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Abstract
A prototype next-generation, atmospheric pressure photoionization (APPI) source for
LC-MS applications has been developed. The device was fabricated through
modification of a TurboV ion source. The device incorporates a stainless steel source
block and a photoionization lamp mounted to a heated nebulizer. Sample transfer
conduits were machined within the source block creating a “flowing reaction chamber” in
which ion-molecule reactions, critical to APPI performance, proceed. A potential applied
to the source block, provides a field-free environment within. An additional “flight tube”
mounted to the outlet of the source block extends the length of the field-free region.

The design of the prototype device mirrors the configuration exploited within early, fieldfree APPI sources. The preliminary goal of this research project was to use the
prototype device to compare the relative performance of field-free sources with opengeometry APPI sources. These devices provide no extended field-free region. All ionmolecule reactions proceed within an electrical field, altering the processes of ion
formation and transmission. To our knowledge, this was the first comprehensive, headto-head evaluation of the two APPI configurations, upon a current MS platform.

Factors affecting field-free APPI performance were characterized, leading to a more
complete understanding of source optimization. Through an empirical evaluation, the
prototype field-free source was found to routinely provide superior performance relative
to current open-geometry designs, at times providing order-of-magnitude sensitivity
advantages. Significant improvements are tied to the provision of the extended field-free
region, enabling efficient analyte ion formation, while enhancing overall ion transmission.

The performance of the prototype device was compared to ESI and APCI for the
analysis of clinically relevant analytes using high throughput, rapid screening LC/MS
workflows. The prototype source was routinely found to provide the greatest sensitivity
for the analysis of neutral steroids, including vitamin D, while displaying reduced
susceptibility to matrix effects - particularly relative to ESI. This observation was
confirmed using a robust linear regression method to build statistical confidence within
the results. It was also determined that nebulizer temperature and gas flow rate
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significantly alter the extent of matrix suppression, realizing new parameters which may
impact APPI method optimization.
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Chapter 1. Introduction
This dissertation will describe the development and relative performance of a
new field-free Atmospheric Pressure Photoionization (APPI) source intended to
address a broad range of LC-MS applications. We foresee the new prototype
APPI source to have many potential uses throughout the field of analytical mass
spectrometry ranging from the clinical life sciences, to drug discovery, to the
analysis of petroleum and environmental significant sample types. This research
project focused mainly upon the growing clinical LC-MS industry, serving as a
particularly interesting and relevant area of application, however, this is just one
small area an improved APPI source design is expected to present a significant
advantage.

The clinical analysis of biological fluids for diagnostic health screening, toxicology
and therapeutic drug monitoring among other analytical applications is a
relatively young, rapidly expanding field of research. Mass spectrometry
represents an enormous global industry that is continually evolving to fulfill the
need for faster, highly sensitive and selective clinical assays. In the future, the
requirement for reduced samples analysis times and increasingly lower limits of
detection will continue to drive the field of mass spectrometry to develop new
technologies as the needs of the pharmaceutical and life science industries will in
all likelihood never be satisfied.

The rapid development of liquid chromatography – mass spectrometry
technologies over the last two decades has been in large part a response to the
demands of the drug discovery industry,1 however, the clinical field has rapidly
emerged as a significant driving influence.2 Despite considerable advancement
on the technical end of LC-MS development, a number of technical limitations
persist. The LC-MS technique may in principle be broken into a number of key
functional elements as described in Figure 1-1. Advances in chromatography
have led toward narrower diameter columns and smaller particle diameters
1

providing improved resolution, separation efficiency and throughput.
Accordingly, mass analyzers have adapted to provide faster scan rates and
improved transmission efficiencies allowing for lower detection limits and higher
selectivity. The bridge between these two technologies, however, the ion source,
could be considered the primary factor limiting technique performance. Although
a number of commonplace ionization methods exist there is still debate as to
which ion source is the most suitable for accurate, high throughput clinical
analyses.

Figure 1-1. Block flow diagram demonstrating steps critical to a clinical LC-MS workflow

This thesis will present a thorough evaluation of atmospheric pressure
photoionization (APPI), as a universal candidate for LC-MS applications. The
following will discuss the design of a prototype field-free APPI source intended to
improve ionization and transmission efficiency relative to other commercially
available photoionization sources. The performance of this prototype APPI
source will be characterized relative to other atmospheric pressure ion sources,
utilizing a range of relevant clinical analytes. Finally the performance of this new
design will be evaluated as a prospective technique for high throughput assays
involving real biological matrices.

2

1.1. Liquid Chromatography – Mass Spectrometry (LC-MS)

The marriage between the physical separation abilities of liquid chromatography
with mass analysis capabilities of mass spectrometry has made LC-MS the
method of choice for many bio-analyses, supplanting alternative methods such
as immunoassays or conventional HPLC techniques. LC-MS has fast become
the ideal technique for analyzing an extensive range of biological samples,
among them plasma, serum, saliva and urine, each requiring both high
sensitivity, along with discrete selectivity. In order to facilitate the union of liquid
chromatography with mass spectrometry one must recognize the complex nature
of introducing a dirty heterogeneous liquid sample into the gas-phase, ionizing its
analyte components and finally transferring them efficiently from the atmospheric
pressure lab environment into the ultra-low pressure vacuum of the mass
analyzer. This subject represents an intense, on-going focus of analytical
research for over the past half century.3

1.2. The Atmospheric Pressure Interface

Early MS designs relied heavily upon ionization methods such as electron impact
(EI), chemical ionization (CI) and/or fast atom bombardment (FAB) among other
techniques. Although useful and historically invaluable, these techniques were
subject to significant limitations. Analyses were constrained to highly volatile,
non-labile compounds of low molecular weight, and require that the ionization
processes occur within the vacuum environment of the mass analyzer. In order
to expand the range of compounds amenable to analysis by mass spectrometry,
it was desirable to analyze the liquid effluent of a high flow chromatograph. Early
successful attempts to interface a continuous solvent stream with a vacuum
environment include direct liquid introduction (DLI), continuous flow fast atom
bombardment (cf-FAB), and moving belt/wire devices. Each of these methods
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possessed limitations as well, however, including significant carryover issues and
poor sensitivity as a consequence of limited flow rates or flow splitting.

This brings us to the modern era where the atmospheric pressure ionization
(API) interface has emerged as the most widely adopted method for combining
liquid chromatography with tandem mass spectrometry. The API interface has
allowed LC-MS/MS to become the workhorse of the modern clinical laboratory.4
As its name suggests, ions are produced from a vapourized liquid stream at
atmospheric pressure. A small subset of eluent vapour containing a mixture of
analyte ions, neutral solvent complexes and matrix elements is directed toward
the mass analyzer. Compounds and clusters possessing a charge may be
sampled through a restricted orifice or sampling capillary. Utilizing a series of
skimmers, focusing elements and differential pumping stages, a high vacuum
region can be maintained within the mass analyzer while providing uninterrupted
sampling from the ion source at atmospheric pressure. An electric potential
difference between the ionization region and the MS interface is generally
necessary to preferentially guide ions toward the entrance orifice. Most often a
counter flow of curtain or drying gas (frequently nitrogen) is introduced prior to
the sampling orifice in order to inhibit the flow of neutral compounds (unionized
solvent, source gases and matrix components) into the MS analyzer. Use of
curtain gas reduces the potential for the contamination of the ion guide elements
within the MS vacuum region.

1.3. Ionization at Atmospheric Pressure
Undisputedly, the two most oft employed atmospheric pressure ionization
methods for LC-MS applications are electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI). These two techniques may be
considered the staple ionization methods for modern clinical LC-MS/MS
workflow.5,6 In terms of the range of amenable compounds, these techniques are
deemed to be rather complimentary - ESI being useful for large, highly polar
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analytes and APCI being better suited for the analysis of less polar, small
molecules. As a result, these two methods are often combined into a single dual
mode ion source allowing for the analysis of an extensive range of compounds
with a variety of physical properties. Alternative options exist however; ionization
methods such as Atmospheric Pressure Photoionization (APPI) and Matrix
Assisted Laser Desorption Ionization (MALDI) have carved their own niches as
viable candidates when ESI and APCI fail to provide the performance required
for specific applications. The following will be a brief discussion surrounding the
various commercially available API source options.

