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ABSTRACT

This project has set out to design and optimise a robust and efficient interface
for capillary electrophoresis-inductively coupled plasma mass spectrometry
(CE-ICP-MS) and to investigate the application of the technique in elemental
speciation studies.

An interface was constructed using a commercial microconcentric nebuliser
(MCN) and a cyclonic spray chamber. The cyclonic spray chamber was
designed specifically to provide rapid sample response and washout and to
minimise sample dispersion. Isoforms of the heavy metal binding protein,
metallothionein, were separated and the bound metals detected to characterise
the interface. Suction from the self-aspirating nebuliser was identified as the
principal factor controlling electrophoretic resolution. To maintain resolution,
two methods for counterbalancing the nebuliser suction were investigated. In
the first method an optimised make-up flow was employed, and in the second a
negative pressure was applied to the buffer vial during the separation. The
negative pressure method was preferred because it did not significantly
compromise sensitivity. The MCN was found to be prone to regular blocking
which compromised the analytical precision of the system.

A second interface was constructed using a glass MicroMist nebuliser. The
MicroMist nebuliser was found to be less prone to blocking than the MCN and
significantly improved the precision of the system to less than 4.3 % RSD. The
MicroMist nebuliser did, however, provide a lower sensitivity. The advantage
of employing an electroosmotic flow marker to correct for migration time drifts
was demonstrated.

A CE-ICP-MS method was developed for the speciation of selenium in
selenium enriched yeasts and nutritional supplements. Selenoamino acids and
inorganic selenium species were separated, as anions, under strong
electroosmotic flow conditions. Methods to enhance the selenium sensitivity
were investigated. A proteolytic enzyme extraction method was employed and
the effect of the mass of enzyme and extraction temperature on the extraction
efficiency was investigated. The chemical form of selenium present in the
samples varied; inorganic selenate was identified as the chemical form of
selenium in two of the samples, and for one sample selenomethionine was the
predominant form of selenium. For one selenium enriched yeast sample, a
matrix effect hindered the speciation.

Selenium speciation in the selenium enriched yeasts and nutritional
supplements was also undertaken using anion exchange HPLC-ICP-MS to
allow a comparison of the two speciation techniques.
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CHAPTER ONE
Research Background and Rationale

1.0 INTRODUCTION

The role of trace metals in environmental and biological systems has been the
focus of much research over the past few decades. This research has led to the
realisation that information on a metal, based uniquely on its total
concentration, does not provide a valid representation of its chemical,
biological and toxicological activity. The potentially harmful effects of the
speciation (i.e. chemical form) of trace metals in toxicology were recognised
after the death of 50 residents of a fishing village in Japan who suffered from
the biomethylation of mercury in their food.! The spillage of tetraalkyl lead in
the Mediterranean highlighted the dangers of organic forms of lead” and
extinction of the oyster population in the Arcachon Bay in France stimulated

interest in the possible release of butyltins from antifouling paints.’

Elemental speciation can be termed as the identification and quantification of
the different oxidation states and/or chemical forms of a given element.
Significant progress has been made in elemental speciation by the direct
coupling of chromatographic separation techniques to powerful elemental
detectors such as inductively coupled plasma mass spectrometry (ICP-MS).
The use of chromatography hyphenated with ICP-MS has been
comprehensively reviewed by several authors.*® Speciation analysisina
variety of matrices has been undertaken using ICP-MS hyphenated with gas

9-12

chromatography (GC),”"? supercritical fluid chromatography (SFC)"*"* and

1
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15-20

the various modes of high performance liquid chromatography (HPLC).

The coupling of HPLC to ICP-MS is relatively simple and can be accomplished
with a piece of tubing connecting the analytical column to the nebuliser. The
hyphenated technique offers all the advantages of ICP-MS i.e. low limits of
detection, wide linear dynamic range and ability to perform isotopic analyses,

but does, however, suffer from a number of limitations:

¢ It is often necessary to compromise the chromatographic conditions for
effective compatibility between the mobile phase and ICP-MS. Mobile
phases with a high salt content can block the nebuliser, and erode the
sampler and skimmer cones thereby influencing the ion beam and
sensitivity. Mobile phases containing high levels of organic solvent can
cause plasma instability, increased reflected power values and may deposit
carbon on the sampler cone.

4 Identification of species is by retention behaviour alone and is thus
dependent upon a priori information and the availability of standards.

4 Depending upon the mode of HPLC, it may only be possible to determine
one chemical form i e. anionic, cationic, polar, non-polar.

4+ LC separations can be slow and poorly resolved.

4+ Interactions between analytes and the stationary phase may destroy or shift
the equilibrium, resulting in inaccurate speciation information. This may be
particularly problematic for labile complexes where the free and associated

forms have different affinities for the stationary phase.
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The limitations of HPLC-ICP-MS and the ever increasing demand for accurate
speciation information has led to the investigation of capillary electrophoresis-
ICP-MS as a potential elemental speciation technique. Capillary
electrophoresis (CE) is a separation technique often used as a complimentary
technique to LC, but offering a number of advantages in terms of: high
efficiency and resolution; speed; small sample volumes {nl); minimal reagent
consumption; use of aqueous buffers; and the ability to separate anions, cations
and neutral species in one electrophoretic run. In addition, CE may also hold
unique promise in terms of speciation by exerting minimal disturbance on the
existing equilibrium between analytes thus reducing the possibility of
speciation changes during the separation process. The principal drawback of
CE is its low sensitivity consequent upon the small sample sizes employed.
This is further exacerbated when coupled to flow through detectors by the

dilution incurred in transporting the analyte to the detector.

1.1 CAPILLARY ELECTROPHORESIS-ICP-MS

Olesik and co-workers* published the first research on CE-ICP-MS in 1995. It
was evident from this first publication that the fundamental challenge and key

to the analytical success of CE-ICP-MS was in the design of the interface. For
effective compatibility with CE, the interface must have a low dead volume, be
able to facilitate low flow rates, provide a high analyte transport efficiency and

provision must be made for grounding of the capillary.
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Olesik et al.”! developed an interface comprising of a concentric glass nebuliser
(Meinhard) and a purpose built conical spray chamber. The end of the capillary
was inserted inside the nebuliser central tube and grounding was achieved by
conducting silver paint applied to the end 5 cm of the capillary. The silver
paint proved not to be ideal due to sample contamination. A natural aspiration
rate of 2 ml min"' was measured in the interface due to the suction generated by
the nebuliser. This was the cause of significant band broadening due to

induced laminar flow within the capillary.

Tomlinson ef al.** used an interface similar to that described by Olesik et al.2!
Their initial investigations involved applying pressure to the capillary after the
electrophoretic separation was accomplished. This approach, however, was not
successful because the laminar flow induced by the pressure resulted in a loss
of resolution. The group later adapted a glass frit nebuliser to provide
electrophoretic separation all the way to the nebuliser. Grounding of the
capillary was achieved by the use of a buffer solution which flowed around the
capillary forming a coaxial sheath. It was found that the flow rate of the buffer
solution had significant effect on the behaviour of the nebuliser; slow flow rates
caused pulsing and a high backgrc\)und, whilst higher flow rates diluted the
sample. The interface was successfully used to separate lead compounds,
however the glass frit nebuliser was not ideal as an interface because of regular

clogging and its complex design.
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Liu ef al.” used a direct injection nebuliser (DIN) in a CE-ICP-MS interface
where the separation capillary was placed concentrically inside the sample
introduction capillary of the DIN. The sample was directly nebulised into the
torch thus providing 100 % analyte transport efficiency and accommodating
low sample flow rates (10 - 100 pl min™). Grounding of the capillary was
achieved by the use of a coaxial sheath of make-up solution. The make-up
solution and EOF were combined inside a 1 mm long section of the DIN
sample introduction capillary before nebulisation. Nebuliser suction was not
observed, band broadening was minimal and excellent peak shapes were
observed. A DIN, designed to operate at solution flow rates of 1 - 15 pul min’,

24

has also been used in a CE-ICP-MS interface designed by Tangen ef al

Lu et al.? developed a concentric glass nebuliser/conical spray chamber
interface, similar to that used by the Olesik group. The separation capillary was
inserted into the central glass tube of the nebuliser approximately 2 cm from
the tip. A second fused silica capillary was inserted coaxially into the nebuliser
around the separation capillary so that it reached only as far as the nebuliser gas
tube joint. A coaxial sheath of make-up solution provided the electrical
continuity. A unique feature of the interface was the variable position of the
separation capillary inside the nebuliser. The position of the capillary had a
significant influence on signal intensity, resolution and migration time. Signal
intensity increased, migration times shortened and resolution was compromised
as the capillary was inserted further into the nebuliser. The loss in resolution

was due to an increase in the nebuliser suction. It was suggested that the
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suction could be counterbalanced by applying a negative pressure to the buffer
vial during the separation. The interface was used to separate the metal binding
proteins, metallothionein and ferritin. Detection limits were in the sub pg

range.

A CE-ICP-MS interface incorporating an ultrasonic nebuliser (USN) was
designed by Lu and Bamnes.”® The sample uptake tube of the commercial USN
was modified to accommodate the separation capillary assembly. The capillary
ground path was provided using a coaxial sheath flow. As described in the
previous interface designed by Lu ef al.** the position of the separation
capillary was variable inside the nebuliser. However, contrary to the previous
interface, the capillary position did not have a significant effect on the
electrophoretic separation. Further, suction on the capillary as a result of the
nebuliser gas flow observed with the pneumatic nebuliser interface was not
present. The interface was characterised by the separation of metallothioneins
and overall the USN was found to offer improved resolution and sensitivity

compared to the concentric nebuliser interface.?’

Michalke and Schramel” used an interface based on a modified Meinhard
nebuliser where the exact positioning of the separation capillary within the
nebuliser was crucial. A coaxial sheath flow provided the electrical contact and
no detectable suction was identified. The interface was used to separate

selenium and platinum species.
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Two different interfaces (one based on a modified concentric nebuliser and low
volume cyclone spray chamber, another based on a standard cross-flow
nebuliser and Scott-type spray chamber) were described by Majidi and Miller-
Thli.?® A coaxial sheath buffer flow was employed for grounding the capillary
and also to satisfy the liquid flow requirements of the nebulisers. To minimise
nebuliser suction and maintain electrophoretic resolution, the pressure
differential at the inlet of the cross-flow nebuliser was measured using a water
filled manometer. It was found that the nebuliser suction could be controlled
by varying the nebuliser gas flow rate. At<0.71min" a positive pressure at
the inlet of the nebuliser was generated, at 0.7 1 min™ no pressure differential
was observed and at > 0.7 | min’! a negative pressure due to the nebuliser
suction was measured. Howeyver, since the nebulisation efficiency is directly
related to the nebuliser gas flow rate, a compromise exists between sensitivity
and resolution. Isoforms of metallothionein were separated using the system
and detection limits for Cd in rabbit metallothionein were 2.36 and 0 21 pg ml”

for the concentric and cross-flow nebulisers, respectively.

Van Holderbeke et al.? evaluated two different microconcentric nebulisers, a
MCN-100 and MicroMist, for use in a CE-ICP-MS interface. The design of the

interface was very similar to previous designs™°

with a sheath flow providing
the ground path. Nebuliser suction was minimised by increasing the sheath
flow rate which gave rise to a back pressure in the liquid carrying central tube

of the nebuliser. It was noted that for different nebuliser types and even for

different nebulisers of the same type, a different suction flow was observed.
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Thus, it was necessary to optimise the sheath flow rate for each individual
nebuliser. A comparison of the two microconcentric nebulisers found that the
MCN was more vulnerable to blocking by crystallisation of the buffer salt, was
less sensitive to matrix effects and had a slightly lower transport efficiency than
the MicroMist nebuliser. The interface was used to separate arsenic species in

standards solutions, mineral water, soil leachate and urine.

1.2 PRESENT STUDY

The objectives of the present study were:

# To design a CE-ICP-MS interface that conserves the inherent resolution of
CE whilst maximising the sensitivity. In addition, the interface must be both
analytically and mechanically robust, and simple enough to allow quick
installation without modification of the standard ICP torch.

4 To design and optimise a rapid washout, low dead volume spray chamber
suitable for use with the low solution flow rates employed in CE.

4 To fully characterise and optimise the interface with respect to both CE and
ICP-MS operating conditions.

¢ To investigate the application of CE-ICP-MS to elemental speciation

studies, with particular reference to the speciation of nutritionally important

elements.
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CHAPTER TWO
Capillary Electrophoresis

2.0 INTRODUCTION

Electrophoresis is defined as the migration of charged particles through a
solution under the influence of an electric field.! Electrophoresis as a
separation technique was introduced by Tiselius in 1930.2 By placing protein
mixtures between buffer solutions in a tube and applying an electric field, he
found that sample components migrated in a direction and at a rate determined
by their charge and mobility. Tiselius noted that the major problem with free
solution electrophoresis was that of Joule heating and, for this reason,
electrophoresis has been traditionally performed in anti-convective media such

as polyacrylamide or agarose gels.

The first demonstration of electrophoretic separation in an open tube or
capillary can be credited to Hjerten® who, in 1967, demonstrated free solution
electrophoresis in 3 mm id tubing. Later, in 1974, Virtanen* described the
advantages of using smaller diameter capillaries and achieved the separation of
alkali cations by free solution electrophoresis in 200 - 500 pm id Pyrex tubing.
In 1981, a pioneering paper by Jorgenson and Lukacs® provided the first
example of high separation efficiency CE where efficiencies in excess of
400000 theoretical plates were obtained using 75 pm id capillary. Following
the work by Jorgenson and Lukacs, a rapid growth in the development of CE

led to the advent of commercial CE instrumentation in 1989.

12




Chapter Two Capillary Electrophoresis

2.1 ELECTROPHORETIC MOBILITY

In CE, ions are separated according to their differential velocity in an applied
electric field. The velocity of an ion when subjected to an applied field can be
given by Equation 2.1,

v=ypkE (Eqn. 2 1)

where, v is the ion velocity, W, is the electrophoretic mobility and E is the
electric field strength. The electrophoretic mobility, for a given ion and
medium, is a constant which is characteristic of that ion. The mobility is
determined by the electric force that the ion experiences, balanced by its
frictional drag through the medium. The electric force (Fg) experienced by an
ion of charge q is given by Equation 2.2,

Fy=qE (Eqn. 2.2)

and the frictional force (F;) experienced by a spherical ion is given by Equation
2.3,

Fp=-6mnrv (Eqn. 2.3)

where, 1 is the solution viscosity and r is the ionic radius. During
electrophoresis, an ion will reach a constant steady state velocity when the
balance of these forces is attained. At this point, the forces are equal but
opposite thus

gE = 6anrv (Eqn. 2.4)

13




Chapter Two Capullary Electrophoresis

By solving for velocity and substituting equation 2.4 into equation 2.1, the

mobility of an ion 1s now given by Equation 2.5,

9
p— (Eqn. 2.5)

Heo

From Equation 2.5 it is evident that the electrophoretic mobility of an ion is
govemned by two principal factors, charge and size. Because mobility is directly
related to charge, a calculated value of the electrophoretic mobility can be
determined directly from the degree of dissociation of the ion. A generalised
acid-base equilibrium involving an acid BH" and 1t conjugate base B may be
written as,

B +Ht BHt

o l-o (Eqn 2.6)

where, o018 the degree of dissociation. In a buffer solution, the relative amounts

of the acid and base are given by the Henderson - Hasselbach equation:

PH = pK, +log e (Eqn. 2.7)

which may be rewritten as
o =1+ 100w ] (Eqn. 2.8)

where, pKa 1s the acid dissociation constant. The electrophoretic mobility of an

1on can therefore be calculated using Equation 2.9,

14



Chapter Two Capillary Electrophoresis

Pe =0pg +(I—opy,. =(1-au,,. (Eqn. 2.9)

where, pgy and p, are the mobilities of the acid and base, respectively.

2.2 ELECTROOSMOTIC FLOW

One of the fundamental processes that drives CE is the electroosmotic flow
(EOF). Electroosmotic flow is the bulk flow of liquid in the capillary and
originates from the electrophoretic movement of the hydrated part of the
electric double layer at the capillary wall.® The fused silica capillaries typically
used in CE have ionisable silanol groups at the capillary surface. AtpH > 2 the
silanol groups are deprotonated and buffer cations closest to the capillary wall
are attracted as counterions and form an immobile layer (~ 3 - 500 nm wide)
known as the Stern layer. Beyond this is a diffuse mobile layer of cations
which, upon the application of a voltage, migrate in the direction of the
cathode. Since the cations are solvated by water molecules the result is an
overall bulk flow of solution towards the cathode. The potential across the
layers is known as the zeta potential® and is given by the Helmholtz equation

(Equation 2.10),

A,
€

g (Eqn. 2.10)

where, ( is the zeta potential, p, is the electroosmotic mobility, € is the

dielectric constant.

15



Chapter Two Capillary Electrophoresis

The zeta potential is essentially determined by the surface charge on the
capillary wall and since this charge is strongly pH dependent, the magnitude of
the EOF can be controlled by the pH of the buffer. The zeta potential is also
dependent upon the applied voltage and the ionic strength of the buffer.
Increased ionic strength results in double layer compression, decreased zeta
potential and reduced EOF. An increase in the applied voltage causes the zeta
potential to increase thus increasing the EOF. The magnitude of the EOF can

be expressed by Equation 2.11,

g
Beo = = (Eqn. 2.11)

EOF allows the separation of anions, cations and neutral species in one
electrophoretic run since it causes migration of nearly all species, regardless of
charge, in one direction. Under normal conditions (that is, where the capillary
surface is negatively charged} anions will be flushed towards the cathode since
the EOF mobility can be sufficiently high to overcome the electrophoretic

mobility of anions towards the anode. This process is depicted in Fig. 2.1.

A unique feature of electroosmotic flow, that permits the high efficiency of CE,
is its plug-like or flat velocity flow profile. The driving force of the EOF is
uniformly distributed along the entire length of the capillary and, as a result,
there is no pressure drop within the capillary. The flow velocity is therefore
uniform across the capillary except very close to the walls where the flow rate
approaches zero (Fig 2 2). This flat flow profile is beneficial because it does

not directly contribute to the dispersion of solute zones. This is in contrast to
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Figure 2.1 Differential solute migration in CE in a fused silica capillary.
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pressure-driven systems such as in liquid chromatography where the frictional
forces at the liquid-solid interfaces result in substantial pressure drop and

laminar flow,

Chapter Two Capillary Electrophoresis
|
|
|
|
|
|

EOF

Laminar flow

Figure 2.2. Velocity flow profiles of EOF and laminar flow.

2.3 EFFICIENCY AND RESOLUTION

The absence of laminar flow in CE eliminates dispersion due to radial
diffusion. Similarly, the use of open-tubular capillaries of small id minimises
resistance to mass transfer related dispersion. Thus, the major contributor to
dispersion and band broadening in CE is longitudinal or molecular diffusion.
The width of a peak, described as the variance (¢?) is therefore related to

molecular diffusion’® according to Equation 2.12,

2D 12
HeV

o2 =2Dt= (Eqn. 2.12)
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where, D is the diffusion coefficient, t is the migration time, L is the capillary
length and V is the applied voltage. The peak efficiency, expressed in number

of theoretical plates (N) is given by,

N==5 =35 (Eqn. 2.13)

From Equation 2.13, it can be seen that the efficiency is dependent upon
voltage but is independent of capillary length. In addition, efficiency will be
greatest for large molecules such as proteins which have low diffusion
coefficients. The number of theoretical plates can also be determined directly

from an electropherogram using Equation 2.14,

2
N = 5.54[ t ] (Eqn. 2.14)

Wiz
where, w,, is the peak width at half peak height.

The ultimate goal in CE is resolution of sample components. Resolution of two

zones is defined as™”

R = (Hem = Pepz){v ;[LJED(P«ep + I"’eo)]}uz Eqn. 2.15)

where, 11, is the mean electrophoretic mobulity of the two solutes of mobilities
M and p.,. According to Equation 2.15, increasing the voltage is not an

effective method for improving resolution because of the square root
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relationship. To double the resolution, the voltage must be quadrupled which

may lead to excessive Joule heating.

Separation in CE is primarily driven by efficiency, not selectivity. This is in
contrast to liquid chromatography where the opposite is true. Due to the very
sharp solute zones, small differences in solute mobility (< 0.05 % in some
cases) are often sufficient for complete resolution.!® The resolution can also be

expressed with respect to efficiency,

R= %N"z [ATt) (Eqn. 2.16)

2.3.1 Factors Affecting Efficiency

Whilst longitudinal diffusion is the principal source of dispersion in CE, a
number of other factors can also contribute to dispersion. A summary of the
sources of band broadening and dispersion in CE is presented in Table 2.1. Itis
fortunate that these factors are usually controllable by careful selection of

electrophoretic conditions,

Joule Heating

The heat generated by the passage of electrical current through an electrolyte
solution is known as Joule heat. Excessive Joule heating is detrimental in CE
since it leads to intracapillary temperature gradients, local changes in viscosity
and ultimately compromised efficiency. For the types of capillary used in CE,

heat must be dissipated at the interfaces between buffer and the fused silica
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Source Comment
Longitudinal diffusion e Defines fundamental imit of efficiency
o Solutes with lower diffusion coefficients
form narrower zones
Joule heating ¢ Leads to temperature gradients and laminar
flow
Injection plug length o Injection plug length should be less than the
dispersion caused by diffusion,
approximately 1 to 2 % of the total capillary
length
Solute-wall ¢ Interaction of solute with capillary walls
interactions often leads to peak tailing
Electromigration o Solutes with higher conductivities than the
run buffer result in fronted peaks
o Solutes with lower conductivities than the
run buffer result in tailing peaks
Unlevel buffer vials » Generates laminar flow

Table 2.1. Sources of band broadening in CE.

wall, between the fused silica and the polyimide coating and between the
polyimide coating and the surroundings. The centre of the capillary will be
hotter than the periphery and, since the viscosity of most fluids is inversely
proportional to the temperature, the viscosity of the buffer at the centre of the
capillary will be lower than that near the walls. Thus, zone deformation occurs
and the velocity flow profile tends to that of laminar flow. In addition to

intracapillary temperature gradients, Joule heating can also cause a gradual
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temperature rise in the capillary which leads to changes in viscosity and

ultimately imprecise migration times.

