerful
tool for two dimensional separations. Techniques for combining CE and MS have been
developed for many ionization methods, including electrospray ionization(ESI)*°,
inductively coupled plasma (ICP)*', matrix assisted laser desorption ionization
(MALDI)*, atmospheric pressure chemical ionization (APCI)*, and atmospheric
pressure photoionization (APPI)**. However, most of them are limited to a specific

category of analytes. The extremely high temperature of the ICP torch restricts its
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application to ionization of metal elements; MALDI requires extra efforts of collecting
the fractions from CE separation, and conversion of analytes in liquid phase to solid
phase; APCI and APPI are only suitable for small nonpolar organic compounds. ESI has
become the most popular CE-MS ionization technique because it is relatively easy to
operate and can be adapted to many different types of compounds, especially large

biomolecules.

1.4.1 General concerns on CE-ESI-MS interfaces

CE and ESI share many common properties which heighten their compatibility: for
example, they both enjoy simple DC circuits, and are suitable for large biomolecules.
However, several fundamental issues still need to be addressed for successful online
coupling of CE and ESI-MS. First of all, consolidation of the CE and ESI circuits poses
several concerns. While the inlet electrode of the CE apparatus can be preserved, the
outlet electrode needs to be modified to function as an electrospray emitter, capable of
generating intense electric field for electrospray. Stable electrical contact at this shared
electrode is important for continuous CE current and electrospray. Furthermore, CE is
usually operated at currents around tens to hundreds of microamperes. In contrast, the
spray current is confined to under one microampere.

Secondly, participation of the CE electrolytes in the electrospray ionization process
requires modification of the CE effluents. The highly conductive and polar background
electrolytes in CE are in direct contrast to the properties of an ideal electrospray solvent
which has low conductivity, low surface tension and polarity. Thirdly, the bulk flow rate

of CE, within hundreds of nanoliters per minute, is not high enough to support a stable
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electrospray from an emitter with typical dimension of several hundreds of micrometers

in diameter.

1.4.2 Sheath liquid CE-ESI-MS interfaces

In the last twenty years, a variety of CE-ESI-MS interfaces have been developed to
address some of the concerns mentioned above. They can be divided into two categories:
sheath liquid interfaces and sheathless interfaces. Three major configurations of the
sheath liquid interface design35 are summarized in Figure 1.9. These interfaces employ
additional sheath liquid to supplement the flow rate of CE and to modify the surface
tension and polarity of the BGE before electrospray. The most common type is the
coaxial sheath liquid interface shown in Figure 1.9A, which has been commercially
available for years®®. In this interface, the capillary terminus is inserted into a coaxial
metal sheath tube and slightly extrudes out of it. The sheath liquid, which usually
contains organic solvents to facilitate electrospray ionization, flows between the capillary
and the metal sheath tube and mixes with the CE effluent outside the capillary tip. A third
tube delivers a coaxial sheath gas to help with solvent evaporation and improve
ionization efficiency. A major drawback of this interface is analyte dilution caused by the

sheath flow liquid®’.
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Figure 1.9: Common sheath-liquid interface arrangements.
(A) Coaxial sheath-liquid interface with sheath gas, (B) liquid junction interface, and (C)
pressurized liquid junction interface.”

Reprinted from Analytica Chimica Acta, 627, E. J. Maxwell and D.D.Y. Chen, Twenty years of interface
development for capillary electrophoresis-electrospray ionization-mass spectrometry, 25, Copyright (2008),
with permission from Elsevier.

Liquid junction interfaces, which employ a metal sprayer or silica capillary connected

to the capillary terminus via sheath liquid as electrospray emitter’>*!

, as 1llustrated in
Figure 1.9B and C, were designed to reduce dilution effect from the sheath liquid. The
sheath liquid is either delivered through another capillary (Figure 1.9B) or provided by
the pressurized sheath liquid reservoir (Figure 1.9C), to be mixed with the CE effluent at
the gap between the capillary terminus and the metal emitter. The difficulty of aligning
the emitter with the capillary and controlling the gap distance between the two hinder

wider application of this interface. Another disadvantage of the liquid junction interfaces

is the peak broadening caused by the large post-column dead volume.
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1.4.3 Sheathless CE-ESI-MS interfaces

To improve detection sensitivity, researchers have modified the CE column terminus
to adapt the inherent CE flow rate to match the required flow rate for stable electrospray,
instead of using another piece of tubing as electrospray emitter. A fused silica capillary
tip is pulled or etched into a very thin emitter, with an OD of several to ten microns to
eliminate the need for sheath flow liquid. In the nanospray regime, the initial liquid
droplet sizes are so small that gas phase ions can be generated fast and efficiently in the
ion source. Therefore, the ionization efficiency of sheathless interfaces is usually much
higher compared to that of sheath flow interfaces. Despite these merits, establishing a
stable electric contact at the CE terminus remains a tricky problem. Various solutions
have been proposed to solve this problem, as shown in Figure 1.10. The most widely used
one is to apply a thin layer of conductive coating, such as gold****, silver**, copper®,

nickel*® or graphite*’*’

, to the outer surface of the silica capillary tip and attach this
coating to high voltage power supply (Figure 1.11A). However, quick deterioration of the
coating materials makes lifetime of these CE columns as short as a few days. Other
methods of creating electric contact include inserting a wire into the capillary through the
opening at the tip”’(Figure 1.10B) or creating a hole or crack near the tip’' (Figure 1.10C);
splitting the liquid flow inside the capillary by drilling a small hole near the capillary tip
so that the portion flow outside of the capillary contacts an electrode®® (Figure 1.11D);
etching silica capillary tip to make it thin and porous and inserting the porous tip into a
metal tube filled with conductive liquid®*~*** (Figure 1.10E).

As the small size nanospray tips are prone to getting clogged or damaged, it is

desirable to have disposable emitters connected to the CE column to prolong the lifetime
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of the capillary. There have been several reports of this type of sheathless interface. With
silica emitters, metal sleeve®® (Figure 1.10F) or micro dialysis tubing®’ (Figure 1.10G) are
used to align the two pieces of capillaries and make the electric contact. With stainless

steel emitters (Figure 1.10H), high voltage for ESI can be applied directly on the emitter™®.

Figure 1.10: Methods for creating electrical contact in sheathless interfaces.

(A) Conductive coating applied to the emitter tip, (B) wire inserted at tip, (C) wire
inserted through hole, (D) split-flow interface with a metal sheath, (E) porous, etched
capillary walls in metal sleeve, (F) junction with metal sleeve, (G) microdialysis junction,
and (H) junction with conductive emitter tip.>>

Reprinted from Analytica Chimica Acta, 627, E. J. Maxwell and D.D.Y. Chen, Twenty years of interface
development for capillary electrophoresis-electrospray ionization-mass spectrometry, 25, Copyright (2008),
with permission from Elsevier.

Some common problems of the sheathless interfaces include complicated fabrication
process, fragility and reproducibility. As the electrospray solution comes only from the
bulk flow in the CE column, the choice of buffer solution is more restricted by the
requirement of electrospray, and pressure has to be applied at the CE inlet to support

electrospray when the EOF rate is not large enough.
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1.5 RESEARCH OBJECTIVES

1.5.1 Design and characterization of a novel CE-ESI-MS coupling strategy

The first section of this thesis focuses on the design, rationale, and characterization of
a novel CE-ESI-MS interface using a flow-through microvial. Although the current
commercial sheath liquid interface has brought CE-MS applications to a wide audience,
demands on improving sensitivity for biological samples pushed us to explore new
solutions for CE-MS interfaces. In addition to increased sensitivity, the new interface
should be robust, easy to fabricate, compatible with different types of CE columns and
separation modes, and offer excellent reproducibility for routine analysis. Chapter 2
discusses these features of the novel CE-ESI-MS interfacing strategy. As MS is a post-
column detector, band broadening caused by the flow-through microvial CE-MS
interface is a concern. Chapter 3 is devoted to describing the mass transport process in the

interface region and its influence on peak shape.

1.5.2 Applications of the interface in different capillary electrophoresis modes
Although CE-ESI-MS interfacing technologies are not as mature as liquid

chromatography (LC)-ESI-MS interfacing, its vast potential in drug analysis™, metabolite

62-65 66-68

60,61 , carbohydrate identification™ ",

profiling” ", peptide and protein characterization
and biomarker discovery®-"° has been demonstrated. To evaluate performance of this
novel CE-ESI-MS interface for small molecule characterization, Chapter 4 presents the
results of separation and quantification of two groups of basic compounds that are of
drugs of abuse. In addition, this interface also facilitates online coupling of cIEF and ESI-

MS. Chapter 5 demonstrates the strategy of online cIEF-MS with both uncoated and

coated capillaries using pl markers and protein standards.
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1.5.3 Improvements on ESI sensitivity in reduced flow region

To further enhance the performance of the CE-ESI-MS interface, it is crucial to
improve spray stability, ionization efficiency and sampling efficiency of the electrospray
ionization source in the reduced flow region (lower than a couple of microlitre per
minute). Chapter 6 explains how an atmospheric ion lens modifies the electric field

distribution in the ion source and improves the detection sensitivity.
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Chapter 2: Decoupling CE and ESI for a more robust interface with

mass spectrometry
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2.1 INTRODUCTION

Since first demonstrated in 1987, the strategy of interfacing the highly efficient
separation technology capillary electrophoresis to highly sensitive detection technology
of mass spectrometry via electrospray ionization has been modified and improved by
many researchers. Over the past twenty years, a variety of interfacing techniques have
emerged35, among which the sheath liquid, sheathless and liquid junction are the most
frequently employed methods. As the sheath liquid interfaces®® are relatively rugged and
easy to adapt to the existing LC-ESI-MS interface, they have been incorporated into
commercial CE-MS systems and found lots of applications in analysis of boimolecules,
such as metabolites, peptides, proteins and carbohydrates. However, the sheath liquid
interfaces always suffer from the sacrificed sensitivity caused by dilution from the high
sheath liquid flow with a volume rate of 1~10 puL/min’’. While showing higher sensitivity,
use of the shealthless interfaces generally involves lengthy and complicated fabrication
work, such as coating the silica capillary tip with various conductive materials ***>*7"3,
drilling a hole on the capillary to split the liquid flow in the capillary™, inserting an

3

2051 "or etching the tip of silica capillary to make it porous™.

electrode into the capillary
Due to electrolysis of the metal coating or the poor mechanical strength of the capillary
tips, these sheathless interfaces usually do not last for long time; sometimes
reproducibility is also a problem due to the fabrication process. In addition, as only the
bulk flow from CE supports the electrospray, the choices for BGE are more limited, and
the sheathless interfaces cannot accommodate coated capillaries that suppress EOF unless

pressure is applied at the inlet buffer vial. As to the liquid junction®®***"* interfaces, the
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large dead volume of the junction and difficulty to align the separation capillary with the
ESI emitter remained to be resolved.

Another type of CE-MS interface design uses the ‘junction-at-the-tip> concept’ ™.
The end of the CE column is surrounded by a tapered outer tubing and does not extrude
out of it, and the CE effluent and sheath liquid or make-up flow mix inside the tapered
emitter tip. The dimensions of emitter tips are usually smaller than those of the typical
sheath flow interfaces, so that the ‘junction-at-the-tip’ interfaces require lower make-up
flow compared to the traditional sheath flow interfaces. In addition, the coaxial alignment
also makes assembly of this kind of interface easy. However, the emitter material used by
most researchers was silica or glass capillaries, which requires extra effort to build
electric contact at the CE outlet. To obtain both the ruggedness and sensitivity, our group
has recently designed a robust, easy-to-build, improved ‘junction-at-the-tip’ type CE-
ESI-MS interface®®, which uses a stainless steel (s.s.) needle as both the ESI emitter and
the CE terminal electrode. The capillary column is inserted as far as possible into a
tapered ending of the s.s. needle tubing, and the space enclosed by the end of CE column
and s.s. tip inner surface forms an open flow-through microvial for the CE outlet. A
grounded, pressurized reservoir supplies a low flow modifier to the very end of the
capillary to regulate the effluent flow rate and sustain stable electrospray. This low make-
up flow pushes the products generated by electrochemical reactions, such as oxygen
bubbles, out of the s.s. needle, making the electric contact stable by constantly filling the

space in the open flow through outlet vial. The grounded reservoir is also responsible for

sinking part of the current from CE.

33



Previous studies by other researchers have shown the geometry and dimensions of the
sprayer tip play a critical role in the electrospray ionization process™ and the shape of the
geometry of the tip does not have to be symmetrical. Her and co-workers found the
optimal flow rate of a 75 um ID, 90 pm OD bevelled, tapered and carbon coated silica
capillary tip was similar to that of a conventional flat silica capillary tip with a 25 um
OD”. To further improve the performance of the CE-MS emitter, our s.s. emitter tip was
35 degree bevelled to adapt to a wider flow rate range for stable electrospray. Due to the
lower volume flow rate of the modifier (less than 1 pL/min), the sensitivity of this
interface is improved compared to the conventional sheath liquid interface.

In this chapter, incorporation of our home-built interface into commercial instruments
with UV detection is demonstrated. Amino acids, protein standards, peptides, and
catecholamines were chosen as the analytes because of their biological importance and
previous extensive studies on these samples. The capability of accommodating different
types of capillaries for analyzing different samples promises a wide application area for

this CE-ESI-MS system in the future.
2.2 MATERIALS AND METHODS

2.2.1 Chemicals and materials

Individual amino acids, hydroxyl-proline, catecholamines, thymol, sodium dodecyl
sulfate (SDS) and 1, 2, 4-benzenetricarboxylic acid (BCA) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). A HPLC peptide standard mixture composed of
angiotensin II (DRVYIHPF, M.W. 1046.2), Gly-Tyr (M.W. 238.3), Val-Tyr-Val (M.W.
379.5), Leu enkephalin (YGGFL, M.W. 555.6) and Met enkephalin (YGGFM, M.W.

573.6) was also purchased from Sigma. Angiotensin I&II peptide mixture and a protein
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standard test mix containing cytochrome C (Cyt C), lysozyme (Lys) and ribonuclease A
(RNase A) were obtained from Beckman Coulter (Brea, CA). Methanol (HPLC grade),
acetonitrile (HPLC grade), ammonium hydroxide (A.C.S. reagent), 88% formic acid
(Certified A.C.S.), hydrochloric acid (A.C.S. reagent) were from Fisher Scientific
(Nepean, ON, Canada). The deionized water was generated from a Milli-Q purification
system (Millipore, Bedford, MA). To prevent decomposition of the amino acid mixture,
the 1 mM stock solution was prepared in 50% methanol and stored at -20 °C. In order to
dissolve the catecholamines and its analog tyrosine, the 1 mM stock solution was
prepared in 0.1 M HCI solution. The HPLC peptide standard mixture, angiotensin [&II
mixture, and protein standard mixture were dissolved in deionized water to produce a 1
mg/ mL stock solution, and aliquots were stored at -20 °C and diluted before use.

Bare fused silica capillary (75 and 50 um ID, 365 um OD) was purchased from
Polymicro Technologies (Phoenix, AZ). Neutral coated capillary with double layer
polyacrylamide-based hydrophilic wall coating (50 pm ID, 365 um OD, 67 cm long) was
obtained from Beckman Coulter. A polyethylenimine (PEI) capillary coating solution

was obtained from Gelest, Inc. (Morrisville, PA).

2.2.2 Instrumentation

All the CE-MS experiments were performed on a P/ACE MDQ capillary
electrophoresis system from Beckman Coulter Instruments (Brea, CA), and a Finnigan
LCQ Duo mass spectrometer (Thermo Scientific, Waltham MA) or Waters Q-TOF1E
mass spectrometer (Waters Corporation, Milford MA). Figure 2.1A illustrates the CE-
ESI-MS setup with our built-in-house CE-ESI-MS interface. Both the separation and

modifier capillaries are hosted by a modified cartridge designed for external detection

35



(Beckman Coulter Instruments, Brea, CA). The CE buffer vial and the chemical modifier
vial are placed on the two separate buffer trays of the MDQ system. Standard stainless
steel (s.s.) tee unions and polyethyl ether ketone (PEEK) fittings purchased from
Upchurch Scientific (Oak Harbor, WA) are used to secure the separation capillary,
modifier delivery capillary, and stainless steel sprayer (Figure 2.1B). The two opposing
ports of the tee are used to connect the separation column and the s.s. sprayer. The
orthogonal port of the tee union is attached to the modifier capillary through a PEEK nut,
which delivers a low flow solution to the sprayer tip when a small pressure is applied to
the chemical modifier vial. The s.s. sprayers were fabricated from approximately 2 inch
long hollow stainless steel tubings (OD 0.028”, ID 0.016) according to customer design
(Popper & Sons, Inc, New Hyde Park, NY). One end of the s.s tube was laser welded to
1/16” OD stainless steel tubing for connection with the standard fittings. The other end,
which was tapered both internally and externally, was used as electrospray emitter. The
emitter outlet surface has an OD of 305 um and ID of 75 um. To improve the stability of
electrospray ionization, the emitter tip was bevelled, such that the face of the tip forms a
55° angle with the central axis of the electrode. Inset of Figure 2.1A gives these details
of the sprayer tip geometry. Because of the gradual tapering of the internal surface of the
sprayer tip, the CE separation column is inserted all the way through the s. s. needle to
the very end but does not extrude out of the end of the s. s. needle. The CE effluent and
the modifier converge and mix at the microvial enclosed by the tapered inner surface of
the s. s. emitter and the end of the separation column. The tee union was mounted on an
XYZ micro-positioning stage in the ion source of the mass spectrometer. The s. s. emitter

is directly aimed at the orifice of the heated transfer capillary of the LCQ mass
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spectrometer or the orifice of the sample cone of the Q-TOF mass spectrometer, and the
distance from the sprayer tip to the inlet was approximately 0.5~1 cm.

Images of the electrospray process were captured on a CCD camera (Watec,
Middletown, NY) with an 8x20 lens (Specwell, Tokyo, Japan). The electrospray plume
was illuminated by a 12 mW diode laser (Power technology Inc, Little Rock, AR). The
mass spectrometer inlet was approximated using a conducting rod connected through a
picoammeter (Kiethley, Cleveland, OH) to ground. A syringe pump (Harvard apparatus,

Holliston, MA) was used to infuse the solution for electrospray.

2.2.3 Separation methods

Separations of amino acids, catecholamines and HPLC peptide mixture standard were
carried out using 75 pm ID x 360 um OD bare fused-silica capillaries (Polymicro
Technologies , Phoenix, AZ). Another 75 um ID capillary was used for chemical
modifier delivery. Before each run, the capillary was flushed with methanol, 2% formic
acid, and run buffer for 5 minutes each. The BGE and chemical modifier were
methanol/water/formic acid (v/v/v) 50:50:0.2 for amino acid and catecholamine
separations, acetonitrile/water/formic acid (v/v/v) 50:50:0.2 for HPLC peptide mixture
standard separation. During the separation, positive 30 kV was applied at the CE inlet
vial and 4.3 kV was applied at the s. s. electrospray emitter. The Finnigan LCQ ion trap
mass spectrometer was operated in positive ESI and full scan mode. The scan range was
set at m/z 70 ~250 for the amino acids mixture, 145 ~ 210 for catecholamines and
200~600 for the HPLC peptide standard mixture. The heated transfer capillary was set at
200 °C. The MS data were collected and processed by the Xcalibur 2.0 software (Thermo

Scientific, Waltham, MA).
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Separations of the angiotensin peptide mixture were carried out using a
polyethylenimine (PEI) coated capillary. The PEI coating protocol was as described in
U.S. Patent 6,923,895 B2. The BGE was methanol/water/formic acid (v/v/v) 25:74:1, and
the modifier solution was isopropanol/water/formic acid (v/v/v) 75:24.9:0.1. The
capillary was rinsed with BGE for 3 min before each run. MS detection was performed
by Waters Q-ToF mass spectrometer in positive ESI and full scan mode. A negative 30
kV voltage was applied at the CE inlet vial and a positive 4.3 kV voltage was applied at
the electrospray emitter. The sample cone of the mass spectrometer was set at 30 V,
150°C, and the scan range was m/z 410~550. Data were collected and processed by the
MassLynx 4.0 software (Waters, Milford MA).