1.3.1. Electrospray Ionization (ESI)
Electrospray as an ion source for mass spectrometry will soon turn 45 years old.
The technique was first described by Dole et al. in 1968 as means for producing
a charged spray of polystyrene in methanol for analysis.7 It is Fenn et al. (1984),
however, who are credited with adapting the technique to interface mass
spectrometry and providing the first in-depth exploration into the elementary
function and potential of the technique.8 ESI is today not only the most utilized
LC-MS ionization source, but as such may also be considered the most widely
understood method in terms of its underlying fundamentals, capabilities and
limitations. The mechanisms and early application of ESI have been considered
extensively in reviews by Gaskell (1994)9 and Bruins (1998)10 and later in more
detail by Kabarle (2009),11 Wilm (2011),12 and Crotti (2011).13 Additional
thorough reference materials can be found throughout the literature.14,15 In that
there is no shortage of background reading on this subject, the presentation of
ESI theory herein will be limited to a somewhat high level discussion.
Electrospray ionization uses an electrified capillary (or needle) to produce a fine
spray from a continuously supplied solvent stream, often the effluent of a liquid
chromatograph as demonstrated in figure 1-2a. The sampling interface of the
mass spectrometer acts as a counter electrode towards which charged species
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are drawn. The nebulization process is typically assisted using a high velocity
gas flow, with the aim of producing a fine spray of solvents droplets containing
the analyte of interest, sample matrix materials, and often a variety of additive
modifiers. As the charged solvent droplets travel toward the MS interface
evaporation processes occur until ultimately individual charged molecules or
clusters are released into the atmospheric pressure source environment as gasphase ions (figure 1-2b). The mechanisms surrounding the ESI process are
slowly becoming more understood and are now attributed to either ion
evaporation16 or charged residue models.7 These processes will be considered in
detail later within the discussion.

Figure 1-2. a) Schematic representation of an electrospray Ionization source. b) Simplified
electrospray process demonstrating the release of charged ions from solution to the gasphase.
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The electrospray ionization mechanism is somewhat unique to other techniques
in that analyte species must be present within solution in a pre-charged state.
This means that ESI lends itself effectively to the analysis of either ionic
compounds or polar analytes containing suitable acidic or basic functionalities
with which to adopt a charge through either protonation / deprotonation or the
adduction of an ionic constituent (such as Na+, K+ NH3+, Cl- or Br-, however,
numerous other adducts are commonly reported17). Multiple charging (typically
[M+nH]n+) is common for larger molecules leading conveniently to a reduced
mass to charged ratio (m/z) making the analysis of macromolecules accessible to
mass analyzer with a limited mass range. There are a number of drawbacks to
ESI, however, including limited dynamic range, and poor efficiency for most nonpolar analytes, as well as for workflows incorporating involatile solvents or
matrices. ESI is also known to be quite susceptible to matrix ionization
suppression, the mechanisms for which will be addressed in some detail later
within the discussion.

1.3.2. Atmospheric Pressure Chemical Ionization (APCI)
Atmospheric Pressure Chemical Ionization (APCI) currently has widespread
acceptance as an alternative ionization technique to ESI, expanding the range of
compounds amenable to LC-MS analysis to neutral compounds of limited
polarity. A functional schematic for a modern APCI source is provided in figure 13. In APCI, the effluent of an LC is sprayed under pneumatic assistance from a
narrow capillary into a heated nebulizer, consisting of a glass or ceramic tube
maintained at temperatures at or above 400oC. Solvent droplets containing the
analyte, as well as other matrix components, rapidly desolvate to produce neutral
gas-phase molecules. A corona discharge is then used to indirectly ionize the
analyte through a series of gas-phase ion-molecule reactions involving primary
reagent nitrogen ions and intermediate solvent ion clusters.
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Figure 1-3. Schematic representation of an Atmospheric Pressure Chemical Ionization
(APCI) source.

APCI is considered to be a less-soft ionization technique when compared to ESI,
meaning considerable ion fragmentation is often observed. The high
temperature environment tends to limits APCI to the analysis of smaller
molecules that are not appreciably thermally labile. Since the ionization pathways
in APCI take place within the gas-phase through ion-molecule reactions, rather
than through solution phase chemistry as in ESI sources, the ionization of neutral
molecules of limited polarity becomes possible. This has positioned APCI as a
complimentary technique to ESI. The two methods are often paired in combined
dual mode devices, integrating both methods within a single ion source. APCI is
also known to have minimal susceptibility to matrix ion suppression, identified
earlier as a noteworthy limitation of ESI.

Few review articles cover the general breadth of APCI applications and its
fundamentals,18 however, general articles and texts reviewing atmospheric
pressure ionization tend to provide an understanding of the field in some
detail.2,19 Carroll et al. were among the first to demonstrate an atmospheric
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pressure CI source based upon corona discharge – similar to modern APCI
devices.20 An early description of the gas-phase, ion–molecule chemistry
applicable to CI sources was presented by Good et al. (1970).21 This model is
now considered to be the established mechanism for reagent ion generation in CI
and can be extended largely to APCI as well.

1.3.3. Alternative Commonplace Ionization Sources

A number of alternative commercially available ion sources have been introduced
with the aim to overcome the limitations of conventional ESI and APCI. Matrix
Assisted Laser Desorption Ionization (MALDI) is perhaps the most widely
accepted of these, although it is not typically operated at atmospheric pressure
and usually not in direct tandem with liquid chromatography. MALDI provides a
suitable method for ionizing complex macro- molecules like DNA, proteins,
polymers and sugars. An inherently soft ionization method, MALDI is able to
efficiently ionize fragile biomolecules, while preserving the basic molecular
structure from fragmentation. Numerous review articles discuss the mechanisms
and range of application suitable for MALDI, a testament to the relative impact of
the technique on the field of bioanalysis.22-24

Alternatively, Nanospray, a “scaled-down” version of ESI, has been developed to
satisfy the desire to analyze small sample volumes, by providing a high ion
transmission efficiency relative to conventional ESI.25 Nanospray sources are
routinely used to characterize proteins and peptides and are suitable for low flow
nano-bore LC based methods. Neither Nanospray nor MALDI provide much
advantage for traditional clinical analyses and herein will reside outside the focus
of this discussion.
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1.3.4. Atmospheric Pressure Photoionization (APPI)

Since the development and characterization of a new Atmospheric Pressure
Photoionization (APPI) source is the focus of this dissertation, a thorough
discussion into its history, fundamentals, applications and potential will be
presented. An understanding of the accepted principles and ionization
mechanisms governing APPI performance should be considered critical to the
production of an improved device design. As will be identified, a lack of
fundamental understanding in the past has led to the now exclusive manufacture
of commercially available APPI sources that falls short of performance
expectations. Consequently, there has been a general lack of widespread
acceptance for the technique as a result of poor overall sensitivity, save for a
restricted range of highly non-polar analytes that ESI and APCI simply fail to
ionize. Photoionization is viewed as a novel technique suitable for analyzing a
limited, niche range of compounds rather than as a universal, highly sensitive
ionization method.

1.3.4.1. Fundamental Operating Principles of Atmospheric
Pressure Photoionization

Although several APPI source designs exist, each functions under similar
operating principles. These principles have been summarized extensively
throughout the literature with several detailed reviews providing insight into APPI
mechanisms and applications.26-29 In general, the APPI process can be broken
down into several critical steps for discussion, namely: vapourization, primary
ionization, analyte ionization through ion-molecule reactions and finally ion
transmission into the mass analyzer. For reference a basic APPI block diagram
and schematic representative of many APPI sources are provided in figure 1-4.
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Figure 1-4. a) Block diagram demonstrating processes relevant to Atmospheric Pressure
Photoionization sources. b) Schematic diagram for a PhotosprayTM source, representative
of many commercially available APPI sources.

a) Vapourization

Like APCI, ionization in APPI is the result of a critical series of indirect ionmolecule reactions within the gas-phase. There is therefore a requirement that
the liquid effluent of a chromatograph be efficiently vapourized with a heated
nebulizer. A fine capillary is used to spray a liquid stream under the assistance
of a high velocity gas flow within a heated ceramic or glass tube. Aerosol solvent
droplets rapidly desolvate to produce a heterogeneous cloud containing source
11

gases (air, N2, etc.), LC solvents, additives, analytes, and other matrix
components.

b) Primary Ionization

Primary photoionization occurs when the nebulized plume is irradiated using a
Krypton VUV-discharge lamp with radiant energies of 10.0 and 10.6 eV (at 123.6
nm and 116.5 nm respectively). If a component of the vapour has an ionization
energy below that of the photon source (IEM < hν), ionization may occur as
represented by equation 1.
(1) M + hν  M+ + eIf M is the analyte of interest, then equation 1 describes a direct photoionization
pathway. Ionization of the analyte directly is considered to be a statistically
unlikely process given the relatively low number density of the analyte with
respect to the predominant photon absorbing solvent cloud. Most common
reverse phase solvents such as methanol, acetonitrile and water have ionization
energies slightly above that of the light source (IEs > hν). As a result, photon
absorption can lead to the production of excited state species, however, no direct
solvent photoionization should occur. Consequently, analyte ion current derived
through direct photon absorption and subsequent photoionization is expected to
be negligible due mostly to limited photon flux. Instead, APPI sources are
universally required to employ an easily ionizeable additive or dopant to facilitate
the generation of primary reagent ions given by equation 2. Photoionized
dopant radicals serve as intermediate reagent ions used to deliver charge to the
analyte (see section c).
(2) D + hν  D+ + eCommon dopant candidates include toluene, acetone, anisole and chloro- or
bromobenzene. A variety of common dopants in addition to various common LC
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solvents are listed in Table 1-1,30,31 including reported ionization energies and
proton affinities. An ideal dopant candidate must have an ionization energy below
that of the photon source in order to facilitate primary ionization (IED < hν). A
dopant flow rate set to 5-10% of the total solvent flow is frequently adopted to
attain maximum analyte signal under common high-flow reverse phase LC
conditions.32 If sufficiently miscible under selected LC conditions (solvent,
pressure, temperature), a dopant may be added directly to the mobile phases
post-column. Alternatively, the dopant can be vapourized independently and
introduced along with the nebulizer gas. In select circumstances (typically
normal phase separations) the LC solvents themselves can include an easily
photoionizable component such as IPA, DMSO, THF or hexane. In these
instances the mobile phase itself will fulfill the role of the dopant reagent ion
supply.