The contribution of Joule heating to dispersion has been extensively studied by
several authors.!"* Losses in efficiency arising from Joule heating effects can
be minimised by employing low field strengths, low ionic strength buffers and
small id capillaries, typically 50 pm. Most commercial CE instruments also

have forced air or liquid cooling systems to minimise heating effects.'*!%

Electromigration

Electromigration dispersion arises as a result of differences in sample zone and
run buffer conductivities. This phenomena, also known as electrophoretic
dispersion,” electrokinetic dispersion,'® electrodispersive effects!” and
concentration overload,” leads to asymmetric peak shapes. An analyte X will
provide a fronting peak if its mobility (j1,) is greater than the mobility of the

1721 When the solute zone has

buffer co-ion (), and a tailing peak if p, <.
a higher mobility (that is higher conductivity) than that of the run buffer the
front edge of the solute zone, which diffuses in the direction of migration,
encounters a higher field strength when entering the buffer zone. This causes
the diffusing solute to accelerate away from the solute zone and results in zone
fronting. As the solutes at the trailing edge diffuse into the run buffer they also
encounter a higher field but in the same direction of migration and thus

accelerate back into the solute zone leaving the trailing edge sharp. Similar

reasoning accounts for the peak tailing observed when p, < ..
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Peak shape distortions arising as a result of electromigration ¢an only be

eliminated by matching the run buffer and sample conductivities.

Solute-Wall Interactions

Interactions between solutes and the capillary surface silanol groups are
detrimental in CE. Depending on the extent of the interaction, peak tailing and
even irreversible adsorption of the solute can occur. Peak distortion of non-
adsorbing species may also result as the wall pollution causes disruption of the
electrical double layer with concomitant non-uniformity in the axial disruption
of the zeta potential; this is particularly true in the first few centimetres of
capillary where the bulk of the irreversible adsorption occurs. Adsorption is
especially problematic for proteins and peptides because these species possess
numerous cationic sites and hydrophobic moieties. The nature of protein-wall
interactions has been investigated by Zhao ef al.? The theoretical plate height

(H) affected by adsorption deteriorates such that,

H e v,v,,.t0(C% - C?) (Eqn. 2.17)

where, t,,is the mean residence time of the adsorbed solute and C is the

fractional concentration of the free solute.

In order to reduce solute-wall interactions, a number of strategies have been
employed. By increasing the concentration of the buffer, interactions are
reduced due to a reduction in the effective surface charge, however this

approach is limited by the increased current and subsequent Joule heating.>**
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Alternatively, zwittenonic salts with low conductivities can be added to the

buffer at relatively high concentrations without adverse heating effects.”

Operation at extreme pH has also been successful 1n reducing interactions. At
low pH (< 2-3) the silanol groups are protonated and uncharged, whilst at high
pH (> 9-10) both the wall and sample will be deprotonated and amonic thus
interactions will be limited by charge repulsion. A further method employed to
alleviate adsorption effects is modification of the capillary wall, either by
permanent covalently bonded or physically adhered phases, or by dynamic

deactivation using buffer additives (see Section 2.4.1).

2.4 BUFFER COMPOSITION

The nature of the buffer is of fundamental importance in an electrophoretic
separation since it determines both the magnitude and direction of the EOF and
the migration behaviour of solutes. The switability of a buffer depends upon a
number of factors including, the solubility and stability of analytes, effect of pH
and 1onic strength, influence of buffer 10ns on electromigration, and heat

gf:neration.26

The buffer pH has a substantial effect upon the magnitude and direction of the
EOF and the degree of 1omsation of solutes. The EOF velocity increases with
increasing pH, reaching an opttmum around pH 9. The utilisation of a high pH
and strong EOF allows the separation of anions, cations and neutral species in

one electrophoretic run. Alterations in pH are particularly useful for
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zwitterionic species such as peptides and proteins. The pH determines the
charge and therefore direction of migration of zwitterionic species. AtapH
equal to the isoelectric point (pI) a zwitterionic solute will have no net charge;
above the pl it will carry a negative charge and below it will be positive.
Buffer pH can also be used to optimise separations by maximising the
difference in charge status between ionisable analytes.”?® If the pKa values of
the analytes are known, the charge status of each analyte at different pH’s can

be calculated using the Henderson-Hasselbach equation (Equation 2.8).

The ionic strength of the buffer influences the EOF velocity and the
electrophoretic mobility of solutes.”® It has been shown that in general the
observed mobility of a solute is inversely related to the buffer concentration™
approximately given by,

e
¥ 3x107|Z|nvC

™ (Eqn. 2.18)

where, e is the excess charge in solution per umt area, Z is the effective charge
of the ion and C is the molar concentration. Jons in solution are surrounded by
a layer of counter-ions which migrate in a direction opposite to the central ion.
Since the counter-ions are solvated, a viscous drag is experienced by the central
ion which retards its migration.*' This effect, known as the electrophoresis

effect, is increased with increasing concentration of counter-ions.
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2.4.1 Buffer Additives

Buffer additives are employed in CE in order to perform one or more of the
following functions; modify the electrophoretic mobility of solutes, modify the
direction and magnitude of the EOF, solubilise analytes, reduce or eliminate
solute-wall interactions. A wide variety of additives are currently used, the

most common of which are given in Table 2.2.

Surfactants (anionic, cationic, zwitterionic and non-ionic) are among the most
widely used buffer additives, particularly in micellar electrokinetic
chromatography (MEKC). At concentrations below the critical micelle
concentration (CMC) monomer ionic surfactant molceules can act as
solubilising agents for hydrophobic solutes, as ion-pairing reagents or as wall
modifiers The interaction of the solute with the surfactant can occur either via
ionic interactions with the charged end of the surfactant or through hydrophobic
interactions between the alkyl chain and hydrophobic moieties of the solute.
Surfactants can also be used to adsorb onto the capillary wall modifying the
EOF and also limiting solute-wall interactions. Depending upon the charge of
the surfactant, the EOF can be increased, reduced or reversed. Surfactant
concentrations above the CMC are employed in MEKC (see Section 2 5.1) to

separate both neutral and charged solutes.

The addition of organic solvents to the buffer permits the analysis of solutes
that are not normally aqueous soluble and also reduces the magnitude of the

EOF. The EOF reduction is more significant with increasing concentration of
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Additive Example Function
Surfactants Anionic SDS e EOF modification
Cationic CTAB » Solubilise
hydrophobic solutes
¢ Above CMC used in
MEKC
® Ion pairing
Zwitterionic substances MES, Tris, CHAPS ¢ Alter selectivity of
proteins
Organic modifiers Methanol, acetonutrile o Modify EOF
o Alter selectivity
¢ Solubiliser
Metal ions Cu*, K, Na*, Ca* o Alter selectivity
Linear hydrophobic Methyl cellulose, ¢ Reduce EOF
polymers polyacrylamide e Allow size selectivity
¢ Minimise adsorption
Complexing buffers Borate » Carbohydrate and

phenolic compounds

separation

Chiral selectors

Cyclodextrins, crown

¢ Chiral separations

ethers, bile salts o Solubilisation of
hydrophobic solutes
Quaternary amines Diaminopropane e EOF reversal

Ion pairing

Table 2.2. Buffer additives in CE.
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organic solvent and with alcohol chain length'. Alcohols have the greatest use

in MEKC where they are employed to alter the selectivity of a separation.

Sodium tetraborate and boric acid are commonly used buffers in CE, however
at high concentrations they have also been used to facilitate the separation of
carbohydrates and phenolic compounds due to borate complexation with the

receptive hydroxyl groups.”

Attempts to provide more size selectivity in CE have relied upon the addition
of dilute polymer solutions to the buffer.*® These polymer solutions generally
act by forming a solubilised, mobilised entangled network within the buffer
which effectively acts as a molecular sieve and retards larger solutes as they

pass through

The separation of structural, positional and stereo isomers can be carried out by
the inclusion of chiral selectors into CE buffers. Chiral resolution is achieved
by stereoselective interactions between the solute and chiral selector. The most
widely used chiral selectors are cyclodextrins. Cyclodextrins are cyclic chiral
carbohydrates consisting of a hollow truncated cone with a central hydrophol;ic
cavity. Chiral selectivity results from inclusion of a hydrophobic portion of the
solute into the cavity and also from hydrogen bonding interactions with
secondary chiral hydroxyl groups on the circumference of the cyclodextrin.

The nature of the interactions between cyclodextrins and chiral solutes has been

investigated by a number of workers.*?* Chiral selectivity and resolution can
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be altered by changing the type of cyclodextrin, the cyclodextrin concentration,

and the temperature

2.5 SEPARATION MODES

2.5.1 Micellar Electrokinetic Chromatography (MEKC)

MEKC is a hybrid of electrophoresis and liquid chromatography, and was
introduced in 1984 by Terabe and co-workers.”” MEKC greatly extents the
capabilities of CE since it can separate both neutral and charged solutes. The
separation is accomplished by the use of surfactants in the run buffer, the most
common of which is sodium dodecyl sulphate (SDS). At concentrations above
the CMC the surfactant molecules organise, to lower the free energy of the
system, into aggregates known as micelles. Micelles are essentially spherical
with the hydrophobic tails of the surfactant oriented towards the centre to avoid
interaction with the hydrophilic buffer, and the charged head groups oriented
towards the buffer. The micelles, depending upon their charge, will migrate

either with or against the EQF.,

Neutral solutes are separated on the basis of their chromatographic partitioning
between the micellar pseudostationary phase and buffer. Solutes migrate with a
velocity that is dependent upon the distribution coefficient of the micellar

solubilisation. The ratio of the total moles of solute in the micelle to those in

the buffer is given by the capacity factor (k’),
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t, -t V,
k'= M = K(—”‘) (Eqn. 2.19)
t, Vi
t,|1- —

tm
where, t_is the migration time of the solute, t; is the migration time of
unretained solute moving at the EOF rate, t,, is the micelle migration time, K is
the partition coefficient, V, is the volume of the micellar phase and V, is the

volume of the buffer.

Selectivity in MEKC can be altered by varying the physical nature (that is, size,
charge, geometry) of the micelle by using different surfactants. In addition,
variations in pH, buffer concentration, temperature and the use of buffer

additives can alter selectivity in MEKC.

2.5.2 Capillary Isoelectric Focusing (CIEF)

In CIEF, ampholytic species such as peptides and proteins are separated on the
basis of their isoelectric points (pl values). Sample ions are mixed with carrier
ampholytes that span the desired pH range, and the mixture is loaded onto the
EOF suppressed capillary. The anodic end of the capillary is placed into an
acidic solution and the cathodic end into a basic solution. Upon the application
of a voltage, a pH gradient is formed and the sample ions focus concurrently at
a pH where they become electrically neutral (at their pI). Focused sample
zones are then mobilised towards the detector by either application of a
pressure or by adding a salt solution to exploit the principle of

electroneutrality.’
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2.5.3 Capillary Isotachophoresis (CITP)

CITP is a moving boundary electrophoretic technique where a combination of
two buffers is used to create a state in which separated zones all move at the
same velocity. The discrete samples zones are sandwiched between a leading
electrolyte which has a mobility greater than any of the sample components,
and a terminating electrolyte whose mobility is less than the sample
components. A steady state velocity develops in CITP since the electric field
varies in each zone. The field is self-adj usting to maintain constant velocity,
with the lowest field across the zone with the highest mobility. This
phenomenon maintains very sharp boundaries between discrete zones and thus

leads to a very high separation efficiency and resolution,

2.5.4 Capillary Gel Electrophoresis (CGE)

In CGE, separations are carried out in gel filled capillaries which act as a
molecular sieve and produce size-based separations. The gel acts as an anti-
convective medium, minimising solute diffusion, and preventing solute-wall
adsorption thus very high efficiencies can be achieved. The technique,
however, is only applicable to charged solutes due to the suppression of the
EOF. Large biomolecules such as DNA oligomers and proteins are the most

amenable analytes for CGE.

2.5.5 Capillary Electrochromatography (CEC)

CEC was first demonstrated in 1974 by Pretorius ef al.*® as a hybrid separation

technique combining the stationary phase of liquid chromatography with the
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electrically driven mobile phase of CE. In CEC, the capillary is packed with a
HPLC type stationary phase and the separation mechanism becomes that of
HPLC partitioning in combination with electrophoretic mobility. The
technique offers very high efficiency and resolution as a result of the
electroosmotic driven flow and small diameter stationary phase particles (<3
pm). However, a drawback of the technique is the difficulty of obtaining
adequate and reproducible EOF. CEC can separate both charged and neutral
species and has been used increasingly in the pharmaceutical industry for the

analysis of neutral products and related impurities,”*!

2.6 METAL SPECIATION APPLICATIONS

The realisation that CE may offer unique advantages over HPLC in terms of
speciation, by exerting minimal disturbance on the existing equilibrium
between analytes, has led to increased application of the technique for
speciation studies. CE, in combination with both UV and element specific
detectors, has been used for the speciation of individual metals, and for the
characterisation of metal ion interactions with biological and naturally
occurring macromolecules. A comprehensive review of the application of CE

to metal speciation studies has been published by Dabek-Zlotorzynska et al.”?

CE has been used for the speciation of selenium in: tap water,* human milk,***
bacterial suspensions,® and serum;* arsenic in: urine,*”* coal fly ash,” tin
2

mining water,* soil leachate*® and ground water;*' mercury in: marine samples®

and contaminated sediments;* tin in: sea sand® and soil;* lead in: soil®® and
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drain water’® and platinum in: soil’”* and serum®. CE has also been used for

the characterisation of metalloproteins

pharmaceutical interest,*

61-63

and in metal-chelate studies.
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CHAPTER THREE
Inductively Coupled Plasma Mass Spectrometry

3.0 INTRODUCTION

Inductively coupled plasma mass spectrometry (ICP-MS) is the most powerful
analytical technique for the determination of trace and ultra-trace elements in a
variety of matrices. The analytical advantages of the technique include
extremely low limits of detection, wide linear dynamic range, high sample
throughput, ability to perform isotope dilution analyses and the ease with which

it can be combined with different types of sample introduction system.

The first known fundamental and applied research into the use of an inductively
coupled plasma as a vaporisation, atomisation and excitation source was
conducted by Babat in 1941.! About 20 years later, Reed” extended Babat’s
work and described methods of maintaining argon plasmas in open vessels
(torches). Reed operated an ICP in a quartz tube using a single flow of argon
gas and anticipated the application of an ICP in atomic emission spectrometry
(AES) by injecting powders into the discharge. The application of the ICP to

analysis was pioneered in the 1960’s by the Greenfield® and Fassel* groups.

The initial development of ICP-MS, in the 1970’s, was brought about by the

realisation that the analysis of trace elements in rock samples using ICP-AES

was severely limited by spectral interferences from high matrix levels. In 1975,
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Gray® demonstrated the extraction of ions from a DC plasma through a pinhole
sized sampling orifice into a pumped vacuum system leading to a quadrupole
mass analyser. However, as a result of the poor degree of ionisation, poor
dissociation of sample molecules and severe matrix effects in the DC plasma,
alternative plasma sources were investigated including the microwave induced
plasma (MIP) and the ICP. The development work on ICP-MS was undertaken
in parallel by Gray and Date in the UK and Houk, Fassel and co-workers in the

USA, with the first commercial instrument reaching the market in 1984.6

3.1 THE INDUCTIVELY COUPLED PLASMA

An inductively coupled plasma (ICP) is formed when energy is transferred to a
gas (most commonly argon) by means of an induction coil. The plasma is
generated inside and at the open end of a series of concentric fused silica tubes
known as a torch. The most commonly used torch, based on the Scott-Fassel
design,” has an outer tube (for the coolant gas flow) encircled by 2-4 turns of a
water or gas cooled copper induction coil. The coolant gas flow enters the
torch tangentially and swirls upwards effectively protecting the tube walls from
the very hot plasma and providing the plasma sustaining gas. Within the outer
tube are two concentric tubes (for the auxiliary and nebuliser gas flows) which

terminate approximately 25 mm from the open end of the outer tube.

When a RF current is supplied to the induction coil, a magnetic field is
established within the torch. Argon gas passing through the coil is seeded with

free electrons generated by a spark from a Tesla coil, and is subsequently
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ionised. The free electrons and argon ions absorb energy from the alternating
magnetic field (known as inductive coupling) and are accelerated in circular
orbits around the magnetic field lines. Collisions between the accelerating
argon ions and electrons yield an avalanche of charged particles and, once the
electrons reach the ionisation potential of argon, collisional ionisation occurs.
At atmospheric pressure the mean free path of the electrons is small (~ 107
mm) thus the rate of collision is high and an intense self-sustaining plasma is

formed.

The skin-depth effect® occurring in RF induction heating ensures that most of
the energy is coupled to the outer or induction region of the plasma, thus
leading to a temperature as high as 10000 K. The cool nebuliser gas flow
punches a central channel through the centre of the plasma and results in the
plasma adopting a toroidal or doughnut shape. Gas in the central channel is

heated mainly by radiation and conduction from the surrounding plasma and

therefore has a lower temperature of between 5000 K and 7000 K (Figure 3.1).
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9000 K
10000K

Sample aerosol

Figure 3.1. Temperature distribution in an ICP.

3.1.1 Jonisation Mechanisms

Analyte species are subjected to a relatively long residence time in the very hot,
inert plasma and undergo complete dissociation and atomisation, and almost
complete ionisation. The degree of ionisation of an element is dependent upon
the ionisation conditions in the plasma, which are dominated by the major
constituents (usually Ar, H, O, and electrons) and the ionisation constant and
partition functions for the atom concerned.® The degree of ionisation of an

element in an ICP can be calculated using the Saha equation,

(Eqn. 3.1)

M’ 1(2nm,kT)mg*_ &)
M n

R Q°®

e
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where, n, is the electron density, m, is the mass of the electron, k is the
Boltzmann constant, T is the temperature, h is Planck’s constant, Q" and Q are
the partition functions of the ion and neutral atom respectively, and IP is the

ionisation potential of the element.

The mechanisms by which energy is transferred or by which ionisation occurs
in the ICP are still not fully understood and remain the focus of research. The
major ionisation mechanism is considered to be that of electron collision, with
neutral or excited argon atoms. Additionally, when the excitation energy of a
metastable state of atom A is greater than the ionisation energy of atom B
Penning ionisation’ may occur, where

A"+B—>A+B +e¢ (Eqn. 3.2)

In an argon ICP this process would be,

Ar'+B —Ar+ B +e (Eqn. 3.3)

Metastable argon may also act as a source of ions (with a low effective
ionisation potential) as follows,

Ar"+e—> Ar+2e (Eqn. 3.4)

Water vapour in the aerosol is known to play an important part in the ionisation
of analyte atoms by causing the heat capacity of the aerosol to increase. Asa
result of the high temperature gradient and magnetohydrodynamic (MHD)

thrust, energetic Ar and Ar* species migrate towards the aerosol channel. Houk
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et al."® suggested that the transfer of energy at the boundary between the
nebuliser gas and the plasma occurs by collisions such as,
Ar* +H,0 ~> ArH' + OH (Eqn. 3.5)

The OH species are then involved in the transfer of energy to the analyte atoms.

The presence of water vapour in the aerosol contributes significantly to the

electron population in the central channel of the plasma.® In a dry plasman,_,
n, =1 x 10" cm, however if a nebulised solution is introduced additional
electrons are contributed by the ionisation of O and H from the solvent. Ata
nebuliser gas flow rate of 1 ml min™ and a transport efficiency of 1 %, the
populations of H* and O* are about 2 x 10" cm™ and 1 x 10" ¢m, respectively.
Thus, the electron population increases so that n, is approximately 1.3 x 10"

cm’,

3.2 SAMPLE INTRODUCTION

Sample introduction into the ICP is a critical part of the analytical process and
is most commonly carried out by means of pneumatic nebulisation. Liquid
samples are converted into a polydisperse aerosol by a nebuliser and are
carried, in a gas stream, through a spray chamber and into the plasma. The
most commonly used nebulisers are of the pneumatic concentric type,' with

the Meinhard" and cross-flow"? being the most popular.
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Concentric nebulisers operate at solution flow rates of typically around 1 ml
min’ and offer very low analyte transport efficiencies of typically 1 - 2 %.
These nebulisers are compromised in terms of sensitivity when operated at low
solution flow rates. The limited sample volumes available in, for example, the
semi-conductor industry and clinical sciences, and the coupling of ICP-MS
with separation techniques has led to the development of concentric nebulisers
which operate at low solution flow rates. These microconcentric nebulisers
operate at typically below 100 pl min and, because their design is optimised at
low flow rates, they offer improved efficiencies and detection limits compared
with conventional concentric nebulisers. Such nebulisers include the high

14-16

efficiency nebuliser (HEN),'*'® microconcentric nebuliser (MCN)"* and the

MicroMist nebuliser (MM)*.

The primary purpose of the spray chamber in ICP-MS is to remove Jarge
droplets (> 6 um) from the polydisperse aerosol. The design of the spray
chamber is of crucial importance since it directly influences the analyte
transport efficiency, sample dispersion and memory effects A variety of spray
chamber have been designed for use in ICP-MS including, Scott-type double
pass,’ vertical rotary,”>? cyclonic,®***? and doughnut shaped.”’ The removal of
larger droplets in spray chambers is accomplished by a variety of processes
including, impact-loss, turbulent, gravitational and centrifugal mechanisms.

The theory and dynamics of spray chambers are detailed in a comprehensive

review by Sharp.?®
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As a consequence of the poor analyte transport efficiencies associated with the
use of spray chambers, nebulisers have been designed which directly inject the
aerosol into the plasma. Such nebulisers are the direct injection nebuliser
(DIN)®?! and the direct injection high efficiency nebuliser (DIHEN).'**? The
avoidance of a spray chamber means that that these nebulisers provide transport
efficiencies close to 100 %. However, as more solvent load is introduced into

the plasma an increase in spectroscopic interferences may be apparent.

Although nebulisation is the most common method of sample introduction in
ICP-MS, other methods are employed. These include electrothermal

39,40

vaporisation,*>** hydride/vapour generation,’** laser ablation**° and slurry

nebulisation,**

3.3 ION EXTRACTION

Ion are extracted into the vacuum system vig a sampling interface consisting of
a sampler and skimmer cone. The plasma tail flame impinges on the aperture
(1.0 - 1.2 mm diameter) of a water cooled sampling cone at a distance typically
between 8 and 15 mm from the load coil. Sampling cones are typically

machined from nickel or platinum and their design is of crucial importance.

When the plasma tail flame interacts with the metal cone it is cooled and a
boundary layer of gas forms between the plasma and cone. The temperature of
the boundary layer is much lower than that of the bulk plasma and

consequently chemical reactions such as oxide formation readily occur. The
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diameter of the sampling aperture is < 102 For argon at 7500 K, A =16 pm,
therefore an aperture of > 0.16 mm would provide continuum flow and allow

sampling of the bulk plasma.