Basic protein standard separations were performed by using ‘Neutral’ coated capillary
(Beckman Coulter, CA). The BGE was 100 mM pH 3.1NHsAc /MeOH (v/v) 9:1, and the
modifier solution was 0.2% formic acid, 90% methanol. Deionized water and BGE
solution were used to rinse the capillary before each run. During separation, positive 30
kV was applied at the CE inlet vial and positive 4.0 kV was applied at the electrospray
emitter. The Finnigan LCQ ion trap mass spectrometer was operated in positive ESI and

full scan mode. The scan range was set at m/z 800~2000.

2.2.4 Simulation

Simulations of the electric field strength in the electrospray ion source were carried
out by solving the Laplace equation using the Electromagnetics - Electrostatics module of
COMSOL Multiphysics 3.4 software (COMSOL Inc., Los Angeles CA). The interface
features were drawn according to their actual dimensions. An ‘extra-fine’ finite element

mesh was used in order to accurately calculate the field lines around the sharp features of
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the needle tips. Further description of the fundamentals of electric field modelling will be

provided in Chapter 6.

2.3 RESULTS AND DISCUSSION

2.3.1 Design rationale

For an ideal electrospray emitter, it should be inert, inexpensive, robust, easy to
fabricate, and adapted to a wide range of flow rates. Stainless steel is chosen as the
material for electrospray emitter for the mentioned advantages as well as its conductivity.
For online CE-ESI coupling, the ESI emitter functions as a shared electrode for both CE
and ESI to complete the circuit. The stainless needle shown in Figure 2.1 serves as an ESI
emitter and a CE terminal electrode. The space enclosed by the end of CE column and the
inner surface of the tapered stainless steel tip acts as an open flow-through microvial at
the CE outlet. The small volume of the microvial, estimated to be approximately 15~ 20
nL, does not contribute to the peak distortion significantly (Details will be discussed in
Chapter 3). A grounded, pressurized solution vial supplies a low flow modifier to the
very end of the microvial to regulate the pH, surface tension and flow rate of the effluent
from CE column. By filling the open space in the microvial continuously, this low make-
up flow maintains the electric contact between the CE terminal electrode and the BGE,
refreshes the electrolyte around the electrode, and pushes the products generated by
electrochemical reactions, such as oxygen bubbles, out of the s.s. needle. Due to the low
volume flow rate of the modifier (less than 1 pL/min), the sensitivity of this interface is
improved from the conventional sheath liquid method. Part of the current from CE can

sink through the grounded modifier vial.
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Figure 2.1: CE-ESI-MS apparatus (A) and the interface assembly (B).

2.3.2 Sprayer tip geometry

The spray solution components, flow rate, sprayer tip geometry, tip positioning and
electrospray voltage are important factors to obtain stable electrospray and best ionization
efficiency. Among these variables, the sprayer tip geometry should be optimized first to
accommodate a large range of flow rate, since the bulk flow rate from CE could vary a lot

for different applications, depending on the capillary surface type, applied CE voltage,
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pH, ionic strength and viscosity of run buffer. A stable spray could be sustained only
when the supplying rate of the effluent matches the emission rate of the liquid on the
Taylor cone®. When high voltage is applied on the emitter, the competition between the
Coulombic force, which pulls charge out of the bulk solution, and surface tension, which
keeps the solvent molecules together, determines the shape and vibration frequency of the
Taylor cone seated on the sprayer tip. For a certain flow rate, there is an onset voltage to
generate strong enough field to pull the charged droplets out from the bulk solution; if the
applied voltage is too high, the Taylor cone tip breaks down too frequently so that the
relatively small flow rate cannot sustain the volume of the Taylor cone. On the other hand,
at a fixed ESI voltage, there is a threshold of solution infusion rate above which a stable
spray could form. The ion signals increase with the infusion rate until a plateau is reached.
The existence of this plateau is due to the limited desolvation efficiency and the current
of electrospray””. In order to use the mass spectrometer as a concentration detector, the
optimal flow rate should be chosen in the plateau region. When the flow rate is higher
than a certain value, the droplets produced by electrospray will be too large to evaporate
in the ion source region without auxiliary means, such as extremely high temperature or
nebulizer gas.

To evaluate the performance of sprayer tips in different geometries, we have
conducted a series of comparisons by plotting the signal noise ratio (SNR) as a function
of electrospray voltage and flow rate™. It has been demonstrated that (1) emitter tips with
smaller OD can tolerate lower flow rate, but are more easily clogged; (2) a bevelled
emitter tip can accommodate a wider flow rate range compared to blunt tips of similar

dimension. Considering that the magnitude of electroosmotic flow rate from CE column
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can vary over a large range, and that the combined flow rate of EOF and modifier is
typically lower than 1uL/min, a 35 degree bevelled tip was chosen for later application. It
is found that this tip performs best in the flow rate range of 0.1~ 0.6 uL/min (the upper
limit could be improved by increasing the temperature in the ion source), while other
blunt tips of similar dimensions have a narrower stable operational region. In a CE-ESI-
MS experiment, the electroosmotic flow rate depends on a variety of parameters
mentioned above; the operational stable flow rate is determined by the tip geometry,
voltage applied on the tip and the surface tension of the liquid. The difference between
the EOF rate and the required stable flow rate for a specific sprayer can be adjusted by
the modifier flow. However, as the modifier flow causes dilution of the sample
concentration, the flow rate of modifier should be kept as low as possible to maximize the
detection sensitivity.

Figure 2.2 AB compares the electric field generated by a s.s. blunt tapered tip and a
bevelled tapered tip in the ion source. Under the same conditions, the bevelled tip
generates higher electric field intensity compared to a flat tip of the same dimension
when an identical voltage is applied. For a symmetrical blunt tip, the electric field
strength around the circumference of the tip surface is identical, so the Taylor cone is
usually based on the whole tip outlet surface. However, for an asymmetrical bevelled tip,
the strongest field intensity point lies at the sharpest point of the tip surface and draws
solution there. In this way, a smaller Taylor cone could reside at this point instead of
covering the whole outlet surface. This assumption was demonstrated by photographing

the electrospray plume from a bevelled stainless steel emitter. As shown in Figure 2.3,
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due to the low wettability of the metal surface and the strongest field strength at the

sharpest point, the base of the Taylor cone covers the sharpest edge of the bevel.
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Figure 2.2: Simulated electric field lines for the blunt tapered (A) and beveled (B)
stainless steel emitters.

The voltage applied on the tapered blunt tip is 3.8 kV, and the voltage applied on the 35

degree bevelled tip is 3.2 kV Color legend is coded for the intensity of the field.
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Figure 2.3: Photograph of an electrospray plume from a beveled stainless steel
emitter.

2.3.3 Comparison of the flow-through microvial interface and sheath flow interface
A group of 18 protein amino acids was chosen to study the performance of our CE-
ESI-MS interface because it involves a variety of chemicals with different properties:
hydrophobic and hydrophilic, acidic and basic, aliphatic and aromatic. Since the isoeletric
points of these amino acids range from 2.8 to 11.1, a volatile organic acid must be used as
electrolyte to charge all of them under positive CE and positive ESI mode. After a series
of comparisons, 0.2% formic acid in 50% methanol was chosen to be the run buffer. The
50% methanol was added into the background electrolyte (BGE) to serve three purposes:
reduce the surface tension of water to facilitate the electrospray; decrease the
conductivity so that the CE current is suppressed to match the ESI current; and minimize
the pH change of the BGE and bubble formation due to electrolysis of water. Although
the BGE does not have strong buffer capacity, the small current does not change the
composition of BGE significantly. To calibrate the MS signal fluctuation from run to run,
50 uM hydroxyl-proline was used to spike the sample as the internal standard. As shown

in Figure 2.4, all the 18 amino acids were separated into three large groups, basic, acidic
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and neutral. Due to different ionization and transmission efficiency, the signal responses
of these amino acids span two orders of magnitude. The observed signal from cysteine
was at m/z 241 (Cys-Cys) instead of the protonated molecular ion because of oxidation

under high temperature in the heated capillary region.
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Figure 2.4: Extracted ion electropherograms for a mixture of 18 amino acids.
CE capillary: 50 um ID, 80 cm; BGE and modifier: 0.2% formic acid, 50% methanol;
modifier flow rate,0.2 ul./min; Sample:100 uM amino acids in BGE injected at 1 psi for
20 s; CE inlet, 30 kV; ESI needle, 4.3 kV; MS inlet capillary, 230 °C; ion trap injection
time 90 mS; scan range: m/z 70-250.

The amino acid mixture standards calibration was used to compare the performance of
the presented interface and the commercial sheath flow interface provided with the

LCQP"Y°. For the separation of amino acids using the sheath flow interface, the

components of BGE and sheath liquid were the same as those used for our home-made
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interface. The ESI needle of the commercial sheath flow interface was 22-gauge (0.0285”
OD, 0.016” ID) and the separation capillary extruded approximately 1 mm from the ESI
probe. The optimal sheath flow rate was found to be 1.0 pL/min without using sheath gas
or nebulizer gas. The sheath flow rate used here is ~ 4 fold larger than that used for our
home-made interface, since the capillary column has to extrude out of the ESI probe,
which requires a larger ESI tip OD and thus Taylor cone volume. It is also worthwhile to
notice that, although the sheath gas and nebulizer gas help evaporation of the solvents,
they create negative pressure around the ESI emitter and the pressure induced flow can
accelerate the separation process and decrease the peak resolution™. Due to the high
sheath flow rate for the sheath-flow interface, use of sheath gas was often necessary for
efficient desolvation.

The signal-to-noise ratio (SNR) of 100 uM of individual amino acids and the limit of
detection (LOD) estimated by peak height over the concentration range 10 to 200 uM
using two CE-ESI-MS interfaces are shown in Table 2.1. The home-made interface
showed significantly improved detection limits (average 5-fold improvement) compared
to the commercial sheath-flow interface. This improvement is enabled by the junction-at-
the-tip arrangement and the bevelled tip geometry, which requires smaller modifier flow

rate and causes less dilution and increased ionization efficiency of the analytes.
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Sheath-flow Fold improvement over

Amino ~ Decoupling interface interface sheath-flow interface
acid R’ LOD* R’ LOD* LOD* SNRP
Ala 0.9980 0.7 0.9981 3.8 5 11
Arg 0.9993 0.1 0.9702 0.4 3 3
Asn 0.9954 1.7 0.9783 7.4 4 5
Asp 0.9995 0.6 0.9963 2.3 4 3

Cys-Cys  0.9995 1.0 0.9813 10.9 11 6
Gly 0.9998 1.1 0.9677 6.3 6 4
Glu 0.9979 0.3 0.9950 1.3 4 4
Gln 0.9995 0.2 0.9939 1.1 4 6
His 0.9940 0.4 0.9992 24 6 6
Ile 0.9998 0.1 0.9800 0.4 4 6
Lys 0.9964 0.2 0.9731 0.4 2 2
Met 0.9966 1.2 0.9956 23 2 2
Phe 0.9985 0.1 0.9946 24 17 13
Pro 0.9996 0.9 0.9816 24 3 6
Ser 0.9989 3.4 0.9967 5.3 2 4
Thr 0.9995 1.7 0.9846 2.6 2 5
Trp 0.9998 0.1 0.9888 0.2 3 4
Val 0.9992 0.3 0.9904 1.3 5 6

Table 2.1: Amino acids calibration with sheath flow interface and the built-in-house
interface.

CE conditions: 75um IDx ~ 75 ¢cm bare fused silica capillary for CE separation; 75um
IDx ~ 90 cm capillary for modifier delivery; voltage at CE inlet vial 24 kV, ES voltage
4.3 kV; Sample concentration 200,150, 100, 50, 25,10 uM of each amino acid (except
that the glycine concentrations were doubled), 50 uM was spiked into each sample as
internal standard; 0.5 psi 20 s pressure injection; background electrolyte and
modifier/sheath flow, methanol/water/formic acid (v/v/v) 50:49.8:0.2; 0.4 psi was applied
the CE inlet vial to accelerate the separation.

MS conditions: LCQ " ion trap MS scan range m/z 70 ~ 250, heated capillary
temperature 230 °C, ion trap injection time 100 mS. Modifier flow rate for the
decoupling interface 0.2 puL /min, sheath flow rate for the commercial interface 1 pL /min.
a LOD was calculated by 36pjank/m, where opjank is the standard deviation of the signal of
blank, m is the slope of calibration curve. b SNR was measured at 100 pM of each
amino acid.
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2.3.4 CE-MS separation without EOF or with reversed EOF

Another feature of the ‘junction-at-the-tip’ interface that the sheathless interface does
not possess is that it allows the bulk flow from CE column to be zero or even towards the
capillary inlet. As the negatively charged, hydrophilic bare fused silica capillary wall can
interact with some analytes, neutral coated capillaries that eliminate charge and
hydrophobic interaction, as well as electroosmotic flow, are widely used for the
separation of proteins, peptides and carbohydrates. In the absence of bulk flow from the
CE column, the sheathless interface emitter cannot spray without assisting pressure
applied at the capillary inlet; however, for the ‘junction-at-the-tip’ arrangement, the
modifier flow can flush the analyte out of the microvial and support a stable spray. Figure
2.5 demonstrates this situation by using a neutral coated capillary to separate three basic
proteins, cytochrome C, lysozyme and ribonuclease A. In the acidic BGE, 100mM pH 3.1
NH4Ac/ MeOH (v/v) 9:1, the positively charged protein molecules migrate towards the
cathode under electric field without EOF, and they are transported to the bevelled tip
surface for electrospray ionization by the low modifier flow after arriving at the microvial

at the outlet.
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Figure 2.5: Total ion electropherogram (A) and mass spectra (B) of three basic
proteins separated under positive polarity with a neutral-coated capillary.

CE capillary,50 um ID, 67 cm long; BGE, 100 mM NH4Ac, pH 3.1: MeOH (v/v) 9:1;
modifier, methanol:water:formic acid (v/v/v) 90:9.8:0.2, 1.0 psi; sample, 100 mg/mL of
protein mixture in BGE injected at 1.0 psi for 10 s; ion trap MS scan range, m/z
800~2000.

The modifier flow does not only maintain the circuit, transport the analytes to the site
of electrospray, supply the solution for electrospray, but can also supplement the BGE
when the EOF goes towards the inlet. Experimental results of continuous electrophoretic
pumping of two analytes, sodium dodecyl sulphate (SDS) and benzenetricarboxylic acid
(BCA), shown in Figure 2.6AB, give an example of this type of application. Both
analytes were dissolved in the basic BGE (methanol/20mM pH 7.3 NH4AC/ H,O (v/v/v)
75:15:10) and the capillary column was filled with the sample solution. The modifier

components were the same as BGE to facilitate a negative electrospray. When positive 30

kV was applied at the CE inlet, the EOF towards the outlet brings the negatively charged
49



SDS ions to outlet electrode (Figure 2.6A); while when negative 30 kV was applied at the
CE inlet, the direction of EOF was reversed, the electrophoretic mobility of the
negatively charged BCA ions overcomes the electroosmotic mobility, making the net
mobility towards the outlet (Figure 2.6B). When the EOF is toward the inlet, the modifier
solution in the microvial can split into two directions - one way is to go into the capillary
column to supplement the BGE, the other way is to transport the analyte molecules to the
site of electrospray. In this case, the volume flow rate of the modifier solution needed to
supply the BGE and the electrospray solution is larger than that of sustaining the

electrospray alone.

50



>

8.0x10° 5
[ p‘ |
2 It Ju* 1 i
oo P TNl Mo
(] 1 | /
g 4.0x10° T \M WIHI”W \w”u"f\"v“'qf
5 .
S 2.0x10°
8 4
0.0 T T T T 1
0 2 Time / min 5 8 0
8.0x10°
=] ] \PI 265.5
9 6.0x10° |
Q
2 |
g 4.0x10° A
*§ 2,0x105—- }, ‘\
© o : , . . " A T | " |
250 255 260 265 270 275 280
m/z
B
o b !
& 9.0x10° [ [ If\.r [‘wﬂ WAMH M ‘y\ 4 m'uw' 'Lﬁ N
3 b \ﬁ VN LWJM AT R Y "v"u\ﬂumﬁwﬂf‘ﬂw
5 6.0x10°
Q -
% 3.0x10°
8 4
0.0 4 T T T T T T T T 1
J 2 4 Time / min e 8 &
2 1.2x10° 4 209.1
2 ] |
3]
9 8.0x10° { ‘
T |
£ 4.0x10° ( |‘
3 f \
S oo : ARV — .
200 205 210 215 220
m/z

Figure 2.6: Total ion electropherogram and mass spectra of continuous CE infusion
of (A) SDS and (B) 1, 2, 4-Benzenetricarboxylic acid.

75 um ID x 75 cm bare fused silica capillary for CE infusion, 75 pm ID x 90cm capillary
for modifier delivery. BGE and modifier: methanol/20mM pH 7.3 NH4AC/ H,O (v/v/v)
75:15:10.

(A) EOF flows toward the CE outlet. CE inlet voltage +30 kV, ES voltage -3.3 kV; 2.5
psi pressure was applied at the modifier vial. Sample concentration was 0.1 mM in BGE.
MS scan range was m/z 250~280.

(B) EOF flows towards the CE inlet. All the CE conditions were the same as (A) except
that the voltage applied at CE inlet was -30kV. 3.5 psi pressure was applied at the
modifier vial. Sample concentration was 0.5 mM in BGE. MS scan range was m/z 200 ~
220.
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2.3.5 CE-UV-ESI-MS analysis of catecholamines and HPLC peptide calibration
standards

Incorporation of online UV detection to CE-MS can provide complementary
information on the analytes. Spectrometric information could be obtained from optical
spectrometry and structure information can be obtained from mass spectrometry. Here,
catecholamine and HPLC peptides were chosen to demonstrate this strategy because they
absorb in the UV region and are amenable to ESI. Catecholamines are important
neurotransmitters and neurohormones released by the adrenal glands in situations of
stress such as psychological stress or low blood sugar levels®’. Since the chemical
structure of the catecholamines (Figure 2.7) are close to that of the aromatic amino acids,
the same conditions used for amino acids previously were applied to separate the
catecholamines and their analog tyrosine. Figure 2.8 shows the UV trace and total ion
electropherograms (TIE) of catecholamines and the tyrosine standard mixture.
Comparing the UV trace and TIC, the dopamine peak always has a little tailing; however,
the peaks of DOPA and tyrosine do not tail in either the UV trace or the TIE. This
observation suggests that the tailing is mainly determined by the properties of the analyte
and run buffer. It was also observed that these analytes show different order of sensitivity
when detected by the two detection methods: epinephrine is the least sensitive at UV 200
nm but the most prominent by ESI-MS detection; the UV signal of norepinephrine is
considerably higher but the ESI-MS signal is lower compared to other analytes. By
applying two detection methods in one run, one can choose the method that has a stronger

signal-to-noise ratio for a specific analyte to perform quantitative study. Table 2.2 shows
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the limit of detection of catecholamines by CE-ESI-MS. The experimental conditions

were the same as those used for calibration of amino acid standards.
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Figure 2.7: Chemical structures of the catecholamines and their analog tyrosine.
1. epinephrine; 2. norepinephrine; 3. dopamine; 4. DOPA; 5. tyrosine.
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Figure 2.8: CE-UV-ESI-MS analysis of catecholamines and tyrosine standard

mixture.