TableTable
1-1.1.Ionization
energies
and
affinities
relevant
to APPI
List of Ionization
energies
andproton
proton affinities
relevant
to APPI
MW / g.mol-1

IE / eVa

PA / kJ.mol-1 b

Anisole

108.14

8.20

839.6

L

Toluene

92.14

8.83

784.0

L

Compound

Miscible

Bromobenzene

157.00

9.00

754.1

L

Chlorobenzene

112.56

9.07

753.1

L

Dimethyl sulfoxide

78.13

9.10

884.4

S

Tetrahydrofuran

72.11

9.40

822.1

S

Acetone

58.08

9.70

812.0

S

Hexane

86.18

10.13

672.8

N

Isopropanol

60.10

10.17

793.0

S

Methanol

32.04

10.84

754.3

S

Acetonitrile

41.05

12.20

779.2

S

Water

18.02

12.62

691.0

S

c

a - All ionization enegeries obtained from reference [30]
b - All proton affinities obtained from reference [30] with the exception of hexane; see [31]
c - In H20 at 25oC; S - soluble, L - low solubility, N - not soluble
Solvents listed below dashed line are not photoionized by Kr discharge lamp
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c) Ion-molecule Reactions
i) Charge exchange ionization
Photoionized dopant molecules represent a supply of reagent ions that may take
part in secondary ion-molecule reactions, ultimately imparting a charge upon the
analyte. In positive ion MS mode the analyte can be charged through one of two
pathways: charge exchange or proton transfer. The former mechanism is
described by equation 3. Charge exchange, CE, is viable when the ionization
energy of the analyte is less than the recombination energy of the dopant reagent
ion (IEM < IED).
(3) D+ + M  D + M+

(charge exchange)

CE is extremely useful for the analysis of highly non-polar analytes, permitting
the efficient formation of M+ ions. This is particularly important for analytes that
are not able to protonate or readily form alkali adducts. The ability to exploit the
CE mechanism sets APPI apart from ESI and APCI, which predominantly
produce [M+H]+ or [M+Na]+ quasi-molecular ions rendering them unsuitable for
the ionization of most non-polar analytes.

ii) Proton transfer ionization

The proton transfer, PT, mechanism is a somewhat more involved pathway that
requires a closer look at the interaction between the dopant reagent ions and the
accompanying solvent vapour. Under reverse conditions a gross excess of polar
organic phase (either methanol or acetonitrile) is generally provided. In these
circumstances the solvent, S, may react (often to completion) with the preionized dopant reagent supply. The result is the formation of acidic protonated
solvent clusters as described by equation 4.
(4) D+ + nS  SnH+ + (D-H)

(Solvent cluster formation)
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Here, n, is the co-ordination number of solvent molecules within a cluster. The
value of n, determining the size of a cluster, is affected heavily by the solvent
flow rate, as well as source temperature. At higher flow rates the range of
solvent cluster co-ordination values generally increases, producing clusters that
are stabilized through solvation and display decreased acidity. The forward rate
of cluster formation is expected to be a very fast, collision-limited process since
the source is operated at atmospheric pressure in the presence of an excess of
solvent vapour.20 The most profound consequence of cluster ion formation is an
inevitable decrease in the dopant reagent ion population, resulting in a
diminished ability to perform CE ionization. A benefit to solvent cluster ion
formation, however, is the production of a sufficiently acidic reagent ion supply
suitable for taking part in proton transfer reactions with the analyte, as described
in equation 5.
(5) SnH+ + M  MH+ (S)m + (n-m)S

(Proton transfer ionization)

PT may occur provided an analyte exhibits higher gas-phase basicity than that of
the reagent ion cluster. The early developers of APPI did not anticipate the
proton transfer pathway, however, it provides a fortuitous method for ionizing a
wide range of polar compounds provided the analyte possesses a suitable proton
affinity. The ability to ionize both polar analytes by proton transfer and non-polar
analytes through charge exchange positions APPI as the most universal soft
ionization source available today.

iii) PI in negative MS mode

APPI is also suitable for MS workflows in negative ion modes through a number
of ionization mechanisms such as electron capture/transfer, halide attachment
and proton abstraction. Negative ion pathways were not utilized under the scope
of this thesis and will not be discussed in much detail going forward. Historically,
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however, and from the standpoint of providing insight into furthering source
design, some description of these mechanisms is instructional. A thorough
survey of the accepted negative ion APPI mechanisms and their applications is
available within the literature.33-36

In summary, oxygen, which is always present within APPI sources, possesses a
relatively high electron affinity allowing it to rapidly scavenge photoelectrons
produced through primary dopant ionization (see eq. 2). The formation of a
superoxide radical ion can be described by equation 6 below.
(6) O2 + e-  O2-

(Superoxide formation)

The superoxide radical anion may act as a reagent ion in negative ion modes. It
is often the most basic species produced within the APPI source and is readily
capable of abstracting a proton from many analytes (equation 7).
(7) M + O2-  HO2 + (M-H)-

(Proton abstraction)

Alternatively, if the analyte itself has a suitably high electron affinity it may be
able to scavenge photoelectrons directly on it own or through abduction of an
electron from the superoxide radical as described in equations 8 and 9
respectively.
(8) M + e-  M-

(Direct electron capture)

(9) M + O2-  M- + O2

(Electron transfer)

When utilizing LC methods employing halogenated solvents such as chloroform
or dichloromethane, a dissociative electron capture mechanism has been
reported.34-39 Halogenated solvents are able to scavenge photoelectrons and
subsequently produce a dissociated solvent radical and free halogen anion
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(equation 10). The analyte may then adduct the charged halogen to create a
stabilized ion through anion attachment as describe in equation 11. Ross et al.
(2010) demonstrated that employing a halogenated additive like 1,4dibromobutane may also result in anion attachment for non-polar environmental
samples, producing favourable results over conventional dopant-only APPI
methods.40
(10) S + e-  (S-X) + X-

(Electron capture – halide dissociation)

(11) M + X-  (M+X)-

(Halide attachment)

In summary, there are a wide range of channels available to APPI sources
through which analyte ionization may take place. With the exception of the
largely inefficient direct PI pathway, each mechanism requires the use of a
dopant to generate intermediate reagent ions. Employing dopants in APPI is now
considered to be standard operating procedure. Dopant use may provide
sensitivity enhancement over several orders of magnitude greater than direct
photoionization alone. As a result, a full understanding of dopant and ionmolecule chemistry is critical to the design of an optimized source design. For
example, the formation of reagent ions (D+, SnH+, O2-) is thought to be the
result of fast exothermic reactions that are collision-limited. Thus, provided that
dopant, solvent, and/or oxygen are each provided in excess, the reagent ion
population should reach a stable equilibrium within a few microseconds. The
subsequent ion-analyte interactions may then proceed and may continue to
advance during passage through the ion source. What is implied here is that the
provision of extended reaction time could be directly related to analyte ion
production, providing kinetic or geometric factors through which the APPI source
design may be refined.
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d) Ion Transmission

Another feature that distinguishes APPI from both ESI and APCI is that a large
electric potential is not needed to facilitate the ionization process. ESI of course
requires that the spray probe be held at high potential (4-5 kV), while APCI
utilizes a high voltage corona discharge. In both devices the field created in the
open space between the high potential ion source elements and the MS interface
is used to guide ions toward the mass analyzer. The inclusion of a large electric
field unfortunately complicates the addition of ion focusing elements intended to
improve ion transmission. In all modern APPI designs, however, the mechanism
of ionization does not require such a field. Instead, ion mobility toward the MS
orifice must be induced using an additional bias potential (transfer voltage)
applied to the surrounding source elements. The bias voltage is independently
controllable and may be adjusted without impacting the ionization process - this
may enable the ability to tailor the electric field thereby optimizing ion transfer.
Although the potential benefits gained through ion focusing in APPI sources have
never been established, the prospect of improved ion transmission may in the
future provide APPI with an additional advantage over other source options.

1.3.4.2.

Historical Development of Photoionization at
Atmospheric Pressure

Prior to the introduction of APPI, the photoionization detector (PID) had been a
longstanding tool in gas chromatography,41-46 however, only a few applications
demonstrated an extension of the technique to a continuous liquid stream.47-50 Of
these devices, none were intended to interface directly with mass spectrometry.
It is now just over one decade since Bruins et al (2000)51 and Syage et al.
(2000)52 simultaneously, yet independently introduced photoionization sources,
extending LC-MS assays to non-polar and moderately-polar analytes. Both
devices contained fundamental similarities as well as differences, however, both
functioned under the mechanisms and principles described above. In common,
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early devices utilized single photon ionization, using a vacuum-ultraviolet Krypton
discharge lamp to generate analyte ions from a vapourized LC effluent. In
contrast, both sources utilize ion transmission fields differently, dramatically
affecting the ionization process, resulting spectra and the overall analyte
ionization efficiency. A description of the development path for these two
designs leading to a full account of all modern commercially available
photoionization sources will be presented below.