The region behind the sampling cone, known as the expansion chamber, is
evacuated to approximately 2 mbar by means of a rotary pump. With this
pressure differential across the aperture the sampled ions expand 1nto the lower
pressure region as a supersonic jet and pass through a second cone, known as
the skimmer cone. The supersonic jet is a freely expanding region surrounded
by shock waves known as the barrel shock and a Mach disc (Fig. 3.2). The
shock waves are produced by collisions between fast atoms from the jet and the
background gas.43 To avoid losses of ions due to collisions and scattering, the
skimmer cone 1s sitvated 5 - 10 mm behind the sampling cone and positioned
with its open tip upstream of the Mach disc. The position of the onset of the

Mach disc 1s given by Equation 3.6,

X, =0.67D, (P, / P,)"? (Eqn. 3.6)

where, X, 18 the position of the Mach disc from the sampling onfice along the
central axis, D, is the diameter of the sampling orifice, P, is the pressure in the

ICP and P, is the pressure in the extraction chamber.
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Figure 3.2. Illustration of the shock waves enclosing the supersonic jet in

the expansion chamber.

3.4 ION FOCUSING

After traversing the skimmer, the extracted ions are conveyed to the mass
analyser by an electric field established by a series of ion lenses known as the
ion focusing system. Each lens consists of several electrodes strung together
with a photon stop incorporated in the centre. Ions of different m/z have
different kinetic energies and thus take varying paths through the lens system.
This non-ideal situation means that different ion optical conditions are required
to transmit ions of different m/z thus leading to an uneven sensitivity across the

mass range.

Space-charge effects also lead to non-ideal behaviour in the ion focusing
system of an ICP-MS. In the plasma and in the supersonic jet, the ion current is

balanced by an equal electron current so the beam acts as if it were neutral.
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However, as the beam leaves the skimmer, the electric field established by the
lenses collects ions and repels electrons. Thus, the electrons are no longer
present to confine the 1ons in a narrow beam and the beam expands greatly due
to space-charge effects. This expansion is a major source of ion loss 1n ICP-
MS since it is difficult to collect all the 10ns leaving the skimmer, In addition,
if the same space-charge force acts on all the ions, highter ions will be deflected

the most thus leading to a generally poorer sensitivity for lighter elements.

3.5 MASS ANALYSER

The function of the mass analyser is to separate ions according to their different
m/z ratios. The most common mass analysers employed in ICP-MS
instruments are of the quadrupole type. A typical quadrupole mass analyser
consists of four straight stainless steel or molybdenum rods (12 -18 mm
diameter, 20 mm long) suspended parallel to and equidistant from the axis.
Opposite pairs of rods are connected together and DC and RF voltages are
applied to each pair. The mass resolving power of the quadrupole denves from
the intrinsic stability, or instability, of 10ns when subjected to a particular type

of electric field.

Ions are introduced nto the quadrupole array at velocities determuned by their
energy and mass. As the ions proceed down the longitudinal z-axis, they
undergo transverse motion in the x- and y-planes perpendicular to the
longitudinal axis. The DC fields tend to focus positive 10ns in the positive

plane and defocus them in the negative plane. As the superimposed RF field
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becomes negative, ions are accelerated towards the rods with the lighter ions
gaining the greatest velocity (Fig. 3.3). In the following positive half-cycle, the
direction of the ions is reversed and they are accelerated away from the rods.
Ions exhibit oscillations with increasing amplitude until they finally collide
with the rods and are neutralised. By controlling the amplitude of the DC/RF
voltages, the field can be established such that only ions of a given m/z ratio are

transmitted.**

The need for enhanced resolution to overcome problematic spectroscopic
interferences has led to the use of magnetic sector mass spectrometers in ICP-
MS.**¥ In magnetic sector systems, a magnetic field causes ions to be
deflected along curved paths and separated according to their momentum.
Time of flight mass spectrometers (TOF-MS) have also been investigated for

use with an ICP ion source.®

3.6 ION DETECTION

The most common ion detectors used in ICP-MS instruments are Channeltron
electron multipliers. Electron multipliers consist of an open, curved glass tube
flared at one end to form a cone. The internal surface of the tube is coated with
a semiconducting material, usually lead oxide. For the detection of positive
ions the cone is biased at a high negative potential ( ~ - 3 kV) and the collector
electrode, beyond the output end of the tube, is held at ground. The resistance
of the interior coating varies with position along the tube, thus when a voltage

is applied a potential gradient is established.
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Figure 3.3. Ion separation process in the two rod planes of a quadrupole.

When a positive ion leaves the mass analyser it is attracted to the negative
potential of the cone and will subsequently strike the surface. Upon impact,
one or more secondary electrons are ejected and accelerated down the tube
towards ground potential. These secondary electrons undergo further collisions
with the coating and more secondary electrons are emitted. This process is
repeated many times as the secondary electrons move down the tube towards
the collector electrode. Eventually, the process reaches saturation resulting in a
discrete pulse at the collector containing up to 10° electrons. In the normal

mode of operation, pulse counting, these pulses are passed to an amplifier,
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through a digital discriminator and are finally counted by a multi channel

analyser.

3.7 INTERFERENCES

Despite the many analytical advantages of ICP-MS, the technique does suffer
from several problematic interferences. These interferences can be broadly
divided into two groups, spectroscopic and non-spectroscopic. A
comprehensive review of interferences in ICP-MS has been published by Evans

and Giglio.”

3.7.1 Spectroscopic Interferences

Spectroscopic interferences are caused by atomic or molecular ions having
essentially the same nominal mass as the analyte of interest, thereby causing
erroneously large signals at the m/z of interest. Such interferences originate
from two sources; overlapping isotopes of different elements and polyatomic
ions formed from precursors in the plasma gas, entrained atmospheric gases,

dissolution acids and sample matrix.

Isobaric Overlap

Isobaric overlap, where isotopes having essentially the same m/z are not
resolved by the mass analyser, can exist between elements present in the
sample matrix, in the dissolution acids, or can exist with the plasma gas and its
impurities. Since many elements have at least one, two or three isotopes free

from overlap these interferences, in most cases, can be avoided by correct
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isotope selection. However, in some cases accurate measurement of one
isotope is critical and therefore correction for isobaric overlap must be made.
Interference correction can be used or, in a situation where the sample matrix
itself contains the interfering species, a separation technique can be used to
separate the analyte from the interfering matrix. Recently, dynamic reaction or
collision cells have been developed to alleviate spectroscopic interferences
based on promoting different chemical reactions between analyte and

interfering ions.™

Polyatomic Ions

A very large number of polyatomic ion species can cause interferences below
80 m/z. The extent of the polyatomic ion formation depends on many factors,
such as extraction geometry, the nature of the acid and sample matrix, the
plasma and nebuliser operating parameters and the specific instrument design.,
There has been considerable debate as to the origin of polyatomic ions. The
most likely causes are collisional reactions in the boundary layer” and survival

through the plasma itself, particularly with respect to refractory metal oxides.

There are a variety of approaches by which polyatomic ion interferences may
be compensated for. Modification of the sample preparation procedures can
greatly reduce the extent of polyatomic ion formation, in particular avoidance
of HCl, H,S0O, and H,PO, acids. Sample introduction methods can also be

selected to reduce such interferences. Methods that introduce a dry sample,

such as laser ablation,”? hydride generation™**

and thermal vaporisation,***
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lead to a reduction in polyatomic species containing O and H. Oxides and
hydroxides can also be reduced by cooling the spray chamber and thereby

condensing the water vapour.”” The use of alternative gas and mixed gas

58,5¢ 60,61

plasmas,”* addition of organic solvents®™' and cold plasma conditions® have
all been successfully used to reduce polyatomic ions. Instrumental conditions
such as the forward power and nebuliser gas flow rate can be optimised to
reduce polyatomic ion formation, but ultimately the best approach is the use of

high resolution mass spectrometers.

3.7.2 Non-Spectroscopic Interferences

Non-spectroscopic interferences are derived from the sample matrix and are
characterised by an enhancement or reduction in analyte signal as a result of
factors influencing the sample transport, ionisation, ion extraction or ion
throughput in the resultant ion beam. Such interferences can be broadly
divided into two categories: (i) physical effects resulting from high levels of

dissolved solid; (ii) matrix induced suppression in the ion beam.

High Levels of Dissolved Solids

Suppression of the analyte signal can be caused by deposition of salt on the
sampler and skimmer cones which substantially affects the sampling process.
To reduce this type of signal suppression, the system can be primed by
allowing the sampling cone to partially clog thereby achieving a pseudo steady-

state where the rate of deposition is equalled by the rate of dissociation.”
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Matrix Induced Suppression

An excess of a heavy, easily ionisable element in the sample matrix can cause
serious analyte signal suppression. The presence of such matrix elements is
thought to cause a change in the jon transmission which subsequently
suppresses the analyte signal. Several theories have been proposed to accounts
for these effects.** Gillson et al.* suggested that space charge effects in the
ion beam play a major role. The most severe effects are caused by heavy
matrix elements with low ionisation potentials (IP’s), whilst light analyte

elements with high IP’s are most severely affected.

A number of approaches can be employed to overcome the effects of interfering
matrix elements. Internal standardisation can be used to correct for matrix
effects, providing that the analyte and internal standard are closely matched in
both mass and ionisation potential,*® Methods such as liquid chromatography,
solvent extraction and co-precipitation can be used to separate the analyte from
the interfering matrix, with the additional benefit of analyte pre-concentration.
Matrix matching of samples and standards, and optimisation of the ion lens

settings can also reduce suppression effects.
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CHAPTER FOUR

Meinhard Nebuliser CE-ICP-MS Interface

4.0 INTRODUCTION

In this Chapter, a preliminary evaluation of a CE-ICP-MS interface based on a

glass concentric Meinhard nebuliser will be detailed.

4.1 EXPERIMENTAL

4.1.1 Reagents and Materials

Individual stock standard solutions of Ce and Ni were obtained from Sigma
(Poole, UK). Borate buffers were prepared by dissolving the appropriate mass
of di-sodium tetraborate (Sigma) in ultrapure (18.2 MQ) Milli-Q water
(Millipore, MA, USA). Buffer solutions were pH adjusted to 8.5 using Aristar
HNO, (Sigma). Fused silica capillary (375 pm od, 100 pm id, 100 cm long)
was purchased from Composite Metal Services, Worcester, UK. Capillaries
were pre-conditioned using 0.5 M NaOH (Sigma) prior to their first use. A
10mM NH,C! solution (Sigma) spiked with 100 ng mI” Ce was used as the

make-up flow.

4.1.2 Instrumentation

ICP-MS. A VG PlasmaQuad (PQI) inductively coupled plasma mass
spectrometer (VG Elemental, Winsford, UK) was used. Data acquisition and

interpretation was performed using Time Resolved Analysis (TRA) and
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Masslynx software (VG Elemental). A summary of the ICP-MS operating

conditions is presented in Table 4.1.

Rf power 1350 W

Reflected power ow

Coolant gas flow 14.0 1 min™
Auxiliary gas flow 0.8 I min™
Nebuliser gas flow 0.9 I min™!
Sampler cone Ni, 1.0 mm orifice
Skimmer cone Ni, 0.7 mm orifice

Measurement mode Peak jump (dwell time 10.24 ms)

Table 4 1. ICP-MS operating conditions

CE System. An in-house fabricated CE system, as previously described by
Sulaiman,' was used. The separation potential was produced by a Brandenburg
3807 high voltage power supply (Brandenburg, Surrey, UK) and an Iso-Tech
90 digital multimeter (RS Components, Corby, UK) was used for the
measurement of electrophoretic currents. For capillary rinsing and pre-
conditioning, a simple vacuum driven device was designed. A 100 m! Buchner
flask was fitted with a rubber bung into which a finger tight fitting (Omnifit,
Cambridge, UK) was placed. One end of the capillary was inserted through the
finger tight fitting and the other placed into the appropriate nnsing solution.

By connecting a vacuum pump to the Buchner flask, solution was drawn

through the capillary.

The CE system (excluding the high voltage power supply) was enclosed in a

perspex box which incorporated a safety light and auto shut off mechanism.
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CE-ICP-MS Interface. The CE-ICP-MS interface was constructed using a
Meinhard nebuliser (Meinhard, CA, USA), a 1/16 " PTFE T-piece (Omnifit,
Cambridge, UK) and an U-shaped spray chamber. A schematic diagram of the
interface is presented in Fig. 4.1. One end of the separation capillary was
inserted through the T-piece and into a Pt-Ir tube [0.5 mm od, 0.4 mm id, 30
mm length, (Johnson Matthey, Reading, UK)]. The capillary was positioned so
that it reached the end of the Pt-Ir tube, thereby minimising post capillary
transport. The injection end of the capillary was placed in a buffer vial along
with a Pt electrode. The Pt-Ir tube and capillary were then inserted directly into
the nebuliser central tube. Silicone rubber tubing was used to ensure an air
tight fit inside the central tube. Once inserted into the nebuliser, the capillary

could be easily removed to allow rinsing or replacement,

Grounding of the capillary was achieved by the use of a coaxial sheath of
electrolyte solution {make-up solution) which was pumped through the vertical
arm of the T-piece using a Gilson Minipuls 3 peristaltic pump (Gilson Medical
Electronic, Villiers-Le-Bel, France). The make-up flow was an important
feature of the interface since it not only provided the electrical continuity but
also satisfied the liquid flow requirements of the nebuliser. To complete the
electrical circuit, a grounding lead from the power supply was soldered onto the
Pt-Ir tube. The nebuliser was inserted into the spray chamber using 2 PTFE
connector and the spray chamber was then connected to the ICP torch by means
of a flexible Teflon tube. Samples were injected hydrostatically by elevating

the sample vial to a height of 15 cm above the nebuliser level for 10 s,
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Figure 4.1. Schematic diagram of the Meinhard nebuliser CE-ICP-MS interface,




4.2 INTERFACE EVALUATION

A preliminary evaluation of the interface was undertaken by measurement of
the solution flow rate within the separation capillary and its dependence upon
the make-up flow rate. Solution flow rates in the capillary were measured by
accurately weighing the mass of water, using a Mettler AE 240 balance
(European Instruments, Oxford, UK), transferred from a pre-weighed vial over
a 300 s time period. Measurements were repeated in triplicate and the mean
flow rates calculated. The laminar flow induced in the capillary as a result of

the nebuliser suction was also measured by injection of a Ni standard

4.2.1 Effect of Make-up Flow Rate on Capillary Flow Rate

The influence of make-up flow rate on the capillary flow rate was investigated
by measuring solution flows through the capillary at various make-up flow
rates between 0 and 100 pl min™. The separation voltage was zero during these

measurements.

Chapter Four Meinhard Nebuliser CE-ICP-MS Interface
The make-up flow rate had a direct influence upon the magnitude of the

solution flow through the capillary (Figure 4.2). Since the applied voltage was

zero during these measurements, electroosmotic induced flow was eliminated

and the flow through the capillary was entirely laminar flow induced by the
nebuliser suction. At zero make-up flow, a laminar flow rate of ~ 4 pl min™

was observed. As the make-up flow rate was increased, the laminar flow rate

was reduced as the nebuliser demand was partially satisfied.
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Figure 4.2. Capillary flow rate as a function of make-up flow rate.

4.2.2 Determination of Laminar Flow Rate

The laminar flow rate within the capillary was determined by injecting a Ni
standard (1 pg ml™) and measuring the migration time with and without an
applied voltage (+20 kV). A 20 mM borate buffer (pH 8.5) was used and the

make-up flow rate was set at 50 pl min™,

The migration time of the Ni** species was 181 s with an applied voltage of +20
kV, and 220 s in the absence of an applied voltage. The difference in migration
time was consistent with what was expected. In the absence of a voltage, the
analyte was transported through the capillary solely by the nebuliser suction.

However, upon the application of a voltage, the combined effect of the
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electroosmotic flow, electrophoretic mobility and nebuliser suction resulted in

a shorter migration time.

When comparing the linear velocity of the laminar flow with the combined
laminar, electroosmotic and electrophoretic flow, it can be determined that
laminar flow accounted for 82 % of the analyte linear velocity (Fig. 4.3). The
parabolic velocity profile of laminar flow causes band broadening and
ultimately loss of resolution in CE. Thus, the 82 % laminar portion of the flow
velocity was clearly sufficient to completely degrade the resolution of a

separation.

It was demonstrated in Section 4.2.1 that increasing the make-up flow rate was
an effective method of reducing the nebuliser suction and therefore reducing
the laminar flow within the capillary, However, because the Meimnhard
nebuliser is designed to operate at solution flow rates in the ml min™ range, the
high make-up flow rate necessary to minimise the nebuliser suction would lead
to significant dilution of the sample. Hence, in order to maintain the inherent

resolution of CE, sensitivity must be compromised.

65




Chapter Four Memhard Nebuliser CE-ICP-MS Interface

Migration time @ 20 kV =181 s =3.02 min
Migration time @ 0 kV =220 s =3.67 min

100 ¢cm
3.67 min

Linear velocity of laminar flow = =27.24 cm min’

Laminar flow rate = nr’l = n(50x 10)%(27.24 x 10%)

=214x10°m’
=2.14 pl min™
. . . ) 100cm
Combined laminar, electroosmotic and electrophoretic flow = ————
3.02 min

=33.11 cm min’

2
Laminar flow accounts for ( 3 1‘:) x 100 = 82.3 % of the linear velocity

Figure 4.3. Calculation of the contribution of laminar flow to the analyte

linear velocity.

4.3 SUMMARY

The Meinhard nebuliser was not ideal for use in the CE-ICP-MS interface due
to its incompatibility with the low solution flow rates employed in CE.
Because of the high natural aspiration rate of the nebuliser, the laminar flow
induced in the separation capillary would be significant enough to completely
degrade resolution. The nebm;ser suction and laminar flow could be
minimised by the use of the make-up flow, however, this was at the expense of

sensitivity. Clearly, a nebuliser designed to operate at low solution flow rates

is a fundamental requirement for CE-ICP-MS.
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CHAPTER FIVE

Design and Optimisation of a Cyclonic Spray Chamber

5.0 INTRODUCTION

A spray chamber intended for use in CE-ICP-MS has demands placed upon it
that do not normally exist in conventional ICP-MS measurements. For
effective compatibility with CE, the spray chamber must produce minimal
broadening of sample peaks and, because of the small sample volumes
employed, should offer a high analyte transport efficiency. These demands are
most likely met by a low volume spray chamber offering rapid sample response

and washout characteristics.

In this Chapter, the design and optimisation of a rapid washout cyclonic spray
chamber will be detailed. The spray chamber was designed specifically for use
with a microconcentric nebuliser (MCN) and was optimised with respect to

response/washout characteristics and sample dispersion.

5.1 EXPERIMENTAL

A VG Plasma Quad PQ I ICP-MS instrument was used. Operating conditions,

unless otherwise stated, were as detailed in Chapter 4.

5.2 CYCLONIC SPRAY CHAMBER DESIGN

The spray chamber was fabricated from glass and had a general spherical shape

with a drain at the base and a horizontal mounting for the MCN on the side.
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The internal volume of the spray chamber was 27 ml. A schematic diagram of

the spray chamber is presented in Fig. 5.1.

The spray chamber design combines gravitational, centrifugal, turbulent and
impact loss mechanisms to remove large droplets, increase analyte transport
efficiency and reduce washout times. Sample aerosol from the nebuliser is
directed horizontally into the chamber and intersects the chamber wall
tangentially. This arrangement results in the sample aerosol experiencing a
centrifugal force which serves to remove larger droplets from the polydisperse
aerosol. In addition, the circulating action of the aerosol promotes aerosol re-
entrainment which helps to minimise recirculation renebulisation. In
recirculation renebulisation the aerosol strikes the walls of the spray chamber,
liquid accumulates and is drawn back to the gas orifice where it may be re-
entrained and renebulised.'? This process can lead to band broadening and
tailing and is therefore undesirable in a spray chamber mtended for use in CE-
ICP-MS. A dimple of 2.5 cm diameter was impressed into one side of the
spray chamber and was designed to disrupt the circulating flow of aerosol,
thereby generating turbulence and forcing larger droplets to collide with the
dimple and with the outer wall of the chamber. The design of the dimple was
similar to those incorporated into small vertical rotary spray chambers

described by Wu and Hieftje’ and Wu et ol *

69



Chapter Five Design and Optimisatton of a Cyclonic Spray Chamber

To torch

A

T~
MCN >

/50 0\

2.5

Dimple

4

To drain
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5.2.1 Spray Chamber Evaluation

The spray chamber was evaluated, and compared with a Scott-type double pass
spray chamber, by measurement of sample response and washout times. The
transient signals produced from flow injection (FI) sample introduction were
measured in order to assess criteria important in CE, such as peak shape and
dispersion. The effect of the position of the nebuliser within the spray chamber

was also investigated.

5.2.1.1 SAMPLE RESPONSE AND WASHOUT TIMES

The sample response time was measured by pumping a test solution (In at 25
ng ml™) directly into the nebuliser using a peristaltic pump and monitoring the
In signal using TRA. The MCN was operated at a solution flow rate of 100
ul min™ and a nebuliser gas flow of 0 9 1 min", The response time was defined
as the time taken for the signal to equilibrate at its maximum value. Sample
washout times were measured by replacing the test solution with a 1 % HNO,
blank and monitoring the signal decay. Washout time was defined here as the
period required for a signal to fall to 1 % of its initial value ' Measurements
were repeated in triplicate and the mean values calculated. In addition, the
MCN was operated in self-aspiration mode and the response and washout times

of the two spray chambers were measured.

The sample response and washout times for the cyclonic and Scott-type spray

chambers are presented in Table 5.1.
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Spray chamber Response time/s Washout time/s

Cyclonic? 115 105
Scott-type® 138 115
Cyclonic® 9 10
Scott-type® 11 42

* Peristaltic pump, * self-aspiration.
Table 5.1. Comparison of the response and washout times of the cyclonic

and Scott-type spray chambers.

The sample response and washout times of the two spray chambers, measured
using the peristaltic pump, were alarmingly long. The cyclonic spray chamber
provided a more rapid sample throughput than the Scott-type chamber, with
response and washout times 17 % and 9 % faster. However, in view of the
relatively small internal volume of the cyclonic spray chamber, the expected

improvement in washout time was not observed.

A theoretical washout time can be estimated from the residence time of a
particle in the spray chamber and from the volume of the chamber. If the
chamber functions as an ideal mixing volume, its washout time is
approximately three times the ratio of the volume of the chamber to the
nebuliser gas flow rate.'” For the Scott-type and cyclonic spray chambers,
operated at a nebuliser gas flow rate of 0.9 1 min™, theoretical washout times

were 40 s and 5.4 s, respectively.

