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the ion-pairing reagent dihexylamine (DHAA) on the MS signal, showing a 70%
suppression of signal for 2.5 mM DHAA, with a steep drop off in signal at
concentrations even as low 0.5 mM [31]. To minimize signal suppression in ion
pairing chromatography post column addition of propionic acid was used,
restilting in a six-fold increase in signal [48].

In ion-pair chromatography MS there is often a compromise in the
concentration of ion-pairing reagent used. Lower concentration of ion-pairing
reagent favors MS detection, however higher concentrations yield better
chromatographic performance in terms of peak width, shape, and/or resolution
[27, 49-52]. Other publications report insufficient retention and separation using
volatile ion-pair reagents [36, 53]. In another study it was found that the shortest
side chain perfluorinated carboxylic acid ion pair reagents (TFA and HFBA) were
not sufficient to separate polar peptides, and thus longer chain ion-pairing agents
were required [54].

Most of the applications of ion-pairing chromatography MS/MS are
determination of amino acids and derivatives. Table | lists the few examples of
analyses on blood samples for papers that list limits of quantization in the
abstract from 2000- September 8, 2008 in the Scifinder database, searching the
terms “ion-pair AND chromatography AND mass spectrometry”. The detection
limit range for analytes determined by ion-pairing LC/MS/MS in Table I is the limit

of quantification.
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1.2 Hydrophilic interaction chromatography-MS Techniques for
Hydrophilic Compounds
1.2.4 HILIC- A modified normal phase technique

Conventional normal phase chromatography [565, 56] employs hydrophilic
stationary phase packing materials such as native silica or hydrophilic phases
such as diol, cyano, and amino bonded to silica or other support materials
principally utilizing a non-polar mobile phase. The mobile phase consists of a
combination of non-polar solvent and polar solvent fo achieve the right mobile
phase strength to achieve reasonable chromatography. Example mobile phase
combinations are hexane with isopropanol and chloroform with methanol. Polar
solvents make the mobile phase stronger.

The retention mechanism is an adsorption mechanism with interaction of
specific functional groups or multiple bonds of the analyte molecules with active
sites of the stationary phase (for example, silanol group for silica packing
materials) [57]. In general, normal phase chromatography is used for compounds
that are soluble in organic solvents. Very polar compounds, however, interact too
strongly with the stationary phase resulting in tailing peaks and poor efficiencies
[58].

Normal phase packing material can be used for chromatographic
determination of hydrophilic compounds. However, the technique is significantly
changed by using non-fraditional mobile phase components, changing it from an

adsorption chromatography technique. This technique is called Hydrophilic



Interaction Chromatography (HILIC) and has been employed in the analysis of

hydrophilic compounds, both charged and uncharged polar compounds.

1.2.2 General overview of HILIC

A general review of HILIC [59] and reviews of HILIC-mass spectrometry
[60-61] have been published. The technique employs polar stationary phase
packing materials and mobile phases consisting of very high proportion of
organic modifier in slightly aqueous mobile phase. The technique is orthogonal to
reversed-phase retention, with increasing retention going from the least fo most
hydrophilic compounds, and with water and the organic component being
stronger and weaker mobile phase component, respectively. This is opposite to
reversed-phase chromatographic retention and elution effects.

The naming of this chromatographic technique was first made by Andrew
Alpert in 1990, who employed hydrophilic columns of either a strong cation
exchange or a non-charged poly-2-hydroxyethyl aspartamide packing materials
in slightly aqueous but predominantly organic mobile phase conditions (80%
acetonitrile) resulting in hydrophilic retention of analytes [62]. Although this was
the first publication employing the term HILIC, the technigque employing
hydrophilic columns using highly organic but slightly aqueous mobile phases had
been reported previously. As early as 1975, a HPLC technigue utilizing silica
column employing 75% acetonitrile/25% water was used in the analysis of sugars
and oligosaccharides [63-64). Another 1975 paper was also published using this

technique [65]. After this, periodic works employing the unnamed HILIC



technique were reported, including analysis of: sugars and oligosaccharides [66-
71], carbohydrates [72-73], peptides [74], and dansylated amino acids [75].
Although the term HILIC is gaining general acceptance there are sill recent
publications that incorrectly refer to the chromatography of hydrophilic
compounds on normal phase packing materials as normal phase
chromatography even though HILIC mobile phases are employed [76-78].