(A) UV trace of the catecholamines and tyrosine. (B) Total ion electropherogram for the
catecholamines and tyrosine. Experimental conditions: sample concentration, 150 pM
each; CE capillary 75 um ID X122 cm, inlet to UV window 40cm; capillary for modifier
delivery 75 um ID X70 cm; capillary inlet voltage, 30 kV; ES voltage, 4.3 kV; sample
injection, 5s at 0.5psi; background electrolyte and modifier, methanol/water/formic acid
(v/v/v) 50:50:0.2; UV detection wavelength, 200 nm; ion trap MS scan range, m/z 145 ~

210; 1.2 psi pressure was applied at modifier reservoir.
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Analytes Detected m/z Linearity correlation (r) LOD /pM

Tyrosine 182 0.9997 0.17
DOPA 198 0.9992 0.25
dopamine 154 0.9997 0.09
Epinephrine 184 0.9991 0.08
Norepinephrine 170 0.9964 0.45

Table 2.2: Calibration curve linearity and LOD of the catecholamines.

Experimental conditions: sample concentration, 100, 50, 25, 12.5 uM; CZE capillary 75
um ID x 98 cm; capillary for modifier delivery, 75 um ID x 75 cm; CZE voltage, 30 kV;
ES voltage, 4.3 kV; sample injection, 10 s at 0.5 psi; background electrolyte and modifier,
methanol/water/formic acid (v/v/v) 50:49.8:0.2; 0.5 psi pressure were applied at both the
CE buffer vial and the modifier vial. MS conditions: ion trap scan range, m/z 145~210,
heated capillary temperature 200 °C, on trap injection time 100 mS.

To separate the HPLC peptide standards, 50% acetonitrile and 0.2% formic acid in
deionized water was used as the BGE because the mixture of acetonitrile and water has a
lower viscosity in which peptides could migrate faster. Figure 2.9 shows the UV trace
and summed extracted ion electropherogram of the HPLC peptide standards. As
angiotensin Il contains one basic acidic amino acid residue, arginine, whose side chain
could bear a positive charge, it migrates fastest in spite of its longer chain. Only the
doubly charged ion of Angiotensin II at m/z 524 was used in the extracted ion
electropherogram because its intensity is much stronger than the singly charged ion.
Since the total length of the separation capillary was three times the distance from the
inlet to UV window, the migration times in the MS electropherogram were also three
times of that in the UV trace. In the UV trace, only four peaks could be detected and they
were not fully resolved; while in the summed extracted ion electropherogram, all the five

peaks were detected and the first three peaks were fully resolved due to longer migration

time. Again, the signal intensities of the analytes change order in different detection
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methods. Although Leu enkephalin and Met enkephalin, which only differ by one amino
acid residue, coelute last, they were resolved in the second dimension of separation in gas
phase (Figure 2.9C). At the concentration of 1 pg/mL for each component, the detected
MS signal-to-noise ratios were 6, 14, 25, 24, 21 for Gly-Tyr, Val-Tyr-Val, Leu
enkephalin, Met enkephalin and angiotensin II respectively.

The two experiments only provide simple examples to prove the possibility of CE-
UV-ESI-MS. Due to the limitation of using commercial CE instrument, the UV detection
window is located too far away from the MS inlet so that the resolution of the UV peaks
could be much smaller than that of the MS peaks. If this problem could be resolved, the

UV detection can provide more information on the analytes.
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Figure 2.9: CE-UV-ESI-MS of HPLC peptide standard mixture.

(A)UV trace of the HPLC peptide standard mixture. (B)Summed extracted ion
electropherogram of the HPLC peptide standard mixture. Angiotensin I [M+2H]*" m/z
524, Gly-Tyr [M+H']" m/z239, Val-Tyr-Val [M+H']" m/z 381, Leu enkephalin [M+H']"
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m/z 557, and Met enkephalin [M+H']" m/z 575.(C)Spectrum at 19.88min when Leu
enkephalin and Met enkephlin coeluted.

Experimental conditions: sample concentration,40 pg/mL for each component; CZE
capillary 75 pm ID*122 cm, inlet to UV window 40 cm; capillary for modifier delivery
75 pm ID*70 cm; voltage at the capillary inlet, 30 kV; ES voltage, 4.3 kV; sample
injection, 3 s at 0.5 psi; background electrolyte and modifier, acetonitrile/water/formic
acid (v/v/v) 50:50:0.2; UV detection wavelength, 200 nm; ion trap MS scan range, m/z
200 ~ 600; 1.2 psi pressure was applied at modifier reservoir.

2.3.6 Automated CE-ESI-MS system

The presented CE-ESI-MS interface is easily incorporated into commercial CE and
MS instruments. With the MDQ or PA800 plus capillary electrophoresis system
(Beckman Coulter Inc, CA) programmed CE-MS sequence runs can be performed
automatically. Figure 2.10 shows the total ion electropherograms of 15 successive
separations of Angiotensin I&II peptides using PEI coated capillary. The polarity of CE
was set negative since the positively charged capillary wall generates EOF towards the s.
s. sprayer needle, which serves as the anode for both CE and electrospray. Although the
electrophoretic mobility of the peptides in acidic BGE is toward the inlet, the strong
forward EOF overrides the electrophoretic mobility and carries all the analytes to the
outlet. With the automated controls of sample injection, voltage ramping, modifier flow
supply provided by commercial instruments, good reproducibility of the separation can
be achieved. The variations of migration time and the peak height of the traces shown in

Figure 2.10 are very small from run to run.
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Figure 2.10: Total ion electropherograms of 15 successive programmed sequence
runs of Angiotensin I&II.

Capillary: 80 cm x 50 pm ID, polyethyleneimine coated; BGE: 1% formic acid, 25%
methanol; Modifier, 0.1% formic acid, 75% isopropanol, 1 psi; Sample: 20 uM
Angiotensin I and II in water : BGE (v/v) 9:1 injected at 5 psi for 5 s; CE inlet, -30 kV;
needle, +4.3 kV; Q-TOF MS scan range m/z 410~550; sample cone voltage, 30 V;
sample cone temperature 150°C.

2.4 CONCLUSIONS

The CE-ESI-MS interface using a flow-through microvial described in this chapter,
featuring robustness, longevity, sensitivity, ease of fabrication and adaption to a
commercial instrument, provides a competitive alternative to the current CE-MS coupling
techniques. The bevelled tip geometry design guarantees the small modifier flow rate and
minimizes the dilution effect. The low modifier flow in the microvial formed by the
interior of the sprayer needle provides stable electric contact and improves the
electrospray ionization efficiency. This interface can accommodate any type of capillaries,

with or without EOF, or even EOF towards the inlet. Good sensitivity and reproducibility
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were achieved by incorporating the interface into an automated, controlled CE and MS

instruments.
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Chapter 3: Mass transport in the flow-through microvial of a capillary

electrophoresis-mass spectrometry interface
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3.1 INTRODUCTION

A new CE-ESI-MS interface with a flow-through microvial, which decouples the
electrical and solution flow rate requirements of the separation and ionization processes,
has recently been designed and applied in different kinds of sample analysis by our
group®. It uses a 360 pm outer diameter CE capillary inserted as far as possible into a
stainless steel emitter needle with a bevelled tip, so that the space enclosed by the end of
CE column and inner surface of stainless steel tip forms an open flow-through microvial.
Figure 3.1A shows a schematic of the approximate arrangement of the CE outlet
microvial. A chemical modifier solution supplied by an additional grounded reservoir is
added at a low flow rate to the microvial to support the effluent flow rate and sustain
stable electrospray. This low flow rate chemical modifier pushes the effluent from CE to
the outside of the tip, and stabilizes the electric contact by constantly providing fresh
electrolyte into the space in the microvial with minimal dilution to the sample. This setup
has been used for many types of compounds®* and has the advantages of using more
durable larger outer diameter capillaries, good sensitivity, and compatibility with a larger
range of usable flow rate®.

However, there are concerns about possible postcolumn band broadening introduced
by the micro flow through vial at the sprayer tip. This concern is also relevant for other
“junction-at-the-tip” CE-ESI-MS interfaces’ ™, where the separation capillary is usually
surrounded by a tapered outer tube but does not extrude out of it, and the CE effluent
mixes with a makeup flow inside the ESI emitter. Although the band broadening of CE in

5,6,88
dss

free solution has been extensively studie , these studies mainly focus on on-column

peak broadening factors such as injection length, longitudinal diffusion, wall adsorption
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and Joule heating, and little attention has been paid to the postcolumn band broadening
issues. In this chapter, investigation focuses on the flow profiles of the CE effluent and
the chemical modifier inside the flow-through microvial and the effects of these flows on
the peak shapes through both numerical simulation and CE-MS experiments. It is
demonstrated that the MS detected peak is not distorted significantly with the presence of
a low flow chemical modifier inside the nanoliter postcolumn volume microvial. The
approach established in this work is also applicable for studying similar postcolumn band
broadening issues in liquid chromatography and chip-based separation ‘[echniques89 with

different types of postcolumn detectors.
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Figure 3.1: (A) Schematic of the flow-through microvial of a junction-at-the-tip
capillary electrophoresis mass spectrometry interface. (B) Geometry of the flow-
through microvial established in COMSOL where the electro osmotic flow mixes
with the modifier solution.

A 360 um outer diameter CE column is inserted into the stainless steel emitter and the
space enclosed by the end of CE column and inner surface of stainless steel tip forms an
open flow-through microvial for CE outlet. The CE effluent mixes with the modifier
solution inside the microvial. The microvial was composed of two parts, a parabolic-
shaped micro chamber and a 75 um ID straight microchannel which ends with a 60
degree beveled angle. Both parts may contribute to band broadening. The length of the
tapered part of the stainless steel tip was 700 um. The distance from the silica capillary
end to the outlet of the stainless steel tip was 600 um. The gap between the outer surface
of the silica capillary and the inner surface of the stainless steel tip began from 26 um and
shrank to 10 um gradually. The OD of the silica capillary was 360 pum and ID was 50 um.

3.2 THEORY

The mass balance equation (3-1) governs the mass transport process in the flow-
through microvial, depicted in Figure 3.1A, and in turn determines the band broadening

of a chemical species coming through the CE-MS interface®.
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%=—§OV0—VO(DV0)+R (3-1)

The right side of eq (3-1) includes three terms: the convective flux term —v e Vc , the

diffusion flux term, —Ve(DVc), and the chemical reaction term, R. For the notations used

in eq (3-1), ¢ is the concentration of a species, 7 is the time, v is the net velocity of this
chemical species, D is the diffusion constant of the chemical species in the medium and R
is the chemical reaction rate. In fact, the origins of all the contributors to the peak width
can be found in the mass balance equation. For example, in capillary zone electrophoresis,
injection length determines the initial condition of the mass balance equation;
longitudinal diffusion is attributed to the diffusion flux term; analyte-analyte interaction
and analyte-wall interaction are related to the kinetics of chemical reaction term R; and
pressure induced laminar flow, Joule heating, temperature gradients, electromigration
dispersion, nonuniform electric filed are all sources of nonuniform net velocity, v .
Accordingly, the band broadening caused by the post-column volume can also be
analyzed by the mass balance equation. Because the geometry of the microvial at the tip
is irregular and the flow inside is driven by pressure, the nonuniform flow pattern is the

major source of post-column band broadening.

3.3 MODELING

Because of the complexity of microvial geometry and the differential equations used
to describe the flow patterns, we have to recourse to the finite element method to solve
the flow field and mass transport process in the microvial. Three dimensional models
simulating the flow-through microvial were constructed using the commercial software

package COMSOL Multiphysics 3.5 (COMSOL Inc., Los Angeles CA). Concentration
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profiles under different conditions after peaks pass through the microvial were generated
by solving the momentum balance and mass balance equations sequentially, and then
they were compared to the observed peak profiles in UV detection and MS detection

experiments.

3.3.1 Geometry

The length of the tapered part of the stainless steel tip was measured to be 700 um
after bevelling. As shown in Figure 3.1B, the geometry of the open flow-through
microvial was established in a three-dimensional Cartesian coordinates system. The
microvial was enclosed by the end of the fused silica capillary column and the inner
surface of the tapered stainless steel tube. The gap between outer surface of the silica
capillary and the inner wall of the straight part of the stainless tube was 26 pm and
gradually shrinks to 10 um at the end of the silica capillary. The microvial was composed
of two parts, a parabolic shaped micro chamber followed by a 75 pm ID straight micro
channel which ends with a 60 degree bevelled angle. The distance from the end of silica
capillary to the outlet of the microvial is 600 um. The volume of the parabolic part of the
microvial was estimated to be 15.5 nL by domain integration with COMSOL, and the
volume of the straight channel part was 1.4 nL. The combined contribution to band
broadening from both parts is estimated in this paper. Meshing parameters were set as
follows: maximum element size scaling factor 0.35, element growth rate 1.35, mesh
curvature factor 0.3, mesh curvature cutoff 0.005, resolution of narrow regions 0.85, and
maximum element size on the boundaries for modifier entrance 20 um. Total number of

mesh elements was 35698.
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3.3.2 Physical conditions
Figure 3.2 depicts the general process of the physical modeling. First, the
hydrodynamic flow inside the microvial was solved by the Navier — Stokes equation (3-2)
coupled with continuity equation for incompressible continuum (3-3), where v is the
velocity vector, p is the static pressure, p is fluid density, # is dynamic viscosity, and / is
the identity matrix.
p(VeVV)=Ve[-pl +n(VVi+(VV))] (32
Vev=0 (3-3)
Eq (3-2) states a balance between inertia force and the sum of pressure gradient and
viscous friction of the fluid. It is assumed that the density and viscosity of the fluid are
constant, and the velocity field does not vary with time once it reaches the steady state.
For simplicity, the physical parameters of water at 25°C were used for the fluid mixture
inside the microvial.
The steady state solution of the velocity field was obtained with the boundary

conditions listed below:

v=0 (3-4)
=i (3-5)
p=0 (3-6)

Equation (3-4) is the boundary condition for the inner surface of the microvial, which
implies that the fluid at the wall is stationary. Equation (3- 5) is set as the boundary
conditions for the entrances of CE bulk flow and modifier flow, v, corresponds to the

linear velocity of electroosmotic flow or modifier flow respectively, and 7z indicates the
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flow direction is normal to the boundary. Equation (3-6) gives the boundary condition for
the outlet of the microvial.

Numerical solutions of the incompressible Navier-Stokes equations v (x,y,z) were
stored in the model and passed onto the next step for solving the mass balance equation

(3-7) along with these initial condition and boundary conditions (3-8 ~ 3-12):

% = —VeVc—Ve(DVc) (3-7)
c=0 at =0 (3-8)
c=f(@) (3-9)
c=0 (3-10)
jie(~DVc+cv)=0 (3-11)
iie(~DVe) =0 (3-12)

Electromigration in the microvial region was not considered here since the surface of
the metal needle has a uniform voltage and so the potential gradient inside the microvial
is negligible. The diffusion coefficient was estimated as 5 x10™'° m*/s for small molecules,
as we found that the longitudinal diffusion is not significant in such a short time scale
(several seconds) for the peaks passing through the microvial. Equation (3-8) is the initial
condition of the overall domain which defines that no analyte fills the microvial at the
beginning. In Eq (3-9), f(?) is a function of time that describes the concentration of
analyte at the entrance for CE bulk flow, which could be a constant, a well-defined
Gaussian function, or fitted curve of UV traces in the following simulation. Equation (3-
10) is the boundary condition for the modifier entrance. Equation (3-11) defines that there

is no normal flux across the inner wall of the microvial. Equation (3-12) confines the
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material flux at the outlet boundary to be convective only. Time-dependent solver was

chosen for the mass balance equation (3-7). The initial time step was set as 0.005 s, and

the maximum time step was set as 0.02 s. Solutions c(x, y, z, t) were saved every 0.02 or

0.04 s. All the calculations were done by a PC with an AMD Athlon 64x2 dual core

processor and 4G RAM.

Navier — Stokes equation
p(ve Vi) = Ve[ —pl+n(VV+(VV))]

Vev=0

I v(x,y,z)

Mass balance equation
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Figure 3.2: Illustration of the physical modeling process and boundary conditions.
Numerical solutions of the Navier-Stokes equation were passed on to the mass balance
equation to solve concentration distribution of analyte in the microvial.

3.4 MATERIALS AND METHODS

3.4.1 Chemicals and materials

Tryptophan, DOPA (D, L-3,4-dihydroxyphenylalanine) and epinephrine were

purchased from Sigma-Aldrich (St. Louis, MO, USA). Ammonium acetate buffer (0.1 M

pH 3.1) was from Beckman Coulter; isopropanol (HPLC grade) and formic acid (88%),

dimethyl sulfoxide (DMSO) were from Fisher Scientific (Nepean, Ont., Canada). Fused

silica capillary (75 and 50 um ID, 360 um OD) was purchased from Polymicro

Technologies (Phoenix, AZ). A polyethylenimine (PEI) capillary coating solution was
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obtained from Gelest, Inc. (Morrisville, PA). All analytes were dissolved in the

ammonium acetate buffer, stored at -4 °C and diluted to 50 uM before use.

3.4.2 Instrumentation

CE-UV experiments were performed on a P/ACE MDQ capillary electrophoresis
system (Beckman Coulter Inc., Fullerton, CA). A 50 um ID, 78 cm long (68 cm to
detection window) PEI coated capillary was used for separation. Samples were injected
by 0.5 psi pressure at the inlet for 14 s. Ammonium acetate buffer (0.1 M pH 3.1) was
used as the background electrolyte (BGE). Before each run, the capillary was rinsed with
the BGE for 3 min. During the separation, -16.2 kV was applied across the capillary to
generate an electroosmotic flow toward the capillary outlet. The composition of the
buffer in the outlet vial was the same as the chemical modifier that would be used in the
CE-MS experiments. The UV detection wavelength was set at 200 nm. 10% DMSO
spiked in the run buffer was used as the EOF marker. The cartridge temperature was set
at 27 °C during the separation.

CE-ESI-MS experiments were performed by coupling a P/ACE MDQ electrophoresis
system with a modified capillary cartridge (Beckman Coulter Inc., Fullerton CA) for
external detectors, which could host both the capillary for separation and the capillary for
chemical modifier delivery, and a Micromass Q-TOF 1E mass spectrometer (Waters,
Milford MA) with the nanospray source replaced by our homemade interface.The setup
for the CE-ESI-MS interface was as described in Chapter 2.The major parameters for MS
operation were set as follows: source temperature 120 °C, cone voltage 16 V, scan range
160 to 220 amu, scan time 0.5 s, and inter scan delay 0.1 s. To match the experimental

conditions used in UV detection as much as possible, a 50 pm ID, 68 cm long PEI coated
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capillary was used for separation. The 0.1 M pH 3.1 ammonium acetate buffer was used
as the BGE, and the isopropanol/water/formic acid (v/v/v) 75/24.8/0.2 mixture was used
as the chemical modifier. Samples were injected by 0.5 psi pressure at the inlet for 12 s to
load the same amount of sample as that of the CE-UV experiment. To obtain the same
electric field strength applied as for UV detection, -10.1 kV was applied at the CE inlet,
and 4 kV was applied at the electrospray needle. A 75 um ID, 80 cm long bare fused
silica capillary was used for chemical modifier delivery. The pressure applied at the
modifier vial was 1~ 4 psi, to generate a flow rate of 60~240 nL/min. All of the CE-MS

separations were operated under room temperature without coolant circulation.