By allowing the MCN to self-aspirate a significant improvement in sample

throughput rate was observed, with measured washout times much closer to the
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estimated theoretical values. This observation indicated the presence of liquid

phase dispersion in the peristaltic pump tubing.

When a solution is delivered at a low flow rate via a peristaltic pump liquid

phase dispersion is prevalent as a result of the solution moving according to

laminar flow where, the velocity is highest in the centre of the tubing and falls .
asymptotically to zero at the walls. In self-aspiration, when the sample tubing
was transferred from the test solution to the blank, air was drawn into the
tubing. An air segment will minimise dispersion by promoting a degree of I
turbulence within the flowing solution. Since turbulent flow is typified by a

velocity profile approaching plug flow, dispersion does not prevail. In the case

of the peristaltic pump, air was not introduced into the tubing because the pump

was switched off when transferring from the test to the blank solution. Thus,

the difference in response and washout times obtained using the peristaltic

pump and self-aspiration were a result of liquid phase dispersion in the pump

tubing.

In addition to liquid phase dispersion, a further factor influencing the long
response and washout times of the cyclonic chamber was thought to be
excessive aerosol recirculation. In an attempt to investigate possible aerosol

recirculation and liquid phase dispersion effects, the following experiments

were undertaken:
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Recirculation. A glass bead (5.5 mm diameter) was placed inside the cyclonic
spray chamber and allowed to settle over the drain. The response and washout

times were then determined using the method described previously.

Dispersion. In an attempt to alleviate liquid phase dispersion, a segment of air
(approximately 6 cm long) was introduced into the pump tubing between the
sample and blank solutions. Response and washout times were then
determined. These measurements were then repeated with the glass bead

settled over the drain.

It was apparent that both aerosol recirculation and liquid phase dispersion were
contributing to the poor response and washout times of the cyclonic spray
chamber. The inclusion of the glass bead into the chamber had the effect of
stalling the recirculating flow of aerosol, and reduced the response and washout
times by 23 % and 28 %, respectively (Table 5.2). The most significant
improvement in response and washout times (94 % and 86 %, respectively) was
achieved by the introduction of an air segment into the pump tubing. This
clearly indicates the detrimental effect that laminar flow and liquid phase

dispersion had on response and washout times.
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Response time/s 'Washout time/s

+ glass bead 88 76
+ air 7 12
+ glass bead, air 6 10

Table 5.2. Influence of recirculation and dispersion on the sample response

and washout times of the cyclonic spray chamber.

5.2.1.2 FLOW INJECTION PEAK MEASUREMENTS

Transient signals were produced by FI sample introduction into the
MCN/cyclonic spray chamber and MCN/Scott-type spray chamber
combinations. Discrete aliquots of the test solution were introduced into the
nebuliser/spray chamber combination using a Rheodyne FI valve (Rheodyne,
California, USA) fitted with a 20 pl PTFE sampling loop. The carrier solution
(1 % HNO,) was delivered at 100 pl min™ using a peristaltic pump. In order to
minimise post valve dispersion, the FI valve was placed as close as possible to

the nebuliser/spray chamber assembly by means of a Teflon connecting tube.

An example of the FI peaks produced using the two MCN/spray chamber
combinations can be seen in Fig. 5.2. To provide a measure of the peak tailing
and peak fronting, peak asymmetry valves (As) were measured using the
following equation:®

As=B/A (Eqn. 5.1)
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Figure 5.2. FI peaks produced using the Scott-type spray chamber (—) and

the cyclonic spray chamber (—).
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where, at 10 % of the peak height, A represents the time between the peak
maximum and leading edge of the peak, and B represents the time between the

peak maximum and the tailing edge of the peak.

From the data complied in Table 5.3, it can be seen that the cyclonic spray
chamber offered a reduction in band broadening compared with the Scott-type
chamber. Peak widths at half peak height (w,,) were 5 s and 10 s for the
cyclonic and Scott-type chambers, respectively, The increased peak width
observed with the Scott-type chamber may be attributed to its larger dead
volume. Peak tailing, represented by the B values, was more significant with
the Scott-type spray chamber, and was likely to be a result of an increase in

recirculation renebulisation. Undesirable echoes were not observed for either

of the two spray chambets.
Spray chamber W, /s Als B/s As
Cyclonic 5 4 12 30
Scott-type 10 7 17 24

Table 5.3. FI peak parameters obtained using the MCN/cyclonic spray

chamber and the MCN/Scott-type spray chamber,
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5.2.1.3 OPTIMISATION OF NEBULISER POSITION WITHIN THE
SPRAY CHAMBER

To evaluate how the position of the nebuliser within the cyclonic spray
chamber affected sensitivity and sample response/washout times, the MCN was
placed as far forward as possible into the spray chamber so that distance from
the nebuliser tip to the end of the MCN mounting was 18 mm. The '"In signal
and the sample response and washout times were then measured.
Measurements were repeated with the MCN pulled back into its mounting so
that the distance from the end of the mounting to the nebuliser tip was a) 14

mm and b) 10 mm.

The position of the nebuliser within the spray chamber had a significant effect
upon the sensitivity and therefore analyte transport efficiency of the spray
chamber. Pulling the nebuliser 8 mm back into its mounting resulted ina 41 %
reduction in the observed sensitivity. However, this sensitivity loss was
accompanied by a 2 s and 4 s improvement in the response and washout times,

respectively.

Position of  !"Inresponse/ Response  Washout

MCN/mm  x 10° counts s time/s time/s
18 2.7 6 12
14 1.9 4 12
10 1.6 4 8

Table 5.4. Influence of nebuliser position on signal response, response time

and washout time.
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3.3 MODIFIED CYCLONIC SPRAY CHAMBER

In view of the evaluation of the cyclonic spray chamber, a modified spray
chamber was designed and constructed. A schematic diagram and photograph
of the spray chamber are presented in Figs 5.3 and 5.4, respectively. The spray
chamber had an internal volume of 21 ml and was identical in design to the
original with the exception of a flow spoiler which was impressed into the side
of the chamber. The purpose of the flow spoiler was to mimic the effect of the
glass bead and stall the circulating flow of aerosol. A mini version of the
modified cyclonic spray chamber (internal volume 6.5 ml) and a spray chamber

with eight flow spoilers impressed around the body were also constructed.

5.3.1 Spray Chamber Evaluation

The response and washout times of the 21 ml and 6.5 ml cyclonic spray
chambers were measured, using the method described in Section 5 2.1.1. The
test solution used in this instance included Ce at 25 ng mI". For comparative
purposes, measurements were repeated using a MCN/Scott-type spray chamber
and a cross-flow nebuliser/Scott-type chamber combination. The cross-flow
nebuliser was operated at 0.7 ml min™, the standard solution flow rate for

routine analysis.

The modified cyclonic spray chamber provided a rapid sample throughput, with

response and washout times of 6 s and 8 s, respectively (Table 5.5). Aerosol

recirculation was effectively minimised by the flow spoiler and a sample
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Figure 5.4. Photograph of the cyclonic spray chamber.
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throughput 3.5 times faster than that provided by the Scott-type chamber was
achieved. The internal volume of the cyclonic spray chamber had no
significant effect on the response and washout times. With the 6.5 ml spray
chamber significant acrosol deposition was observed on the inner walls and was

reflected in the lower '**In response.

Nebuliser/spray Response Washout “Inresponse/ CeO'/Ce"  Ce**/Ce'

chamber time/s time/s x 10° counts s (%) (%)
Cross-flow/Scott 13 25 24 09 0.8
MCN/Scott 15 28 1.6 0.7 06
MCN/cyclonic 6 8 1.8 0.7 06
(21.0 ml)

MCN/cyclonic 6 8 13 0.6 06
(6 5 mi)

Table 5.5. Comparison of the analytical characteristics of various

nebuliser/spray chamber combinations.

For the multi-flow spoiler chamber, the sample response and washout times
were similar to those obtained with the spray chamber incorporating one flow

spoiler.

5.4 SUMMARY

Rapid sample response and washout characteristics, and minimal sample
dispersion are clearly important in a spray chamber intended for CE-ICP-MS.
Liquid phase dispersion in the peristaltic pump tubing was identified as a

principal factor controlling the response and washout characteristics of the
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cyclonic spray chamber. By eliminating liquid phase dispersion, with the
introduction of an air segment, sample response and washout times were
significantly improved. The cyclonic spray chamber, incorporating a dimple
and flow spoiler, provided a rapid sample throughput approximately three times
faster than that obtained using a Scott-type double pass spray chamber. Since ]
response and washout times have a direct influence upon sample dispersion and
therefore peak shape, the cyclonic spray chamber offers significant advantages

over the Scott-type chamber for CE-ICP-MS.
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CHAPTER SIX
Microconcentric Nebuliser CE-ICP-MS Interface

6.0 INTRODUCTION

This Chapter describes the design and characterisation of a CE-ICP-MS
interface based on a commercial microconcentric nebuliser (MCN) and a
cyclonic spray chamber. As discussed in Chapter 4, a key requirement of any
CE-ICP-MS interface is a low flow nebuliser providing high analyte transport
efficiency and small aerosol droplet sizes. The MCN offers a transport
efficiency of up to 30% at solution flow rates of typically below 100 pl min™,
and was preferred to other low flow nebulisers because of its simplicity and
mechanical robustness (fabricated from PEEK, PTFE, fused silica).
Furthermore, the MCN is relatively inexpensive when compared with, for
example, the direct injection nebuliser (IDIN) or the ultrasonic nebuliser (USN).
The operating characteristics of the interface i.e., separation resolution,
precision and limits of detection, will be investigated using the heavy metal
binding protein, metallothionein (MT). Metallothionein is a low molecular
mass {6000-7000 Da) cysteine-rich protein involved in the metabolism of
heavy metals (Cd, Zn and Cu)."” Polymorphism of metallothionein occurs
during the evolution of a species and leads to two major isoforms, MTI and

MTII, that are different in charge due to their amino acid composition.
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6.1 EXPERIMENTAL

6.1.1 Reagents and Materials

Metallothioneins containing 1soforms I and IT (M7641, rabbit Iiver) and single
1soform I (M5267) were purchased from Sigma. Metallothionein samples were
prepared by dilution of the appropniate mass of standard with ultrapure (18.2
MQ) Milli-Q water. The electrophoresis buffer was 20 mM Tris (Sigma)
adjusted to pH 7.8 with Aristar hydrochlornic acid (FSA Laboratory Supplies,
Loughborough, UK). A 10 mM NH4NO; solution was used as the make-up
flow. All solutions were vacuum degassed and filtered (through 0.45 pum)
before use. 0.5 M NaOH was used to pre-condition the fused-silica capillary
prior to the first use. For the UV detection work, 1 % mesityl oxide prepared
by 1 % (v/v) dilution in 50 % methanol (Rathburm Chemicals, Walkerburn,

UK) was used as an electroosmotic flow marker.

Individual stock standard solutions (atomic absorption grade) of Rb, Mn, Ba,
Cd, Zn and In at 1000 pg mI"' were obtaned from Sigma. For the total metal
determination in MT I, solutions containing Cd and Zn at 1000, 500, 250, 125
and 25 ng ml" were prepared by dilution of the 1000 ug mlI stock standard
solutions in Milli-Q water. The ICP-MS instrument was tuned and optimised
using a multi-element solution containing Be, Mg, Co, Ni, In, Ce, Pb, Bi and U
at 25 ng ml"* per metal, prepared by dilution of a stock standard solution [ICP-

MS 100 solution (SPEX Industnies, Edison, NJ, USA)] in 1% Aristar HNOs.
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6.1.2 Instrumentation

ICP-MS. A VG PlasmaQuad (PQ II Turbo Plus) inductively coupled plasma
mass spectrometer (VG Elemental, Winsford, UK) was used. Data acquisition
and interpretation was performed using Time Resolved Analysis (TRA) and

Masslynx software. The ICP-MS operating conditions are summarised in

Table 6.1.
Rf power 1350 W
Reflected power 0w
Coolant gas flow 13.5 1 min™

Auxiliary gas flow 1.45 1 min™
Nebuliser gas flow 0.9 1 min™

Sampler cone Ni, 1.0 mm orifice

Skimmer cone Ni, 0.7 mm orifice

Measurement mode Peak jump (dwell time 10.24 ms)
Isotopes monitored Mg, Cd, %Zn, “Zn

Table 6.1. ICP-MS operating conditions.

CE System. Separations were performed using a Prince Technologies Crystal
310 CE system (Prince Technologies, Sunderland, UK). The CE system had a
double piston arrangement that allowed both positive and negative pressures to
be applied to the inlet vial. A 4225 variable UV/VIS detector (Thermo
Separation Products, Hemel Hempstead, UK) was used for on-capillary UV
detection. A fused-silica capillary (total length 77 cm, 60 ¢cm to window) was
used and an absorbing wavelength of 200 nm was monitored. Samples were
injected hydrostatically and the capillary was rinsed with buffer for 2 mins

between each run. Electropherograms were recorded using a Dell OptiPlex Gs
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computer and ProGC software (Thermo Unicam, Cambridge, UK). Data was

acquired at a sampling rate of 10 Hz,

CE-ICP-MS Interface. The interface incorporated a commercial MCN
{(CETAC Technologies, Cheshire, UK), the T-piece assembly as described in
Chapter 4, and a small cyclonic spray chamber (as detailed in Chapter 5). A
schematic diagram and photograph of the interface are presented in Fig. 6.1 and
6.2, respectively. The separation capillary was passed through a hole in the
side of the CE system and was inserted into the T-piece assembly. The Pt-Ir
tube and capillary were connected directly into the back of the MCN using a
standard nut and ferrule. The capillary was sheathed, up to the point of
entering the T-piece, using Teflon tubing (0.03 in id, 0.063 in od). The purpose
of the capillary sheath was to prevent drifts in the capillary temperature (caused
by fluctuations in the laboratory temperature) which may affect the migration
time reproducibilty, The Pt-Ir tube was connected to the ground electrode of
the CE system using a grounding lead and a crocodile-type clip. The grounding
lead could be easily removed from the Pt-Ir tube thus allowing greater

flexibility than the solder connection employed in the previous interface.

6.2 INTERFACE CHARACTERISATION

6.2.1 Nebuliser Natural Aspiration Rate

The natural aspiration rate of three MCN’s was measured as a function of
nebuliser gas flow rate. A 10 cm long piece of Teflon tubing was connected to
the nebuliser and the mass of water transferred from a pre-weighed vessel over
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Figure 6.1. Schematic diagram of the MCN CE-ICP-MS interface.
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Figure 6.2. Photograph of the MCN CE-ICP-MS interface.
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a 3 mins period was measured. It was necessary to ensure that the nebuliser
and water vessel were on the same level to prevent hydrodynamic resistance
restricting the uptake of water. All measurements were repeated in triplicate

and mean values calculated.

The natural aspiration rate of each MCN increased with increasing nebuliser
gas flow rate (Table 6.2). As the velocity of the nebuliser gas was increased,
the partial vacuum generated at the back of the MCN increased and
consequently the natural aspiration rate was enhanced. It is interesting to note
that although the three nebulisers were of identical design their natural

aspiration rates varied.

Nebuliser gas MCN 1 natural  MCN 2 natural MCN 3 natural

flow rate/l min™  aspiration aspiration aspiration
rate/ul min™ rate/ul min* rate/pl min!

1.0 163 248 164

0.9 125 215 153

0.8 103 184 143

0.7 69 159 135

Table 6.2, Natural aspiration rate as a function of nebuliser gas flow rate for

three MCN’s.

6.2.2 Test Separation

To ensure the interface was operating effectively before characterisation with
metallothionein, a test separation was undertaken. Three inorganic cations (Rb,
Ba and Mn each at 10 ug mI™") were separated using a 5 mM 4-aminopyridine

buffer (pH 5.8) and an applied voltage of +15 kV (Fig. 6.3). Repeat separations
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of the inorganic cations highlighted a problem with the MCN ceasing to self-
aspirate. After five repeat injections no sample peaks were detected and the
solution flow through the capillary was identified as being towards the inlet
vial. The central capillary of the MCN had blocked and consequently a back
pressure developed which caused the flow to be reversed in the separation
capillary. The MCN was unblocked by reverse flushing with 1 % HNO,
however, after several repeat injections the MCN ceased to self-aspirate again.
The nebuliser was investigated over several days and a random loss of
nebuliser suction due to blockage of the nebuliser was observed. The two other

MCN’s were investigated and also demonstrated a similar problem.

As aresult of the problems experienced with the MCN a new MCN, identical
in design to the previous ones, but with an all-silica central capillary, was
employed. According to the manufacturers, the all-silica central capillary is
less susceptible to blockage compared with the polyimide coated capillary of
the old design MCN. The remainder of the work detailed in this Chapter was

undertaken using the all-silica MCN.

6.2.3 Pump Selection

As described in Chapter 4, grounding of the capillary was achieved by the use
of a coaxial sheath of make-up solution which was pumped through the vertical
arm of the T-piece. Initially, a peristaltic pump was used to deliver the make-

up solution. However, previous authors® have reported undesirable pulsing
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Figure 6.3. CE-ICP-MS electropherogram of an aqueous standard
containing Rb, Ba and Mn (each at 10 ug mI"). Conditions: 15 kV; 5 mM
4-aminopyridine buffer (pH 5.8); fused-silica capillary, 50 pum id, 70 cm
length; sample injection, 80 mbar for 12 s; 60 ul min” make-up flow rate (10

mM NH,NO;).
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effects generated by peristaltic pumps employed at low flow rates in CE-ICP-
MS systems. To assess the suitability of the penstaltic pump for use in the CE-
ICP-MS interface, make-up solution spiked with In (at 50 ng ml™") was pumped
into the MCN at a flow rate of 20 pl min™ and the '"In signal was monitored
using TRA. To help minimise possible pulsing, microbore pump tubing (0.19
mm bore) and higher pump rotation rates were employed. A microbore HPLC
pump (Dionex GP40 Microbore Gradient Pump, Dionex, Camberley, UK) and
self-aspiration were also assessed as possible methods for delivering the make-

up solution.

The '"*In signals obtained using the peristaltic pump, HPLC pump and self
aspiration are presented in Fig. 6.4, Undesirable pulsing effects were not
observed using the peristaltic pump and the signal was stable. Self-aspiration
also provided a stable signal but was not preferred because it was practically
difficult to adopt. Calibration of the self-aspiration flow rate could only be
carried out by varying the hydrostatic head on the solution. The signal obtained
using the HPLC pump was the most unstable of the three. During operation,
the back pressure of the HPLC pump fluctuated significantly which would

indicate that the pump was struggling to maintain the desired low flow rate.
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Figure 6.4. Comparison of the '"’In traces obtained using a peristaltic pump,

HPLC pump and self-aspiration.

6.2.4 Separation Resolution

One of the principal characteristics of a CE-ICP-MS interface must be the ability
to transport separated sample components to the plasma without compromising
the electrophoretic resolution. To assess whether the interface adversely
affected resolution, individual isoforms of metallothionein were separated and
detected on-capillary using a UV detector. This separation was then repeated
using CE-ICP-MS and the corresponding separation resolutions were

compared. Separation resolution (Rs) was calculated using the following

equation’:
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1.5 At
Rs = -‘-;-[N2 TJ (Eqn. 6.1)

where N is the efficiency, At is the difference in migration time (s) and tis the

mean migration time (s).

6.2.4.1 ON-CAPILLARY UV DETﬁCTION

Isoforms of metallothionein were separated at pH 7.8 using a 20 mM Tris
buffer and an applied voltage of +25 kV. 1 % mesityl oxide was employed as
an electroosmotic flow marker. The UV detected electropherogram obtained is
illustrated in Fig. 6.5. The two predominant peaks were identified as the two
major isoforms of metallothionein, MT I and MT II. Four smaller peaks were
also observed in the electropherogram, but the identity of these was unknown.
It was probable, however, that these peaks were unknown isoforms of
metallothionein. If has been reported that rabbit liver metallothionein may
consist of up to six individual isoforms, although only MT I and MT II have

been identified.’
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Figure 6.5. UV detected electropherogram of rabbit liver metallothionein

(1000 pyg ml'). Conditions: UV wavelength 200 nm; 25 kV; 20 mM Tris

buffer (pH 7.8); fused silica capillary 50 pmn i.d., 77 cm total length, 60 cm to

window; sample injection 80 mbar for 12 s (19 nl); neutral marker 1 %

mesityl oxide.

6.2.4.2 ICP-MS DETECTION

For CE-ICP-MS, it was necessary to optimise the make-up flow rate in order to

minimise the nebuliser suction and resolve the metallothionein isoforms.

Suction from the self-aspirating nebuliser will have a detrimental effect upon

resolution by inducing laminar flow within the separation capillary. This

suction effect can be offset by pumping a sufficient flow of make-up solution to

satisfy the demand of the nebuliser."” The make-up flow was also employed

during sample injection to prevent air bubbles and excess of sample being
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loaded into the capillary as a result of the nebuliser suction. The make-up flow
rate was increased (to the natural aspiration rate of the MCN) after the buffer
rinse and was resumed to the experimental rate immediately upon application
of the voltage. In previous interfaces,' ' the nebuliser gas flow has been turned
off during sample injection to prevent such problems. However, this method
may reduce the overall precision of the system because of the time taken in
resuming the gas flow to its original value. The nebuliser gas flow rate must be
increased slowly to prevent possible extinction of the plasma, consequently the

probability of associated irreproducibilities may be enhanced.

To determine the optimum make-up flow rate, isoforms of rabbit liver
metallothionein were separated by CE-ICP-MS using make-up flow rates
between 10 and 100 pl min™. Electrophoretic conditions as described in
Section 6.2.4.1 were employed. The total integrated peak area (‘**Cd) and
resolution of MT I and MT II were measured for each make-up flow rate. A
graph representing the total peak area and resolution as a function of make-up

flow rate is presented in Fig. 6.6.

At the lowest make-up flow rate, 10 pl min’, inadequate compensation for the
nebuliser suction was achieved and consequently MT I and MT II were
completely unresolved (Fig. 6.7). As the make-up flow rate was increased,
resolution of the two isoforms improved as the nebuliser suction, and laminar
flow, were reduced. However, in order to improve resolution, sensitivity was

compromised as a result of sample dilution by the make-up flow.
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Figure 6.6. Graph representing the resolution and total peak area of MT 1

and MT II as a function of make-up flow rate.

With an injected sample volume of 19 nl and an analyte peak width of 7 s, the
dilution resulting from a 100 pl min™ make-up flow was a factor of 614, It was
therefore necessary to select a make-up flow rate that offered a compromise
between resolution and sensitivity, From Fig. 6.6, it can be determined that a
flow rate of 80 ! min™ provided the optimum resolution (Rs = 2.52) and
sensitivity. The '*Cd CE-ICP-MS electropherogram of rabbit liver
metallothionein obtained at 80 pl min™ make-up flow rate is illustrated in Fig.