1.3.4.2.1. Closed-geometry Field-free APPI Sources
Since the commercial introduction of APPI, two distinct device designs have
been developed: an open-geometry source and a closed-geometry, field-free
design. The historical development of these two designs is relevant to this
dissertation as the development path for each speaks directly toward the
motivation for this research project.
Around the year 2000, Bruins and Robb51 first described an APPI source design
incorporating a solid stainless steel source block as demonstrated in figure 1-5.
A conduit passing through the source block provides passage for the nebulized
LC effluent, while a second perpendicular side channel is used to introduce
photons from a conventional, orthogonally mounted Krypton PI discharge lamp.
Dopant vapour passing through the area irradiated by the discharge lamp is
photoionized and may then participate in ion-molecule reactions with the analyte.
These reactions proceed during transit through an extended flight tube, leading
to analyte ion formation. A bias voltage is applied to the source elements and
flight tube, creating a field within the open space between the source block and
MS curtain plate. This field is required to guide ions toward the MS interface.
While within the source block and flight tube region, ions experience a field-free
environment. Consequently, during transit both positive and negatively charge
ions co-exist and may re-combine freely until they are finally separated upon
entering the field region. Total ion current within field-free region is expected to
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continuously diminish as a result of the recombination of oppositely charged
species at a rate proportional to the square of the available current density.53 The
recombination process is thought to be the dominant ion loss process within fieldfree sources and must be considered as a critical factor affecting source design.

Figure 1-5. Schematic representation of a first-generation, closed-geometry, field-free
Atmospheric Pressure Photoionization source.

MDS Sciex commercialized the first closed-geometry, field-free APPI source
under the name Photospray for use on early series API 3000 and QStar mass
analyzer. Photospray sources were manufactured using a modified housing and
heated nebulizer utilized in early APCI sources, with the ion path of the source
set co-linear to the MS ion path. Photospray sources received immediate
praise, allowing for improved detection limits over APCI and ESI for a number of
compounds including non-polar environmental compounds like PAHs51,54,55 and
clinically significant applications like the analysis of testosterone in biological
fluids.5151,56,57
1.3.4.2.2. Open-geometry APPI Sources
In 2000, a second APPI source utilizing an open-geometry design was described
and commercialized by Syagen Technology under the name Photomate.52 A
functional schematic that can describe many Syagen open-geometry APPI
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sources is given in figure 1-6a. No source block is incorporated within this design
and likewise, no field-free region is provided. Primary ionization takes place
within the open environment in front of a discharge lamp mounted in close
proximity to the MS sampling orifice. A heated nebulizer is used to vapourize a
liquid stream, this time mounted orthogonal to the MS ion path. As vapourized
dopant passes through the region irradiated by the lamp, primary photoionization
and secondary ion-molecule reactions proceed. A bias field potential is required
to drive charged species toward the MS sampling orifice, while neutrals are
removed by an exhaust system. The field created between the transfer plate and
MS interface provides near-immediate separation of oppositely charged species,
limiting ion recombination losses. Rapid charge separation offers the ostensible
advantage of increased total ion current delivery, however, this does not take into
account the process of charge transfer from primary reagent ions to the analyte.
Here, reagent ions and analyte neutrals only co-reside within the ionization
region for a short period before the ions are quickly swept toward the mass
analyzer - potentially restricting analyte ion formation.

Figure 1-6. Functional schematic representations for a) open-geometry Agilent Photomate
sources and b) open-geometry Photospray sources.

In order to improve upon their open-geometry design, Syage et al. incorporated a
proprietary high energy RF Krypton discharge lamp. The motivation was to
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enhance primary ionization efficiency through improved radiant output of the
source. To the author’s knowledge, the overall improvement attained through
use of a more powerful lamp has yet to be established, however, theory dictates
that an increase in lamp current or dopant flow rate will always lead to enhanced
primary ionization.58 However, it should also be noted that increased lamp power
has only been shown to have minimal impact on the resultant analyte ionization
efficiency, despite an observed increase in total ion current.53 This brute force
attempt to boost APPI sensitivity would appear to be somewhat shortsighted, as
it does not take into account the critical importance of the various ion-molecule
reaction pathways discussed above.

Syagen Technology is now the largest producer of exclusively open-geometry
APPI sources, providing OEM devices for a range of MS manufacturers including
but not limited to Agilent Technologies, Thermo Scientific and Waters. Continuing
the same direction, in 2004 AB/Sciex also opted to produce an open-geometry
Photospray source design to mirror the development path of modern TurboV
sources built for use on 4000 series mass analyzers (figure 1-6b). These
sources take advantage of a well-engineered heated nebulizer,59 orthogonal
spray geometry and an entrained exhaust system for reduced carryover. The
modern Photospray no longer incorporates a source block or any provision for an
extended field-free region. Coincidentally, many of the benefits provided by the
first-generation field-free APPI sources over ESI and APCI appear to have been
lost during this transition. This observation was supported by Jacobs et al.
(2004), reporting that the sensitivity gains provided by first generation APPI
sources over APCI were lost when similar methods were transferred to the
modern open-geometry Photospray sources, at least for the analysis of
testosterone.60 Today, all modern commercially available APPI sources have
adopted an open-geometry platform.
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1.3.4.3. Current Application of Atmospheric Pressure
Photoionization
Despite the lack of overwhelming, universal acceptance for the technique, APPI
sources are not without their applications. APPI is currently recognized as a
niche device for its ability to ionize non-polar analytes particularly well,
specifically those not appreciably ionized by ESI or APCI. APPI sources are also
reputedly less susceptible to matrix ionization suppression than ESI in
particular,27 thus APPI has some usefulness for the analysis of very complex
biological or environmental samples.

Areas in which APPI has found particular acceptance include the analysis of
pharmaceuticals,61-81 steroids,51,56,57,82-115 lipids,116-131 environmental
contaminants such as PAHs,54,55,132-154 flame-retardants,155-168
herbicides/fungicides/pesticides, 169-178 fullerenes,179-185 crude/petroleum
products, 186-210 polymers, 211-219 dyes,220-223 , explosives,224 sugars, 225 dissolved
organic matter, 226,227 and peptides. 228,229 Modifications made to the APPI source
design leading to an improved understanding of its functioning and limitations will
inevitably increase the number of suitable applications and ultimately technique
acceptance.

1.4. Scope of Research

This research project began with an evaluation of the relative performance of a
modern open geometry APPI source versus the first-generation, closed-geometry
APPI source design. To the author’s knowledge, no direct head-to-head
evaluation of the two designs has been completed on a single MS platform. The
goal was to identify the root cause of the reduced relative sensitivity reported by
Jacobs et al. when first evaluating the performance of open-geometry
Photospray sources.60
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This dissertation will discuss the development of an in-house built, field-free APPI
source, fabricated using the housing of a modified commercially available TurboV
ion source. This allowed for a direct comparison of the two geometric platforms
permitting use of identical photoionization lamps, heated nebulizers, exhaust
systems and mass analyzers. Early results will show that significant
performance enhancement could be recognized through careful consideration of
parameters affecting primary ionization, ion-molecule reactions and ion
transmission.

The prototype, field-free APPI source design was then thoroughly evaluated
against other common API sources including, ESI, APCI and a commercially
available Photospray source for a range of compounds of clinical and
environmental importance. This evaluation was then expanded to characterize
the relative impact of matrix effects brought upon through the analysis “real”
samples with complex biological matrices.
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Chapter 2. Development of a Prototype, Field-free
APPI Source
In this chapter the design, fabrication and characterization of a prototype, fieldfree APPI source will be discussed. This body of research was motivated by the
desire to evaluate the relative performance of open- and closed-geometry APPI
source designs on a common MS platform. A performance comparison was
completed through the head-to-head analysis of a variety of standard compounds
under various source conditions and geometric parameters.

2.1. Background Theory

Field-free geometry APPI sources

There is much that can be learned from past LC-MS ion source development that
may be applied to the creation of an improved APPI source design. The first
generation closed-geometry Photospray source was not the first field-free
ionization sources utilized for LC-MS applications. For instance, radioactive
Nickel-63 chemical ionization sources also require no electric fields or high
voltages in order to produce ions. Analogous to closed-geometry APPI,
oppositely charged ions within these sources are allowed to recombine freely
prior to MS sampling. The early literature describing 63Ni-foil source
fundamentals can provide great insight into the impact of source geometry on ion
generation and loss processes.