3.5 RESULTS AND DISSCUSSION

3.5.1 Simulation of steady-state flow patterns in the flow-through microvial
Compared to conventional on-column optical detection methods, such as an absorption
spectrometry, the small volume at the end of the CE capillary in a junction-at-the-tip CE-
MS interface is expected to contribute to some additional band broadening. Based on the
model definition, it is expected that the flow rates of the EOF and modifier will play an
important role in determining the extent of band broadening and changes in peak shapes.
The aim of this study is to find the conditions under which this type of band broadening
is negligible compared to the total band broadening during a CE-MS run. Three models
representing three typical situations were constructed. In the first model, situation (i),
both the EOF rate and modifier infusion rate were set at 100 nL/min. In the second model,
situation (ii), the EOF rate was set at 200 nL/min, and the modifier flow rate was set at
zero. In the third model, situation (iii), the EOF flow rate was set at zero and the modifier

flow rate was 200 nL/min. In this case the analytes exit the capillary based only on
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electrophoretic migration. Figure 3.3 A-C compare the flow fields simulated under these
different boundary conditions. Figure 3.3 D-F show the concentration distributions of the
analyte in the microvial, corresponding to the three situations described above,
respectively, when the analyte is continuously infused by electrokinetic pumping. The
steady state solution of the mass balance equation was acquired by letting f{#) = constant
=1 mM and using the stationary solver to solve the following equation:

O )= —FeVe—Ve(DVe)

o (3-13)

Under common conditions when both EOF and modifier flow rate are moderate, as
described in the first situation, the flow pattern inside the microvial has ordered laminar
flow characteristics, and the modifier helps to push the analyte out of the microvial. The
analytes do not travel through the microvial at a constant velocity. At the entrance of the
microvial, the CE bulk flow rate suddenly drops as it enters a much larger space and then
increases to a higher level later on, as soon as all the fluid is pushed into the narrower
straight micro channel exit. Guided by the flow profile and chamber geometry, the
analyte concentration near the center of the microvial entrance is less diluted by the
chemical modifier and the fluid along the central line moves the fastest. Despite the fact
that the analyte molecules diffuse toward the peripheral region where the modifier has a
very low concentration of analyte, the modifier flushes them toward the exit. At the outlet
of the microvial, the analyte concentration is diluted by approximately two times as the

total flow volume is increased by one fold.
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Figure 3.3: (A-C) Simulated velocity field and (D-F) concentration distribution
when analyte is constantly infused into the microvial under different conditions.
(1) both EOF rate and modifier flow rate are set at 100 nL./min (A, D); (ii) EOF is set at
200 nL/min and modifier flow rate is set at zero (B, E); (iii) EOF is set at zero and
modifier flow rate is set at 200 nL./min (C, F).

In the second scenario, when the modifier flow is absent, the eddy flows emerge at the
corners of the chamber so that a dead volume forms. Lacking the flow contribution from
the modifier, the flow streams from the silica capillary are more divergent when they
enter the parabolic micro chamber. The analyte diffuses more rapidly toward the dead
volume region, and they quickly fill the chamber.

The third situation has been demonstrated experimentally in Chapter 2. When the EOF
is suppressed by the neutral capillary coating or in low pH BGE, the modifier itself could
sustain a stable electrospray and flush out the analytes. As seen in Figure 3.3C, the flow

streams that originate from the chemical modifier entrance converge into the center of

micro chamber and eventually go into the exit channel.
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3.5.2 Simulation of band broadening for a transient analyte peak
To get a clear view of the processes occurring as a peak passes through the microvial,
we simulated the situation where a Gaussian peak with amplitude of 1 mM, standard

deviation of 4 s exits the CE capillary. To make such simulation possible, we first defined

f)y=e> * (3-14)
and the transient solutions of the mass balance equation were then calculated. The
averaged concentrations on the outlet boundary at each time step for the above three
types of situations were sent to a spreadsheet and plotted versus time in Figure 3.4. From
these data, it can be concluded that it only takes at most 4 s for the peak center to travel
through the microvial under the circumstance that EOF is absent; and the peak widths in
the time domain are increased by no more than 3 s compared to the original peak.

Figure 3.5 illustrates the time progress as a Gaussian peak travels through the
microvial in Situation (i). The analyte concentration exiting the CE capillary reaches a
maximum at 12 s, while the outlet of the microvial experiences maximum concentration
at 15 s. During the first half of the Gaussian peak, the concentration distribution shows a
profile that is similar to the steady state solution in Figure 3.3D. The analyte zone
expands when it comes out of the 50 pm ID fused silica capillary, and this zone gradually
shrinks in the radial direction as the parabolic chamber shrinks to a 75 um ID channel.
The radius of the sample stream could be approximated as the sum of the radius of
hydrodynamic flow streams that originate from the 50 um ID capillary and the diffusion
induced radius™. As the second half of the Gaussian peak enters the microvial, the

concentration of analyte exiting the capillary decreases and the rear part of the analyte
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concentration distribution also reveals a parabolic profile. Throughout the 20 s process,

the analyte zone is always kept in the central part of the chamber.

Peak injected

= 100 nL/min EOF, 100 nL/min modifier
—— 200 nL/min EOF, zero modifier

zero EOF, 200 nL/min modifier

1.0 -

0.8

0.6

0.4

Concentration/ mM

0.2

Time /s

Figure 3.4: Simulation of peaks eluted from the microvial if a transient Gaussian
profile peak (peak height 1 mM, peak centre 12 s, standard deviation 4 s) is injected
into the microvial.

A three parameter Gaussian function f{r) = Aexp(-1/2(t -t9)/6)*) was used to fit the eluted
curves under different situations: (i) both EOF rate and modifier flow rate are set at 100
nL/min, 4 = 0.461 mM, ¢y =14.90 s, 0 = 4.381 s ; (ii) EOF is set at 200 nL/min and
modifier flow rate is set at zero, 4 = 0.772 mM, ¢y = 15.04 s, 6 = 4.693 s; (iii) EOF is set
at zero and modifier flow rate is set at 200 nL/min, 4 = 0.118 mM, ¢y =16.11 s, 0 =4.336
S.
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Figure 3.5: Simulated time progress of analyte concentration distribution in the
microvial.
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A Gaussian peak (peak height 1 mM, center 12 s, standard deviation 4 s) is injected with

the EOF rate of 100 nL/min and the modifier flow rate of 100 nL/min.

3.5.3 Experimental verification of modeling results
For the purpose of investigating peak broadening in the postcolumn region

experimentally, CE-UV and CE-ESI-MS runs were conducted separately. Tryptophan,

DOPA, and epinephrine were chosen as analytes because they all possess UV-absorbent

functional groups and basic amine groups that are easily ionized by positive ion ESI. The

effective capillary length, sample injection time, field strength, and background

electrolytes were arranged to be consistent in the UV and MS runs, in order to eliminate

band broadening caused by other factors when comparing the peak widths. As coolant

circulation was not available in our CE-MS experiments, the cartridge temperature for the

UV runs was set at room temperature (27°C), to offset heating from the UV lamp. In the

UV experiment, the outlet vial contained the chemical modifier solution used for CE-MS

experiment instead of background electrolyte in order to simulate the situation that the

end of the silica capillary was surrounded by the modifier flow during the CE-MS runs.
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The linear velocity of EOF was measured to be 2.043 x 10~ m/s (~240 nL/min), and the
modifier flow rate as 3.28 x10”° m/s (~60 nL/min) for 1 psi pressure applied at the
modifier vial. Variation of the detected MS signal intensity under different modifier flow
rates was insignificant and this suggests that the MS detector responds to the mass flux of
analytes under these conditions. Therefore, the dilution effect is not a concern.
According to the above parameters determined experimentally, the EOF and modifier
linear velocities were used as boundary conditions in the numerical simulation to
generate the flow field in the microvial for different modifier delivery rates. UV data
were exported as ASCII files using 32 Karat software (BeckmanCoulter, LA) and then
imported to Origin 7.0 to perform baseline subtraction and normalization. The peak data
were then imported into COMSOL Multiphysics to define the function f{?) in Eq (3-9).
These data were interpolated by piecewise cubic functions and the user defined function
served as the boundary conditions for the EOF entrance in the mass balance equation.
The convective flux on the outlet boundary was integrated for each time step, normalized
to the maximum point, and then plotted versus time to simulate the real peak detected by

MS.
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Figure 3.6: Comparison of UV detected peaks, COMSOL simulated peaks, and MS
detected peaks of tryptophan, DOPA, and epinephrine under different modifier flow
rate.

(A),(B),(C), and (D), tryptophan, modifier flow rate 60, 120, 180, and 240 nL/min,
respectively; (E),(F), (G), and (H), DOPA, modifier flow rate 60, 120, 180, and 240
nL/min, respectively;(I), (J), (K), and (L) Epinephrine, modifier flow rate 60, 120, 180,
and 240 nL/min, respectively. EOF rate is 240 nL/min.

Figure 3.6 shows the comparisons of UV peaks, simulated MS peaks, and MS detected
peaks for three analytes under different modifier flow rates. The time scale in this figure
does not reflect the analyte migration time in the whole separation process; it starts from
the moment that the front of the analyte peak enters the microvial. The UV traces of
tryptophan and DOPA have symmetric Gaussian profiles, while the epinephrine peak is

fronting due to electromigration dispersion’’. Table 3.1 summarizes the peak width (4

times of standard deviation) of all the UV, simulated and MS peaks.
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COMSOL simulated MS peak MS detected peak
widths (s) widths (s)

UV peak Modifier flow rate

widths (s) Modifier flow rate (nL/min)

60 120 180 240 60 1(35/“’1123) 240

Tryptophan 3.75 493 460 437 421 454 568 6.08 435
DOPA 3.96 512 479 456 439 530 530 525 4.65
Epinephrine 5.11 6.21 586 563 548 6.09 7.29 7.70 5.57

Table 3.1: Comparison of peak widths (in seconds) of UV detected peaks, COMSOL
simulated peaks and MS detected peaks of tryptophan, DOPA and epinephrine.

The fact that several MS peaks show longer tailing than the simulated ones suggests
that there is some error in the model or some variation in the experiments. Possible
sources of error in the modeling include: (1) the manufacturer’s tolerances limit the
geometric precision of the inner surface of the microvial; (i) uncertainty in the gap
between the end of the CE column and microvial, which cannot be measured directly; (iii)
the density and viscosity of the fluid in the microvial could vary with the volumetric flow
rate ratio of the EOF and the chemical modifier; (iv) numerical errors accumulated from
solving the two differential equations. There are also several possible sources of
experimental error: (i) the lack of temperature control in the CE-MS operation gives rise
to extra band broadening caused by temperature gradient and Joule heating; (i1) the liquid
volume of the Taylor cone that resides on the beveled sprayer tip surface increases as the
total flow rate goes up, which might also become a source of dead volume when the
modifier flow is relatively high; (iii) the data acquisition rate of MS detector was 0.6 s
per scan, which is much slower compared to the time step set in the modeling; (iv)

bubbles due to electrolysis inside the microvial might disturb the transportation process.
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Despite the possible systematic errors discussed above, the results shown in Figure 6
and Table 1 provide us some insight on the extra band broadening that arises from the
postcolumn dispersion. Since the variance of a peak is additive for independent
contributors of band broadening’, provided that the environmental differences when
running the UV and MS experiments are negligible, we can assume that the total variance
of the MS peak is the sum of variance of the UV peak and the variance attributed to

postcolumn band broadening, and thus it could be written as
2 2 2 2 2 2 2
O us =0 injection +O0 diffusion + O other + O postcolumn — O w+0 postcolumn (3_15)

From Figure 3.4, when the injected peak width is 16 s, postcolumn variance is 15-27%
of the total variance of the simulated MS peak, depending on the EOF and modifier flow
rate. From data in Table 3.1, when the EOF flow rate is very fast and UV peaks are
extremely narrow (peak width 3.7-5.1 s), the simulation results suggest that 13-42% of
the total variance is contributed by postcolumn dispersion as the modifier flow rate varies.
Compared to the UV peaks, the variance of the detected MS peaks increased from 15% to
62%, which might also include band broadening induced by other factors such as
temperature gradient and Taylor cone dead volume. It is also clear that postcolumn band
broadening varies with different operational conditions. Because of the additivity of
variance’, the percentage contribution from the postcolumn band broadening to the total
peak variance of a wider on-column peak will be smaller compared to a sharper on-
column peak. Under certain conditions of modifier flow rate, the postcolumn variance is
minimal and most of the UV peak features, like the fronting peak of epinephrine, are
preserved in the MS peak shape (Figure 3.6 I-L). Thus, with careful optimization of flow

rates, the peak shape may not be significantly affected by the postcolumn volume in the
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micro flow through vial in the junction-at-the-tip configuration.

3.6 CONCLUSIONS

The flow dynamics and mass transport processes inside the flow-through microvial or
other types of “junction-at-the-tip” CE-MS interfaces can be simulated using finite
element method by constructing three-dimensional models in COMSOL Multiphysics.
The simulation results demonstrate that the flow profile inside the microvial is laminar
when a low flow rate of modifier solution is used. The chemical modifier helps to flush
the analyte molecules out of the micro chamber and keeps them from stagnating in the
microvial, and thus the peak shape is not distorted with the presence of the chemical
modifier. The numerical predictions were verified by experimental results. Comparison
of peaks observed by UV detection and MS detection reveals that the main features of the
UV peak have been retained in the MS peak, although the peak width may increase to
some extent depending on the width of the peak entering the microvial, the electrosmotic
flow rate and the modifier flow rate. Nevertheless, the postcolumn band broadening can
be minimized by optimizing the composition and flow rate of the chemical modifier. This
study also provides an easy-to-use numerical approach to study general postcolumn band
broadening issues in other separation techniques. The simulations can approach the
experiment results closer by having finer meshing of the geometries if the computation
power allows, and better temperature control with liquid cooling of the whole capillary in

real experiments.
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Chapter 4: Basic compounds of drugs of abuse analyzed by capillary

zone electrophoresis — electrospray — mass spectrometry
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4.1 INTRODUCTION

Drug testing and analysis is an important research field for pharmacology, metabolism
studies, forensic toxicology, and anti-doping drug screening in sports competitions.
Although the LC-MS has a established reputation in this area’’, CE-MS still has several
advantages making the application of this technology valuable. Firstly, as the amount of
sample specimen, which could come from blood, tissue, oral fluid, sweat, hair, urine, is
usually very limited, the nano-litre range injection volume required by CE is ideal for real
sample analysis. Secondly, for regular laboratory analysis of batches of samples, CE is
more environmental friendly since the consumption of organic solvent is much less than
that of LC. The volume of CE buffer vial is only approximately 2 mL, and typical
modifier flow rate for our CE-MS interface is smaller than 1 pL/min; while LC runs at
tens to hundreds of microlitre per minute. In addition, the fast separation and high
efficiency of CE is suitable for clinical analysis of large amount of samples.

CE-ESI-MS have been applied in several categories of drug analysis in recent
years”>**. For basic compounds of drugs of abuse with amine-containing side chains,
N-containing saturated or aromatic rings, electrospray ionization generally gives [M+H]"
signals. Coupling CE to MS or MS", a second or even third dimension of separation in
the gas phase increases the confidence of confirming the existence of a certain compound.
Selected multiple reaction monitoring (MRM) is the most popular mode to analyze drug
compounds qualitatively and quantitatively. In this way, interfering species that have an
identical precursor mass-to-charge ratio, but a different fragmentation pattern, can be
excluded. Among different types of mass analyzers, both ion trap and triple quadrupole

can perform MRM analysis. However, triple quadrupole is usually a better choice for
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interfacing with a continuous ion source, because of the higher sensitivity due to the
higher duty cycle and faster scan rate. For a triple quadrupole mass spectrometer
operating in MRM mode, the first quadrupole setting at specific DC and RF voltages
selects the parent ions that possess a specific mass-to-charge ratio; then the selected
parent ions collide with the inert gas molecule in the collision cell, which is usually
another quadrupole operated in RF only mode; the collision induced fragmented daughter
ions enter the third quadrupole, which is set at specific DC and RF voltages that only let
ions with specific mass-to-charge ratio to go through. If there are multiple pairs of parent
/daughter ions to be monitored, the DC and RF voltages applied on the three quadrupoles
can be switched simultaneously among the parameters for these pairs of parent/daughter
ions, allowing the detector to record the ion counts of each compound for a short period
of time.

In this chapter, the analyses of two groups of basic drug standards using CE-ESI-MS
with the flow-through microvial interface are demonstrated. The low flow rate
requirement and low dilution effect of this CE-MS interface improves the detection
sensitivity. The absence of nebulizer gas further improves the separation efficiency’” .
Combined with MRM detection mode, the linear detection range of 0.5~250 parts per
billion (ppb) can be achieved. Although only separation of standards were optimized, the
method could be adapted to real sample analysis by using pre-treatment methods such as

liquid — liquid extraction, or solid phase extraction *>*°.
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4.2 MATERIALS AND METHODS

4.2.1 Chemicals and materials

Bare fused silica capillaries were purchased from Polymicro Technologies (Phoenix
AZ). 88% formic acid, methanol (HPLC grade), sodium hydroxide (A.C.S. reagent) and
ammonium hydroxide (A.C.S. reagent), were purchased from Fisher Scientific (Nepean
ON). Stock solutions of basic drug mixture I (Figure 4.1) and II (Figure 4.2) in 10 mM
pH 2.38 phosphate buffer were kindly provided by our collaborator at Beckman Coulter.
Each component was present at Spug /mL with the exception of methoxamine, which was
at 10 pg /mL. The stock sample solutions were diluted by 10 mM pH 2.38 phosphate
buffer to double of the desired concentration, and then mixed with an equal volume of
methanol prior to use. 20 mM ammonium acetate solutions were titrated by 0.1 M
hydrochloric acid (A.C.S. reagent) to pH 2.5, 5 and 6.1, and by ammonium hydroxide
(A.C.S. reagent) to pH 7.3 and 9, and then filtered through 0.22 micron filters (Millipore,
Billeria, MA). The ammonium acetate buffer solutions were mixed with HPLC grade
methanol 1:1 (v/v) before use as background electrolyte. The modifier solution was made

by mixing HPLC grade MeOH/water/formic acid (v/v/v) 90:9.8:0.2.

4.2.2 Instrument and method

Bare fused silica capillaries for CE separation were flushed by methanol, 1 M NaOH,
water, and BGE for 20 minutes each before use. Prior to each run, the capillary was
rinsed by 2% (v/v) ammonium hydroxide for 3 minutes at 50 psi, water for 3 minutes at
50 psi, BGE for 5 minutes at 50 psi. For optimizing the BGE for separation of drug
mixture [ and II, 80 cm x75 pm ID capillary was used for separation, samples were

injected at 0.5 psi for 10 seconds, and 25 kV was applied at the inlet vial during

83



separation. For drug mixure I calibration, 80 cmx50 ID um capillary was used for
separation, samples were injected at 10 kV for 16 s, and 30 kV was applied at the inlet
vial during separation. 0.5 pg/mL doxapram was spiked into the drug mixture I
calibration standard solution as internal standard. To prepare calibration standards, 100
pL aliquots of doxapram, dissolved in methanol at Spg/mL, were dispensed in clean glass
tubes and left in the fume hood overnight for methanol evaporation. After that, 1 mL
solutions of drug mixture I in 10 mM pH 2.38 phosphate buffer at different
concentrations were added into each tube, and each tube was vortexed about 10 seconds.
These standard solutions were mixed with methanol 1:1 (v/v) before analysis. The final
concentrations of each component in the calibration standard mixture were 250, 125, 62.5,
31.2,15.6,7.81, 3.91, 1.95, 0.98, 0.49 ng/mL. To check sample carry over from the
previous run, blank solutions with internal standard only were injected as sample after
every 5 runs of the standard.