6.8.
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Figure 6.7. "*Cd CE-ICP-MS electropherogram of rabbit liver
metallothionein (1000 ug mt*). Conditions: 25 kV; 20 mM Tris buffer (pH
7.8); fused-silica capillary, 50 pmid, 77 cm length; sample injection, 80 mbar

for 12 s (19 nl); 10 pd min™ make-up flow rate (10 mM NH,NO,).

100



Chapter Six Microconcentric Nebuliser CE-ICP-MS Interface

75000 1
MTII
64000 7
MTI

45000
23
= i
2
=
(=]
g
st 30000 1

15000 4 JJ

° I i | ] i | | | |
100 200 300 400 5!)0
Migration time/s

Figure 6.8. "*Cd CE-ICP-MS electropherogram of rabbit liver
metallothionein (1000 1d mI'). Conditions as in Fig. 6.6 except that the

make-up flow rate was 80 pd min’,
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By utilising an optimised make-up flow to counterbalance nebuliser suction, a
good separation of the two metallothionein isoforms was achieved. However,
as a result of the compromised sensitivity, an alternative method for
minimising nebuliser suction without the use of a high make-up flow rate was
sought. In a previous concentric nebuliser interface,'® a negative pressure was
applied to the inlet vial as a counterbalancing force opposing the nebuliser
suction and an improvement in separation resolution was reported. By using a
negative pressure to counterbalance nebuliser suction, a low make-up flow rate

can be employed therefore minimising sample dilution.

The effect of employing a negative pressure to counterbalance nebuliser suction
can be seen in Fig. 6.9, This electropherogram was obtained using a make-up
flow rate of 10 pl min™ and an applied buffer reservoir pressure of -130 mbar.
At 10 pl min™ suction from the MCN was prominent, however the negative
pressure applied to the buffer vial was sufficient to counterbalance this suction
and the result was resolution of the two isoforms (Rs = 3). The migration times
and resolution values listed in Table 6.3 demonstrate the effect of employing a
negative pressure. The presence of residual nebuliser suction at a make-up
flow rate of 80 pul min™ was indicated by the shorter migration times.
Resolution, under negative pressure conditions, was improved compared with
that achieved using a high make-up flow rate. This was accompanied by a two
fold increase in sensitivity associated with reducing the make-up flow rate to 10
pl min. The sensitivity enhancement, however, was not as significant as

would be expected from an 8 fold reduction in sample dilution. This may be an
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Figure 6.9, "''Cd CE-ICP-MS electropherogram of rabbit liver

metallothionein (1000 1d ml’). Conditions as in Fig. 6.6 except that an

applied pressure of -130 mbar was used.
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indication that the MCN was beginning to display marginal performance at

such low solution flow rates.

Make up flow Applied negative Migration time/s Resolution

rate/ ul min™ pressure /mbar MTI MTII

80° 0 438 468 2.52
10® -130 568 619 3.00
0° 0 313 333 245

*ICP-MS detection. ® UV detection.
Table 6.3. Comparison of the resolution obtained using CE-ICP-MS and

CE-UV.

Compared with the resolution obtained using on-capillary UV detection, CE-
ICP-MS offered an improvement. This improvement, however, was to some
extent due to the difference in effective capillary length. For UV detection, the
distance to the detection window was 60 cm whereas in CE-ICP-MS the solutes
travelled the whole capillary length (77 cm) before reaching the detector.
Separation resolution is directly related to capillary length, although a
maximum length limit exists above which resolution deteriorates due to

molecular diffusion.

6.2.5 Precision

The precision of the CE-ICP-MS system was assessed by measurement of the
migration time, peak area and peak height repeatabilities of MT I and MT II.
With ten consecutive injections of metallothionein (1000 pg ml™) RSD’s were

between 8 and 15 % (Table 6.4).

104




Chapter Six Microconcentric Nebuliser CE-ICP-MS Interface

MTIRSD/%  MT Il RSD/%

Migration time 8 9
Peak area 15 13
' Peak height 11 12

Table 6.4. Migration time, peak arex and peak height precision (% RSD).

One area that requires improvement in CE is that of precision. Fluctuations in
the migration times of solutes is one of the major causes of imprecision in CE,"
with RSD’s up to 5 %. It was not surprising that with CE-ICP-MS the
precision was worse that that of conventional CE. Imprecision in CE can be
caused by a number of factors, including variations in the EOF, sample
adsorption on to capillary walls and buffer depletion. However, the major
cause of imprecision in the CE-ICP-MS system was thought to be the
irreproducibility of the nebuliser suction. Variations in the magnitude of the
nebuliser suction were observed from day to day and during each day’s use,
and were caused by (1) the partial or complete blockage of the nebuliser
capillary as a result of buffer salt crystallisation, and (2) the presence of air
bubbles in the back of the nebuliser. The nebuliser suction had the greatest
influence on the precision of the system because it not only affected the
migration time, but also the sample volume injected {(and hence the peak area
and peak height). During sample injection the make-up flow rate was increased
to the natural aspiration rate of the MCN to prevent suction on the capillary. If,

for example, the nebuliser suction reduced, the make-up flow rate would then
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exceed the natural aspiration rate and cause a back pressure to develop. The
back pressure opposes the injection pressure and consequently a smaller sample

volume will be loaded into the capillary.

In order to obtain reproducible results with CE, workers have suggested the use
of internal standards and also the quotation of electrophoretic mobility rather
than migration time as a measure of an analytes electrophoretic properties.
With the further complication of transporting analytes to the off-capillary

detector, such measures are particularly appropriate in CE-ICP-MS.

6.2.6 Detection Limits

CE-ICP-MS detection limits for the isotopes '*Cd, '"'Cd, *Zn and *#Zn were
determined, under negative pressure conditions, using rabbit liver MT I. The
ICP-MS peak areas were integrated using Masslynx and calibrated as a function
of MT | concentration. MT I concentration detection limits were determined
from 3 times the blank signal. The signal linearity for the four isotopes was
measured over the concentration range of 1000 - 62,5 pg m!" MT I. Signals
were linear with correlation coefficients of 0.9996, 0.9994, 0.9998 and 0.9998
for "Cd, ""'Cd, *Zn and *Zn respectively. Calibration curves for Cd and Zn

are presented in Appendix I.

To determine the concentration detection limits of metals bound to MT I, it was
necessary to quantify the total metal content in MT I. A 1000 pg ml? solution

of MT I was diluted with Milli-Q water to 5 pg ml™ and the metal
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concentration in this sample was measured against an aqueous standard
calibration (1000-25 ng ml" Cd and Zn). The standards and MT I sample were
analysed b&( flow injection-ICP-MS using a 20 pl loop and the standard ICP-
MS configuration i.e., cross-flow nebuliser and Scott-type spray chamber. 1 %
HNO, was used as the carrier solution. Calibration graphs for Cd and Zn are
presented in Appendix I. The percentage by mass of metallothionein was 7.28,

7.20, 0.68 and 0.66 % for "*Cd, "'Cd, *Zn and *Zn, respectively.

The CE-ICP-MS concentration detection limits of MT I, the concentration
detection limits of the metals bound to MT I and the absolute metal detection

limits, based on a 19 nl injection volume, are presented in Table 6 5.

lMCd lllCd 66Zn 64Zn

MT I concentration LOD/pg ml” solution  1.52 2.52 68.74 7197
Metal concentration LOD/ pg ¢! MT 0.11 0.18 047 048
Absolute metal LOD/fg 2.09 3.42 8.93 9.12

Table 6.5. CE-ICP-MS detection limits.

6.3 SUMMARY

The combination of a MCN and small c¢yclonic spray chamber provided a
simple, easily assembled CE-ICP-MS interface. Nebuliser suction was
identified as the principal factor controlling electrophoretic resolution in the
CE-ICP-MS system. To maintain resolution, the nebuliser suction was

counterbalanced by either an optimised make-up flow or by the application of a
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significantly compromise sensitivity. The analytical value of the CE-ICP-MS
system was significantly limited by its poor precision which was attributed

|
|
negative pressure. The negative pressure method was preferred since it did not
principally to the irreproducibility of the nebuliser suction.
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CHAPTER SEVEN
MicroMist Nebuliser CE-ICP-MS Interface

7.0 INTRODUCTION

In view of the poor repeatability demonstrated by the MCN-CE-ICP-MS
system, a new interface was designed incorporating a microconcentric
MicroMist nebuliser (Glass Expansion, Australia). The MicroMist nebuliser
was fabricated from glass and consequently may not exhibit the problems
demonstrated by the MCN i.e., it may be less susceptible to blocking by
crystallisation of buffer salt and any air bubbles present in the back of the
nebuliser will be visually detected. To compare the performance characteristics
of the two interfaces, the MicroMist interface was evaluated in the same

manner as the MCN interface using rabbit liver metallothionein.

7.1 EXPERIMENTAL
Reagents and instrumentation as detailed in Chapter 6 were employed.
Co(Gly), obtained from The Royal Veterinary and Agricultural University,

Copenhagen was used as an electroosmotic flow marker.

CE-ICP-MS Interface. The interface was very similar in design to the MCN
interface, incorporating a MicroMist nebuliser and the original T-piece and
cyclonic spray chamber, A schematic diagram and photograph of the interface

are presented in Figs. 7.1 and 7.2, respectively.
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Figure 7.2. Photograph of the MicroMist nebuliser CE-ICP-MS interface.
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The Pt-Ir tube and separation capillary were connected directly into the central
tube of the MicroMist nebuliser using a ‘push-in’ type PTFE connector. The
position of the capillary within the central tube was vanable over a distance of
4 mm inside the central tube. The nebuliser was inserted into a machined

PTFE connector which was then connected into the cyclonic spray chamber.

7.2 INTERFACE CHARACTERISATION
7.2.1 Nebuliser Evaluation

Prior to use in the interface, the operating characteristics of the MicroMist
nebuliser were evaluated, The nebuliser gas flow rate was optimised for
maximum sensitivity alnd the natural aspiration rate of the nebuliser was
measured as a function of nebuliser gas flow rate. A 25 ng mI” In solution was
introduced into the nebuliser at 50 pul min™ and the '*In signal was measured as
a function of nebuliser gas flow rate. The ICP-MS ion lenses were re-tuned at
each gas flow rate for optimum sensitivity. To measure the natural aspiration
rate of the nebuliser, a self-aspiration tube was connected to the nebuliser and
the mass of water transferred from a pre-weighed vessel (over a 3 mins time

period) was measured All measurements were repeated in triplicate,

The natural aspiration rate of the nebuliser was found to decrease as the
nebuliser gas flow rate was increased (Fig. 7.3). This was an unusual property
of the nebuliser and was in contrast to the MCN (and other concentric
nebulisers) which demonstrate the opposite effect. The behaviour of the

MicroMist nebuliser may be explained by considering the geometry of the
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nebuliser; the central tube was recessed with respect to the nebuliser tip. By
increasing the nebuliser gas flow, the pressure of the stagnated gas beyond the
recessed tip may increase, thus leading to a reduction in the natural aspiration
rate. The optimum nebuliser gas flow rate i.e., that providing the maximum

%In response was 0.75 1 min™ (Fig. 7.4).
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Figure 7.3. Natural aspiration rate of the MicroMist nebuliser as a function
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7.2.2 Optimisation of Capillary Position

To investigate the influence of the capillary position on signal intensity and
migration time (i e, nebuliser suction), rabbit liver metallothionein separations
were performed with the capillary positioned at 0, 1, 2, 3 and 4 mm inside the
central nebuliser tube. Electrophoretic conditions as detailed in Chapter 6 and
a make-up flow rate of 10 pl min™ were employed. The migration time and
peak height of MT II were measured at each capillary position and are

presented graphically in Figure 7.5.
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Figure 7.5. Influence of capillary position on MT II migration time and

peak height (for 'Cd).

There was no obvious correlation between the position of the CE capillary and
the migration time and peak height. This was a very favourable feature of the
interface since it was not necessary to precisely position the capillary each time

the interface was connected, therefore leading to a more reproducible system.
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For other concentric nebuliser CE-ICP-MS interfaces'™ the opposite
observation has been reported, where the signal intensity and migration time

were sensitive to the precise capillary position.

7.2.3 Separation Resolution

As was the case with the MCN, suction from the self aspirating MicroMist
nebuliser had a detrimental affect upon the resolution of MT I and MT II.
However, because the natural aspiration rate of the MicroMist nebuliser was
lower than the MCN (typically by 50 %), the laminar flow induced in the
capillary was less and consequently, at a make-up flow rate of 10 pl min™,
resolution of the two isoforms was achieved (Fig. 7.6 a). This was in contrast
to the MCN interface where at a make-up flow rate of 10 pl min™ complete loss
in resolution of the two isoforms was observed. By using a negative pressure
to counterbalance the nebuliser suction, an improvement in the resolution was
observed (Fig 7.6 b). The effect of the nebuliser suction can also be observed

in the faster migration times when no negative pressure was employed.

7.2.4 Precision

The precision of the CE-ICP-MS system was determined by measurement of
the migration time, peak area and peak height repeatabilities for 10 consecutive
injections of metallothionein (1000 pg ml™"). To correct for solute migration
time variations caused by shifts in the electroosmotic flow and nebuliser

suction, an internal standard (electroosmotic flow marker) was employed.
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Figure 7.6. " Cd electropherograms of rabbit liver metallothionein (1000 ug
ml’) illustrating the effect of negative pressure on resolution. a; 10 yl min”

make-up flow rate, b; 10 1d min™ make-up flow rate, -50 mbar applied

pressure,
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Relative migration times (R,) were calculated using the following equation:’

t"‘“ (Eqn. 7.1)

where, t,, is the net migration time of the solute and t,, is the migration time of

the electroosmotic flow marker.

A summary of the migration time, peak area and peak height RSD’s are
presented in Table 7.1. RSD’s were below 4.3% and were significantly
improved (by up to 85 %) compared with the MCN interface. This
improvement can be attributed solely to the reproducible nature of the
MicroMist nebuliser suction. By using an internal standard to correct for shifts

in migration times, the migration time precision was reduced to 0.5 %.

MTIRSD/% MT II RSD/%

Peak height 43 4.2
Peak area 23 2.9
Migration time 1.% 1.9
Relative migration time 0.5 0.4

Table 7.1. Precision data for the MicroMist nebuliser CE-ICP-MS system.

7.2.5 Detection Limits

CE-ICP-MS detection limits were determined using rabbit liver MT I, as
described in Chapter 6. Zn was not detected in the MT I standard and
consequently only "Cd and "''Cd detection limits were determined. Signals

were linear (over the concentration range of 1000 - 62.5 pg mi” MT I) with
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correlation coefficients of 0.9997 and 0.9994 for '"Cd and ""'Cd respectively.
Calibration curves for '“Cd and ''Cd are presented in Appendix I. A summary
of the CE-ICP-MS detection limits is provided in Table 7.2. The absolute

metal detection limits were higher (by approx. a factor of 2) than those obtained

using the MCN interface.
g T Cq
MT I concentration LOD/pg ml™ solution 6.91 7.88
Metal concentration LOD/ pg g MT 0.50 0.57
Absolute metal LOD/fg 4,77 5.44

Table 7.2. CE-ICP-MS detection limits.

7.3 SUMMARY

A comparison of the MicroMist and MCN interfaces showed the MicroMist
interface to be superior in terms of precision. The RSD’s measured for the
MicroMist interface were up to 85 % lower than those obtained with the MCN
interface. This improvement was attributed solely to the reproducible nature of
the MicroMist nebuliser suction. Migration time drifts were corrected by the
use of an electroosmotic flow marker and resulted in a migration time RSD of
0.5 %. The detection limits achieved using the MicroMist interface were
higher, by approximately a factor of 2, than those obtained using the MCN.
This may be a result of a difference in the droplet size distribution of the

primary aerosols generated by the two nebulisers.

119




Chapter Seven MicroMist Nebuliser CE-ICP-MS Interface

REFERENCES

[1]1Q. Lu, S. M. Bird and R. M. Barnes, 4nal. Chem., 1995, 67, 2949.

(2]B. Michalke and P. Schramel, Fresenius'J. Anal Chem, 1997, 357, 594.

[3]S. Lustig, B. Michalke, W. Beck and P. Schramel, Fresenius’J. Anal Chem
1998, 360, 18.

[4]M. Van Holderbeke, Y. Zhao, F. Vanhaecke, L. Moens, R. Dams and P.
Sandra, J. Anal, At. Spectrom, 1999, 14, 229.

[5M. Yang, S. Bose and D. S. Hage, J Chromatogr. 4, 1996, 735, 209.

120




CHAPTER EIGHT
The Speciation of Selenium In Yeast

8.0 INTRODUCTION

Selenium is an essential element for biological systems known both as a
nutrient and as a potential toxicant. The tolerance range between beneficial and
toxic concentrations is very narrow, and both an excessive and insufficient
intake of selenium can have serious health implications. Selenium toxicity,
selenosis, can lead to skin lesions, hair loss and abnormalities of the nervous
system, whilst selenium deficiency has been linked with heart disease, arthritis
and infertility.! Selenium also has a suggested role in the prevention of
cancers™ due to its incorporation in the human enzyme glutathione peroxidase

which inhibits the oxidative role of peroxides and hydroperoxides.

The nutritional bioavailability, toxicity and cancer preventive activity of
selenium have been shown to be highly species dependent.*’ Selenium in the
form of selenomethionine is less efficacious than selenite in preventing cancer
because selenite is more easily metabolised to methyl selenol, the form of
selenium active against cancer.* In contrast, the bioavailability of
selenomethionine is greater than that of selenite. Human studies have shown
selenomethionine to have an apparent absorption of > 90 %’ whilst the

absorption of selenite was in the range of 30 % to 60 %.*’

Due to the nutritional and cancer preventive benefits, selenium enriched yeast

is widely used as a source of selenium in nutritional supplements.
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Clark et al.? reported that the consumption of yeast derived selenium nutritional
supplements was associated with statistically significant reductions in total
cancer mortality and cancer incidence. This finding has led to much interest in
the speciation of selenium in selenium enriched yeasts. Gilon et al.'and
Olivas et al." reported the presence of three different forms of selenium in
yeast; inorganic selenium, selenocystine and selenomethionine. In the work by
Bird et al."*" more than twenty selenium species, including selenocystine,
selenomethionine and methylselenocysteine, were reported to be present in
selenium enriched yeast. To date, the majority of studies have focused on the
use of HPLC-ICP-MS methods for the speciation of selenium in yeast, with
particular reference to ion pair and ion exchange chromatography. Although

CE methods have been developed to separate organic and inorganic selenium

species,’ 17 as yet the technique has not been applied directly to yeast samples.

In this Chapter, the development of a CE-ICP-MS method for the speciation of
selenium in selenium enriched yeast and selenium nutritional supplements will

be detailed.

8.1 EXPERIMENTAL

8.1.1 Reagents and Samples

Sodium selenite, sodium selenate, seleno-DL-methionine and seleno-DL-
cystine were purchased from Sigma. Standard solutions of the four selenium
species were prepared by dilution of the appropriate mass of standard in Milli-

Q water. A 100 ng ml" selenium solution was used for tuning the ICP-MS and
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was prepared by dilution of a 1000 pg ml™ stock standard solution (Sigma) in 1
% HNO,. Sodium carbonate [Na,CO, (Sigma)] was used as the electrophoresis
buffer and was prepared by dissolution in Milli-Q water. The make-up flow
solution was 5 mM NH,NO, and Co(gly), was used as the EOF marker. The
extraction enzyme, protease XIV, was purchased from Sigma. A certified
reference material, DOLT-2, was purchased from Promochem (Welwyn Garden

City, UK).

Four different samples were analysed: Sample A was an industrially produced
selenium enriched yeast (1948 pug g’ Se); sample B was a commercially
available yeast based selenium supplement (333 pg g Se); sample C was a
commercially available non-yeast based selenium supplement (400 pg g’ Se);
sample D was a "’Se isotopically enriched yeast produced at the Institute of

Food Research, Norwich.

8.1.2 Instrumentation

ICP-MS. For the speciation analysis, a VG PlasmaQuad (PQ I) ICP-MS
instrument was used. For the total selenium determinations, a Perkin Elmer
Sciex Elan 6000 (Perkin Elmer, Beaconsfield, UK) ICP-MS instrument fitted
with a cross flow nebuliser and double pass spray chamber was employed.
Typical operating conditions for the two ICP-MS instruments are provided in

Table 8.1.
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VGPQI PE Elan 6000

Rf power/W Optimised 1350

Reflected power/W 0 0

Coolant gas flow/  13.5 14.0

1 min™

Auxiliary gas flow/ 0.8 0.8

1 min™!

Nebuliser gas flow/ Optimised 0.8

1 min™®

Measurement mode Peak jump (dwell time  Peak jump (dwell time
10.24 ms) 100 ms)

Isotopes monitored  *°Co, *Se,"Se, ®Se, ¥Se  ™Se, ™Se, "Se, ™Se, ¥Se

Table 8.1. ICP-MS operating conditions.

CE System. Separations were performed using the Prince Technologies Crystal

310 CE system as described in Chapter 6.

CE-ICP-MS Interface. The MicroMist nebuliser interface as detailed in

Chapter 7 was employed.

Microwave. Total selenium concentration in the yeast samples was determined

by ICP-MS following acid digestion in a closed vessel Perkin Elmer Multiwave

microwave (Perkin Elmer, Beaconsfield, UK).
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8.2 RESULTS AND DISCUSSION
8.2.1 Optimisation of Rf Power and Nebuliser Gas flow Rate

The Rf forward power and nebuliser gas flow rate were optimised in order to
attain the maximum sensitivity for selenium. A 100 ng ml" selenium solution
was introduced into the MicroMist nebuliser at 10 ul min, and the #Se
response was measured as a function of forward power and nebuliser gas flow
rate. The selenium solution was delivered using a peristaltic pump and the
ICP-MS ion lenses were re-tuned each time the power or nebuliser gas flow

rate was changed.

As the nebuliser gas flow was increased from 0.6 to 0.7 I min’ the selenium ion
intensity increased (Fig. 8.1). Beyond a nebuliser gas flow rate of 0.7 | min™*
the selenium ion intensity decreased, thus yielding an optimum nebuliser gas
flow rate of 0.7  min™'. Increasing the Rf forward power from 1350 to 1500 W,
at 0.7 1 min™ nebuliser gas flow rate, resulted in a 16 % enhancement of the
selenium signal. At other nebuliser gas flow rates a marginal increase in the
selenium ion intensity was achieved by increasing the Rf power. Therefore, a
forward power of 1500 W and nebuliser gas flow rate of 0.7 1 min™ were

selected to provide the optimum selenium sensitivity.
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1500
1450

Se ion intensity/counts

82

Rf power/W

1

Nebuliser gas flowrate/I min™

Figure 8.1. *’Se ion intensity as a_function of Rf forward power and

nebuliser gas flow rate.