In addition, a hydrophilic retention effect in reversed phase HPLC has
been cited in the chromatography of peptides [79-81}, proteins [79, 82-85], small
molecules [86], and basic drugs [87-90] at high organic modifier concentrations.
This hydrophilic retention effect in reversed phase chromatography at high
organic modifier concentration is attributed to polar sites being present on the

reversed phase packing material (like exposed silanol groups) [86, 91].

1.2.3 Columns and Mobile Phase Conditions in HILIC

The HILIC technique employs columns consisting of polar packing
materials. Underivatized silica is the most utilized column [59, 60], however other
columns have been used (reviewed in reference 59) including; amino [92-93],
diol [96-98], amide [94, 99-101], cyano [94, 101-102], polyhydroxyethyl
aspartamide [62, 101, 103}, cyclodextrin [101, 105-108], zwitterions[108-111],
mixed-mode cation exchange [112-113], mixed-mode anion-cation exchange
[114], in addition to some others. Several studies have been published directly
comparing the performance different types of HILIC columns [94, 101, and 108].

Results show that the best column type is analyte dependent. Other studies



compared different commercially-available columns of the same type, including a
study of different underivatized silica columns [116] and different amino columns
[116].

The usual mobile phase conditions for silica columns are as follows {60,
117-118]: 1) initial acetonitrile concentrations between 70 and 95%, 2) remainder
is polar solvent, usually water (at least 5% polar solvent required), and 3) mobile
phase having at least 10mM buffer or is 0.2% acid additive. The high acetronitrile
concentration is essential for retention on the polar stationary phase, as studies
have shown that hydrophilic analytes are not retained below 50% organic
modifier [95, 103, 117, and 119]. Mobile phases also require buffers at
concentrations of 5 — 10 mM to minimize secondary electrostatic interaction
effects for reproducible retention and minimization of band broadening, tailing
and excessive retention effects [101, 107, and 120]. The buffers need fo have
high solubility in the high organic concentration mobile phases used in HILIC.
Buffers (or salis) used are the following: ammonium acetate, ammonium formate,
bicarbonate salts, triethylamine phosphate and sodium perchlorate [108]. The
first three have the volatility characteristics that are compatible with on-line mass
spectrometry detection. Alternatively, acidic modifiers such as formic acid or
trifluoroacetic acid are used [60]. The effects of acetonitrile concentration, pH and
buffer type and concentration on HILIC performance for different column types
have been studied [101, 108, 110, 120-121]. Acetonitrile has been shown to be
better than methanol as an organic modifier, giving better retention and narrower

peaks [97]. Another paper studied the performance of different types of organic
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components [122]. Although isocratic techniques are commonly used, gradient
elution has been used to improve sensitivity, peak shape and/or resolution [103,

115, and 123}

1.2.4 Mechanism‘ of HILIC

The generally accepted separation mechanism in HILIC is different than
adsorption mechanism of conventional normal phase chromatography. Evidence
points to the principal mechanism being one of partitioning between the mobile
phase and a water-enriched layer that is absorbed to the polar stationary phase
[62, 108, 120, and 124]. This mechanism explains the mobile phase effect of
increased retention of polar analytes on the column with increased organic
modifier, as the analyte will partition into the water-enriched polar stationary
phase away from the more hydrophobic mobile phase. It also explains the need
for at least 5% water content in the mobile phase which is needed to establish an
aqueous layer on the polar stationary phase. However, an extensive counter
argument is given in a recent review article that supports an adsorptive
mechanism instead of partitioning mechanism, reinterpreting the data that
supposedly supporis the partition mechanism {59]. No matter if the mechanism is
principally partitioning or adsorptive; there is undoubtedly a mixed mode retention
mechanism. The study of four different polar stationary phases in HILIC
separation showed that electrostatic mechanism on charged stationary phase
plays a major role, and possible second interaction (H-bond, acceptor, ionic