Interfacing of the capillary electrophoresis system with mass spectrometry was
realized by using the flow-through microvial interface described in Chapter 2. Mass
analysis was carried out using Finnigan LCQ*Duo ion trap (Thermo Scientific, Waltham
MA) for the BGE optimization. Electrospray voltage was set at 4.4 kV, and the heated
capillary temperature was set at 230°C. The scan range was m/z 170~270. The ion trap
injection time was set at 150 mS. The MS scanning parameters were optimized on peak
m/z 212 by continuous infusion of a 10 pM methoxamine solution using the ‘Autotune’
function.

A Xevo TQ mass spectrometer (Waters, Milford, MA) was operated in multiple ion

monitor (MRM) mode for drug mixture I calibration. The cone temperature was set at
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150°C. The cone voltage, collision energy, parent and daughter ion masses for each
compound were optimized while continuously infusing the drug mixture I solution by
electrokinetic pumping. The optimized parameters are listed in Table 4.1. The dwell time

for each 1on channel was set at 0.035 s. Scan time was set at 1 second.
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Figure 4.1: Chemical structures of drug mixture I.

1. Monoethylglycinexylidide (MEGX); 2. Lidocaine; 3. Methoxamine; 4.Norketamine; 5.
Ketamine; 6.3, 4-Methylenedioxyamphetamine (MDA, 3, 4-); 7.3, 4-
Methylenedioxymethamphetamine (MDMA, 3, 4-); 8. 3, 4-Methylenedioxy-N-
ethylamphetamine (MDEA, 3, 4-) 9. Diphenhydramine.
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Figure 4.2: Chemical structures of drug mixture II.
1. Pheniramine; 2. Chlorpheniramine; 3. Brompheniramine; 4. Methoxamine;
5. Methamphetamine; 6. Amphetamine; 7.Ephedrine, (-)-; 8.Pseudoephedrine, (+)-;

9. Loperamide; 10. Diphenhydramine; 11.Codeine; 12. Hydroxyzine; 13. Pentazocine;
14.Dextromethorphan; 15. Metoprolol; 16.Verapamil; 17.Haloperido; 18.Trazodone.
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4.3 RESULTS AND DISCUSSION

The drug mixtures were provided in pH 2.38 phosphate buffer as they had been well
characterized previously in this buffer system using capillary electrophoresis with
photodiode array (PDA) detection by our collaborator at Beckman Coulter””. Figure 4.1
and 4.2 show the chemical structures of these basic drugs, which suggest the suitability of
electrospray ionization detection. The aromatic rings make these compounds have greater
surface activity and amine groups make them easily charged by protons under acidic
conditions. Although the analytes are all basic drugs, the pK, of the amine groups can be
quite different, depending on whether they are primary, secondary, tertiary, or aromatic
amines, and the induction effect caused by adjacent functional groups. Intramolecular and
intermolecular hydrogen bonding also affect the basicity of the amine groups in water
solution. Based on this consideration, pH of the background electrolyte is a critical factor
for optimizing the CE separation of these compounds. Ammonium acetate was chosen as
the electrolyte for its volatility, and 50% methanol was added into the background
electrolyte to suppress the current and improve the electrospray stability. In order to
prevent peak distortion, 50% methanol was also added into the sample solution to
decrease the conductivity of the sample plug. Acidic background electrolytes (pH 2.5)
were first tested for the separation. However, due to the low electroosmotic flow and the
conductivity difference between the sample zone and buffer zone, tailings of the peaks
were quite significant. In addition, as most of the amine groups are fully charged under
very acidic condition, the resolutions of the extracted ion peaks in the acidic buffers
(Figure 4.3A, 4.5A) are not optimal. Increasing the pH of BGE resulted in better peak

resolution and separation (Figure 4.3, 4.5) because of the larger net charge difference on
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these compounds. When the BGE is basic, formic acid in modifier solution provides
protons to charge the analyte molecules in the microvial before electrospray ionization.
Based on these comparisons, 20 mM pH 7.3 NH4Ac/MeOH (v/v) 1:1 was the optimal
BGE for drug mixture I CE-MS separation, and 20 mM pH 9 NH4Ac/MeOH v/v 1:1 was
the optimal for separation of drug mixture II. Figure 4.4 and 4.6 show the extracted ion
electropherograms under the optimal separation conditions for drug mixtures I and II
respectively. Ephedrine and pseudoephedrine are diastereomers which possess similar
size-to-charge ratio in the aqueous phase and same mass-to-charge ratio in the gas phase.
They were only partially resolved by CZE under this condition (Figure 4.6). Strategy for
further improvement of the separation efficiency might include adding chiral additives,
such as cyclodextrins, in the background electrolyte to modify the net mobility of this

pair of diastereomers.
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Figure 4.3: Summed extracted ion electropherograms of separation of drug mixture
I under different conditions.
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Background electrolyte: (A) 20 mM pH 2.5 NH4sAc/MeOH v/v 1:1; (B) 20 mM pH 5
NH4Ac/MeOH v/v 1:1; (C) 20 mM pH 6.1 NH4Ac/MeOH v/v 1:1; (D) 20 mM pH 7.3
NH4Ac/MeOH v/v 1:1; (E) 20 mM pH 9 NH4sAc/MeOH v/v 1:1. Modifier solution: 90%
MeOH and 0.2% formic acid. Samples were in 5 mM phosphate buffer and 50 %
methanol at concentration of 2.5 pg/mL, except that methoxamine was at 5 pg/mL, and
were injection by applying 0.5 psi for 10 seconds at the inlet vial. MS detection was
performed by Finnigan LCQ*Duo ion trap in full scan mode.
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Figure 4.4: Extracted ion electropherograms of separation of drug mixture I.
Mass analysis was performed by Xevo TQ mass spectrometer in MRM mode.
Concentration of each component was 250 ng/mL. Background electrolyte: 20 mM pH
2.5 NH;4Ac/MeOH v/v 1:1; Modifier solution: 90% MeOH and 0.2% formic acid.
Samples were injected by applying 10 kV at the anode electrode for 16 s.
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Figure 4.5: Summed extracted ion electropherograms of separation of drug mixture
II under different conditions.

(A) 20 mM pH 2.5 NH4Ac¢/MeOH v/v 1:1; (B)20 mM pH 5 NH4Ac/MeOH v/v 1:1; (C)
20 mM pH 7.3 NH4Ac/MeOH v/v 1:1; (D) 20 mM pH 9 NH4Ac/MeOH v/v 1:1.
Modifier solution: 90% MeOH and 0.2% formic acid. Samples were in 5 mM phosphate
buffer and 50 % methanol at concentration of 2.5 pg/mL, except that methoxamine was
at 5 ug/mL, and were injected by applying 0.5 psi for 10 seconds at the inlet vial. MS
detection was performed by Finnigan LCQ Duo ion trap in full scan mode.
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Figure 4.6: Extracted ion electropherograms of separation of drug mixture II.
Mass analysis was performed by Finnigan LCQ Duo ion trap in full scan mode.
Background electrolyte: 20 mM pH 9 NHsAc/MeOH v/v 1:1; Modifier solution: 90%
MeOH and 0.2% formic acid.

Calibration of drug mixture I was performed on a triple quadrupole mass spectrometer
using MRM mode. To limit the current and achieve better resolution, 50 um ID capillary
was used instead of 75 um ID capillary. Before running the standards, electrokinetic
injection was compared with pressure injection. It was found that the peak intensities and
widths resulting from 10 kV 16s injection were similar to those from 1 psi 20 s injection.
As electrokinetic injection has better reproducibility?, it was employed for all the

calibration runs. The MRM detection parameters for each ion channel, and the linear

quantitation range and correlation coefficient of each component of drug mixture I are
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summarized in Table 4.1. With the high sensitivity and specificity of the MRM detection,

the LOD of these basic drugs can be as low as in the 0.5~8 ppb range.

Parent  Daughter Cone Collision Linear Correlation
ion/m/z  ion/m/z  voltage/V energy /V range / coefficient
[ng/ mL]
MDA 180.1 163.1 15 10 7.81-250 0.9911
MDMA 194.2 163 20 15 0.49-250 0.9985
MDEA 208 162.9 20 15 0.49-250 0.9999
Diphenhydramine  256.2 166.9 15 10 0.49-250 0.9826
MEGX 207.2 57.8 20 15 0.49-250 0.9941
Lidocaine 235.4 86 25 20 0.49-250 0.9976
Ketamine 238.2 220.3 25 15 1.95-250 0.9903
Norketamine 224 207 20 13 0.98-250 0.9990
Doxapram (IS) 379.3 292.3 25 25 - -

Table 4.1: MRM detection conditions, linear quantitation range and correlation
coefficient of drug mixture I.

4.4 CONCLUDING REMARKS

A robust CZE-ESI-MS method has been developed for the separation and detection of
basic compounds of drugs of abuse. Good peak resolution and detection limit down to
0.5~8 ppb range were achieved by using basic ammonium acetate buffer as background
electrolyte and acidic modifier. With proper sample pre-treatment, this method can be
applied for quantitative determination of basic drugs from biological fluid, such as

plasma or urine, or even other biological specimens such as hair or tissue in the future.
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Chapter 5: Flow-through microvial facilitates interface of capillary

isoelectric focusing with electrospray ionization mass spectrometry
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5.1 INTRODUCTION

Capillary isoelectric focusing (cIEF) is a promising method for the separation of
amphoteric compounds with different isoelectric points and can be used for analyzing
peptides, proteins, and protein complexes in biological samples'®. When a second
dimension of separation based on mass-to-charge ratio is added, the combination of cIEF
and mass spectrometry (MS) can be even more powerful for biomolecule characterization
and can provide pl and molecular weight information analogous to traditional two-
dimensional gel electrophoresis (2DE). For protein characterization and proteomics
studies, cIEF-MS offers not only high resolution but also the additional benefits of full
automation, as well the large amount of quantitative and qualitative information
obtainable from MS or tandem mass spectrometry.

The first demonstration of coupling cIEF and MS by electrospray ionization (ESI) was
introduced by Tang et al. in 1995°®. Other researchers have shown the feasibility of
probing protein refolding”, phosphorylation'®, glycosylation'®!, high affinity ligands
screening'”, intact noncovalent protein complex'”, and E.coli proteomics'**'* based on
improved strategies for cIEF-ESI-MS. However, in spite of its potential advantages and
applications for protein analysis, some concerns need to be addressed before this
technology can be widely adopted. To begin, many of the traditional cIEF reagents are
not ESI compatible. For example, the strong inorganic acids and bases, which are usually
used as the anolyte and catholyte, must be replaced by volatile organic acids and bases
for ESI-MS detection. The high concentrations of carrier ampholytes that coelute with the
analyte also present a challenge for ESI-MS, as they can suppress analyte ionization and

- 98 - : . i g e 110-112
create spectral interferences™" . Interfaces incorporating micro dialysis junctions or
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free-flow electrophoresis devices'" for online removal of the carrier ampholytes have

been demonstrated; however, these features create a dead volume that leads to reduced
separation efficiency. In order to improve the resolution and mitigate diffusion, cIEF is
usually done in an anticonvective medium such as aqueous solutions of ethylene glycol

114 which are not compatible with an ESI source. While most

and poly(ethylene oxide)
researchers had to perform cIEF-ESI-MS without adding any anticonvective agent into
the ampholytes/sample mixture, the Varenne group found that a solution of 30% glycerol
can be used to replace the aqueous polymer gel for retaining the high resolution of
cIEF'" and later applied it in MS detection''®'"”. On the other hand, the presence of
glycerol in the electrospray solution during hydrodynamic mobilization increases the
viscosity and decreases the overall volatility of the solution, leading to decreased
ionization efficiency.

The conventional cIEF process involves two steps: focusing of the sample and carrier
ampholyte mixture within an established pH gradient and mobilization of the focused
analyte zones toward the detector. Another problem that needs to be addressed when
interfacing with ESI-MS is the lack of a catholyte reservoir at the terminus of the cIEF
capillary during the focusing stage. Early cIEF-ESI-MS interfacing attempts employed a
semi online approach, in such a way that the capillary terminus was placed in a vial of
catholyte during the focusing stage and then installed into the sheath-flow ESI source

98-100.104-107. 18121 1 petracting the capillary into the sheath liquid

prior to mobilization
tubing during the focusing step, so that the sheath liquid could act as the catholyte-

solution and provide electrical contact during the focusing stage®®'**'%*. Another strategy

used a sheath liquid interface without the auxiliary gas, so that the capillary tip could be
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positioned outside the metal tubing for both focusing and ESI'**

. However, in normal
polarity cIEF, the sheath liquid solution delivered by a syringe pump needs to be
manually switched from a basic catholyte, which facilitates focusing, to an acidic
modifier solution that provides a stable electrospray. To avoid this step, Yang et al.''* and
Zhang et al.'”® used reversed polarity for cIEF focusing, so that the acidic sheath liquid
that served as the anolyte during the focusing stage also worked as an electrospray
solution. Mokaddem and co-workers developed a method in which a plug of catholyte
was left to fill the terminal end of the cIEF capillary, while the anodic end is filled with
the protein-ampholyte mixture''®!"”. In this case, the plug of catholyte, rather than the
sheath liquid, replaces the catholyte vial by providing the required chemistry for focusing
and no switching of the sheath liquid is required.

Following focusing, the mobilization of the focused sample zones toward the MS
detector can be driven by hydrodynamic flow, electroosmotic pumping, or electrophoretic
migration. Hydrodynamic flow is the simplest to achieve, by applying a pressure at the
inlet vial or raising the inlet vial higher than the outlet. However, the resulting parabolic
flow profile reduces the resolution achieved during focusing. Electroosmotic flow
mobilization occurs spontaneously in bare fused silica capillaries, both during and after
the focusing stage. However, EOF can be difficult to control due to the changes in
average pH and the field strength in the capillary as the pH gradient moves through the
capillary. As a result, capillary coatings that suppress EOF are often used in cIEF and
pure EOF mobilization is often undesirable. Electrophoretic mobilization, also called
chemical mobilization, is achieved by introducing anions or cations, other than hydroxide

ions or protons, into the focused sample zone to replace the local hydroxide ions or
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protons, respectively, charging the amphoteric analytes so that they can migrate toward
the cathode or anode under electric field'®. This approach provides selective
mobilization of amphoteric species and should not create any additional band-broadening
of the focused protein zones, although the correlation between migration time and
isoelectric point might not be as linear as with hydrodynamic mobilization.

All three approaches for mobilization, or combinations thereof, have been
demonstrated in cIEF-ESI-MS. Lee et al.**'01104103.119:120.126 5y 4 Smith et al'®
104.106.107. 118121127 1564 a protocol that combines gravity induced hydrodynamic flow with
electrophoretic mobilization. As the sheath flow liquid for positive ion mode ESI usually
contains organic acid and the electrospray electrode works as cathode for cIEF in normal
polarity mode, the conjugate base of this acid can migrate back into the capillary and
cause electrophoretic mobilization. Sheath liquid induced electrophoretic mobilization

also works for ESI-MS detection without assisted pressure at the inlet’®'?*!*

. Zhang et al.
demonstrated combined hydrodynamic and electroosmotic flow mobilization for reversed
polarity cIEF-MS using bare fused silica capillary'®. However, the applied pressure has
to be carefully programmed to optimize the peak resolution due to the bidirectional
electroosmotic flow of the catholyte and ampholyte zones and variations in the lengths of
the zones during the mobilization process.

The previously described CE-MS interface with a flow-through microvial at the end of
the separation capillary provides special advantages that facilitate online cIEF-MS. The
chemical modifier solution introduced at a low flow rate carries the analyte from the
capillary terminus to the site of ESI even when there is no bulk flow in the separation

82,85,128

capillary, while minimizing dilution of the analyte . In this chapter, the use of this
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interface for combining cIEF with ESI-MS is demonstrated by using glycerol as an anti-
convective agent. Two different strategies, using either a part of the capillary or the flow-
through microvial of the CE-MS interface as the catholyte reservoir for bare fused silica
capillaries or neutral coated capillaries, respectively, were developed for automated cIEF-

electrospray ionization (ESI)-MS.

5.2 MATERIALS AND METHODS

5.2.1 Chemicals and materials
Glacial acetic acid (A.C.S. reagent), 88% formic acid, methanol (HPLC grade), and
ammonium hydroxide (A.C.S. reagent), were purchased from Fisher Scientific (Nepean

ON). Glycerol (for electrophoresis =99%), urea (for electrophoresis), sodium hydroxide

(95%~100%), and myoglobin (from horse heart), lysozyme (from chicken egg white)
were purchased from Sigma Aldrich. IEF protein standards (ribonuclease A, pl 9.45;
carbonic anhydrase II, pI 5.9; B-lactoglobulin, pI 5.1), a peptide standard (CCK flanking
peptide, pl 3.6) and carrier ampholyte mixtures for pH range of 3 to 10 (Fluka® and
Pharmalyte® brands), were obtained from Beckman Coulter Inc. (Brea, CA). Bare fused
silica capillaries were purchased from Polymicro Technologies (Phoenix AZ). A
polyvinyl alcohol (PVA) coated capillary was purchased from Agilent Technologies
(Santa Clara, CA). A neutral, hydrophilic “N-CHO” type capillary was obtained from
Beckman Coulter, Inc. (Brea CA).

The carrier ampholytes solutions were diluted in glycerol/water (v/v) 30:70 to a
concentration double that desired for analysis and stored at 4°C. Mixtures of the protein

standards were also prepared in glycerol/water and stored as aliquots at -20°C. Sample

98



solutions were prepared daily by mixing equal volumes of the protein standards and an
ampholyte solution prepared in 30:70 (v/v) glycerol/water. The final concentrations of
proteins in the ampholytes/glycerol mixture were ribonuclease A 300 pg/mL, carbonic
anhydrase II 50 pg/mL, B-lactoglobulin 50 ng/mL, CCK flanking peptide 25 ng/mL, and

myoglobin 125 pg/mL.

5.2.2 Capillary isoelectric focusing

cIEF was performed on a MDQ or PA800+ Capillary Electrophoresis System
(Beckman Coulter, Brea CA) using a modified capillary cartridge that can accommodate
both the separation capillary and the modifier delivering capillary for external detection.
The bare fused silica capillaries used for separation were 67 or 85 cm long with 50 pum ID
and were preconditioned by rinsing with 1 M NaOH, 0.1 M NaOH, and water for 30 min
each. To create a stable and reproducible surface condition, the separation capillary was
rinsed with 6 M urea, 2% formic acid, water, and catholyte for 3 min each using a
pressure of 40 psi prior to each run. The modifier delivering capillary was prefilled by the
modifier solution before each run.

Because the length of capillary required to reach the mass spectrometer inlet was
longer than that required for resolution of the focused protein bands, the capillary was
only partially filled with sample solution. A “sandwich” injection method was used to fill
the bare fused silica capillary. The capillary was first fully filled with catholyte, and then,
a long plug of sample was injected, followed by a plug of anolyte. The resulting
configuration is shown in Figure 5.1A. The injection parameters were determined
empirically by observing the time required to push a plug of analyte through a capillary

filled with the 30% glycerol/water solution using a pressure of 2 psi. Injection times and
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pressures were then calculated on the basis of the proportion of the capillary to be filled
with the sample solution. Isoelectric focusing with the uncoated capillary was carried out
with the capillary inlet placed in a vial containing the anolyte solution, composed of 50
mM or 125 mM formic acid in 30% glycerol/water, and the capillary terminus installed in
the interface. The catholyte, which was contained in the capillary, was a solution of 100
mM ammonium hydroxide in 30% glycerol/water. A potential of 30 kV was applied at
the capillary inlet, while the interface was grounded during focusing. The modifier
solution, composed of methanol/water/acetic acid (v/v/v) 50:48:2 or methanol/water/
formic acid (v/v/v) 50:48:2, was delivered to the microvial at the separation capillary
terminus at a flow rate of 0.3 puL/min after 22 min of focusing, unless otherwise specified,
by applying pressure to the modifier vial via the CE instrument.