8.2.2 CE-ICP-MS Separation of Selenium Species

A CE-ICP-MS method was developed for the separation of two organic
[selenomethionine (SeMet), selenocystine (SeCys)] and two inorganic (sodium
selenate, sodium selenite) selenium species. As a result of the high upper pKa
values of SeMet, SeCys and selenite, and the strongly acidic nature of selenate
(Table 8.2), electrophoretic conditions were selected to ensure the selenium
species were in their anionic forms and a strong EOF was generated. A strong
EOF was necessary in order to overcome the natural electrophoretic mobility of
the anions towards the anode and to transport the anions towards the nebuliser
(cathode). To maximise the EOF a high voltage, high pH and low ionic

strength buffer were employed.
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Compound Structure pKa
Sodium selenite ONa 2 60, 8.30
(Se™) AT——ONa
O
Sodium selenate <1, 2.00
(Se") ONI"‘
O:TIC—ONa
O
Selenocystine (Se CH;—CH CO,H), 2.10, 8.91
(SeCys) l
NH,
Selenomethionine CH—Se—CH—CH;— CH—CO,H 2.28,9.21
(SeMet) .

Table 8.2. Structure and pKa values for selenious compounds of interest.
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Separation of the four selenium species (each at 50 ug ml” Se) was carried out
using a 10 mM Na,CO, buffer (pH 11) and an applied voltage of +30 kV (Fig.
8.2). Mobility orders were determined by injections of the individual selenium
species with the EOF marker (Table 8.3). The electrophoretic and

electroosmotic mobilities were calculated using the following equations:

Het = B+ ey (Eqn. 8.1)
= .I_L. (E 8.2
Feo= V73 qn. 8.2)
IL
Mo = 75 (Eqn. 8.3)

where, p,., is the net mobility of the species, p is the actual mobility of the
species, ., is the mobility of the EOF marker, 1 is the effective capillary length,

L is the total capillary length, V is the applied voltage and t is the migration

time,
EOFt, /s p./x10® t./s wx 107 R,
cm’V's! cm?Vis?!
Peak 1 171 9.55 227 -2.35 1.32
Peak 2 171 9.55 279 -3.70 1.63
Peak 3 171 9.55 413 -5 60 2.42
Peak 4 171 9.55 543 -6.55 3.18
SeMet 172 9.50 227 -2.30 1.32
SeCys 172 9.50 278 -3.62 1.62
Selenite 170 9.61 407 -5 60 2.39
Selenate 173 0.44 555 -6.50 3.21

Table 8.3, Migration times, mobilities, and relative migration times of the

EOF marker and selenium species in the mixed and individual standards.
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Figure 8.2. CE-ICP-MS electropherograms for the separation of SeMet,
SeCys, selenite and selenate (each af approx. 50 pg mi’ Se). Conditions: 30
kV; 10 mM Na,CO, buffer (pH 11); fused-silica capillary, 50 um id, 375 1m

od, 70 em length; sample injection, 100 mbar for 6 s (13 nl); EOF marker Co

(ely); (approx. 1 pug m* Co); 5 mM NH,NO, make-up solution @ 10 pd min™,
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Resolution of the four selentum species was achieved in the absence of a
negative pressure without the need for further optimisation of electrophoretic
conditions. An efficiency of 2.0 x 10* theoretical plates (for selenate) was
achieved The fact that a negative pressure was not required indicated that the
laminar flow induced by the MicroMist nebuliser suction was minimal, In fact,
laminar flow (determined by injection of the EOF marker in the absence of an
applied voltage) was found to account for approximately 17 % of the solutes

linear velocity (Fig. 8.3).

Migration time @ 30 kV = 165 s =2.75 min
Migration time @ 0 kV =967 s = 16.12 min

Linear velocity of laminar flow = _Mem _ 43 in’!
i ity in W= T — .3 cm min

Laminar flow rate = nr’l = =(25 x 10%)*(4.3 x 10?)

=844x10" m®
=0.08 pl min?
] ) . 70 cm -
Combined laminar and electroosmotic flow= ———— = 25.5 cm min
2 75 min

Combined laminar and electroosmotic flow rate = (25 x 10%)(25.5 x 10?)

= 0.5 pl min™

4.3
Laminar flow accounts for (ﬁ) x 100 = 16.9 % of the linear velocity

Figure 8.3. Calculation of the contribution of laminar flow to the analyte

linear velocity.
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8.2.2.1 IONIC STRENGTH MEDIATED STACKING

In order to enhance sensitivity, on-capillary ionic strength mediated stacking

was employed. In this method, stacking occurs when the conductivity of the

sample is significantly lower (at least 10 fold) than that of the run buffer.

According to Ohms Law, upon the application of a voltage a proportionally

greater electric field will develop across the sample plug causing ions to

migrate faster. When the ions reach the boundary between the sample plug and ‘
run buffer the field strength decreases and the ions begin to migrate with a ;
slower mobility. This process continues until all the sample itons have reached |
the boundary and are concentrated into a narrow band. At this point, the field

becomes homogeneous in the band and normal electrophoresis begins.

To measure the sensitivity enhancement achievable using stacking, a standard
containing four selenium species was prepared in 10 mM Na,CO, and a second
equivalent standard was prepared in water. The two standards were analysed in
triplicate by CE-ICP-MS and the corresponding *Se peak areas were
integrated. A sensitivity enhancement of a factor of three was obtained by

preparing the standard in water.

8.2.2.2 PRECISION

Migration time, relative migration time and peak area repeatability was
measured for 10 consecutive injections of the mixed selenium standard (50 pg
ml" Se for each species). RSD’s were less than 6 3 % and 1 6 % for the peak

area and migration time, respectively (Table 8.4).
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Co(gly); SeMet SeCys Selenite Selenate

Migration time 1.2 1.2 1.2 1.6 1.1
Relative migration time - 05 0.5 1.0 1.0
Peak area 6.0 6.3 5.9 6.0 5.9

Table 8.4. Migration time, relative migration time and peak area RSD’s (%).

Selenium peak areas were measured for the isotope *Se.

8.2.3 Sensitivity Enhancement Using Ethanol

The accurate and sensitive determination of selenium by ICP-MS is
problematic owing to the formation of polyatomic ions in the plasma (Table
8 5) and to the high first ionisation energy of selenium (9.75 eV) which, in an
argon plasma, yields only a 33 % ionisation." A number of approaches have
been developed to reduce the presence of spectroscopic interferences and to
enhance the selenium sensitivify in ICP-MS. Such approaches include,

1L1920 the addition of molecular

modification of the sample introduction mode,
gases such as nitrogen?? and methane,” and the addition of organic solvents

such as ethanol,” methanol,'*'"*% propan-2-ol* and butanol-1-01.2%

Isotope Abundance/%  Spectroscopic interferent

Se 0.9 BAreAr, Ge

vsS e 9.4 40 Ar“ Ar, 38 Arz, 76Gc

"Se 7.6 “APCI

Se 23.8 OAr®Ar, Kt

0Se 49.6 “Ar,

2Ge 8.7 “Ar.H,, ®Kr, ®Ar*Ca, *BrH

Table 8.5. ICP-MS spectroscopic interferences on selenium.
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To investigate how the addition of ethanol affected the selenium sensitivity in
the CE-ICP-MS system, separation of the selenium standards was undertaken
using 5 mM NH4NO; make-up solution which was prepared in a) water, b) 1%
v/v ethanol, ¢) 5 % v/v ethanol and d) 10 % v/v ethanol. Separations using the
four make-up solutions were carried out in triplicate and the corresponding peak
areas integrated. A graph representing *’Se and **Co peak areas as a function of

ethanol concentration can be seen in Fig. 8.4.

650000

550000

4
450000 |

350000 |

250000

Peak area/arbitary units

150000

50000 ‘ \
0 2 4 6 8 10
% ethanol

i—i—Co —o—SeMet —&—SeCys —@—SelV —e—SeVI ‘ }

Figure 8.4. Sensitivity enhancement in the presence of increasing

concentrations of ethanol.

Increasing the ethanol concentration in the make-up flow had the effect of
enhancing both the selenium and cobalt signals. With the addition of 10 %
ethanol, an enhancement factor of 3.3 and 1.3 for selenium and cobalt,

respectively was observed. The fact that the enhancement factor for the two .
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elements was significantly different indicated that a number of processes may
be contributing to the increase in sensitivity. The first process may be directly
related to the formation of droplets and desolvation in the plasma. The
presence of ethanol will change the physicochemical properties of the solution,
reducing the viscosity and surface tension thus leading to an overall smaller
droplet size distribution. Finer droplets will yield an increase in the sample

transport efficiency and lower the desolvation effects required in the plasma.

A second factor may relate more specifically to the ionisation mechanisms
occurring in the plasma. The introduction of carbon containing solvents into
the plasma will result in an increase in the population of C* and/or carbon
containing polyatomic ions. Since carbon has a higher ionisation potential
(11.26 eV) than Se, the degree of ionisation of poorly ionised analytes will be
improved as a result of electron transfer to carbon and carbon containing
polyatomic ions. The ionisation enhancement factor will be less significant for

those analytes with lower ionisation energies."?*

A third factor may be associated with a change in the geometry of the plasma
which may ultimately lead to an optimisation of the ion extraction efficiency.
Vanhaecke et al.?® reported that when a solvent is introduced into a plasma, the
plasma contracts causing a spatial shift of the zone of maximum M" density and

modification of the sampling depth.
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8.2.4 Detection Limits

Calibration standards containing SeMet, SeCys, selenite and selenate at
selenium concentrations of 50, 25, 12.5, 6.25 and 3.125 pug ml” were prepared
in water and analysed in triplicate. Calibration graphs were obtained from *Se
peak areas and were linear in the concentration range studied. Calibration
graphs are presented in Appendix I. Detection limits were calculated from

three times the blank signal and are presented in Table 8.6.

SeMet SeCys Selenite Selenate
LOD/ng ml” 355 349 284 293
Absolute LOD/pg 4.6 45 3.7 3.8

Table 8.6. CE-ICP-MS detection Iimits for SeMet, SeCys, selenite and

selenate,

8.2.5 Sample Preparation

In order to obtain accurate speciation information, it is essential that the
endogenous selenium species present in the yeast are extracted without
modification of their chemical form. Previous studies of selenium speciation in

1012133031 and proteolytic

yeast have utilised acid hydrolysis,'® hot water
enzyme'*'>13"! extraction methods, with the enzyme method providing the
greatest extraction efficiency. In this work, samples were extracted using a

non-specific enzyme, protease XIV, which is capable of breaking down the

peptide bonds of any protein and reverting it to the amino acid components.
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Samples were ground using a pestle and mortar, 0.25 g was weighed into a 15
ml centrifuge tube and protease was added followed by 2.5 ml of 18 MQ2 water.
To evaluate how the mass of enzyme and temperature affected the extraction
efficiency, extractions were undertaken using three different masses of protease
(12.5 mg, 25 mg and 50 mg) and two extraction temperatures (room
temperature and 37 °C) . Samples were shaken in the dark at room temperature
(using a Gallenkamp wrist action shaker) for 24 hrs. Those samples being
extracted at 37 °C were placed in a shaking water bath (Grant OLS 200) at 110
strokes min™' for 24 hrs. The solutions were centrifuged for 30 mins using an
IEC Centra centrifuge running at 8000 rev min". Supernatants were then
removed and filtered through a 0.45 pm Millex-HV filter. Because of the
limited availability of sample D only one extraction (25 mg protease, room

temperature) was undertaken,

8.2.6 Total Selenium Determination and Extraction Efficiency

Total selenium concentrations in the unextracted and extracted samples was
determined by ICP-MS following closed vessel acid digestion. For the
unextracted samples, 0.1 g was weighed into a 50 ml high pressure Quartz
vessel and 5 ml of concentrated HNO, was added. The sample was then
subjected to 45 min digestion program of elevated temperature and pressure,
Following digestion, the samples were quantitatively transferred into test tubes
and the volume was made up to 10 ml using 18 MQ water. An aliquot (1 ml)
of the digest was then added to 4 ml of a 1 % HNO, diluent containing 12.5 ng

ml™" Rh internal standard before analysis by direct measurement ICP-MS. In

136




Chapter Eight The Specration of Selenum in Yeast

the case of sample A, a greater dilution was necessary because of its high
selenfum concentration thus, 0.25 ml of digest was added to 4 m! diluent and
0.75 ml concentrated HNO,. Four concentrated HNO, blanks and one blank
spiked with 25 pg selenium (to give a final spike concentration of 500 ng mi™)
were digested in the same manner as the samples. For quality control purposes
a certified reference material (CRM), DOLT-2 (Se concentration 6.06 + 0 49
g mi') was analysed in triplicate. DOLT-2 is a fish-based CRM and was
selected because of its high selenium concentration. It is good practice to select
a CRM with a similar matrix to the samples being analysed, however, a yeast

based CRM was not available.

For the extracted samples both the supernatant and remaining solid pellet were
analysed for total selenium concentration, An aliquot (1.0 ml for samples B,C
and D, 0 25 ml for sample A) of the supernatant was digested in the manner
described previously. For the pellets, 1.0 g was digested. All samples were

digested and analysed in duplicate.

Stock calibration standards at selenium concentrations of 10 pg ml™, 3 pg ml™,
1 pg ml?, 300 ng ml”, 100 ng ml”, 30 ng ml" and 10 ng m1” were prepared in
50 % HNO,. Working calibration standards were prepared by five fold dilution
of the stock standards in the measurement diluent to give final selenium
concentrations of 2000, 600, 200, 60, 20, 6 and 2 ng ml*. Selenium was

quantified using *Se.
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The total selenium concentration in the four samples, the selenium

concentration in the supernatants and the selenium concentration in the pellets

are presented in Tables 8.7, 8.8 and 8.9, respectively. All results were blank

and recovery corrected. For the reference material, a selenium concentration of

7.07 £ 0.08 ug g was obtained and was within the accepted 20 % NAMAS

criteria.

Sample  Se concentration/ug g
Y 20927
B 4013
C 444.8
D 160.6

Table 8.7, Total selenium concentrations in samples A, B, C and D,

Extraction conditions A B C D
12.5 mg protease, RT 170.5 35.8 43.0 -
12.5 mg protease, 37 °C 162.0 353 42.6 -
25 mg protease, RT 180.6 316 43.0 10.3
25 mg protease, 37 °C 165.1 29.7 46.2 -
50 mg protease, RT 170.0 37.0 40.3 -
50 mg protease, 37 °C 168.9 335 434 -

Table 8.8. Selenium concentration(ug mi) in the supernatants.
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Extraction conditions A B C D
12.5 mg protease, RT 257.7 494 30.5 -
12.5 mg protease, 37 °C 340.9 45.5 29.1 -
25 mg protease, RT 277.7 39.3 31.3 36.2
25 mg protease, 37 °C 391.8 41.7 314 - ;
50 mg protease, RT 303.2 44.0 26.1 -
50 mg protease, 37 °C 449.1 48.3 231 - |

Table 8.9. Selenium concentration (ug g”) in the pellets. ‘

Extraction efficiencies were found to be > 74 % (Table 8.10), with yields for
sample A in the range of 77 % - 86 %, sample B in the range of 74 % - 92 %
and sample C in the range of 91 % - 104 %. For sample D, a lower extraction
efficiency of 64 % was obtained. The mass of protease used in the extraction
had no apparent effect upon the yield of selenium extracted. At the elevated
temperature of 37 °C, a marginally lower extraction yield was observed for

samples A and B. However, for sample C this was not observed.

Extraction conditions A B C D
12.5 mg protease, RT 81.5 89.0 96.7 -
12.5 mg protease, 37 °C 774 88.0 95.8 -
25 mg protease, RT 86.3 78.7 96.7 64.1
25 mg protease, 37 °C 78.% 74.0 103.9 -
50 mg protease, RT 81.2 922 90.6 - |
50 mg protease, 37 °C 80.7 83.5 97.6 ; 1

139

i
Table 8.10. Extraction efficiencies (%).
|
\
|
\
|




Chapter Eight The Speciation of Seleniim in Yeast

8.2.7 Speciation Analysis

Supernatants were analysed directly without dilution using the CE-ICP-MS
method detailed in Section 8.2.2. Identification of selenium species was carried
out by comparison of the migration and relative migration times with standards,

and by spiking experiments.

SAMPLE A

The *Se CE-ICP-MS electropherogram for sample A is presented in Fig. 8.5.
One predominant selenium species with a migration time of 261 s (R, = 1.33)
was present in the sample, in addition to three smaller unresolved peaks. The
chemical form of the major selenium species in the yeast was identified as
selenomethionine. A semi-quantitative measure of the selenomethionine
concentration in the sample was determined by CE-ICP-MS using standard
addition. The sample was spiked with selenomethionine (at 50 pg ml™ Se) and
the spiked and unspiked samples were analysed in triplicate. The concentration

of selenomethionine was found to be 155 pg m!™.

SAMPLE B

For sample B, one selenium peak with a migration time of 614 s (R,=3.04)
was present in the electropherogram (Fig. 8.6). The relative migration time of
the peak was lower than that obtained for a selenate standard (R, =3.18),
however spiking experiments indicated that the chemical form of the selenium

present in sample B was likely to be selenate. A semi-quantitative measure of
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Figure 8.5. "’Se CE-ICP-MS electropherogram of sample A, EOF = 196 s,
Conditions as Fig. 8.2 except 5 mM NH NO, prepared in 10 % ethanol used

at the make-up flow.
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Figure 8.6, ¥Se CE-ICP-MS electropherogram of sample B, EOF = 201 s.

Conditions as Fig. 8.5.
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the selenium concentration in the sample was determined using standard
addition. The sample was spiked with selenate (50 pg mi?! as Se) and the
spiked and unspiked samples were analysed in triplicate. The concentration of
selenate was calculated to be 28.8 pg ml”'. This was approximately 20 % lower

than the total selenium concentration determined by ICP-MS.

SAMPLE C

One selenium peak with a migration time of 618 s (R, = 2.99) was present in
the electropherogram for sample C (Fig. 8.7). As was observed with sample B,
the relative migration time of the peak was lower than that observed for a
selenate standard. However, spiking experiments indicated that the chemical
form of selenium in the sample was selenate. This was inconsistent with the
suppliers specification which stated that the sample was selenomethionine. By
means of standard addition, the selenivm concentration in the sample was

determined to be 44.9 pg ml?, This was equivalent to a recovery of 104.4 %.

SAMPLE D

For sample D, the electropherogram was less easy to interpret and contained
either one broad tailing peak or possibly a number of unresolved peaks (Fig.
8.8). The migration time of the major peak was 210 s and was equivalent to the
EOF marker, thus indicating the presence of a neutral species, However,
spiking of the sample with selenomethionine (50 pg m!™ Se) highlighted an

abnormality where by the selenomethionine spike also migrated with a mobility
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Figure 8.7. Se CE-ICP-MS electropherogram of sample C, EOF = 207 .

Conditions as Fig. 8.5,
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equal to the EOF (Fig. 8.9). AtpH 11 selenomethionine was anionic, therefore
electrophoretic separation was not occurring and the injected analytes were co-
migrating with the EOF. Following analysis of the spiked sample D, a standard
containing four selenium species was analysed. Relative migration times were
normal, thus indicating that the system was operating correctly and that the

observed co-migration was specific to sample D.

The fact that SeMet migrated with a mobility equal to the EOF was apparently
due to the sample matrix and may indicate the presence of a colloid. It may be
the case that during the extraction procedure the sample formed a colloid
which, due to its overall neutral charge status, would migrate with the EOF.
When SeMet was added to the sample it may interact with the colloid and
therefore co-migrate. In an attempt to identify the possible presence of a
colloid two approaches were taken. Firstly, the sample was ultrasonicated in a
sonic bath and secondly the sample was rinsed repeatedly in water, freeze dried
and then extracted. During the manufacture of the sample it was washed
several times in saline solution thus leaving the sample with a relatively high
salt concentration. A high salt concentration may promote the formation of a

colloid or adduct so the sample was washed in an attempt to remove the salt.

Both ultrasonicating and washing the sample had no effect upon the co-
migration with the EOF. The washed and unwashed extracts were also diluted

in 0.5 %, 1.0 % and 5 % (v/v) ethanol in an attempt to disrupt any colloidal
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Figure 8.8. "’Se CE-ICP-MS electropherogram of sample D, EOF =210 s.
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Figure 8.9. CE-ICP-MS electropherogram of sample D spiked with SeMet

(50 ug ml" Se), EOF =210 s. Conditions as Fig. 8.5.
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electropherograms of the alcoholic extracts. The sample was also spiked
individually with SeCys, selenite and selenate (each at 50 pg ml™ Se). In
contrast to the SeMet spike, the SeCys, selenite and selenate spikes did not
migrate with the EOF, however their relative migration times were different to
the relative migration times of standards (Table 8.11). For the two organic
species, their migration time was reduced in the presence of sample D, whulst

for the inorganic species an increase in migration time was observed.

SAMPLE EOF/s SeMetR, SeCysR; Sclenite R, SelenateR,

Standard 171 1.32 1.63 2.42 318
| D + SeMet 210 1.00 - - -
D + SeCys 208 - 1.38 - -
D +Selenite 209 - - 2.73 -
D + Selenate 207 - - - 3.37

Table 8.11, A comparison of the relative migration times of standards added

to sample D and relative migration times of standards in aqueous solutions.

8.3 SUMMARY

The CE-ICP-MS method developed provided an efficient, reproducible
separation of selenomethionine, selenocystine, selenite and selenate. Asa
result of the generally poor sensitivity of ICP-MS for selenium, sensitivity
enhancement was achieved by the addition of 10 % (v/v) ethanol to the make-
up solution and by on-capillary sample stacking. The samples were extracted

using a proteolytic enzyme extraction method that provided high extraction

|
\
. 1] - ‘
species present. However, no difference was observed in the
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yields of > 74 %. The chemical form of selenium present in the samples was
identified by comparison of migration times with standards and by spiking
experiments. In sample A, the major selenium containing species was
selenomethionine, sample B was inorganic selenate and sample C was also
inorganic selenate. For sample C, the speciation was inconsistent with the
suppliers specification which stated that the sample was selenomethionine. The
speciation of sample D was not undertaken because of difficulties with a2 matrix
effect that caused a shift in the migration time of spiked standards. It was
apparent that the standards were interacting to varying degrees with the sample

matrix and their mobilities were thus being affected.
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CHAPTER NINE
The Speciation of Selenium in Yeast By HPLC-ICP-MS

9.0 INTRODUCTION

The direct coupling of high performance liquid chromatography (HPLC) with
ICP-MS is an established approach to elemental speciation. The technique,
with particular reference to ion exchange and ion pair mechanisms, has been
used in a number of studies for the speciation of selenium in selenium enriched
yeast."® In this Chapter, an anion exchange HPLC-ICP-MS method will be
used for the speciation of selenium in selenium enriched yeasts. The four
samples analysed by CE-ICP-MS in Chapter 8§ were analysed by the HPLC

method and the results from the two techniques compared.