In 1974, Carroll et al. elegantly described an atmospheric pressure interface
centered around a radioactive Nickel-63 foil ion source.230 This device exploited
a cylinder of thin 63Ni-foil to produce a source of electrons utilized in the formation
of primary reagent ions within what was referred to as a “continuous sampling …

25

reaction chamber”. In the absence of external fields, the kinetics of a series of
ion-molecule reactions parallel to those of modern APCI and APPI sources were
considered. Carroll presented that the change in ion density within a field-free
source could be described by:

dn
= −k 1n 2 + k 2P
dt

(12)

where n is the ion current density, k1 is the ion recombination rate constant and
the term k2P denotes the rate of ion production, where k2 represents the overall
forward rate constant for ion production and P is the product of the absolute
concentrations of reactant species. Under steady state conditions, the rate of
change in ion current approaches zero and the relationship simplifies to:

k P
n= 2 
 k1 

1/ 2

(13)

Implied here is that under typical operating conditions the number density of ions
within the source will depend on the equilibrium between ion formation and
recombination processes. Additionally, the rate of ion recombination is also
expected to scale with the square of the total number density of available charge
carriers. Carroll went further to consider the potential loss of ions through
diffusion toward the walls of the reaction chamber. Within their model, the impact
of diffusion as a loss process was determined to be around the same order as
expected through recombination losses. Utilizing equation 14 and 15, the
expected ion lifetimes as a function of diffusion and recombination losses within
first-generation field-free APPI sources can also be calculated.

td =

1 L
 
D π
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2

(14)

tr =

1
k 1n

(15)

Assuming a diffusion coefficient, D, of 0.1 cm/sec (assumed for ion sources at
atmospheric pressure230) and a reaction chamber radius, L, of 0.35 cm a
diffusion lifetime, td, on the order of 100 ms is expected. Conversely, utilizing 106

cm3/s as a typical recombination rate constant231 and a primary ion current

density of 4x109 ions•cm-3 estimated for a field-free APPI source,53 a
recombination lifetime of 250 µs is estimated. Assuming the ballpark accuracy of
these values, ion recombination should be the dominant loss process for ion
sources similar to the first-generation, field-free APPI source. Compared to early
63

Ni source designs, field-free APPI devices have a much larger active volume

and considerably higher primary ion current. As a result, the effects of diffusive
losses are likely to present an insignificant impact, where as ion recombination
losses are expected to be far more prominent.

Taking a closer look at equation 12, specifically for the generation of analyte
ions, the term k2P represents the rate of ion formation. In principle P can be
expanded to represent a reaction mechanism specific to APPI represented by the
product of the reagent ion concentration, nr and the total concentration of analyte
neutrals within the source, NM. Using the proton transfer mechanism as a starting
point, the steady-state equation governing analyte ion formation can be
represented by:

dnMH
= −k1n−nMH + kPT nr Nm = 0
dt

(16)

where nMH is the number density of analyte ions, n- is the number density of
negative charge carriers, and kPT is the forward rate constant for the proton
transfer reaction.53 Under ideal conditions the population of reagent ions (nr) will
approach the concentration of negative charge carriers (n-) and both terms may
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be eliminated. We may also assume the concentration of neutral analyte
molecules will remain abundant relative to the population that is ultimately
protonated. (Strictly speaking, the population of reagent ions, negative charge
carriers and analyte neutrals may become exhausted under some conditions,
implying there are limits to which these equations apply, based upon the
approximations made above). Simplification and re-arrangement of equation 16
yields:

nMH =

kPT NM
k1

(17)

This relationship predicts that number density of analyte ions will depend only
upon the ratio between the ion formation and loss constants; and the total
concentration of analyte neutrals. Absent now from this equation is reagent ion
concentration. Worthy of note, the primary reagent ion concentration will always
increase with increased the dopant flow or lamp power, however, from equation
17, the production of analyte ions should be independent of reagent
concentration, provided it remains in excess, a hallmark of recombination-limited
ion sources.58 The rate constants for both charge transfer and proton transfer
mechanisms are expected to range from 10-10 to 10-9 cm3/s.230 Siegel and Fite
assumed a recombination rate constant of 10-6 cm3/s for a comparable field-free
63

Ni β-ray source, yielding an estimated 10-3 ratio between ion production and

recombination rate constants.232 From here, the anticipated analyte ions
concentration may be estimated, however, ultimately analyte sensitivity will be
not only dependent upon the accuracy of the assumed rate constants, but also
upon the efficiency of ion transmission. In the end, the transfer of ions from the
atmospheric pressure source environment through the MS interface may also be
a contributing factor that limits analyte sensitivity.

The space charge repulsion has the ability to limit ion transmission through the
interface of a mass spectrometer.233 Space charge limitations result from the
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repulsion of like-charged ions when confined within an external electric field. At
high density, like-charges within close proximity will repel one another, altering
their respective trajectories. In the case of an ion beam akin to that produced by
the field-free APPI source block, space charge repulsion could result in beam defocusing, particularly within the confined region of the MS sampling orifice. The
effects of space charge, limiting transfer efficiency, are known to be determined
by the overall charge density, ion velocity, particle mass and field strength.234
Space charge limitations in mass spectrometry are widely associated with ion
trap instruments, where ions are collected and stored for an extended period
within a trapping field.235 More relevantly, however, these effects have been
identified as the driving force limiting ion transfer efficiency in ESI and APCI
sources.233 With regards to the field-free source, we hypothesize that a reduction
in total ion current through lengthening of the ion reaction zone region, while
maintaining a high concentration of analyte ions could improve overall
transmission and thus analyte sensitivity. It is unclear to this point, however, the
degree to which space charge limits throttle ion transfer in field-free APPI
sources. We expect the effect to vary significantly instrument-to-instrument and
that it should be considered an important factor impacting ion source design.

The case of open geometry APPI sources

The analyte ionization mechanisms at play for open-geometry sources are
governed by a slightly modified set of parameters. Since no field-free region is
provided within these sources, we expect that there will be a near-instantaneous
separation of opposite charges within the vicinity of the primary ionization region.
Ions with a like-charge to the voltage applied to the transfer plate will be repelled
and toward the MS sampling orifice. Oppositely charged species will be drawn
toward the transfer plate and quickly grounded, limiting the role of charge
recombination. (Similar to the field-free source, ion diffusion losses are assumed
to be an insignificant contributor to ion loss processes.) Consequently, we expect
that ion recombination within open-geometry sources may be considered
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negligible; in-turn the total ion currents delivered should also be significantly
higher than observed for field-free sources. It is anticipated that analyte ions will
be produced through the same critical ion-molecule reaction pathways that
governing field-free APPI sources. In open-geometry sources, primary ionization
occurs in the direct vicinity of the sampling interface (a length of only 3-5 mm).
The total reaction time is then limited to the short period that reagent ions and
analyte neutral molecules co-reside within the primary ionization region, and as a
result, the progression of ion-molecule reactions may be restricted.

From a theoretical standpoint considering only first principles it is difficult to
discern which ion source configuration will provide the best overall analyte
sensitivity. Open-geometry sources are less restricted by recombination losses,
however, given elevated total ion currents, the effects of space charge repulsion,
limiting ion transmission are expected to be a more dominant factor than
experienced by the field-free devices. It is also unknown if the limited reaction
time provided within open-geometry sources will limit ion-molecule reactivity and
the initial production of analyte ions. The primary focus of this chapter will be to
verify through an empirical comparison which source configuration provides the
best overall performance. To our knowledge a thorough head-to-head evaluation
of the two APPI source designs has never been completed upon a single,
modern MS platform.

2.2. Methods and Materials
2.2.1. Prototype Source Design
The first Photospray source developed by MDS Sciex was based upon a closedgeometry field-free design incorporating a stainless steel ion source block. A
photo of an early prototype field-free APPI source developed by Robb and Bruins
is provided in figure 2-1a.51 This device was later used as the basis for the firstgeneration Photospray source design. These devices were intended to interface

30

with API 3000 and QStar series mass analyzers and were manufactured through
the modification of a co-linear APCI source housing. The next generation of now
modern platform API instruments utilizing a 4000 series MS interface required a
redesign of all ion sources, including both the hybrid ESI/APCI and APPI
sources. The current open-geometry Photospray design emerged as shown in
figure 2-1b.

Figure 2-1. a) Photo of first generation, closed geometry field-free Photospray source,
designed for use on MDS/Sciex 3000 series and QStar mass spectrometers. b) Photo of a
current open-geometry Photospray source designed for use on 4000 series API mass
spectrometers.

In order to establish a realistic comparison of the two APPI configurations, a
stainless steel source block was machined in-house (University of British
Columbia, BC, Canada) and mounted within a modified TurboV source housing.
A photo and cross-sectional schematic of the new source block are provided in
figure 2-2. The source block was engineered to mirror the dimensions and
functionality of the first-generation source block as closely as possible. A 7-mm
diameter conduit was provided for sample and ion transport. A second channel
3-mm in diameter was included orthogonally to the sample transport conduit
allowing photons to irradiate the vapourized solvent plume. A third 1-mm
diameter conduit was provided orthogonally to the photon channel to provide a
means for introducing a flow of nitrogen lamp gas. Lamp gas is required to keep
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the photon conduit clear of solvent and dopant vapour ensuring that both photon
absorption and dopant ionization occur only within the sample transport conduit.
Lamp gas was provided and regulated by an external source of high purity
nitrogen boil. Nitrogen gas is assumed to be transparent to incident photons and
should not directly affect photon flux.