interaction) for nucleosides and bases on silica phase [62, 108, 114]. The
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separation of complex carbohydrates on polyglycoplex column follows adsorption
mechanism [125]. Another paper showed that basic compounds on silica to be
mixed mode of ion-exchange and hydrophobic retention [121]. The relationship
between peptide charge and HILIC retention suggests that there is an ionic

interaction [126].

1.2.5 HILIC- Mass Spectrometry

Review articles on HILIC-mass spectrometry have been published [60-61].
There are several advantages fo interfacing mass spectrometry to HILIC. The
use of high concentration of organic modifiers in the mobile phase in HILIC is
significantly beneficial to sensitive mass spectrometric detection. One study
compared the detection response for compounds determined by reversed phase-
ESI-MS/MS versus HILIC-ESI-MS/MS and found sensitivity increases for HILIC-
MS/MS muitiple reaction monitoring (MRM) of 5- to 8-fold for basic compounds
(using + ES!) and 20-fold for acidic compounds (using —ESI) using columns of
similar dimensions (50 x 2 mm), similar packing material diameters (5 ym), and
mobile phases that had differed only in the acetonitrile/water concentration [127].
The reversed phase mobile phase conditions were highly agqueous (90-95%
water 5-10% acetonitrile) which, as noted previously [127, 128], explains the poor
MS response. In another study, the HILIC and reversed phase columns and
packing materials were the same dimension and the mobile phase conditions
differing only in the acetonitrile/water concentration [129]. In addition, the
retention times were matched for the tested analyte for the HILIC and reversed-

phase separation. A 10-fold sensitivity improvement was noted for MRM
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detection, with reversed phase mobile phase having a more favorable acetonitrile
percentage of 21.5% for mass spectrometric detection. Other works show similar
sensitivity gains for HILIC compared to reversed phase for on-line mass
spectrometric detection [130, 131}. A 10- to 100- fold sensitivity gain was seen
for the polar drug gabapentin for HILIC/MS/MS compared to reversed-
phase/MS/MS technique [132]. One paper compared 7 different columns in the
determination ion of folates, including several reversed phase and several HILIC
columns, demonstrating that reversed phase-LC was inadequate for
determination by LC/MS/MS [133], which may be a more common result in
comparing reversed phase and HILIC mass spectrometry techniques in the
determination of hydrophilic compounds.

Table H lists the few examples of analyses on blood samples for papers
that list limits of quantization in the abstract from 2000- September 8, 2008 in the
Scifinder database, searching the terms "HILIC AND mass spectrometry”. The
detection limit range for analytes determined by ion-pairing LC/MS/MS in Table ||
is the limit of quantification.

The high organic content of HILIC mobile phases leads to greater ESI-
mass spectrometric response than reversed phase mobile phases with lower
organic content for reasons given below [61, 128, and 134]. A higher organic
content increases efficiency of gas phase ion formation in the mass spectrometer
by reducing amount of solvent encompassing the ions through the following
effects [135]; 1) decreases the surface tension of the mobile phase leading to the

formation of smaller droplets in the interface; 2) decreases the surface fension
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force which opposes the desirable process of droplet disintegration through
coulombic repulsion of charges on the droplet surface [point at which coulombic
force equals surface tension force is termed Rayleigh stability limit [136]; and 3)
increases the vapor pressure of the solvent leading to greater rate of evaporation.
Also, for small and medium sized molecules there is less solvation energy for
hydrophilic molecules in a less aqueous environment and thus promoting release
of the ion in the gas phase [61]. Stabie spray requires addition of a percentage of
organic solvent in the mobile phase, as described following [133]. The higher the
aqueous content of the mobile phase requires a higher ES| applied voltage for
maintaining a stable spray, however this increases the likelihood of an
electrochemical discharge. At 90% water (with methanol as the organic
component) a stable spray cannot be achieved. However some water content is
needed. One study showed that an organic content above 80% leads to
decreased ESI response [137]. There are design modifications, however, that
can address the issue of destabilized spray in high aqueous conditions (high
surface tension), such as use of pneumatic nebulization [1 33] or nanospray
operation. However these have disadvantages of lower sighal response and
complex operation, respectively.