9.1 EXPERIMENTAL

9.1.1 Reagents

Selenium standards and samples, as detailed in Chapter 8, were used.
Standards were prepared by dissolution in the mobile phase. The mobile phase
was SmM salicylate (pH 8.5) prepared in the following manner; 0.3453 g
salicylic acid (Sigma) was dissolved in 5.0 ml methanol and 0.4003 g of
sodium salicylate (Sigma) and 950 ml Milli-Q water were added. The pH was
adjusted to 8.5 by drop-wise addition of 5 % Tris and the volume was then
made up to 1000 ml using Milli-Q water. The mobile phase was vacuum

degassed prior to use.
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9.1.2 Instrumentation

ICP-MS. The PQ1 ICP-MS fitted with a cross-flow nebuliser and Scott-type
double pass spray chamber was employed. The instrument was operated using
the conditions detailed in Chapter 8, with the exception of the nebuliser gas

flow rate which was 0.8 1 min™,

HPLC. The HPLC system was a Dionex DX500 (Dionex, Camberley, UK)
comprising of a GP40 gradient pump and ASM autosampler. A 120 mm x 4.6
mm id Polysphere IC An-2 anion exchange column (Merck) preceded by a
guard column (25 x 4.6 mm) of the same packing was used. The Rheodyne
9010 six-port injection valve (Rheodyne, CA, USA) was fitted with a 50 pl
PEEK sample loop. Isocratic separation was achieved using a 5 mM salicylate
mobile phase (pH 8.5) delivered at a flow rate of 0.75 ml min. The column
outlet of the HPL.C was connected directly to the nebuliser via a Teflon tube

(0.5 mm id).

9.2 RESULTS AND DISCUSSION

9.2.1 Separation of Selenium Species

Anion exchange separation of selenomethionine, selenocystine, sodium selenite
and sodium selenate was carried out using a method adapted from Crews et al.’
Anion exchange was the selected mode of chromatography because it utilises

the pH dependent anionic character of the four species and allows the use of an

aqueous mobile phase (organic mobile phases employed in reverse phase

HPLC can cause instability in the plasma). The separation mechanism in anion
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exchange is governed by the ionisation of species. Separation occurs as a result
of the interaction of anions with quaternary ammomum sites bound to the

polymenic stationary phase.

The HPLC-ICP-MS chromatogram for the separation of the four selenium
species (at selenium concentrations of approximately 18 ug mI™") can be seen in
F1g. 9.1. The retention order of the species was determined by injections of the
individual standards and can be explained by considering the pKa’s of the
species. At pH 8.5, selenate is in the form of SeO,* and thus has the strongest
1onic interaction with the quaternary ammonium ions and elutes last. Selenite
exists as SeOs3” and therefore elutes later than the two organmic species, SeCys
and SeMet, which exist in equilibnium between the zwitterionic and amonic
forms. SeMet elutes before SeCys because its anionic form possesses one
negative charge localised to the carboxylate group [CH3S¢CH,CH(NH2)COO']
whilst the amionic form of SeCys has two negative charges
[[OOC(NH,)CHCH,>SeSeCH,CH(NH,)COO']. The retention factors (k) of the
two organic species indicated weak interactions with the stationary phase
(Table 9.1). The void volume of the column was measured by passing a
solution of LiCI (10 ng ml™) through the column at different flow rates. The

void volume was found to be 1.50 + 0.02 ml (Table 9.2).

Column recovenes were determined by post-column mnjections of the mixed
selenium standard, Recoveries between 78 and 92 % were obtained (Table

9.1).
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Figure 9.1. %2Se HPLC-ICP-MS chromatogram of selenium standards (each

at ~18 ug mI' Se). 1-SeMet(t,=162s),2- SeCys (1, = 217 s), 3 - selenite (1,

=373 s), 4 - selenate (t, = 606). Chromatographic conditions; 120 mm x 4.6
mm id Polysphere IC An-2 anion exchange column, 5 mM salicylate mobile

phase (pH 8.5), 0.75 ml min™ flow rate, 504 injection.
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SeMet SeCys Selenite Selenate

Retention time/s 162 217 373 606
Retention factor 0.35 0.81 2.11 4.05
Efficiency/theoretical plates 363 417 1140 1486
Column recovery/% 88 78 92 92

Table 9.1. Retention time, refention factor, efficiency and column recovery

Jor the four selenium standards.

Flow rate/ml min™ t./s Void volume/mi

1.0 91 1.52
0.75 120 1.50
0.5 179 1.49

Table 9.2. Void volume of the column calculated at three different flow rates.

9.2.1.1 PRECISION

The precision of the system was assessed by measurement of the retention time,

peak height and peak area repeatability. For 10 consecutive injections of the
mixed selenium standard (18 pg ml™ Se for each species) RSD’s were less than

8 % (Table 9.3).
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SeMet SeCys Selenite Selenate

Retention time 04 0.9 04 0.9
Peak height 4.5 6.6 53 5.2
Peak area 4.8 8.0 34 34

Table 9.3. Precision data for the HPLC-ICP-MS system (% RSD).

9.2.2 Speciation Analysis

For the speciation, samples were prepared by enzyme extraction as detailed in
Chapter 8. Since the level of enzyme and the extraction temperature had no
apparent affect upon the extraction efficiency, at least at those conditions
investigated, 12.5 mg protease and room temperature were employed.

Supematants were analysed following dilution (1 + 1) with the mobile phase.

SAMPLE A

For sample A, two unresolved selenium peaks with retention times of 126 s and
145 s wer; observed in the chromatogram (Fig. 9.2). The retention times of the
two peaks did not equate with the retention times of any of the four standards
analysed. The sample was spiked with SeCys, SeMet, selenite and selenate
(each at ~ 18 pg ml™ Se) and the chromatogram of the spiked sample can be
seen in Figure 9.3. Whilst selenate was observed in the chromatogram at a
retention time of 600 s, the three other spiked standards were not apparent at

the retention times expected. In addition to the selenate peak, one split peak at

143 s and one broad peak eluting between 200 and 400 s were observed.
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Figure 9.2 *’Se HPLC-ICP-MS chromatogram of sample A.

Chromatographic conditions as Fig. 9.1,
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Figure 9.3. “Se HPLC-ICP-MS chromatogram of sample A spiked with
SeMet, SeCys, selenite and selenate (each at ~18 pg mi Se).

Chromatographic conditions as Fig. 9.1.
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To identify if the sample matrix was affecting the elution of the spiked
standards, sample A was diluted (1 + 3) in mobile phase and then spiked with
the four standards. In the resulting chromatogram (Fig. 9.4 chromatogram A)
the selenate peak (t, = 598 s) was observed in addition to two new peaks at
retention times of 154 s and 350 s. Further dilutions of the sample were carried
out and the diluted samples were spiked with the four standards. The effect of
diluting the sample matrix can be seen in the chromatograms in Fig. 9.4. At the
dilution (1 + 3), peaks at retention times of 154 s and 350 s, plus the selenate
peak were observed. As the dilution factor of the sample matrix was increased,
a new peak at 212 s (presumably SeCys) became more apparent, the intensity
of the selenate peak and the peak at 350 s (presumably selenite) remained
unchanged, and the peak at 154 s (SeMet) reduced in intensity. At the highest
dilution (1 + 15), the four spiked standards were clearly visible although

resolution of SeMet and SeCys was poor.

A possible explanation for these observations may be that the sample matrix
was preferentially binding to the active sites on the column, thus in the more
concentrated sample the standards had little interaction with the column and
were not resolved. Because selenate had such a high affinity for the quaternary
ammonium ions its elution was not affected by the sample matrix. In anion
exchange a competitive affinity for the active sites occurs and therefore as the
sample matrix was diluted the interaction of the standards with the column
increased. It may be the case that the sample had a high salt concentration

which preferentially bound to the active sites.
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Figure 9.4. **Se HPLC-ICP-MS chromatograms of diluted sample A spiked
with SeMet, SeCys, selenite and selenate (each at ~18 yg ml’ Se). A-(1+3)
dilution, B - (1 + 5) dilution, C - (1 + 7) dilution, D - (1 + 9) dilution, E - (1 +

13) dilution, F - (1 + 15) dilution. Chromatographic conditions as Fig. 9.1.
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In order to identify the selenium species present in sample A, without the
interfering effect of the matrix, the sample was diluted (1 + 15). Two selenium
peaks with retention times of 136 s and 156 s were observed. In comparison
with the undiluted sample, the retention times of the two peaks had shifted
slightly. Comparison with the retention times of the spiked sample would
indicate that the peak at 156 s was SeMet, however the identity of the other

peak was unknown.

SAMPLE B

Sample B was analysed initially in its undiluted form and one selenium peak
with a retention time of 600 s was observed (Fig. 9.5). However, spiking of the
sample with the four standards highlighted the same matrix effect observed for
sample A, Therefore, sample B was diluted (1 + 15) and re-analysed. The
diluted sample was then spiked with the four standards and the major selenium
species in the sample, according to the retention time, was selenate. This was

in agreement with the speciation carried out using CE-ICP-MS.

SAMPLE C

Analysis of sample C showed one selenium peak with a retention time of 609 s
(Fig. 9.6). Spiking of the sample indicated the chemical form of selenium in
the sample to be selenate. Again, this was consistent with the speciation
information obtained using CE-ICP-MS. It is interesting to note that sample C

was analysed directly without the need for further dilution and no matrix effect
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Figure 9.5. *2Se HPLC-ICP-MS chromatogram of sample B.

Chromatographic conditions as Fig. 9.1,
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Figure 9.6. *’Se HPLC-ICP-MS chromatogram of sample C.

Chromatographic conditions as Fig. 9.1,
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was observed. Since sample C was a non-yeast based supplement it would

further confirm that the matrix effect was due to the yeast itself,

SAMPLE D

The matrix effect was also apparent in the analysis of sample D, therefore the
sample was analysed at a dilution of (1 + 15). The chromatogram for sample D
(Fig. 9.7) showed one selenium peak at a retention time of 156 s and one
smaller peak with a retention time of 273 s. Spiking experiments indicated that
the major selenium containing species in the sample was SeMet, with the
identity of the peak at 273 s unknown. The behaviour of sample D in the
chromatographic system was no different to that of samples A and B and
therefore an insight into why sample D could not be analysed by CE was not

obtained.

9.3 SUMMARY

SeMet, SeCys, selenite and selenate were separated on the basis of their pH
dependent anionic character using anion exchange HPLC. The efficiency of
the separation was poor due to significant band broadening and baseline
resolution of SeMet and SeCys was not achieved. The chromatographic
conditions were not fully optimised and therefore the efficiency and resolution
could have been improved. The speciation of samples A, B and D proved to be
problematic due to an apparent matrix effect. Analysis of the samples, diluted
(1 +1) in mobile phase, was not possible because the sample matrix

preferentially bound to the active sites on the column and thus prevented
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retention of the analytes. By diluting the sample matrix retention of spiked
standards could be achieved. The matrix effect was not apparent in the analysis
of sample C, a non-yeast based selenium supplement. This further indicated
that the matrix effect was indeed due to the yeast itself. Speciation was
undertaken on samples diluted (1 + 15) in the mobile phase. SeMet and one
unidentified selenium species were present in sample A, inorganic selenate was
the chemical form of selenium in samples B and C, and for sample D SeMet

was the major selenium containing species.
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CHAPTER TEN

Conclusions

This project set out to design a robust and efficient interface for CE-ICP-MS
and to investigate the application of the technique to elemental speciation
studies. Much of the work in this Thesis has focused on the development and
optimisation of the interface. The significant emphasis placed on the interface
design reflects the recognition that the analytical characteristics of the
hyphenated technique (i.e. sample dispersion, electrophoretic resolution,
detection limits and analytical precision) are all directly influenced by the

interface design.

The correct choice of nebuliser and spray chamber was fundamental in
designing the interface. It was apparent from the initial investigation with the
Meinhard nebuliser that, for effective compatibility with the low solution flow
rates employed in CE, a low flow nebuliser was necessary. In terms of the
spray chamber, a low volume rapid washout spray chamber was required in
order to enhance the aerosol transport efficiency and minimise sample
dispersion. During the development of the cyclonic spray chamber, liquid
phase dispersion was identified as the fundamental process influencing the
sample response and washout times. Aerosol phase dispersion was minimal
compared to that in the liquid phase. For the cyclonic spray chamber, the

combination of the smaller internal volume and centrifugal transport

169




Chapter Ten Conclusions

mechanisms allowed a more rapid sample throughput than that obtained using a

Scott-type spray chamber.

The combination of a microconcentric nebuliser and cyclonic spray chamber
provided a simple interface which was as easy to assemble as any conventional
nebuliser/spray chamber configuration. The interface, with the use of an
optimised make-up flow or the application of a negative pressure, provided
efficient sample transport without degradation of electrophoretic resolution.
However, it was found that the MCN was prone to blocking which severely
limited its effectiveness as an analytically robust interface. By replacing the
MCN with the MicroMist nebuliser, the precision of the system was
significantly improved. The advantage of using an electroosmotic flow marker
to correct for drifts in migration time was demonstrated, with a migration time
repeatability of 0.5 % RSD. The MicroMist nebuliser did, however, provide a
lower sensitivity than that of the MCN which may be attributed to a difference
in the droplet size distribution of the primary aerosols. Despite the lower
sensitivity obtained with the MicroMist, it was preferred to the MCN interface
entirely on the basis of its reproducible suction. A sensitive system has little
value if analyses cannot be repeated due to poor precision. In addition, a great
deal of time was spent unblocking the MCN which was clearly not ideal for a

system intended for routine use.

Selenoamino acids and inorganic selenium species were separated by CE under

strong electroomotic flow conditions. The electrophoretic mobilities of the
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four selenium species were sufficiently different and the nebuliser suction was
sufficiently low to allow an efficient separation without the need to apply a
negative pressure. Speciation analysis of the four yeast samples showed that
the predominant selenium species varied between samples. Since the
nutritional properties of selenium are highly species dependent, the yeast
samples will therefore offer differing nutritional benefits. For sample D, an
apparent matrix effect hindered the speciation analysis. The origin of the
matrix effect was not fully identified, alternative extraction procedures need to
be investigated to determine if the matrix effect was an inherent property of the

sample or due to a species formed during the extraction process.

Analysis of the yeast samples by anion exchange HPLC-ICP-MS gave an
interesting comparison of the two separation techniques. The efficiency and
resolution of the HPLC separation was significantly poorer than that for the
electrophoretic separation. Efficiencies for selenate were 1486 and 20000
theoretical plates for the HPLC and CE methods, respectively. Although
detection limits were not determined for the HPLC method, a comparison of
the relative peak intensities for the four selenium standards would indicate that
the HPLC method offered a considerable advantage in terms of sensitivity. For
samples B and C, the results from the two speciation methods agreed and there
was no evidence to suggest speciation changes during the chromatographic
process. For sample A, however, the two methods confirmed the major
selenium species to be selenomethionine but a second peak present in the

HPLC chromatogram was not observed by CE. A matrix effect was also
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observed using the LC method and clearly demonstrated the difficulties

associated with the analysis of real samples.

CE-ICP-MS clearly offers a great deal of potential for elemental speciation
analysis and may find a variety of applications in the biclogical and
environmental sciences (see Appendix II, CE-ICP-MS study of metal-humic
acid complexes). As a result of the small samples volumes employed in CE,
detection limits will always be compromised with respect to other speciation
techniques, such as HPL.C-ICP-MS. Thus, CE-ICP-MS would benefit in the
future from the development of an interface providing 100 % analyte transport
efficiency, for example an electrospray interface. In addition, the use of a
multi-capillary in place of the single bore separation capillary may also further

enhance the capabilities of the technique.
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APPENDIX I

Calibration Curves
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Figure L1. Calibration of Cd and '"'Cd as a function of MT I

concentration (MCN interface).

80000
y=T79698x~53455

R?= 09998

70000 ¢

+ 66Zn
u 64Zn

y=4544x-2733 5
R%=109998

Peak areafarbitary units
3 w B [42] [27]
(o] L] [ (=]

(=] o (= (=]
[=] [=} [=] [=] (=]
(=] o < [=] o

10000 1

0 200 400 600 800 1000
MT I concentration/ig m1”

Figure 1.2. Calibration of ®*Zn and *Zn as a function of MT I concentration.
No data points were included for the concentration 62.5 ug ml” since it was

below the detection limits (MCN interface).
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Calibration Curves
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APPENDIX II

CE-ICP-MS Study of Metal-Humic Acid Complexes

IL.0 INTRODUCTION

Humic acids (HAs) are organic macromolecules exhibiting a wide variety of
molecular mass distributions, substructures and functional groups.! They are
found in all natural waters and soils and are composed mainly of the
degradation products of living matter. Due to their polyfunctionality and high
complexation capacity, humic acids are important in the environment since
they have a direct influence on the bioavailability and transport of metals.
Humic acids and metal-humic complexes have been separated and
characterised using chromatographic** and electrophoretic techniques.*®
Because of the element specific detection and ability to separate cations, anions
and neutral species, CE-ICP-MS appears an ideal technique for the

characterisation of metal-humic complexes.

To demonstrate the potential of CE-ICP-MS, a2 number of Eu species were

separated and detected.

II.1 EXPERIMENTAL

10 mM NH,NO,, 5 mM (NH,),CO;, 1 mM 1, 6 Diaminohexane-N,N,N’,N’
tetra acetic acid (HDTA) and Eu(NO,); were all prepared from standards
(Sigma). The humic acid was a 500 pg ml” purified standard (Aldrich).

Co(gly), was used as an electroomotic flow marker.
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The CE-ICP-MS system comprised of the MicroMist nebuliser interface, Prince
Crystal CE system and VG PQI ICP-MS. Eu species were separated in a 70
cm, 50 pm id fused silica capillary, using a 10 mM NH,NO, buffer (pH 8 0)
and an applied voltage of 30 kV. All samples were prepared in 10mM NH,NO,

and mixed species were prepared by 1 + 1 dilution of the individual solutions.

I1.2 RESULTS

Eight different Eu solutions were analysed (Table IL.1) and the resulting

electropherograms can be seen in Fig I.1a - h.

1 - Eu, 2 - EWHA, 2 - EWHDTA, 4 - Eu/CO,,
5 - EWHA/HDTA, 6 - EWHA/CO,,

7 - EwHDTA/CO,;, 8 - EWwHDTA/HA/CO,

Table I1.1. Eu samples analysed by CE-ICP-MS.

By monitoring the Eu isotopes, the distribution of Eu in the presence of the
different ligands could be seen. Free Eu and Eu carbonate were observed with
migration times very close to that of the EOF which would indicate that at pH
8.0 Eu was more likely to be present as Eu* than Eu**. In the presence of humic
acid, a broad Eu peak at 323 s was observed (Fig. IL.1 b), and in the presence of
HDTA a peak at 248 s was detected (Fig. IL.1 ¢). In the presence of both humic
acid and HDTA, the majority of the Eu was bound to the humic acid (Fig. I1.1

¢) A small shoulder on the humic acid peak was probably due to the EuHDTA

179




Appendix II CE-ICP-MS Study of Metal-Humic Acid Complexes

complex. When carbonate was added to a Euw/HA solution, a Ew/CO, peak was

not observed thus indicating that the Eu remained bound to the humic acid (Fig.

I1.1 f). However, when carbonate was added to the EW/HDTA solution the Eu
was distributed between both the carbonate and HDTA (Fig. IL.1 g). It would
appear that carbonate suppressed, to some extent, the formation of the
EuHDTA complex. In the presence of humic acid, HDTA and carbonate, three
peaks corresponding to the Ev/CO,, EwfHA and Ew/HDTA complexes were

observed.

IL.3 SUMMARY

Although very brief, this investigation has given an insight into the distribution
of Eu in the presence of various competing ligands and has clearly
demonstrated that CE-ICP-MS can be used to investigate the distribution of

metals in the environment.
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FigureIL1 a - d. '"Eu electropherograms. a - Eu, b - Ew/HA, c - Ew/HDTA,
d - Eu/CO, Conditions: 30 kV; 10 mM NH ,NO, buffer (pH 8.0); fused-silica
capillary, 50 yan id, 70 cm length; sample injection, 80 mbar for 12 s (19 nl);

10 pd min” make-up flow rate; EOF ~174 s.
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An nterface for capllary electrophoresis (CE) and mductively coupled plasma mass spectrometry (ICP-MS) 1s
reported. The mterface was constructed using a commercial microconcentric nebuliser and home-bwilt cyclonic
spray chamber, Isoforms of the heavy metal binding protemn, metallothionem, were separated and the bound metals
detected to characterise the interface, Nebuliser suction was identified as the pnincipal factor controlling separation
resolution 1 the CE-ICP-MS system Two methods for counterbalancing the nebuliser suction were mvestigated: in
the first method an optimised make-up flow was employed, and n the second a negative pressure was appled to the
wnlet vial. Negative pressure was the preferred method for counterbalancing the nebuliser suction because sensitivity
was not compromused. Separation resolution, under negative pressure conditions, was improved compared with that
achieved using on-capillary UV detection Absolute metal detection lmuts for #4Cd, 11!1Cd, %6Zn and **Zn were

2.09, 3 42, 8 93 and 9 12 g, respectively.

Introduction

The essentiality of trace elements m plant, animal and human
nutrition has long been known, Yet 1t 15 only m the last decade
that research has hipghhighted the mportance of elemental
speciation. Elemental speciation can be termed as the separa-
tion and quantification of the different oxidation states and/or
chemical forms of a particular element. Its importance derives
from the fact that the toxicity and nutntional benefit of many
trace elements 1s dependent upon oxidation state and chemical
form, Elemental speciation also has an mmportant role 1 the
environment where the absorption, transport and removal of
pollutants 1s highly species-dependent.