When the neutral N-CHO capillary was used, to protect the surface from being
exposed to highly basic solutions, an alternative procedure was used. Prior to each run,
the coated capillaries were rinsed with 6 M urea, water, 2% formic acid, and 30%
glycerol for 3 min each using a pressure of 40 psi. The capillary was then fully filled by
the sample/ampholyte mixture, followed by a plug of the anolyte solution (50 mM formic
acid in 30% glycerol) which occupied 50% of the capillary length, resulting in a 1:1 ratio.
Just before the onset of focusing, the modifier delivering capillary was filled with the
catholyte solution (0.1 M ammonium hydroxide) and then placed in a vial containing the
modifier solution (water/methanol/formic acid (v/v/v) 50:48:2), as shown in Figure
5.1B(i). Upon application of the high voltage, the modifier solution vial was pressurized
(~1 psi) to deliver catholyte to the microvial, while the modifier solution gradually filled

the modifier capillary, replacing the catholyte solution. The duration of the focusing step
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is therefore determined by the flow rate in the modifier capillary and the combined
volume of the capillary and needle interior. Electrophoretic mobilization was initiated
when the acidic modifier solution displaced the catholyte in the microvial, as shown in

Figure 5.1B (ii).

A. Injection using the “sandwich” method Interface to MS

( Capillary |
(1} = ‘ o
1

B. Modified injection method for coated capillaries

Inlet vial Modifier vial

(1) Focusing with catholyte delivered by modifier capillary

= 1]
g | |

(1) Mobilization when modifier replaces catholyte solution
p— —_

| Pressure | -
( -Anolyte -Catholyte \LHJ—/
1]

==
! ' ‘Sample DModiﬁer ‘

Figure 5.1: Injection techniques for automated cIEF-MS.

(A) “Sandwich”injection method for bare fused silica capillaries. The modifier vial
starts to be pressurized to deliver acidic modifier solution when the focused sample zone
gets close to the capillary outlet.

(B) Modified method for covalently neutral coated capillaries. (i) Before separation
starts, the modifier delivery capillary is prefilled by catholyte solution with one end
connected to the modifier vial. (i1) The pressurized modifier vial delivers basic catholyte
solution to the microvial during the focusing stage and acidic modifier solution to the
microvial during the mobilization stage. The duration of the focusing step is determined
by the flow rate in the modifier capillary and the combined volume of the capillary and

Pressure
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needle interior. The lengths of the CE separation capillary and modifier delivery capillary
are not drawn to proportion.

5.2.3 Electrospray ionization-mass spectrometry
Interfacing with mass spectrometry was carried out using the previously described

flow-through microvial interface developed in our laboratory®*'**

. Mass analysis was
carried out using either a Finnigan LCQP" ion trap (Thermo Scientific, Waltham MA) or
Micromass Q-TOF 1E mass spectrometer (Waters, Milford MA) with the standard ESI
source removed. Detection parameters were optimized by direct infusion of 0.1 mg/mL
lysozyme in the modifier solution. For the ion trap, the heated capillary MS inlet
temperature was set at 250-300 °C, and the ion trap injection time was 200 mS. The inlet
cone of the Q-TOF MS was maintained at 150 °C and a potential of 60 V. Both
instruments were operated with an electrospray potential of 4 kV and detector scan range
of m/z 1000-2000. The electrospray voltage and data acquisition on the mass

spectrometer were started after 25 min of focusing, unless stated otherwise. All time

scales shown in the electropherograms start from the beginning of focusing.

5.3 RESULTS AND DISCUSSION

5.3.1 Suitability of the interface for cIEF-MS interfacing

There has been a great deal of progress over the past 15 years in increasing the
compatibility of cIEF with MS detection. The focus of our own work on this subject has
been to develop an interfacing strategy that retains previous advances while also

requiring no specialized instrumentation and being fully amenable to automation. The
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enabling piece in providing this performance is the flow-through microvial CE-ESI-MS
interface developed in our laboratory, which consists of a custom fabricated stainless
steel needle, internally tapered and externally beveled at the tip, into which the terminal

d®>'%® The small volume contained between the end of the

end of the capillary is inserte
capillary and the interior of the needle tip constitutes a flow-through microvial, while the
beveled outer surface of the needle tip is the site for electrospray ionization. Modifier
solution is introduced through a separate capillary, which is connected via the orthogonal
port of a tee union, so that the solution flows around the edges of the cIEF capillary and
into the microvial.

This design provides several features that make it well suited for the challenge of
interfacing cIEF with ESI-MS***'?® The flow-through microvial at the cIEF capillary
terminus ensures stable electrical contact during the focusing and mobilization steps. The
modifier solution can provide a flow of catholyte during the focusing step or an acidic
solution to accomplish electrophoretic mobilization of the focused analyte zones, and
switching between the two can be accomplished automatically using a standard CE
instrument. Our interface can accommodate bare fused silica capillaries for cIEF, where
both EOF and electrophoretic mobility play roles for mobilization, as well as the coated
capillaries that are commonly used to eliminate electroosmotic flow and minimize wall
interactions. In the case of electrophoretic mobilization in a neutral coated capillary, the
modifier solution can transport the analyte in the microvial to the outer surface of the

beveled sprayer tip and support a stable electrospray even when there is no bulk flow

inside the separation capillary. The small volume of the microvial also minimizes the
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dilution effect and postcolumn band broadening'?®; in this way, better sensitivity and

resolution can be achieved.

5.3.2 cIEF in bare fused silica capillaries using a partial filling technique

The Varenne group has previously demonstrated a strategy of the use of a plug of the
catholyte at the terminal end of the capillary, rather than using a catholyte vial, or the
sheath liquid, to provide the hydroxide ions needed to establish and maintain the pH
gradient throughout the focusing process''®'"”. Considering that the practical separation
capillary length (at least 67 cm for the MDQ system and 85 cm for the PA8O0O plus
system) is much longer than that required for effective resolution of the focused analyte
bands, we therefore adopted a “sandwich” injection method, where the sample zone is
flanked by zones of anolyte and catholyte at the anodic and cathodic ends of the capillary,
respectively. To accomplish this, a plug of anolyte was injected into the capillary after the
sample and catholyte plugs to push the analyte zone closer to the cathodic end and thus
shorten the analysis time, as illustrated in Figure 5.1A and Figure 5.2A.

It should be noted that the electric field strength in the sample/ampholytes zone,
sandwiched between the anolyte and catholyte zones, is much greater than in the case
where the entire capillary is filled by the sample/ampholytes mixture, because the
conductivity in that zone is much lower than in the anolyte and catholyte zones. This can
be explained by considering the three discontinuous electrolyte zones as three resistors in
series. Based on Ohm’s law, the electric field strength in sample/ampholytes zone E; can

be expressed as
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R V.

E — s % total
* R+R+R, L,
_ 1 I/toml
fyx(l.{.L X&‘l‘L x&) Ltotal
/s K s K (5-1)

where R;, R., and R, are the resistances of the sample/ampholytes zone, catholyte zone,
anolyte zone respectively, Vi 1s the voltage applied across the capillary, Ly, is the total
length of the capillary, L is the length of the sample/ampholytes zone, f; , f. and f, are the
percentages of the capillary lengths occupied by sample/ampholytes, catholyte, and
anolyte respectively, «;, ., and «, are the conductivities of the sample/ampholytes,
catholyte, anolyte solution respectively. Given the condition that x,<< «, x, ‘> "',

especially after focusing, and f; = f, f-in the application, the field strength across the

sample/ampholytes zone could be approximated as

E ~ L % I/mtal I/toml
‘ fs Ltutal LS (5_2)

Upon applying 30 kV across the capillary, focusing of the ampholytes establishes the pH
gradient in the sample zone, accompanied by the displacement of the whole zone toward
the cathode due to the electroosmotic pumping. Meanwhile, the decreasing conductivity
in the sample/ampholytes zone leads to increased electric field strength in this zone,

which also keeps the sample and ampholytes focused during mobilization (Figure 5.2B).
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Figure 5.2: Schematic illustration of cIEF-MS process with the bare fused silica
capillary.

(A) A catholyte plug, sample/ampholytes mixture plug, anolyte plug are injected into the
capillary sequentially. (B) A 30 kV voltage is applied across the capillary; the pH
gradient starts to form in the sample/ampholytes zone with concurrent electroosmotic
mobilization; the effluent brought out by EOF from the capillary fills the microvial. (C)
The high pH boundary of the focused sample/ampholytes mixture zone arrives at the
microvial, and pressure is applied in the modifier vial to deliver modifier solution to the
ESI interface; the acetate ions in the modifier solution migrate back into the capillary and
initiate electrophoretic mobilization; 4kV is applied on the sprayer needle for ESI
detection.

5.3.3 cIEF with electroosmotic and electrophoretic mobilization

When performing cIEF in bare fused silica capillaries, it is inevitable that there will
also be some electroosmotic mobilization throughout the focusing and mobilization
stages, due to the average pH > 3 in the capillary. The overall electroosmotic velocity,

Veofnet is
veof,nez = f;zluaEa + -fs/’lsEs + f;/’lcEc (5_3)

where f,, f;, and f. are the percentages of capillary length occupied by the anolyte,
sample/ampholytes, and catholyte; u,, us, and u. are the electroosmotic mobilities of the
anolyte, sample/ampholytes, and catholyte, respectively; E,, Es, and E. represent the
electric field strength of each zone. Although the fraction of capillary length occupied by

each zone varies during mobilization, the field strengths in the anolyte and catholyte
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zones are very small due to their high conductivity compared to the sample/ampholytes
zone, so the major contribution to the net electroosmotic flow velocity comes from the
sample/ampholytes region. This has been demonstrated by Thormann et al 30132 using
computer simulations of the cIEF process with electroosmotic mobilization. Their
computer modeling also predicted that, with initial plugs of catholyte and ampholytes
inside the bare fused silica capillary, 1) the pattern of the focused ampholyte zone will not
be disrupted during electroosmotic mobilization, although the local electroosmotic flow
velocity varies along the capillary; ii) the magnitude of the net EOF experiences three
stages, a fast dropping stage during focusing, followed by an almost constant , slightly
declining stage as the length of catholyte zone gets smaller, and then a linear decreasing
stage as the ampholyte zone gradually migrates out of the capillary terminus'*®"*%

It is also important to realize that, although the magnitude of the electroosmotic
velocity varies along the length of the capillary, at any moment, the bulk solution at any
cross section moves at the same net velocity determined by Eq (5-3), due to the
continuity of the incompressible fluid. This net cathodic electroosmotic flow fills the
microvial with catholyte'*® and ensures the electrical continuity during the first 10 to 20
min of separation, before the modifier vial is pressurized to deliver electrolyte to the
microvial. Using the injection method shown in Figure 5.1A, the concurrent focusing and
electroosmotic mobilization stage starts at the onset of the electric field. As a result, the
plug of catholyte at the terminal end plays the additional role of ensuring that the EOF
does not push the high pH boundary of the ampholytes zone to the capillary terminus

before focusing is complete.
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During the concurrent focusing and electroosmotic mobilization stage, before the high
pH boundary of the ampholyte zone reaches the capillary terminus (Figure 5.2B), the net
cathodic EOF and the small field strength in the catholyte zone prevent the acetate or
formate ions in the modifier solution from penetrating the catholyte zone
and electroosmotic pumping is the only driving force for the transportation of the
sample/ampholyte zone toward the detector. To prove this, the same “sandwich” injection
method was also applied with a PVA coated capillary (85 cm*50 pm), where the EOF
was eliminated. In this case, the mobilization of the ampholyte zone was not observed
within 60 min after the current dropped to minimum, even when the catholyte
occupied only 1/8 of the capillary (Data not shown). Further evidence is that the time to
start the modifier infusion before the sample/ampholyte zone reaches the microvial does
not affect the retention times of the analyte and the current characteristics. As the length
and the electric field strength of the focused ampholytes zone are almost constant before
it reaches the capillary terminus, the velocity of this zone could be considered nearly
constant during this mobilization stage.

When the high pH boundary of the ampholytes zone reaches the microvial of the CE-
MS interface, acetate or formate ions from the modifier solution penetrate the ampholytes
zone, due to the large field strength in this zone and the decreased net EOF and, thus,
initiate electrophoretic mobilization by replacing the hydroxide ions and lowering the
local pH (Figure 5.2C). Meanwhile, the decreasing net EOF also contributes to the
transportation of the zones toward the detector until most of the ampholytes migrate out

of the capillary.
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Figure 5.3:Separation of protein mixtures in bare fused silica capillary with
pressure (A), and without pressure (B-D) applied at the capillary inlet.
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Conditions: Proteins were mixed with 1% (v/v) Fluka® pH 3-10; anolyte 50 mM formic
acid in 30% glycerol; catholyte 100 mM ammonium hydroxide in 30% glycerol; modifier
solution methanol/water/acetic acid (v/v/v) 50:48:2. No cooling for capillary was used.
(A) Total ion electropherogram of cIEF-MS with 1psi pressure applied at CE inlet after
20 minutes of separation. Other conditions: 67 cmx50 um ID capillary; ratio of
catholyte/sample/anolyte injection length 1:2:1; modifier was infused at 0.6 pL/min;
Heated capillary temperature of the LCQ MS inlet was set at 300°C. (B) Total ion
electropherogram with no pressure applied at the CE inlet after IEF. (C) Summed
extracted ion electropherogram (RNase A [M+8H]* ion at m/z 1714, Myo [M+9H]"" ion
at m/z 1887, CA II [M+16H]"*" ion at m/z 1817 and [M+15H]"" ion at m/z1937, B-lac
[M+10H]""" ion at m/z 1839, CCK peptide [M+H]" ion at m/z 1075), and (D) mass
spectra for the proteins separated by cIEF-MS in B with combined electroosmotic and
electrophoretic mobilization. Conditions: 85 cmx50 pm ID capillary, ratio of
catholyte/sample/anolyte injection length approximately 2:5:3; modifier solution was
infused at 0.3 puL/min. Heated capillary temperature of LCQ MS inlet was set at 250°C.
Figure 5.3B shows the total ion electropherogram for the separation of protein
standards using cIEF with combined electroosmotic and electrophoretic mobilization,
using glycerol as a stabilizing medium. The presence of glycerol in the focusing medium
prevents protein aggregation or precipitation, improves the resolution of cIEF separations,
and reduces the magnitude of the electroosmotic flow''®. However, when glycerol is
introduced into the electrospray ionization source by hydrodynamic mobilization, its high
viscosity and low volatility lead to reduced electrospray stability and ionization
efficiency. This has previously been managed using high temperature gas
desolvation (100 °C nebulizer gas and 350 °C drying gas)''®'"’, but this strategy leads to
temperature gradients along the capillary and a nebulizer gas induced suction effect. With
the flow-through microvial CE-MS interface, pressure applied at the inlet vial can be
avoided during mobilization, resulting in little glycerol introduced into the ESI source.
The electroosmotic/electrophoretic mobilization approach provides increased

electrospray stability and reduced background signals from the ampholytes, as well as

improved peak resolution compared to hydrodynamic mobilization (Figure 5.3A). The
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two myoglobin isoforms were fully resolved in the total ion electropherogram (TIE,
Figure 5.3B), and carbonic anhydrase II (pI 5.9) and B-lactoglobulin (pI 5.1) were
almost fully resolved in the summed extracted ion electropherogram (Figure 5.3C). The

averaged mass spectra under each peak are shown in Figure 5.3D.

5.3.4 Optimization of experimental conditions and reproducibility

Different injection lengths of the catholyte, anolyte, and sample plugs were tested to
determine the impact of the length of the various zones on cIEF resolution and relative
sensitivity. Figure 5.4A and 5.4B show the effect of varying the length of the catholyte
plug while keeping the sample/ampholyte plug length consistent at one-quarter of the
total capillary length. The elution time of the peaks in Figure 5.4A was about 5 min faster
than those in Figure 5.4B, as the distance that the sample zone needed to travel was
approximately 10 cm shorter. However, the resolution was not improved significantly by
having more catholyte inside the capillary, with the exception of the minor myoglobin
isoform, which appears as a small shoulder of the major myoglobin peak (Figure 5.4B).
The impact of sample zone injection length was also investigated while keeping the
catholyte plug length constant. In Figure 5.4C, by increasing the length of the
sample/ampholyte plug to half of the total capillary length, the two isoforms
of myoglobin, carbonic anhydrase II and B-lactoglobulin, were better resolved, and the
relative detection sensitivity was improved. The peak capacity also increased due to the
longer effective capillary length available for the protein separation. For these reasons, a
1:2:1 ratio for the injection length of catholyte/sample/anolyte was used for all

subsequent experiments in bare fused silica capillaries.
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Figure 5.4: Total ion electropherogram of separation of protein mixture in bare
fused silica capillary with different ratio of catholyte/sample/anolyte injection
length.

(A) 5:2:1; (B) 2:1:1; (C) 1:2:1. Modifier solution methanol/water/acetic acid (v/v/v)
50:48:2 was infused at 0.3 pL/min after 12 minutes of focusing. ESI voltage and MS data
acquisition started after 15 minutes of focusing. Coolant temperature was 25 °C. Other
conditions were the same as Figure 5.3B.

The reproducibility of cIEF is a major concern and difficult to achieve in practice due
to the adsorption of proteins on the capillary wall. Using 6 M Urea to rinse the capillary
before each run could wash away most of the adsorbed proteins and improve the
reproducibility of protein detection time and current characteristics''*. Consecutive runs

with programmed focusing and mobilization sequences and temperature control of

the capillary were performed to evaluate the effects of ampholyte concentration, anolyte
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concentration, and modifier composition on the cIEF performance, because the flow-
through microvial interface facilitates the full automation of cIEF-ESI-MS. Table 5.1 lists
the average (and standard deviation) of the migration times for the most basic pI marker,
RNase A (pl 9.4), and the most acidic pI marker, CCK peptide (pl 3.6), using various

compositions of the ampholyte, anolyte, or mobilizer solution.

time, minutes

Anolyte Modifier Ampholyte average (standard deviation)
formic acid solution acid concentration Difference
concentration  content (V/v) RNase A CCK (CCK peptide

peptide - RNase A)

50mM 2% acetic acid 1.0%  342(1.9) 51.0(1.8) 34.2(1.9)
50mM 2% acetic acid 1.5%  33.3(1.9) 49.5(2.0) 34.2(1.9)
50mM 2% acetic acid 20%  30.7(03) 46.0(0.3)  15.3(0.2)
125mM 2% acetic acid 1.5%  352(0.8) 52.8(1.5) 17.6(0.7)
125mM 2% formic acid 1.5%  343(3.0) 485(32) 14.2(0.3)

=S O =% >

Table 5.1: Migration times of RNase A (pI 9.4) and CCK peptide (pI 3.6) of repeated
cIEF-MS runs under different conditions.
Catholyte/sample/anolyte injection length ratio was 1:2:1. Catholyte was 100 mM
ammonium hydroxide in 30% glycerol. Anolyte was 50~125 mM formic acid in 30%
glycerol. Modifier solution containing 50% methanol and 2% acetic or formic acid was
infused at 0.3 uL/min. Coolant temperature was 20 °C. The average and standard
deviation of migration times were calculated based on 4~5 consecutive runs.
Electropherograms are not shown.