Figure 2-2 a) Photo of the prototype closed-geometry, field-free APPI source built using a
modified orthogonal Turbo V source housing, for use on 4000 series API mass
spectrometers. b) Schematic diagram for the field-free APPI source.

Modern TurboV ion sources are equipped for both ESI and APCI functionality.
The prototype APPI source requires the use of the APCI heated nebulizer and
sample nebulizing probe. As a result, the mass analyzer and control software
identified the prototype source as an APCI heated nebulizer. The heated
nebulizer and sample probe were operated as designed without modification.
The APCI corona discharge needle was removed to accommodate the
installation of the source block. Minor modifications were also made to the
source housing in order to permit the application of external electrical and lamp
gas provisions.
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The source block was mounted directly to the output of the ceramic heated
nebulizer using a custom machined Vespel adapting ring. The ring permitted
electrical isolation of the source block allowing for the application of an additional
offset transfer voltage, required to transmit ions into the mass analyzer. Offset
Transfer voltage was provided using an external Stanford Research (Sunnyvale,
CA) PS350 programmable DC high voltage supply. The dimensions of the
source block were selected to accommodate positional adjustment in the x(vertical) and y-axis (horizontal) directions. The source block position along the z
axis (co-linear to the MS ion flight path) was fixed and could not be adjusted
under the current design.

A Cathodeon Ltd. (Cambridge, England) PKS 100, Krypton photoionization
discharge lamp was mounted to the source block using a custom machined
Vespel lamp holder, held in place by two set screws. The lamp was mounted in a
fixed position and was not independently adjustable in any direction (This differs
from the modern open-geometry source configuration which allows for lamp
position adjustment vertically). The PI lamp was operated in a continuous DC
output mode, powered by a custom built HV power supply (Electrical Services,
University of British Columbia, BC, Canada). Operating current was restricted to
~ 0.8 mA for all experiments, providing a constant source of photons at two
wavelengths (123.6 nm and 116.5 nm) with radiant energies of 10.0 and 10.6 eV.
The custom HV power supply could accommodate lamp operation up to a
maximum current of 2.0 mA, however, a restricted setting was selected in order
to increase lamp lifetime.

In the current design a removable stainless steel “flight tube” was mounted to the
base of the ion source block providing an extended field-free region. The solvent
plume and ions must travel the length of the flight tube before entering the open
source environment. Flight tubes may be substituted interchangeably for tubes of
varying dimensions in order to alter the length or restrictive geometry of the field
free reaction region. The end of the flight tube was machined asymmetrically
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with the intention of inducing an element of ion focusing to the ion transmission
field that extends between the flight tube and the MS curtain plate. The shape of
this end cut was arrived at intuitively rather than empirically and its contribution to
ion transmission has not yet been characterized.

2.2.2. Instrumentation

All experiments were performed on an Applied Biosystems/MDS Sciex (Concord,
ON, Canada) API 3200 triple quadrupole mass spectrometer. Source
comparison experiments were conducted using a prototype Photospray source –
functionally identical to commercially available APPI sources. Syagen
Technologies provided an additional prototype Photomate APPI source including
a proprietary high intensity Krypton discharge lamp and integrated RF power
supply. Transfer voltage for the Photomate source was applied using an
additional external Stanford Research (Sunnyvale, CA) PS350 programmable
DC HV supply.

Flow injection experiments were performed using an integrated switching valve
with a 10-µL sample loop. All analyses were carried out in Multiple Reaction
Monitoring (MRM) mode with a scan time of 200 ms and a dwell time of 5 ms.
MRM transitions for reserpine [M+H]+ - 609  195, testosterone [M+H]+ - 289 
109, estradiol [M-H2O+H]+ - 255  159, progesterone [M+H]+ - 315  97,
cortisone - 361  163, acridine [M+H]+ - 180.2  152.0 and fluoranthene [M]+ 202.2  152.2 were utilized. Optimized MS parameters (those independent of ion
source performance) were maintained for all experiments.

Where applicable, HPLC grade methanol or a 50:50 mixture of methanol/DI
water was infused without additives at 200 µL/min using a Harvard Apparatus
(Holliston, MA) syringe pump, while toluene dopant was also infused at 20
µL/min using a second integrated syringe pump unless otherwise specified.
Mobile phase and dopant streams were combined using a T-union prior to
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entering the heated nebulizer probe. No evidence of immiscibility between the
mobile phase and toluene dopant was observed under the MS operating
conditions provided in Table 2-1. For steady-state analyte infusion experiments,
a third external syringe pump was used to deliver samples through an additional
T-union placed in-line with the mobile phase flow.

Table 2-1. Performance evaluation: Optimized source conditions
Table 2. Optimized source conditions
Parameter
Transfer voltage

Prototype Source

PhotosprayTM

1600 V

700 V

Nebulizer temp

300 C

350 oC

Nebulizer gas

30 psi

35 psi

0.3 L/min

30 psi

Lamp gas
Lamp current
Toluene dopant
Mobile Phase (MeOH)
Solvent additives

o

0.7 mA

n/a

20 µL/min

20 µL/min

200 µL/min

200 µL/min

none

none

2.2.3. Chemicals
Reserpine, fluoranthene, acridine, testosterone, estradiol, progesterone and
cortisone were purchased from Sigma (St. Louis, MO), all as dry solids at no less
than 97% purity. HPLC grade methanol and toluene were obtained from Fisher
Scientific (Fair Lawn, NJ). Reserpine, fluoranthene, acridine solids were
dissolved individually in pure methanol to produce 4.0, 1.0 and 1.0 mM stock
solutions respectively. Each stock solution was further diluted in methanol to
produce 0.4, 0.1 and 0.1 µM standard solutions. Testosterone, estradiol,
progesterone and cortisone stock solutions were prepared by dissolving dried
solids individually in methanol to produce 1-mg/mL standard samples. The
standards were further diluted to 1-µg /mL in methanol. Additional dilutions were
made as required. All chemicals were used as purchased without further
purification.
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All ion current measurements were performed using a model 427 current
amplifier from Kiethley Instruments (Cleveland, OH) and a model TDS 340A
digital oscilloscope from Tektronix (Wilsonville, OR). Ion current was collected
for 50 seconds (average of 1000 samples) with a gain of 106 V/A and a rise time
of 300 ms unless otherwise stated. Additional passive low pass filtering was
utilized at 10 Hz for all analyses. Current measurements were made by directly
connecting the curtain and/or orifice plates to virtual ground through the current
amplifier using a custom built BNC wiring harness. Voltage biases were applied
to subsequent interface elements to ensure total ion collects using a custom
variable voltage power supply. Normal interface voltages were supplied as
needed in order to facilitate standard MS operation and ion transmission.

The measurement of ion current transmission beyond the orifice plate was
performed using a modified skimmer cone and Q0 current collection cup. A
factory skimmer cone was modified to accept a custom PEEK insulating sleeve
permitting electrical isolation from the MS chassis. A BNC lead connection was
made to the insulated skimmer cone through a modified positional locating pin.
The lead was fed through a hermetic fitting in the chassis of the MS in order to
facilitate the uninterrupted functioning of the MS vacuum system. A custom
current collecting Faraday cup was mounted within QO and used to verify that all
current passing through orifice plate was collected on the skimmer cone. The
faraday cup was connected to the skimmer cone using a removable branched
electrical connection. The faraday cup was removed from QO for all other
measurements and standard MS functionality was verified.

2.3. Results and Discussion
2.3.1. Prototype Source Characterization
Prior to a formal evaluation of source performance, an investigation was
completed into the source parameters affecting optimization of the prototype
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APPI source using the infusion and flow injection of various standards. Gas flow
rates, voltages and vapourizer temperature were independently optimized to
provide maximum signal and stability under fixed solvent and analyte conditions
(Table 2-1). Flow injection experiments were performed at a methanol flow rate
of 200 µL/min to represent volumes suitable for conventional LC-MS methods.

2.3.1.1.

Nebulizer (GS1) and Lamp Gas Flow Rates

An optimized lamp gas flow rate of 0.3 L/min was routinely identified for the
prototype source, across all experiments (data not shown). The peak analyte
signal was observed at a sharp, localized lamp gas flow rate. Without a lamp
gas, no analyte signal was observed, presumably the result of complete
absorption of incident radiation within the photon introduction conduit. The signal
also quickly diminished upon transition to higher gas flow rates, likely in response
to the turbulent disruption of the laminar flow of the sample vapour plume.
Verifying lamp gas optimization should be considered critical when optimizing
any APPI-LC-MS method.

The optimization of the nebulizer gas flow rate (GS1) was somewhat more
complicated. Increased nebulizer gas flow will have an effect on the surface
temperature and average temperature across the cross-section of heated
nebulizer. Vapourizer temperature is known to have a critical impact on the
formation of reagent ions, protonated solvent clustering and subsequent ionmolecules interactions involving the analyte. Additionally, the nebulizer gas flow
rate relates directly to the concentration, velocity and thus residence time of ions
within the extended-field free ionization region. The nebulizer gas flow rate was
generally optimized toward lower values, allowing for increased ion-molecule
reactivity, while maximizing the gas-phase analyte neutral concentration. Below
a minimum threshold of around 20 psi, analyte signal rapidly diminished,
presumably the result of inefficient vapourization.
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2.3.1.2.