One of the most popular approaches to elemental speciation
analysis has been the coupling of chromatographic separation
techmques with the element-specific detection of inductively
coupled plasma mass spectrometry (ICP-MS) and indue-
tively coupled plasma atomic ermssion spectrometry (ICP-
AES) Several reviews on the use of chromatography hyphen-
ated with ICP-MS'* and ICP-AES*? for speciation studies
have been publshed. Without doubt, the most versatile
hyphenated techmique for elemental speciation analysis 1s
HPLC-ICP-MS which has been widely used for the determi-
nation of trace elements m hiological flwds®'2 and for the
speciation of metals 1n environmental media.*-18

Recentty, capillary electrophoresis (CE) coupled to ICP-MS
has received attention as a potential elemental speciation
techmque. CE 1s a powerful and versatile separation techmique
that has been applied to the determination of a wide vanety
of analytes, from small inorganic 10ns'®>?* to proteins 2*-%°
Often utdised as a technique complementary to HPLC, CE 15
supenior m terms of separation efficiency (particularly for high
molecular mass species), sample volume requred (typically
1-30nl), analysis time, reagent consumption and analyte
apphcability. CE also shows umque promuse for speciation
purposes by exerting mimmal disturbance on the existng
equilibrium between different analytes. In HPLC, interactions

between the analytes and stationary phase may destroy or
shaift the equlibrium, resulting in maccurate quantitative
speciation information.

Olesik and co-workers®® published the first research on
CE-ICP-MS m 1995 It was evident from thus first publication
that the key to the analytical success of CE-ICP-MS was m
the design of the mnterface. Subsequent research published on
CE-ICP-MS has therefore focused on interface design
Interfaces based on glass concentnc,®** glass fnt,** high
efficiency,®® direct mjection®® (DIN), ultrasonic®” and mucro-
concentric®® (MCN) nebulisers have been developed with
varymg degrees of success.

This paper describes a CE-ICP-MS interface based on a
commercial MCN and home-built cyclonic spray chamber.
The principal goal of this work was to design an interface that
not only facihtates efficient sample transport without loss of
electrophoretic resolution, but also 13 robust, simple, easily
assembled and relatively mexpensive. The design of the
interface and 1its performance charactenstics, 1n terms of
separation resolution, precision and limits of detection, will
be discussed The heavy metal binding protem, metallothion-
emn, was used to charactense the interface. Metallothionein 1s
a low molecular mass sulfhydryl-rich protemn which has a hsgh
affimty for essential (Zn, Cu) and toxic (Cd) trace metals. The
suggested role of metallotmonem 1n heavy metal metabolism
and detoxification has led to numerous mvestigations nto 1ts
unique chemucal and physical properties 3542

Experimental
Reagents and materials

Metallothioneins contammng 1soforms I and 11 (M7641, rabbit
liver) and single 1soform 1 {M5267, rabbit Liver) were purchased
from Sigma (Poole, UK ). Metallothionemn samples were pre-
pared by dilution of the appropnate mass of standard with
ultrapure (18.2 M) Milli-Q water (Millipore, Bedford, MA,
USA). The electrophoresis buffer was 20 mM Tnis (Merck,
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Poole, UK.) adjusted to pH 7.8 with Anistar hydrochloric acid
[HCI (FSA Laboratory Supphes, Loughborough, UK)]. A
10 mM ammomum mtrate [NHNO; (Merck)] solution was
used as the make-up flow. The electro-osmotic flow marker
was 1% mesityl oxide (Sigma) prepared by 1% (¥/v) diution
1n 50% methanol (Rathburn Chemcals, Walkerburn, UK),

Indmadual stock standard solutions of Cd, Zn, In and Ce
at 1000 pgml™" were obtamed from Merck. For the total
metal determanation 1n metallothionem I (MT I), solutions
contaimung Cd and Zn at 1000, 500, 250, 125 and 25 ngmi~!
were prepared by didution of the 1000 pg mi~* stock standard
solutions 1n Milh-Q water The ICP-MS instrument was tuned
and optimused using a multi-element solution contaimng Be,
Mg, Co, N1, In, Ce, Pb, Brand U 2t 25 ngmi™! per metal,
prepared by dilution of a stock standard solution [ICP-MS
100 solution (SPEX Industnies, Edison, NJ, USA)} m 1%
Anstar mtnic acid [HNO; (Merck)].

Fused-silica capillartes (SO0pm 1, 375pm od) were
purchased from Compostie Metal Services (Worcester, UK ).
Capillanes were pre-conditioned using 0 5 M NaOH (Merck)
prior to therr first use.

Instrumentation

CE system. Separations were performed using a Prnce
Technologies Crystal 310 CE system (Prince Technologies,
Sunderland, UK) The Crystal 310 CE system has a double
piston arrangement that allows both positive and negative
pressures to be appled to the mlet vial. A 4225 varable
UV/VIS detector (Thermo Separaton Products, Hemel
Hempstead, UK) was used for on-capillary UV detection. A
fused-silica capillary (total length 77 cm, 60 cm to window)
was used and an absorbing wavelength of 200 nm was mon1-
tored. The separation voltage (that yielding the best resolution
of the metallothionein isoforms) was optimised at 25kV
Samples were injected hydrostatically (80 mbar for 65) and
the capillary was rinsed with buffer for 2 min between each
run. Electropherograms were recorded using a Dell OptiPlex
Gs computer and ProGC software (Thermo Umicam,
Cambndge, UK). - .

ICP-MS. A VG PlasmaQuad (PQ II Turbo Plus) inductively
coupled plasma mass spectrometer (VG Elemental, Winsford,
UK} was used throughout this work. Data acquisition and
interpretation was performed using Time Resolved Analysis
(TRA) and Masslynx software (VG Elemental). The ICP-MS
operating conditions are summansed n Table 1.

CE-ICP-MS  interface. The CE-ICP-MS mterface
incorporated a commercial MCN M2S (CETAC Technologes,
Cheshire, UK), a 1/16 n PTFE T-piece (Ommifit, Cambndge,
UK) and a small cyclonmic spray chamber (fabricated locally).
A schematic diagram of the interface 1s presented in Fig. 1.

The separation capillary was passed through a hole 1n the
side of the Crystal CE system and was mserted through the
T-piece and 1nto a Pt-Ir tube [0.65 mm 1d (Johnson Matthey,
Reading, UK)]. The Pt-Ir tube and capillary were then
connected directly mto the back of the MCN using a standard

Table 1 ICP-MS operatmng conditions

Rf power 1350 W

Reflected power ow

Coolant gas flow 1351 mm™~!
Auxiliary gas flow 145 mm=!
Nebuliser gas flow . 0901 mmn~*
Sampler cone N1, 1 0 mm onfice
Skimmer cone Ni, 0 7 mm onfice

Measurement mode
Isotopes monitored

Peak jump (dwell time 10 24 ms
lltcd, .lllcd, Sﬁzn, Mzn -
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Fig.1 Schematic diagram of the CE-ICP-MS mterface.

nut and ferrule, The capillary was sheathed, up to the pomnt
of entering the T-piece, using Teflon tubing (0.03 11 1d, 0.063 1n
od). The capillary sheath was necessary m order to maintain
a constant temperature, and current, within the capilary and
therefore provide reproducible results Grounding of the capil-
lary was achieved by the use of 2 coaxial sheath of electrolyte
solution which was pumped through the vertical arm of the
T-prece using a Guson Mimipuls 3 penstaltic pump (Guson
Medical Electrome, Villiers-Le-Bel, France). Undesirable puls-
g of the penstaltic pump at low flow rates was mumimised
by using microbore pump tubing (0.19 mm bore) and hgher
pump rotation rates. A rucrobore HPLC pump (Dionex GP40
Microbore Gradient Pump, Dionex, Camberley, UK) and
self-aspiration were mvestigated as possible alternatives to the
penstaliic pump The HPLC pump was deemed unsutable
because of uregular pulsing at low flow rates and self-aspir-
ation was found to give a more stable baselme but was
practically difficult to adopt. To complete the electrical circuit
the Pt-Ir tube was connected to the ground electrode of the
CE system via a crocodile-type clip. The nebuliser was inserted
wto a small cyclonic spray chamber which was connected to
the ICP torch vig a flexible Teflon tube.

The cyclome spray chamber was designed specifically for
use i the CE-ICP-MS nterface. It was fabricated from glass
and had a general spherical shape with a drain at the base
and a horizontal mounting for the MCN on the side The
mternal volume was 21.0 ml. A schematic diagram and photo-
graph of the spray chamber are shown 1n Fig 2a and b,
respectively. Sample aerosol from the nebulser was directed
horzontally and mtersected the chamber wall tangentally
This arrangement resulted m the sample aerosol expenencing
a centrifugal force which served to remove larger droplets, A
dimple of 2.5 cm diameter was mpressed mnto one side of the
spray chamber and had the effect of disrupting the circulating
flow of aerosol, thereby generating turbulence and forcing
larger droplets to collide with the dimple and with the outer
wall of the chamber. The design of the dumple was based upon
those mcorporated i small vertical rotary spray chambers
described by Wu and Hieftje*® and Wu et al* A flow spoiler
was also impressed 1nto the body of the spray chamber and
was designed to stall the circulating flow of aerosol, thus
preventing recirculation. Recirculation can lead to sample
disperston, increased sample washout times and band broaden-
mg,** and is therefore undesirabie m a spray chamber mtended
for CE-ICP-MS. i

.
-

Results and discussion
Cyclonic spray chamber

The analytical performance of the cyclonic spray chamber was
assessed by measurement of sample response and washout
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Fig.2 a, Diagram of the cyclonic spray chamber tllustrating front
and side views All units incm. b, Photograph of the cyclonic
spray chamber

times These criteria are critical in CE-ICP-MS since they have
a direct mfluence on band broadening. A test solution, contam-
mg In and Ce at 25 ng ml~*, was introduced directly mto the
nebuliser using 2 peristaltic pump and the **In signal was
monrtored using TRA. The response tine was defined as the
time taken for the signal to equilibrate at 1ts maximum value,
Sample washout tmmes were measured by replacing the test
solution with a 1% HNO, blank and momtoring the signal
decay. Washout time was defined here as the period required
for a signal to fall to 1% of its imitial value % For comparative
purposes the measurements were repeated usng an MCN/
Scott-type double pass spray chamber and cross-low/Scott-
type spray chamber combmation. In addition, a cyclonic spray
chamber identical 1n design with that described but with a
smaller internal volume (6 S5ml) was assessed. The aMCN
was operated at 100 i mn™! which was close to its natural
aspration rate and the cross-flow nebuliser was run at
0.7 mi min~!, the standard flow rate of routine analysis. For
the MCN, a reduction m the solution flow rate, at least to
10 i min~?, did not sigmficantly affect sample response and
washout times,

The data compiled 1n Table 2 demonstrate that the cyclome
spray chamber 13 superior to the conventional Scott-type
chamber with respect to sample response and washout times,
Both the 21.0 and 6.5 ml cyclonic spray chambers have sample
response and washout times of 6§ and 8s, respectvely. In
contrast, the response and washout times for the Scott-type

chamber were 15 and 28 s, respectively. Thus, the cyclome
chamber offers a sample throughput that 1s 3.5 times faster
than that provided by the conventional Scott-type chamber,

Separation resolution and precision

CE 1s capable of achieving a ligh separation resolution and 1t
1s therefore crucral that this resolution 18 not degraded when
the sample components are transported through the interface
to the plasma, To assess whether the mterface adversely
affected separation resolution, rabbit liver metallothionen was
separated and detected on-capillary using a UV detector. This
separation was then repeated using CE-ICP-MS and the
corresponding  separation resolutions were compared.
Separation resolution (Rs) was calculated using the following

equation:*’
1 At
=f gz 2%
Rs 4(~: ])

where N 1s the efficiency, At is the difference 1» migration time
of MT I and MT II (s) and 7 15 the mean mugration time (s).

The UV detected electropherogram of rabbit liver
metallothionem 15 illustrated mn Fig. 3. The two predominant
peaks were identified as the two major 1soforms of metallo-
thionein, MT I and MT II The 1soforms were well resolved
with Rs=2.45 The identity of the four smaller peaks observed
n the electropherogram 15 not known. It 1s probable, however,
that these peaks are other 1soforms of metallothionem. It has
been reported that rabbit iver metallothionem may consist of
up to six individual isoforms, although only MT I and MT IT
have been identified.’**

For CE-ICP-MS, 1t was necessary to optimise the make-up
flow rate mn order to mimmise the nebuliser suction and allow
a good resolution of the two isoforms. Suction from self-
aspirating concentric nebulbisers has a detnmental effect upon
separation resolutton by mducing laminar flow within the
separation capillary. Kinzer et al*® reported that this sucthion
can be offset by pumping make-up solution, at a sufficient
flow rate, to the nebubser,

Rabbit liver metallothionem separations were performed
using make-up flow rates between 10 and 100 Wlmmn~! A
flow rate of 80 pl mun~! was found to prowvide the optimum
resolution of the two 1soforms (Fig. 4) The separation reso-
lution of MT I and MT I for *Cd was 2.52. This was
margmally superior to that obtained by UV detection. At
make-up flow rates below the optimum, separation resolution
detertorated as a result of mncreased suction from the MCN.
This 1s ilustrated mm Fig. 5, which shows the CE-ICP-MS
electropherogram obtammed using a make-up flow rate of
10 pl min =, At 10 pl mun ™%, inadequate compensation for the
nebuliser suction was achieved and consequently the sample
components were drawn through the capillary, resulting in a
complete loss of resolution of the two 1soforms,

To prevent arr bubbles and excess of sample being loaded
wmto the capillary, as a result of the nebuliser suction, the
make-up flow rate was increased (to the natural aspiration
rate of the MCN) after the buffer nnse and was resumed to
the expenmental rate immedrately upon application of the
voltage In previous interfaces,3** the nebuliser gas flow has
been turned off during sample mjection to prevent such
problems, However, we have found that this method reduced
the overall precision of the system because of the ume taken
n resuming the gas flow to ats ongnal value. The nebuliser
gas flow rate must be increased slowly to prevent possible
extinction of the plasma; consequently, the probability of
associated wrreproducibilities was enhanced. -

Negative pressure. Under optmum conditons, the
CE-ICP-MS nterface did not adversely affect the separation
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Table 2 Companison of the analytical performance of various nebuhiser/spray chamber combmations (all values are the mean of three replicates)
Test solution delivered at 100 pl min ™! to MCN and 0 7 mlmin~! to cross-flow nebuhser

Nebuliser/ Response Washout 1151 response/ CeO*/ Cet/f
spray chamber time/s time/s counts s~? Ce* () Ce™ ()
Cross-flow/Scott 13 25 24x10° 09 08
MCN/Scott 15 28 16x10° 0.7 06
MCN/cyclome (21 0 ml) 6 8 18x10° 07 06
MCN/cyclonic (6 5 mi) 6 8 13x10° 06 06
180 MTI MTI1 10
150 Mesityl
oxide 0000
1
8120
8
% 090 "
a _,_;,' 75000 o
<L 080 2 Cd
&
030 & 500001
0

110 220 330 440 §50
Migration time/s

Fig.3 UV detected electropherogram of rabbit iver metallothionein
(1000 ug mi~!) Conditons UV wavelength, 200 nm, 25 kV apphed
voltage, fused-sihica capillary, 50 pm d, 77 ¢m total length, 60cm to
window; sample injection, 80 mbar for 65 (19 nl ; 20 mM Trns HC1
buffer (pH 7 8), neutral marker, 1% mesityl oxide, marker injection,
15 mbar for 3s.

125000
100000
§. 75000 ‘ MT I
]
2
2 MTI
3
o2 50000 iy
25000
0

1 3 AR T L AR |
100 200 00 400 500
Migration ime/s

Fig.4 CE-ICP-MS clectropherogram (for '4Cd) of rabbit liver
metallothionemn (1000 pgml™!) Conditions 25kV appled voltage,
fused-silica capillary, 50 um1d, 77 ¢m length, sample injection, 80 mbar
for 6 3 (19 nt), 20 mM Tns HC buffer (pH 7 8), 80 1d mm ~! make-up
flow rate (0 01 M NH,NO;).

resolution of the two metallothionemn 1soforms. In fact, the
resolutton was margnally mproved compared with that
obtamned by UV detection. However, as a consequence of
employing a make-up flow rate of 80 ul min =%, the sample was
sigmficantly diluted and sensitivity reduced. With an mjected
sample volume of 19 nl and an analyte peak width of 7 s, the
dilution factor was 491. Clearly, this was not ideal since
separation resolution compromised sensitivity To ensure that
neither separation resolution nor sensitivity was compromused,
a method of overcomung nebuliser suction without employing
a high make-up flow rate was required In a previous concentric
nebuliser interface, Lu et al.%? applied a negative pressure to
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Fig. 5 CE-ICP-MS electropherogram of rabbit hiver metallothionen
(1000 pgmi~") Conditions as n Fig 4, except that a 10 pl mmn™!
make-up flow rate was used,

the inlet wial to counterbalance the nebuliser suction and,
under negative pressurs, an mmprovement in separahbon
resolution was reported.

The effect of applying a negative pressure to the inlet vial
during the separation of rabbit liver metallothonen can be
seen 1 the electropherogram presented m Fig 6. This separa-
tion was performed using a make-up flow rate of 10 yd mm~*
and a pressure of — 130 mbar (appled by the CE system) At
2 make-up fiow rate of 10 jd mun™!, suction from the MCN
was promunent, but the applied negative pressure was sufficient
to counterbalance this suction and the result was an excellent
separation of the two isoforms (Rs=3). The migration times

125000

MTI
100000
MTI
—Md
2, 75000
L¥)
B
a
&
o 50000
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0 20 X0 40 0 &0 W

Migration imefs

Fig. 6 CE-ICP-MS electropherogram of rabbit liver metallothionein
(1000 pgml~*) Concitrons as m Fig. 4, except that a 10 plmm™!
make-up flow rate and ~130 mbar apphed pressure were used
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and resolution values histed 1n Table 3 demonstrate the effect
of employmg a negative pressure Resolution, under negative
pressure, was umproved compared with that obtained using a
lgh make-up flow rate This mdicated that, even at an
30 1l mun ~* make-up flow rate, suction from the nebuliser was
present and had a detnmental effect upon resolution The
presence of nebuliser suction at an 80 pl min~! make-up fAow
rate was also mdicated by the shorter mugration times, The
resolution achieved using a negative pressure was also supertor
to that observed with UV detection This increase m resolution
was largely due to a change i the capillary length but may
also be related to the element-specific detection. The length of
capillary used with the CE-ICP-MS mterface was 17 cm greater
than that employed with the UV detector. Separation reso-
lution 1s directly related to capillary length (although a maxi-
mum length Limit exists above which resolution deteriorates
due to melecular diffuston). The expected increase 1n sensitivity
assoctated with reducing the make-up flow rate to 10 ul min ™!
was not achieved, with a factor of 2 improvement. This may
be an mdication that the MCN was begmmung to show
marginal performance at such low solution flow rates,

Precision. The precision of the CE-ICP-MS system was
assessed by measurement of the rmgration time, peak area and
peak height reproducibilities of MT I and MT II. Ten repetitive
separations of rabbit liver metaflothionen (1000 pg mi=*) were
performed and ¢Cd peak areas were integrated using
Masslynx. Precision values were between 8 and 15% RSD
(Table 4)

Detection limits

CE-ICP-MS detection limits for the isotopes !'4Cd, Cd,
%7Zn and %Zn were determined, under negative pressure
conditions, using rabbit hver MT I, The ICP-MS peak areas
were mtegrated using Masslynx and cahbrated as a function
of MT I concentration. Signals for the four 1sotopes were
linear (for the concentration range 1000-62 5 uyg ml~! MT I)
with correlation coefficients of 0.9996, 0.9994, (09998 and
0.9998 for %Cd, 'Cd, %Zn, and *Zn respectively, MT I
concentration detection limits were determined from 3¢ of the
blank signal. To determune the concentration detection limits
of metals bound to MT 1, 1t was necessary to quantfy the
total metal content in MT I. A 1000 ug ml~? solution of MT
I was diluted with Milh-Q water to 5pgml~! and the metal
concentration tn this sample was measured against an aqueous
standard cahibration The percentage by mass of metallotluon-
emn was 7.28, 7.20, 0 68 and 0 66% for **Cd, 111Cd, %¢Zn and
4Zn, respectively.

The CE-ICP-MS concentration detectton liruts of MT I,
the concentration detection lumuts of the metals bound to MT

Table 3 Effect of negative pressure upon separation resolution

Make-up Migration time/s
flow ratef  Applied negatiyve =~ ——————
W mun~t pressure/mbar MTI MTI Resolution
30° 0 438 468 252
10* ~130 568 619 300

(1 0 313 333 245
*ICP-MS$ detection, *UV detection
Table 4 CE-ICP-MS precision data

MT I RSD (%) MT II RSD (%)

Migration tune 3 9
Peak area 15 13
Peak height 11 12

Table § CE-ICP-MS detection limits (determied using a make-up
flow rate of 10 ul run~* and — 130 mbar applied pressure}

114Cd ulCd Sszn “Zn

MT ! concentration LOD/ 152 252 68.74 97
pg mf~? solution
Metal concentration LOD/ 011 018 047 048

ngg!
Metal absolute LOD/fg 209 342 893 912

I and the absolute metal detection lumts, based on a 19nl
injection volume, are presented in Table 5. The detection liumits
varied with the amount of specific metal bound to MT I and
with the instrumental sensitivity for each metal. The detection
Imit for 4Cd was a factor of 2 lower than that previously
reported for a concentric nebuliser interface.*? Compared with
the ultrasonic nebuliser mterface reported by Lu and Barnes, ¥’
detection hmuts for Cd were higher (by <factor of 2) but
were lower for Zn (by a factor of 4). The poorer sensitivity
for Cd, compared with that for the ultrasomc nebulser
interface, 15 compensated by the sumplicity, ease of use and
financial cost of the MCN nterface.

Conclusions

There 1s no doubt that the key to the analytical success of
CE-ICP-MS lies 1 the design of the mterface. Eflicient sample
transport without degradation of separation resolution 15 the
principal function of the mterface, but for viable routine use
the interface must also be robust and relatively simple, The
CE-ICP-MS mterface described here 1s robust, simple, eastly
assembled and relatively mexpensive. Degradauon of separa-
tion resolutton resulting from nebuliser suction 18 overcome,
without compromusing sensitvity, by appiymg a negative
pressure to the mlet vial. This study has demonstrated that
the CE-ICP-MS system 13 switable for the separation and
quantification of metals bound to metallothionen 1soforms
The challenge now must be to establish unique elemental
spectation applications for CE-ICP-MS.

The authors thank Prince Technologes for the loan of the
Crystal 310 CE system. K A.T. 1s grateful to Loughborough
University and CSL for provision of a grant.
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