Although there are significant advantages to using HILIC- mass
spectrometry for the determination of hydrophilic compounds, there are a number
examples of poor chromatographic performance, such that development of
additional techniques are needed. For example, in an extensive study of 141

hydrophilic compounds on five different columns it was found that there were a
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significant number of compounds that gave poor chromatography for optimized
HILIC, as summarized in Table 1 [94]. In most cases poor chromatographic
behavior was seen for over 50% of the hydrophilic compounds in terms of
sensitivity, peak sharpness, peak symmetry and/or retention.

Other work reports worse sensitivity for HILIC-MS/MS than reversed-phase-
MS/MS at acidic pH for many positive compounds [94 compared to 138], poor
detection performance for reduced thiols [139], inability to separate sugar
isomers [94], wide peaks fof an amino column [140], and a broad peak requiring
80 mM ammonium formate {141].

Other limitations are related to sample effects. HILIC chromatography is
adversely affected by the content of water in the sample, leading to broad peaks,
poor peak shapes and decreased sensitivity [127, 142, and 143]. Usually
samples are processed to have high concentrations of acetonitrile, which is a
weak solvent in HILIC leading to retention and band concentration on the column.
Usually samples aqueous samples are processed by a number of steps including
extraction/preciptitation, evaporation, and reconstitutions with 90-100%
acetonitrile. However in one work, in which cotinine was determined by HILIC,
even a small amount of water (< 0.5%) led to peak broadening [144]. Given that
biological samples are aqueous this means that sample preparation steps are
essential, precluding direct injection techniques. There are also sometimeé
matrix effects when blood samples are analyzed leading to significant regions of
ion suppression in the chromatogram for an amino column [93]. Shift of retention

times has been reported for biological samples on certain column types [93, 145].
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Table lll Summary of HILIC Chromatography of 141 Hydrophilic Compounds [94].

Column _ Number of Compounds Showing Poor
Chromatography Performance® (%
given in parentheses)

Cyano (pH 2.8) 81 (57%) .
Amino (pH 2.8) 82 (58%)
Amino (pH 9) 23 (16%)
Silica (pH 2.8) 99 (70%)
Silica (pH 5.8) 86 (61%)
Amide (pH 2.8) 69 (49%)
Amide (pH 5.8) 91 (65%)

® Performance judged according to sensitivity, peak sharpness, peak symmetry,

retention.
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In the determination of choline by HILIC MS/MS it was found that an ammonium
chloride peak presumably from the ammonium formate buffer combining with
chloride interfered with the choline peak [143].

Other disadvantages include dissolution of silica columns, the most
common column used in HILIC, fouling the ion-spray needle [146]. In addition,
HILIC columns have a much lower loading capacity than a reversed-phase
column and are not practical for determination of low abundance compounds in
biological samples, which necessitates the loading of large amounts of samples
[147]. Also, development of a 2D chromatography technigue with reversed-
phase is inherently difficult given that a weak HILIC is a strong mobile phase on
the reversed phase and vice versa, meaning that concentration of the band on
the second dimension column does not occur [148].

Given that HILIC is not the solution for all hydrophilic compounds,
development of alternate techniques for hydrophilic compounds is warranted.
This dissertation work seeks to develop an alternate technique for hydrophilic
compounds with acid or basic functionalities using a newly developed technique

called gradient chromatofocusing.

1.3 Gradient Chromatofocusing -MS Techniques for Acidic, Basic and
lonic Compounds
There have been few reports of ion-exchange high-performance liquid

chromatography (HPLC) technigues directly coupled to mass spectrometry (MS).
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This is because the mobile phase salts commonly used in ion-exchange
chromatography suppress the MS signal.