Curtain Gas

The provision of a continuous flow of nitrogen curtain or drying gas, counter
current to the ion path through the MS interface, is required to ensure that neutral
compounds are not permitted to enter the sampling orifice. Ionized compounds
under the influence of an external potential field are able to penetrate the curtain
gas and may be sampled by the mass analyzer. Inevitably, the flow of curtain
gas will also disrupt the transmission of ions to some determinable extent.

Figure 2-3 demonstrates the effect of curtain gas flow on the signals obtained
from the infusion of a testosterone standard. Ion transmission was found to
optimize at 10 psi, the minimum value permitted by the MS software interface.
This translates to a mass flow rate of approximately 1.5 LPM (measured
upstream from the curtain plate) – a portion of which will be drawn into the MS
orifice, with the remainder passing through the curtain plate orifice. The signal
was observed to drop steeply with increased curtain gas flow.

Intensity / A.U.
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Figure 2-3. Signal response obtained for the infusion of a 1 µg/mL testosterone standard
as a function of curtain gas pressure for the field-free APPI source.

The MS instrument manufacturer recommends a minimum 20 psi operating
pressure which was shown to result in a roughly 20% decrease in ion
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transmission with respect to the optimal value. This trade off appears reasonable
provided that contamination of the MS interface is averted, however, the effects
may vary for analyzers that utilize a larger orifice diameters or vacuum pumping
capacity. It should be noted that the effect of curtain gas upon signals obtained
using alternative sources such as ESI and APCI were much less severe (data not
shown), in contrast to the APPI source. The exact cause for the significant
discrepancy between ion sources is unknown; however, we speculate that it may
result from an increased dependence on ion focusing within APPI sources.

2.3.1.3.

Heated Nebulizer Temperature

Maximum analyte signal was routinely obtained at nebulizer temperatures
optimized 50-75oC lower than empirically determined for the open-geometry
Photospray source. This may be attributed to changes in gas flow dynamics as a
result of the closed-geometry ion source block confining the nebulized solvent
plume, decreasing heat exchange between the ceramic nebulizer, the sample
and the ambient source environment. Figure 2-4 presents temperature
measurements obtained with a thermocouple comparing the open-geometry and
field-free APPI sources. Temperatures measured at both the outside surface of
the nebulizer tower and at the outlet of the heated nebulizer are in excellent
agreement between the open- and the field-free source designs. However,
temperatures measured directly in front of the PI lamp, within the primary
ionization regions for both sources, differ significantly. As a relevant example, at
an instrument set point of 300oC the temperature in the ionization region of the
closed geometry source was measured to be 210oC, compared to 112oC for the
open geometry source. The full implications of reduced nebulizer temperature
requirements have yet to be evaluated, however, it could lead to reduced
fragmentation and thus improved performance for the analysis of thermally labile
compounds.
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Figure 2-4. In-source temperature measurements obtained as a function of set point
temperature for both the Photospray and field-free APPI sources at various locations.

2.3.1.4.

Source Block Positioning and Transfer Voltage

Nebulizer and source block positioning was shown to be critical to the
performance of the new source geometry, more so than observed for the opengeometry source. Ion transport from the source block into the sampling orifice
requires application of an ion transfer voltage consistent with all APPI source
designs. As ions exit the field-free region with a trajectory orthogonal to the MS
ion flight path they are re-directed by the applied field spanning between the
tongue of the transport tube and the curtain plate, focusing them ideally toward
the orifice. The field strength required to most efficiently transmit ions was
dependent on both the vertical position of the nebulizer relative to the orifice
(Figure 2-5a) and the ion velocity as its exits the field-free region. Ion velocity at
this point can be tied to the total laminar mass flow of gas exiting the transport
tube. Efficient ion transfer from the field-free region to the MS orifice is thus

40

dependent on a vector sum of an ion’s momentum in both the vertical (dependent
on the nebulizer gas flow rate) and axial (dependent on its mobility within the
transfer field) directions.
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Figure 2-5. Schematic depiction of source block position relative to the MS sampling
orifice. b) XIC signal intensity for the flow injection of a 0.1 µM reserpine standard as a
function of applied ion transfer voltage, at various source block vertical positions with a
fixed volumetric flow rate. (
) -1 mm, (
) 0 mm, (
) 1 mm, (
) 2 mm, (
) 3 mm, (
) 4 mm.

No optimal vertical nebulizer position was identified but instead ion transmission
was optimized through simultaneous adjustment of both nebulizer gas flow and
transfer voltage at a variety of positions, the results of which are shown in Figure
2-5b. Maintaining a fixed volumetric flow rate, optimal signal was obtained at
increasingly higher transfer voltages as the nebulizer was lowered relative to the
sampling orifice. No single vertical position was found to demonstrate enhanced
sensitivity. This observation was used to simplify source tuning as the vertical
position was fixed for a given gas flow rate, with only adjustment of the field
strength required.

As expected, horizontal nebulizer positioning was simplified due to the inherent
symmetry of the ion flight path. Centering the nebulizer relative to the orifice axis
was shown to provide optimal results for all experiment suggesting that this
parameter could remain fixed in future designs (data not shown). It should also
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be noted that there was no significant mass dependence observed with respect
to optimal source positioning or transfer voltage requirements over the limited
range of analytes tested.

2.3.1.5.

The Measurement of Ion Current

Table 2-2 summarizes the total ion current transfer efficiency for the closedgeometry APPI source. Ion current measurements demonstrating the
transmission efficiency of the source for the infusion of only dopant, as well as
the combined infusion of dopant and reverse phase LC solvents are provided.
Current measurements were made at several locations, utilizing the curtain plate,
orifice plate and skimmer cone as ion collecting electrodes, enabling the
determination of the TIC generated and ultimately transferred into the mass
analyzer. The factors affecting primary ionization within a custom-built
photoionization detector have been previously considered by Robb et al. (2006)58
Their device was designed to explore the factors affecting the generation of
primary reagent ions within field-free APPI sources similar to the current closedgeometry design - also utilizing a standard DC krypton photoionization lamp.
Parameters including lamp operating current, as well as both solvent and dopant
flow rates were thoroughly characterized. Under dopant only conditions similar
to those utilized during this study, the primary ion current measured in the direct
vicinity of the photoionization lamp was determined to be on the order of 1 µA.
This value is representative of the initial production of photoion current within the
device, limiting the effects of time dependent ion loss processes. We take this
figure to be roughly similar to the primary ion current expected within the
proximity of the photoionization region of the prototype closed-geometry source.

Dopant only case

As shown in Table 2-2, for the dopant only case, the ion current ultimately
collected at the MS curtain plate was measured to be around 11 nA, roughly 100
fold lower than the assumed primary ion current reported by Robb. The cause of
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the large disparity is attributed to the effects of charge recombination that persist
during transit through the extended field-free flight tube region. Ion current will
continue to decrease until oppositely charged ions are finally separated at the
outlet of the flight tube. In a study prior to their early characterization
experiments, Robb et al. measured a TIC of 13 nA produced at the curtain plate
of the first-generation, field-free APPI source under similar conditions.53 This
value is in close agreement with our measurements indicating that both early and
current closed-geometry source designs generate roughly comparable overall ion
production efficiencies. Table 2-2 also shows that under dopant only conditions,
the amount of ion current that was able to penetrate the curtain gas and pass
through the curtain plate aperture before finally striking the MS orifice plate was
roughly 60% of TIC measured to exit the field-free region; the remaining 40%
was lost to detection, presumably impacting the curtain plate.

Dopant with combined solvent flow

To verify the effect of solvent flow on the TIC, an additional supply of mobile
phase solvents was introduced, providing typical conditions relevant to a real LCMS workflow. Table 2-2 demonstrates that ion current measured at the curtain
plate was reduced from 11 nA to around 7 nA upon the infusion of an additional
solvent flow comprised of a 50:50 methanol/water mixture at a flow rate of 200
µL/min. The resulting loss of total ion current may be attributed to various
proposed mechanisms,58 however, for our purposes it is sufficient to conclude
that a reduction in TIC is expected to coincide with an increase in solvent flow.
At any rate, 7 nA represents the starting point from which ion current may be
considered in terms of transmission efficiency under a set of reasonable LC-MS
solvent conditions. An ion current of roughly 4 nA was measured at the orifice
plate under conditions including the infusion of an additional LC solvent stream.
This represents an approximately 40% reduction in TIC transferred through the
curtain plate – similar to the dopant only example.
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Table 2-2. Transmission of ion current with the field-free APPI source
Table 3. Transmission of ion current
Electrode

Measured Current / nA % Curtain ion currrent

Primary ionizationa

1000

-

Curtain Plate

11.3

100.0%

Orifice plate

6.5

57.5%

Curtain plate

7.3

100.0%

Orifice plate

4.2

58.1%

Skimmer + Q0

0.6

8.2%

Skimmer

0.5

6.7%

Dopant only

Dopant + mobile phase

b

a - primary ion current assumed from reference [58]
b - 50:50 methanol/water + 0.05% formic acid at 200 µ L/min

Finally, the efficiency of ion transmission through the 250-micron diameter orifice
plate nozzle was determined. The TIC passing through the orifice plate and
striking the skimmer cone coupled to the faraday cup was measured to be about
0.6 nA - roughly 8% of the TIC exiting the source block. Without the faraday cup
in place the current collected on the skimmer alone fell slightly to 0.5 nA. This
infers that although imperfect, ion collection upon the skimmer cone alone is at
least reasonably representative of the current transmitted through the orifice,
even when an ion stopping bias voltage is not provided down stream within QO.