Additional insight into the reproducibility of the cIEF process can be obtained by
examining the current profiles for reach run (Figure 5.5). Similar trends were
observed under the five conditions listed in Table 5.1. The current first decreases during
the concurrent focusing and electroosmotic mobilization process and then reaches a
minimum and stabilizes for a short period of time as the conductivity of the focused

zone does not change dramatically after focusing but before arriving at the microvial of

the CE-MS interface. As the ampholytes/sample zone starts to migrate out of the capillary,
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the fraction of capillary occupied by the highly conductive anolyte increases, and

the acetate or formate ions in the modifier solution migrating through the

ampholytes/sample zone initiate the electrophoretic movement of the amphoteric

compounds. With the ampholyte zone exiting the capillary and the acetate/formate ions

migrating toward the anode, the current quickly increases, eventually reaching a plateau

when all the ampholytes have exited the capillary. The small discrepancies of the current

from run to run during the second mobilization stage can be observed due to minor

variations of the bare fused silica capillary surface and the high volatility of the modifier

solution.
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Figure 5.5: Current profile of replicates of cIEF-MS runs with bare fused silica
capillary under different conditions.
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Experimental conditions as listed in Table 5.1.Catholyte/sample/anolyte injection length
ratio was 1:2:1. Catholyte was 100 mM ammonium hydroxide in 30% glycerol. Modifier
solution was infused at 0.3 pL/min. Coolant temperature was 20 °C. A-C. Anolyte 50
mM formic acid in 30% glycerol, modifier methanol/water/acetic acid (v/v/v) 50:48:2,
Fluka® pH 3-10 ampholytes concentrations 1%, 1.5%, 2% respectively. D-E. Anolyte
125 mM formic acid in 30% glycerol, Fluka® pH 3-10 ampholytes concentrations 1.5%,
modifier solution methanol/water/acetic acid (v/v/v) 50:48:2 or methanol/water/formic
acid (v/v/v) 50:48:2, respectively.

The ampholyte type and concentration are perhaps the most important conditions for
obtaining good cIEF reproducibility. Initially, both Fluka and Pharmalyte brand
ampholytes (pH 3-10) were tested; however, it was observed that the
Pharmalyte ampholytes resulted in unusually long analysis times and required a
significant pressure applied at the capillary inlet vial in order to observe any protein
peaks, and the detected peaks were very broad. It has been previously reported that
Pharmalyte pH 3-10 ampholytes can form dynamic coating on the fused silica capillary
surface and reverse the direction of the EOF toward the anode'®. This appears to be the
case, even with 30% glycerol as an EOF suppressing agent. As a result, only Fluka pH 3-
10 ampholytes were used for further optimization. Regarding the ampholyte
concentration, Table 5.1 and the current traces (Figure5.5) show that the migration time
and current reproducibility were improved using a higher concentration of ampholytes
because of the improved buffering capacity. These observations are consistent with
previous investigations, which have shown that higher ampholyte concentrations give
better resolution but decreased signal because of the ion suppression effect’™. A slight
improvement in the reproducibility of the migration times of pl markers was observed
by increasing the formic acid concentration in the anolyte from 50 mM to 125 mM.

Considering the impact on peak resolution, reproducibility, and MS sensitivity, an

ampholyte concentration of 1.5% (v/v) and 125 mM formic acid anolyte were chosen
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as the optimal conditions for focusing. Using 2% formic acid in the modifier solution
instead of 2% acetic acid increased the current during mobilization (Figure 5.5E), as the
mobility of the formate ions is faster than that of acetate ions. This also leads to faster
electrophoretic mobilization of the protein zones and shorter migration times but no

obvious improvement in peak resolution.

5.3.5 cIEF-MS in a neutral coated capillary with electrophoretic mobilization

When bare fused silica capillaries for cIEF are used, protein interactions with the
negatively charged wall may interfere with the separation. Although the presence of
glycerol in the sample solution should reduce these interactions, some residual interaction
may remain. Capillaries with a neutral, hydrophilic coating eliminate electrostatic and
hydrophobic interactions of proteins with the wall and eliminate EOF, regardless of the
average capillary pH or the presence of different ampholyte species. As the covalent wall
coating cannot be exposed to solutions with pH > 10, such as the catholyte, the
alternative injection strategy depicted in Figure 5.1 B (i) was used. The sample zone was
extended to the capillary terminus, while the modifier capillary delivered catholyte to the
flow-through microvial for the duration of the focusing, followed automatically by the
acidic modifier solution which initiated electrophoretic mobilization (Figure 5.1B(ii)).

Figure 5.6 shows a separation performed in this manner, with detection using the Q-
TOF mass spectrometer. Compared to the LCQ Duo ion trap, the ion source of the Q-
TOF instrument has limited desolvation capabilities as the sample inlet cone
temperature could only be heated up to 150 °C and the cone gas is not used for the low
flow rate ESI. Previous attempts to use this instrument with pressure mobilization yielded

very low signals (not shown) due to the sample medium containing 30%

116



glycerol entering the MS inlet. However, it is possible to use it in conjunction with
electrophoretic mobilization in neutral coated capillaries, since this mobilization method
selectively mobilizes amphoteric species and almost does not introduce any glycerol into

the ion source.
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Figure 5.6: Total ion electropherogram for a protein mixture separated by cIEF
with electrophoretic mobilization in a neutral coated capillary.

Conditions: N-CHO capillary, 67 cmx50 um ID; modifier delivery capillary, 90
cmx75um ID; ratio of anolyte/sample injection length 1:1; anolyte 50 mM formic acid in
30% glycerol, catholyte 100 mM ammonium hydroxide, proteins mixed with 2% (v/v)
Fluka® pH 3-10 ampholytes in 30% glycerol; modifier solution methanol/water/formic
acid (v/v/v) 50:48:2 infused at approximately 150 nL/min. Electrospray voltage and data
acquisition started after 30 minutes of separation. No cooling for capillary was used.

Due to changes in capillary type, ampholyte concentration (2% v/v), and mass
spectrometer type, the relative peak intensities in Figure 5.6 differ from those observed

on the ion trap mass spectrometer. However, the pattern is similar to that achieved in bare
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fused silica capillaries, with the exception that carbonic anhydrase II (pI 5.9) and -
lactoglobulin (pI 5.1) are better resolved in the total ion electropherogram, due to the
elimination of protein wall interactions and increased ampholyte concentration. An
unexpected third isoform of myoglobin is also visible at 51.5 min, which may be due to
improper storage of the sample solution leading to protein degradation. The final
marker, CCK flanking peptide (pI 3.6), was not detected within reasonable migration
time due to a gradual drift of the acidic portion of the pH gradient toward the capillary
inlet which can be mediated by incorporating an ampholytic spacer species that has

an isoelectric point that is just below the range of the pH gradient''*.

5.4 CONCLUSIONS

A simple interfacing strategy for clEF-MS has been demonstrated that combines the
advantages of glycerol as an anti-convective medium and flexibility regarding the choice
of capillary type and mobilization strategy. The flow-through microvial configuration
ensures electrical continuity at the cathode end of the capillary, the supply of the
catholyte and mobilizer solution during the focusing and mobilization process, and the
transfer of analyte from cIEF capillary to ESI for mass spectrometry detection using
automated CE systems. Reasonable separation efficiency was achieved with cIEF in bare
fused silica and neutral coated capillaries. For cIEF in bare fused silica capillaries,
electroosmotic flow can be a part of mobilization strategy if the process is well
understood and well controlled. The combination of glycerol as an anti-convective agent
with electroosmotic/electrophoretic mobilization provides increased resolution and
relative ESI-MS sensitivity compared to pressure mobilization by reducing the amount of

viscous glycerol entering the ESI source of the mass spectrometer and reducing dilution

118



of the analytes. The entire cIEF-ESI-MS process can be automated using commercial CE
and MS instruments and should prove useful for separation and characterization of

different types of biomolecules.
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Chapter 6: Field distribution in an electrospray ionization source

determined by finite element method
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6.1 INTRODUCTION

For mass spectrometers with atmospheric ion sources, the efficiency of transferring
the ions from the high pressure region to the low pressure region is critical for detection
sensitivity. In terms of an electrospray ionization source, the ion transferring process
includes two stages — the first stage is from the sprayer tip to the sampling orifice, which
is under atmospheric pressure, and the second stage is from the sampling orifice to the
mass analyzer, which is backed up by a mechanical pump. For the second stage, RF-only
multipole ion guides' have been adopted by manufacturers to cool down and focus the
ion beam before they enter into the mass analyzer region. However, less attention has
been paid to the sampling efficiency of the ions into the orifice. Conventional ESI-MS
suffers from low sampling efficiency due to the divergent electric field in the source. It
has been estimated that in some cases fewer than 1 in 10° ions formed reach the mass
spectrometer detector, and more than 99% are blocked from entry into the mass
spectrometer13 134

The large electric field strength at the tip of the sprayer is responsible for the
generation of charged droplets, and the electric field distribution in the ion source
chamber governs the movement of charged species in the atmosphere. From this point,
precisely controlling the electric field is of great importance for improving ion generation
and transmission efficiency, and ultimately improving the detection sensitivity. This is
especially true at lower flow rate when the ionization efficiency is sufficient while the
transmission efficiency is very low.

Previous work by our group'*>'*® has demonstrated that an oblong-shaped

atmospheric pressure ion lens improves the performance of ESI sources at flow rates
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from 0.2 to 5uL/min. Thompson and coworkers'*” also reported that a hemispherically
shaped electrostatic lens at atmospheric pressure was able to compress the charges
generated by nano-ESI and increase the average current density in the plume by a factor
of 3. Using both the experimental results and theoretical calculations, the work presented
in this chapter demonstrates how the voltage applied on the ion lens affects the electric
field distribution in an ESI source, thereby changing the analytical performance. The use
of an ion lens in conjunction with ESI shows that each sprayer voltage has an optimum
ion lens potential with which an optimum ionization condition is achieved. To calculate
the electric field strength, we used a commercial software package COMSOL
Multiphysics 3.4, which is based on finite element method (FEM). Interpretation of the
simulation results gives more insight into the electric field distribution at the sprayer tip,
and the results could lead to the more systematic design and operation of ESI sources, as
well as an improvement in signal intensity. This ion lens can be incorporated into the CE-

ESI-MS interface for better sensitivity in the future.

6.2 THEORY OF ELECTRIC FIELD CALCULATION

The differential equation that governs the potential of the electrostatic field in an ESI

source is:
VeseVV =—p, (6-1)
where V' is the voltage, ¢ is the permittivity of the dielectric material, and p, is the charge
density. Omitting the space charge in the source chamber, Eq (6-1) becomes the
38

Laplace equation'®:

V¥V =0 (6-2)
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An analytical solution of the Laplace equation (6-2) can be derived only with simple
and ideal boundary conditions. The field of point-to-plane electrodes was first solved in

1'%, Tt was assumed that the point was shaped in

the study of cold emission by Eyring et a
the form of hyperboloids of revolution, so that Eq (6-2) could be reduced to a second-
order ordinary differential equation in a hyperbolic coordinates system and was easily

solved. The electric field at the tip obtained by this method was:

E = _ AV, (6-3)
r.In(4d /r,)

where V. is the potential difference between point and plate, . is the radius of curvature
at the tip, d is the distance from point to plane, and 4 is a constant which is equal to 2.

Smith'*

assumed that the field intensity at the tip was in the form of Eq (6-3) and
determined the value of 4 to be 1.499 by measuring the onset electrospray voltage. Jones
and Thong'*' used the method of images to calculate the field between an infinite ground
plate and a semi-finite line of charge, assuming that the charge per unit length

140
h

was constant along the capillary. A similar result for £, to that of Smith ™ was obtained

and the only difference was that in this case 4 had a value of V2.

Although analytical solutions are always accurate when the boundary conditions are
met, they become limited when boundary conditions are not well defined, such as in
the cases when the sprayer needle is not perpendicular to the curtain plate, or when it is
not aimed at the center of the plate, or when the plate is not a perfect flat plane. In
these situations, we have to resort to numerical methods to solve this differential equation.
Generally, there are three numerical methods used to solve for the electric field:
boundary element methods (BEM), finite difference methods (FDM) and finite element

methods (FEM). The first two methods are conceptually simpler than the third one.
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The boundary element method is also called the charge density method. In principle, it
replaces the electrodes by a system of charges distributed on the electrode surfaces'*
Boundaries are divided into # pieces of area and it is assumed that the charge density is
uniform in each small area. Since the potentials applied on the electrode should be the
same as those produced by the system of charges, according to Coulomb’s law, the

following formula should be satisfied:

v - § psdS. _ pb,AS : (6-4)
4rer 47[5 r

Tk

where V; is the potential of element k on the boundary, ps;is the charge density of element

J, and rj 1s the distance between elements j and k, 4 §; is the area of element j. From this

relationship, a set of simultaneous linear equations forms and the charge distribution on
the electrode can be determined. Finally, the potential and electric field of any point in
the solution region can be integrated in a similar way to Eq (6-4). The advantage of this
method over others is that the absence of interior elements and nodes reduces the
total number of nodes dramatically and thus yields great saving in computer memory and
computation time. However, variation in material properties within the region
sometimes creates problems and formulation is more difficult'®.

In FDM, the solution space is treated as a regular lattice of discrete points, and only
the potentials on grid points are solved. The calculation proceeds in two steps:
(1) approximating the differential equation and boundary conditions by a set of linear

algebraic equations (difference equations) on grid points within the solution region, and

(2) solving the set of algebraic equations. As derived from the differential equation, in a
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two-dimensional problem, the potential of a central point is equal to the average potential

of the nearest four grid points around it.

V.. =

L]

(Vi—l,j + Vi+1,j + Vi,j—l + Vz‘,j+1) (6‘5)

I

Similarly, in three dimensions, cubes are used to mesh the solution region and the
potential of a central point is estimated as the mean of the potentials at the six
nearest neighbors. Based on this relationship, three algorithms are commonly used to
solve a problem with given boundary conditions: the iteration method, band matrix
method and relaxation method. The commercial software SIMION (Scientific Instrument
Services Inc., Ringoes, NJ, USA) employs an over-relaxation method, which reduces
the number of iterations by adding an extra factor to the estimated potential'**. An
obvious drawback of FDM is that the geometry can only be meshed by equal-sized
squares or cubes, which leads to poor approximation and larger error on curved edges and
corners, so FDM in its basic form is restricted to handling rectangular shapes and
simple alterations.

Compared with FDM, FEM is a more powerful tool for handling irregular geometries
and boundaries. Instead of finding an approximation of the differential equation
itself, FEM is an approximation to its solution. Mathematically, of all the continuous
functions V(x,y) which satisfy the boundary conditions, the one which is the solution of

the Laplace equation is the one that minimizes:
1 | oV, oV,

WV)=||=¢l (=) +(—=) |dxdy (6-6

") jgjz {(ax> (ay)} v (6-6)

where Q is the continuous solution region'*’. The physical meaning of W (¥) is the total

electric energy stored in the field. The mathematical requirement obeys the
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physical principle that the potential distribution should be such that the total electric
energy in the solution region is minimized. Generally, there are four steps involved
in FEM"*®:(1) discretizing the solution region into a finite number of elements, usually by
using triangles or tetrahedrons; (2) deriving governing equations for a typical element; (3)
assembling all elements in the solution region according to the minimum total energy
requirement; and (4) solving the systems of linear algebraic equations obtained from
previous steps. Typically, in a two-dimensional problem, approximation of voltage within
a triangular element is a polynomial approximation, which is:

V.(x,y)=a+bx+cy (6-7)
where a, b, and c are constants inside this element. This assumption is the same as
assuming that the electric field is uniform within the element, because the gradient of
voltage remains constant inside this element. Based on Eq (6-6) and (6-7), the energy in a
certain triangular element can be expressed by the coordinates of three vertexes (also
called nodes) and the potentials on them. Summing the energy of all the elements
together, the total energy stored in the entire region is expressed as:

W=, =V (69)

where [V]=[V, V, V, --- V., --- V], Nis the total number of elements, n is the
total number of nodes, and [C] is the n % n global coefficient matrix, the elements of
which are only related to the coordinates of the nodes. The minimum total energy
requirement would be satisfied and a set of linear algebraic equations would be obtained
by setting the partial derivative of W with respect to each nodal value of the potential to

Z€ro.
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=0 (6-10)

Thus, Eq (6-10) leads to:

V,C =0 (6-11)

i=1
By solving the set of equations using a band matrix method, the voltages on each node
can be obtained. The calculation is usually an extended process, the complexity of which
depends on the number of nodal points.

In addition to providing good precision even with simple approximating functions,
another merit of FEM is its ability to give continuous potential values over the entire
region, so that the electric field can be calculated with acceptable accuracy. The
limitation of FEM is that the linear function assumption within an element may cause
errors. In addition, although the potential is continuous in the whole domain, the
continuity of the gradient of the potential across inter-elements does not generally exist,
bringing up a discrepancy against the Laplace equation which is a second-
order differential equation of the potential. However, since the potential on the nodal
point is accurate, by increasing the number of nodal points, it is possible to obtain the

accuracy needed.

6.3 MATERIALS AND METHODS

6.3.1 Chemicals
a- and B-cyclodextrin were purchased from Sigma (St. Louis, MO, USA), and y-
cyclodextrin was purchased from Aldrich (Milwaukee, WI, USA). The cyclodextrin

solutions were prepared by dissolving the powder in 10 mM certified A.C.S. grade
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ammonium acetate (BDH Chemicals, Toronto, ON, Canada) to a concentration of

1.8x10™* M for both a- and B-cyclodextrin and to 1.7x10™* M for y-cyclodextrin.

6.3.2 Instrumentation

A previously described home-built ion spray source'> was used. The sprayer tip was
positioned 15 mm from the curtain plate, and the orientation of the sprayer capillary was
60° with respect to the curtain plate (Figure 6. 1A). The sprayer tip was located off-axis
to the aperture to prevent the neutral solvent from entering the mass spectrometer and to
reduce contamination of the interface region. The 60° angle allowed lower mass ions at
the outside of the spray plume to enter the mass spectrometer. Sample was introduced
into the sprayer through a fused-silica capillary (150 pm OD, 50 pm ID; Polymicro
Technologies, Phoenix, AZ, USA). The sample solution flow was controlled by a model
22 syringe infusion pump (Harvard Apparatus, South Natick, MA, USA), and a flow rate
of 1-2 uL/min was most frequently used in this work. The capillary was inserted into two
concentric stainless steel tubes (Small Parts Inc., Miami Lakes, FL, USA) with standard
wall thicknesses of 19 and 27 gauge, respectively. The inner tube held the silica capillary,
and the space between the inner and outer tubes was used for the flow of the sheath gas
(nebulizer). A stainless steel tee (Valco Instruments, Houston, TX, USA) held the sprayer
in place and connected the nebulizer gas. The nebulizer gas was flushed concentrically
with the sample flow to assist the breakdown and desolvation of charged droplets sprayed
out of the end of the capillary. In this work, the nebulizer gas used was medical grade
compressed air (Praxair, Mississauga, ON, Canada). The relative positions of the
capillary tip, the inner stainless steel tube, and the outer stainless steel tube are illustrated

in Figure 6.1B. The electrospray potential was applied through the mounting bracket of
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the stainless steel tee. The ion lens was made from an oblong-shaped stainless steel ring
with 1mm thickness (Figure 6.1C). The oval shaped inside was 15 mm long and 11mm
wide. An arm on the mounting bracket was used to adjust the position of the ion lens with
respect to the sprayer. The lens was set just behind the tip of the sprayer at 80° from the
axis of the stainless steel sprayer. A CZE 1000R power supply (Spellman, Hauppauge,
NY, USA) was used to provide high voltage to the lens. The ion lens was insulated from

all other parts of the ion source.