A few reports have been published using volatile displacer fons/acids in
the mobile phase, such as ammonium acetate/acetic acid or ammonium
formatefformic acid, for ion-exchange chromatography techniques directly
interfaced to an electro spray-mass spectrometer in the analysis of drugs {149,
150}, chlormequat [145], nucleoside triphosphates [151], and pepfides [152].
However, these reports have not led to widespread use of ion-exchange
chromatography interfaced to MS because the volatile ions have relatively weak
displacing power [163, 154].

Recently Shan, Hribar, Zhou, and Anderson reported the first work in
which gradient chromatofocusing was successfully interfaced to mass
spectrometry utilizing low concentration of volatile buffers to generate a linear pH
gradient in the analysis of proteins [155]. This work separated proteins on a weak
anion-exchanger using a change in pH to elute the proteins approximately in the
order of their pl value. Using a pH change fo cause the elution solved the
problem of having to use volatile buffers at high concentrations o cause elution
via a disblacement mechanism.

In gradient chromatofocusing, a linear pH gradient is generated on an ion-
exchange column by the gradient mixing of an acidic buffer and a basic buffer.
This basic buffer has several base components whose pKss go from pK, = 7-8
(or higher) to as low as pK, = 5.5, and the acidic buffer has several acid

components ranging from pK, = 4.5 to pK; = 2.5. The buffers are chosen such
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that buffers have pK, that differ by one unit, such that there is adequate buffering
capacity throughout the gradient to be able to generate a linear gradient. For an
anion exchange column, the column is equilibrated with a basic buffer at high
enough pH such that analytes have a negative net charge, but not so high a pH
that the weak anion-exchange ligand of the packing material is deprotonated and
thus lose its positive charge. After injection of the sample the gradient is initiated
in which greater and greater proportions of acidic buffer are mixed a decreasing
portion of basic buffer which decreases the pH of the mobile phase in a linear
manner. The anion-exchange ligand on the packing material remains in its
positive charge state as the mobile phase becomes more acidic. However, the
charge state of the analyte molecule with acidic and/or basic functionalities wilt
change, leading to its characteristic elution when the charge state loses its net
negative charge, depending on the pK, of its functional group(s). Although the
mechanism of chromatographic retention and elution is significantly influenced by
the pH of the mobile phase, other aspects of the mobile phase affect
chromatographic behavior. For example, buffer concentration has been shown to
influence retention [156, 157] showing that a displacement mechanism also plays
a role.

Work utilizing weak anion-exchange HPLC columns in the separation of
proteins has been published by Anderson’s group [155-159]. In a recent
publication gradient chromatofocusing has been interfaced to quadrupole mass
spectrometry using volatile buffers determining proteins at the 20 picomole level

with the Quatro 1l mass spectrometer instrument.
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This dissertation presents an expansion of this work to different types of
analytes and is the first report of the use of cation-exchange HPLC columns in
gradient chromatofocusing work. It is also the first chromatofocusing technique
employing on-line MS/MS analysis.

Small molecular weight basic compounds which carry a positive charge at
the usable pH range were analyzed in the present work. Cation-exchange HPLC
was thus required. A different mechanism of chromatographic retention and
elution applies in the chromatofocusing use of cation-exchange HPLC of highly
basic compounds. That is deprotonation of basic compounds is not a practical
chromatographic mechanism, since too high a pH would be required. Elution is
effectively accomplished on these columns by choosing a weak cation-exchanger
and using a pH change to protonate the negatively charged cation-exchange
ligand (which was carboxymethyl). The basic compounds will thus elute when the
cation-exchanger ligand is protonated to a zero charge. A combination of pH
change and buffer concentration and other effects should lead to differential
elution of the different positively charged analytes on the cation-exchange
column.

Demonstration of this new HPLC-MS/MS technique was done with the

determination of arginine and choline in blood samples.
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