Curtain plate

A Inner stainless steel tube B
/ 200 \ Inner tube
E ! Outer tube ca 0.2mm
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. 1.5¢m ' '
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Figure 6.1: Schematic diagram of the ESI source with the atmospheric pressure ion
lens.

(A) Ion lens and sprayer configuration. (B) Geometry of the capillary sprayer tip. The
inner tube is positioned 0.8mm protruding out of the outer tube, and the tip of the silica
capillary is protruding out of the inner tube by ca.0.2 mm. (C) Dimensions of the ion lens.
The lens thickness is 1 mm.

The mass spectrometer used in this study was a prototype single quadrupole mass
spectrometer from SCIEX (Toronto, ON, Canada), operated in positive ion mode. Ultra-

high purity nitrogen from Praxair (manufacturer’s stated purity 99.9995%) was used as

the curtain gas.
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6.4 MODELING

The use of COMSOL Multiphysics 3.4 includes creating geometries, setting physical
properties and boundary conditions, generating and refining the mesh, and solving and
post-processing the obtained data. The ion source chamber was represented by a cylinder
of 15 cm height and 7 cm radius. The base of the cylinder represented the curtain plate,
and the origin in the 3D Cartesian coordinate system was set at the center of this base.
The symmetry axis of the cylinder was aligned with the z axis. The sprayer had a length
of 3 cm and a radius of 0.2 mm, and was positioned 15 mm away from the curtain plate.
The dimensions of the ion lens were the same as described in Figure 6.1C. Three
3D models of different configurations were built and the geometries are shown in Figure
6.2. Model A (Figure 6.2A) simulated the simplest situation wherein the sprayer was
pointed to the center of the sampling aperture and was aligned with the symmetry axis of
the cylinder. In model B (Figure 6.2B), we added an ion lens positioned 1mm back from
the sprayer tip and orientated 90° with respect to the sprayer. Model C (Figure 6.2C)
simulated the experimental setup as described in Figure 6.2A. Free mesh parameters were
set as the following: maximum element size scaling factor 0.32, element growth rate 1.32,
mesh curvature factor 0.22, mesh curvature cut-off 0.005, resolution of narrow regions
0.9. After meshing based on these parameters, the elements were refined once. The total
tetrahedral elements of models A, B and C were 1834694, 1985905 and 1993375,
respectively. The space charge was set to zero and the Laplace equation was solved in
the cylindrical domain. The ion source chamber was at ground in all three models. The

voltages on the sprayer and ion lens were set to different values in different

130



situations. Calculations were run on a PC with an AMD Athlon 64X2 dual core processor

and 4G memory, and each run took no more than 3 hr.

Figure 6.2: COMSOL Multiphysics configurations of the ESI source with ion lens.
(A) Model A, the sprayer is perpendicular to the curtain plate and aligned with the z axis,
no ion lens.(B) Model B, the sprayer is perpendicular to the curtain plate, and the ion lens
is positioned Imm back from the sprayer tip and orientated at 90° with respect to the
sprayer. (C) Model C, the relative positions of the sprayer, curtain plate and ion lens are
the same as illustrated in Figure 6.1A.

6.5 RESULTS AND DISCUSSION

To test the accuracy of the simulation results, a potential of 5000V was applied on the
sprayer in model A. The calculated electric field intensity at the center of the sprayer tip

surface is 8.446x10° V/m, which is quite close to the analytical solution, 8.766% 10° V/m,
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obtained by Eq (6-3) with 4 equal to 2. Integrating the z component of the electric field
along the line from the center of the sprayer tip to the center of the curtain plate gives a
value 0f 4999.354 V, which is almost equal to theoretically applied voltage of 5000 V. A
third piece of evidence showing the consistency with the applied conditions is that the
calculated total positive charge on the positive electrode is 1.899x10°°C, which is very
close to the total negative charge on the negative electrode of 1.926x10” C.

Model B investigates the effect of the ion lens on the electric field in the ESI source.
The voltage on the sprayer is fixed at 5000V, while the voltage on the lens varies from
1000 to 4000 V. Figure 6.3 shows a comparison of the voltage and the norm of the
electric field distributed along the line from the center of sprayer tip to the centre of the
curtain plate. As the voltage on the ion lens increases, the potential drops more slowly
near the sprayer tip (Figure 6.3A), suggesting that the electric field intensity at the tip
gets smaller. This fact is shown more directly in Figure 6.3B. Within a 2 mm distance
of the tip, the higher the voltage applied on the lens, the smaller the electric field intensity.
The field intensity on the sprayer tip with a 4000 V ion lens is only half of that on a
sprayer tip without the ion lens. From this point of view, the voltage on the ion lens
should not be set too close to the voltage of the sprayer, otherwise, the potential gradient
near the sprayer tip may not be able to generate an electric field strong enough
to overcome the surface tension of the liquid, which would impede the whole ESI

process.
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Figure 6.3: Voltage distribution (A) and magnitude of electric field strength (B)
from the center of the sprayer tip to the center of curtain plate at different ion lens
voltage.

The voltage on the sprayer is 5000 V. Inset: the magnitude of electric field close to the
sprayer tip, from 0 to 2 mm, plotted in linear scales.

Although the addition of an ion lens on the sprayer may affect the efficiency of
forming charged droplets, it provides the benefits of generating a more ‘homogenous’
electric field in the ion source. Despite the fact that the electric field intensity decreases
all the way from the sprayer tip to the curtain plate, from Figure 6.3B, it is clear that
applying higher voltage on the ion lens leads to a smaller drop in electric field in the
whole space, and the electrostatic force applied on a charged species would be stronger
later as it approaches the counter plate. This more ‘homogenous’ electric field would give
a relatively more constant control on the flight of charged species during the flight time
in the atmospheric region, rather than changing the direction of the ion motion abruptly at
the beginning, which is the situation when there is no ion lens. As the electric field lines
are always more divergent near the sharp tip of the sprayer (Figure 6.4B), and become

more parallel near the flat curtain plate, it is obviously unfavorable to apply all the

electrostatic force on the charged species at the beginning. From the
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energy transformation point of view, since the voltage difference between the sprayer and
curtain plate is finite, the total electric potential energy that a charged species possesses
at the tip that would later be converted into kinetic energy is also finite. Without an ion
lens, the voltage drops dramatically near the sprayer tip, and a large fraction of the total
electric potential energy is immediately transformed into kinetic energy due to the work
done by the large electric force. Adding an ion lens delays the conversion of

electric potential energy into kinetic energy. Because the potential drops more gently near
the sprayer tip and more linearly along the path to the sampling orifice under the
influence of the ion lens, electric potential energy would be more evenly converted into
kinetic energy along the path from the sprayer tip to the curtain plate. Thus, a larger
portion of the charged species would be directed into the sampling aperture under the
control of the more homogeneous electric field.

In addition to influencing the magnitude of the distribution of the field strength, the
ion lens also modifies the direction of the electric field in the ion source. Figure 6.4A
compares the equipotential surfaces of the electric field generated by a 5000 V sprayer,
and a 5000 V sprayer with a 3000 V ion lens. Since in an electrostatic field the
boundaries of conductors are equipotential surfaces themselves, the shape of the
electrodes would have a great impact on the shape of equipotential surfaces near them.
From Figure 6.4A, it can be seen that near the sharp tip of the sprayer, the curvature of
the equipotential surfaces is quite large; while near the flat ion lens, the curvature of the
equipotential surfaces is small. The flat shape of the ion lens has an effect of flattening
the equipotential surfaces near it. When there is no ion lens, the curved equipotential

surfaces near the sprayer tip imply that the potential drops dramatically in every direction,
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so the field strengths in all the directions are large and comparable. When the ion lens is
applied, the flatter potential surfaces near the sprayer tip make the potential drops mostly
only in one direction — the direction that points directly to the curtain plate, so that the
field strengths in other directions are much smaller. Thus the flatter equipotential surfaces
produce a more convergent electric field than the curved ones. This is confirmed by the

electric field line plot in Figure 6.4B.
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Figure 6.4: Simulation results of model A (left, sprayer 5000V, no ion lens) and
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To demonstrate the focusing effect of the ion lens, we also calculated the trajectories
of water droplets with 1 micron radius and 50000 unit positive charges in the

electric field according to the following equations.

d’rt) - =
dtg ) = qE _Fdrag (6-12)
— 1 _;
Fdrag :ECdpAV (6-13)
C, —ﬁ+ 6 +0.4 (6-14)

" Re 1++/Re

Here, m is the mass of the droplet, and ¢ is the charges on the droplet. F drag

is the drag
force applied by the ambient atmosphere'*°. Cy is the so-called drag coefficient, p is

the density of air, 4 is the cross-sectional area of the droplet, and v is the velocity of the
droplet. Re is the Reynolds number, which is dimensionless and equals p/v/5, where [ is
the diameter of the droplet, and # is the viscosity of the air. Figure 6.4C shows ten
trajectories of charged droplets that start from the surface of the sprayer tip. From the
trajectories shown in these plots, the movements of droplets almost follow the track of
field lines and they are confined in a much narrower region with the existence of an ion
lens. Although the trajectory modeling is rather simple and unrealistic without
considering the solvent evaporation and coulomb fission of the droplets, it reflects the
focusing effect of the atmospheric ion lens. Another conclusion that we can draw, by
comparing the equipotential plots and field lines plots at different ion lens voltage, is that
the focusing effect of the ion lens becomes better when the voltage applied on it

gets higher, because the field lines are more convergent to the central axis (Figures not

shown). However, a higher ion lens voltage would cause lower local potential gradients
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and thus lower the field intensity on the sprayer tip, which decreases the efficiency of
forming charged droplets. To obtain the best performance, one has to choose a moderate
voltage on the ion lens to balance between the focusing effect in the whole source region

and the side effects brought about by reduction of the field intensity on the sprayer tip.
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Figure 6.5: Signal intensity as a function of sprayer voltage at different ion lens
voltages.
The ion lens voltages used are from 0 to 3500 V, (A) a-cyclodextrin, (B) B-cyclodextrin,
and (C) y-cyclodextrin.

Model C simulates the electric field in an ESI source according to experimentally
measured parameters. Mass spectrometric signal intensities were recorded while

varying the sprayer voltage at a series of ion lens voltage settings. For each cyclodextrin

(CD) species (a, B, v), the multiple ion scan mode of the mass spectrometer was used to
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collect signal from a range of =5 m/z units around the m/z value of the protonated

molecule. As shown in Figure 6.5, with increasing ion lens voltage, the onset and
maximum signal shifted to higher sprayer voltage and this shift was very similar for each
of the three analytes. In all cases, the voltage difference between the sprayer and the ion
lens was in the range of 1250—-1750V when onset signals could be detected, and in the
range of 2500-3000V when maximum signal intensities were achieved. This observation
implies that the electric field around the spray tip can be kept relatively constant by
choosing an appropriate voltage difference between the sprayer and the ion lens. Only
when the voltage difference between the sprayer and the ion lens is large enough can the
electric field intensity be strong enough to spray the solution. Table 6.1 shows the
calculated electric field intensity on the sprayer tip under the onset conditions. The
similarity of these data can be explained by Eq (6-15). The onset electric field on the
sprayer tip is the field required to overcome the surface tension of the liquid and

cause instability of the static Taylor cone, leading to the formation of the charged jet,

E ~ [2y cos6 (6-15)
80”6

where y is the surface tension of the solvent, g is the permittivity of vacuum, r. is the
radius of capillary, and 6 is the half angle of Taylor cone, 49.3° '*°. Substituting the
surface tension of water as 0.073 N/m, the radius of the capillary as 0.2 mm, the
theoretical onset voltage to electrospray water is calculated to be 7.35x10° V/m. Table 6.2
shows the calculated electric field strengths on the sprayer tip under the maximum signal
conditions. These data are also very similar to each other. The optimum field strengths

are about 2x10° V/m stronger than those under the onset conditions.
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Sprayer Voltage/V 3250 3750 4250 4500 5000
Ion Lens Voltage/V.-~ 1000 2000 2500 3000 3500

Field Strength 10°V/m 5.106 4.829 5.180 5.042 5.393

Table 6.1: Field strength at the sprayer tip for onset of signal under various
conditions.

Sprayer Voltage/V 4000 4750 5250 5500
Ion Lens Voltage/V 1000 2000 2500 3000

Field Strength 10°V/m  6.574 6.787 7.138 7.000

Table 6.2: Field strength at the sprayer tip for optimum signal under various
conditions.

As shown by the equipotential surfaces and field lines in Figure 6.6 and 6.7,
the optimum electric fields to produce maximum signal are achieved by a combination of
moderate electric field strength at the sprayer tip and flattened equipotential
surfaces generated by the ion lens. Noticing that in Figure 6.5 the maximum signal
intensity increases with increasing ion lens voltage and sprayer voltage, we can conclude
that an increased voltage difference between the sprayer and curtain plate would provide
higher kinetic energy to the charged species. This would then shorten the traveling time
of the ion in the ion source region and restrict the dispersion induced by coulombic
repulsion, and also increase the ionization efficiency due to higher collisional energy.
More ions would then be directed into the sampling aperture and the signal intensity

would be enhanced.
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Figure 6.6: Equipotential surfaces for various voltage combinations of the sprayer
and ion lens that result in maximum signal intensity.
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Conditions are the same as described in Figure 6.6. (A) sprayer 4000V, ion lens 1000 V;
(B) sprayer 4750V, ion lens 2000V; (C) sprayer 5250 V, ion lens 2500 V; and (D)
sprayer 5500 V, 3000 V.

6.6 CONCLUSIONS

This work employed numerical methods to simulate the electric field in an ESI source
with an atmospheric ion lens. With the help of this powerful tool, the static electric
field generated by a complex electrode system can be simulated and the effect understood.
Based on experimental data and theoretical calculations, we demonstrate that the
atmospheric ion lens has a focusing effect and the sampling efficiency is improved when

an appropriate voltage is applied to it. The field intensity is determined by the
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local potential gradient, so the magnitude of field intensity close to the sprayer tip is
dominated by the voltage difference between the ion lens and the sprayer, while in the
larger space further from the tip, the field intensity mainly depends on the voltage
difference between the ion lens and the curtain plate. There is always an optimum ion
lens voltage to achieve the maximum signal intensity. The calculated results also show
that the electric field strengths at the sprayer tip under both the onset and the maximum
signal conditions are consistent for different combinations of voltages on the sprayer and
ion lens. In the future, this simulation method can be used to design and optimize the
geometry of the ESI ion source and atmospheric ion lens to achieve better sampling

efficiency.
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Chapter 7: Concluding remarks and future work
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7.1 CONCLUDING REMARKS

This thesis attempts to improve CE-MS interfacing strategy by using coaxial stainless
steel tubing with bevelled tip as both electrospray emitter and CE outlet electrode. The
fabrication material provides a robust and long-lasting ESI-MS interface. The flow-
through microvial design only requires self alignment of the capillary column and the
stainless steel sprayer, and using standard size fittings makes the assembly of the
interface simple and fast. The bevelled tip geometry extends the operational flow rate
range and decreases the lower limit for a stable spray. The electric continuity of the
electrophoresis circuit is guaranteed by the flow-through microvial and modifier supply.

The post-column band broadening effects introduced by this interface and other types
of junction-at-the-tip CE-MS interface are investigated by studying the hydrodynamic
flow patterns and mass transport process inside the microvial at the end of the CE
separation capillary. Simulation results obtained by solving the Navier-Stokes and mass
balance equations provide insights into the velocity field and concentration distribution of
the analytes while it is going through the microvial. It has been demonstrated that, with a
low flow rate of chemical modifier solution, the laminar flow streams confine the analyte
molecules to the central part of the microvial and thus maintain major features of the
peak shapes. Peaks detected by UV and MS under similar experimental conditions were
compared to verify the numerical prediction that the main characteristics of the UV peak
can be retained in the MS peak. Experiments also show that band broadening can be
minimized when an appropriate chemical modifier flow rate is selected.

Different modes of capillary electrophoresis operations have been applied with this

ESI-MS interface, with forward, zero or reversed EOF. Methods for analyzing
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metabolites, proteins, peptides and basic drug compounds using this CE-ESI-MS
interface were developed. Improvement on sensitivity was demonstrated by side-by-side
comparison with commercial sheath flow interface using amino acids under similar
conditions. Although the overall detection limit might not reach the region of sheathless
interfaces due to the constraints of lowest applicable flow rate, this interface can satisfy
the sensitivity requirement in most applications. Furthermore, it is compatible with
several special separation modes which could not be achieved with sheathless interfaces,
such as cIEF-ESI-MS.

In cIEF-ESI-MS, this interface utilizes the flow-through microvial to supply the
catholyte and mobilizer solutions during the isoelectric focusing and mobilization
processes. It also allows for complete focusing and mobilization processes to be
performed automatically in programmed sequences with commercial CE systems. The
flow-through microvial also provides a stable chemical environment and helps to
improve the ionization efficiency without significantly diluting the analyte. The interface
facilitates the transfer of the mobilized cIEF effluent to the site of electrospray ionization,
and the gaseous ions can be detected directly by a mass spectrometer.

Operation strategies developed for the use of bare fused silica capillaries and neutral
coated capillaries have been developed, using a part of the capillary or the flow-through
microvial of the CE-MS interface as the catholyte reservoir. Reasonable separation
efficiency and detection sensitivity was achieved by using proper concentration of carrier

ampholytes and suitable strategies of electroosmotic/electrophoretic mobilization.
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7.2 FUTURE WORK

7.2.1 Further optimization on cIEF-ESI-MS strategies

Feasibility of online cIEF-ESI-MS with electroosmotic/electrophoretic mobilization
has been demonstrated by using the CE-MS interface presented. Further improvements
on reproducibility and separation efficiency are still needed for real sample applications.
First of all, stability of the capillary surface coatings, and their interaction with the
ampholytes and protein samples are important issues to be investigated for improving
reproducibility. Neutral surface coatings based on polyacrylamide, polyvinyl alcohol,
cellulose derivatives, dimethylpolysiloxane, and fluorocarbons, have been applied in
cIEF by other researchers. The one that gives the most consistent forward EOF and
interacts least with the ampholytes and proteins should be chosen for further optimization
on other factors. Secondly, the synthesis of different brands of ampholytes does not
follow the same protocol, so the components differ in several aspects - structures, number
of effective species per pH unit, linearity of pH gradient after focusing, buffering
capacity, and molecular weight distribution'*"*°. Focusing bandwidth and low
background noise for ESI-MS detection are two indicators for choosing suitable
ampholytes. For specific target proteins, narrow range ampholytes can be used to resolve
multiple components that slightly differ in pl. As to the anolyte and catholyte, buffers
whose pH are slightly lower or higher than the acidic or basic boundary of the
ampholytes, might work better than strong acid or base owing to reduced anodic or
cathodic drift. Another problem that needs to be solved is that, proteins tend to aggregate
at buffer pH close to their pl values, especially at high concentration after focusing.

Adding urea in the focusing media alleviates this problem in applications using optical
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detection; however, an ESI-MS compatible protein stabilizer must be chosen for the
online cIEF-MS applications. If the problems above could be addressed, we can expect
that cIEF-ESI-MS will play an important role in quality control of biopharmaceutical

industry and proteomics research.

7.2.2 Incorporation of atmospheric ion lens into the CE-ESI-MS interface
Preliminary work in chapter 6 has demonstrated that the ion lens improves the
electrospray ionization and sampling efficiency in the reduced flow rate region. Coupling
the ion lens with the presented CE-ESI-MS interface is easy to realize and should give
more flexibility on choosing the EOF and chemical modifier flow rate. Additionally, if
the two innovations are combined, the sensitivity of this new CE-ESI-MS interface will

be substantially improved.
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