Although the reduction in ion transmission through the orifice nozzle does
represent a substantial loss, the overall efficiency does appear at face value to
be an improvement over the efficiency reported for an ESI source. Utilizing a
mass analyzer with an even larger, 300-micron orifice diameter, Zook and Bruins
reported that the primary ion current produced by their ESI source was around 50
nA236 - derived from the infusion of a quaternary ammonium salt standard (50 µM
at solution at 5 µL/min). Roughly 90% of the ion current, leaving the ESI
nebulizer probe, was determined to arrive at the curtain plate in this system.
Since charge recombination is not expected to be a significant factor within ESI
sources, the efficiency of transport through the open source environment should
presumably be quite high. In light of the divergent nature of the electrospray ion
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trajectory, however, only around 1% of that current was measured to pass
through the curtain plate, striking the grounded orifice plate. No explicit ion
focusing elements are typically incorporated within standard ESI sources. A
further order-of-magnitude was lost during transit through the orifice plate,
ultimately arriving at the skimmer cone, within the analyzer vacuum region.
Finally, only about 12 pA of ion current was passed through the skimmer to the
first quadrupole ion guides. Transmission efficiency will be dependent on many
parameters related to the design of the mass analyzer, however, suffice to say,
roughly 10 fold more ion current was detected within the vacuum environment for
the orthogonal, field-free APPI source relative to their ESI based system under
realistic operating conditions. The take away message from this assessment is
simply that ion current produced within the closed-geometry APPI source and
ultimately transferred into the mass analyzer is at least comparable if not superior
to what may be expected for a typical ESI-MS system. It remains to be seen,
however, the degree to which the optimization of ion source geometry may
further affect transmission efficiency for the closed-geometry source.

From here we are left to postulate the root cause for the observed ion
transmission loss through the curtain and orifice plates. We propose that space
charge limitations may play a role in the restriction of ion transmission.
Alternatively, we may also propose that ion transmission could be limited simply
by inefficient ion focusing and may be in-turn improved through the geometric
optimization of source block and flight tube. These possibilities will be
addressed in further detail within the source characterization section.

2.3.2. Head-to-head Performance Evaluation
2.3.2.1.

Open-geometry Photospray Source Comparison

The prototype source takes advantage of ion-molecule reaction chemistry
identical to the commercial Photospray source. As a result, full-scan spectra
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obtained through direct infusion of dopant, solvent and various analyte standards
consistently presented identical spectral background species differing only by
enhanced ion currents and varying relative ion intensities (data not shown). The
magnitude of enhancement toward analyte sensitivity was verified by flow
injection analysis. The relative performance for both sources using single
component injections of reserpine, acridine and fluoranthene standards was
determined. Figure 2-6 presents XIC traces obtained using both sources for 4
consecutive injections of a reserpine standard, demonstrating reproducibility and
dramatic sensitivity enhancement. The closed-geometry source was shown to
significantly out perform the commercial Photospray system by factors of 22, 13
and 6 times for each analyte respectively. This improvement was reproducible on
a day-to-day basis, however, may vary based upon the selection of user
optimizable parameters. As such, these values can be used to gauge the
potential for order-of-magnitude scale improvement rather than adopted as
figures-of-merit. The root of this enhancement is believed to be derived from the
inclusion of an extended field-free reaction zone within the closed-geometry
source design.
3.0e+5

Intensity / A.U.
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Field-free APPI

2.0e+5

1.0e+5
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0
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Figure 2-6 XIC signal intensities obtained for 4 consecutive 10 µL injections of reserpine
standard. Results compare the response for the Photospray source relative to the fieldfree APPI source.
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The ion-molecule reaction region within the open-geometry source is limited to
the vertical distance between the top of the irradiation conduit and the sampling
orifice - a distance of roughly 3-5 mm. All transfer of charge from dopant reagent
ions to the analyte must occur during transit through this region prior to sampling
at the MS orifice. Both the primary ionization of dopant and formation of
protonated ion clusters are known to be very fast reactions at atmospheric
pressure, attaining equilibrium within a few microseconds. The reagent ion
population quickly reaches an equilibrium state within the vicinity of the region
irradiated by the discharge lamp. The step limiting overall efficiency in this
scenario becomes the transfer of a proton or charge from a reagent ion species
to the analyte. Since the reagent ion population is assumed to remain in excess
for a limited transmission length, the time provided for reactions to proceed
between reagent ions and analyte neutrals ultimately limits analyte ionization
efficiency.

For the prototype closed-geometry source configuration described thus far, the
combined ion source block and transfer tube flight path extends the reaction
zone by approximately 25 mm relative to the open geometry source. Within this
region ion loss processes persist, however, the population of analyte ions is
allowed to reach an equilibrium state. The results demonstrate that enhanced
sensitivity for a particular analyte may be directly tied to the provision of an
extended field-free reaction region; however, the underlying mechanisms behind
this effect are still unclear.

2.3.2.2.

Comparison with a Prototype Photomate Source

The performance comparison study was extended to include an additional
prototype Photomate APPI source. Although never commercially manufactured,
Syagen Technologies developed a prototype open-geometry source intended for
use on 4000 series AB Sciex mass analyzers. The device, pictured in figure 2-7,
exploited a modified TurboV ion source housing, facilitating the use of the same
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heated nebulizer and sample probe included for APCI applications. A
proprietary, high radiant output, Krypton discharge lamp was utilized in this
design, including an external RF power supply module. The manufacturer
included a high output light source with the intention of increasing primary
ionization efficiency through enhanced photon flux. We hypothesize that this
may pay dividends for ionization through the direct photoionization mechanism,
however, according to theory this is little different than increasing primary
ionization through increasing the dopant flow rate.

Figure 2-7. Photo of prototype open-geometry Photomate source, designed for use on
MDS/Sciex 4000 series mass spectrometers.

Figure 2-8 provides MRM XIC traces demonstrating the relative sensitivity
obtained for the Photospray, Photomate and prototype closed-geometry APPI
sources, for cortisone and progesterone single component standards introduced
by flow injection. As anticipated, the relative performance of the Photospray and
Photomate sources were determined to be very similar, given their analogous
geometries and functionality. Although the Photomate device was only a
prototype design and no assurances can be made that the device was fully
optimized, we saw no evidence to suggest that the inclusion of a high output RF
photon source provides any significant advantage over standard DC Krypton
discharge photoionization lamps. The closed-geometry source on the other
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hand, was found to provide significantly higher analyte sensitivity than either the
Photospray or Photomate sources, presumably resulting from the provision of an
extended field-free reaction region.
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Figure 2-8. XIC signals obtained for the flow injection of 10 ng/mL Cortisone (left) and
Progesterone (right) standards demonstrating the head-to-head performance of the
prototype Photomate source relative to both the commercial Photospray and prototype
field-free APPI sources.

Figure 2-9 provides ion current measurements, obtained as a function of toluene
dopant flow rate, with the additional continuous infusion of a 50:50
methanol/water make up flow at 200 µL/min. Ion current was measured using a
wiring harness connecting both the curtain and orifice plates directly to virtual
ground through the current amplifier, in order to ensure efficient total ion
collection. Figure 2-9a demonstrates the affect of the increased lamp power
provided by the Photomate source; at a dopant flow rate of 20 µL/min, nearly 50
and 150 times more total ion current was generated relative to the Photospray
and field-free APPI sources respectively. The obvious curvature displayed in the
Photomate data indicates that ion recombination loss processes become a
significant factor at such elevated ion currents, regardless of the near-immediate
charge separation provided within the primary ionization region open-geometry
source designs. Figure 2-9b presents the same data scaled to focus on the
results obtained for the Photospray and close-geometry sources. The
Photospray data demonstrates a nearly linear increase in TIC with dopant flow
rate indicating that the effects of recombination have been drastically reduced
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within this design, at least under some constrained LC-MS conditions. The
curvature displayed in the results obtained for the closed-geometry source
approaches an asymptotic limit, demonstrating that charge recombination is in
fact a significant factor for the field-free design. Overall, the field-free source was
determined to deliver roughly 1/3 the total ion current produced by opengeometry Photospray source.
40
1400
1200

Ion Current / nA

30
1000
800

20

600

Field-free APPI

400

Photospray
Photomate

10

200
0

0
0

5

10

15

20

25

30

0

5

10

15

20

25

Dopant Flow Rate / µL/min

Figure 2-9. Ion current data collected for the Photomate, Photospray and field-free APPI
sources as a function of toluene dopant flow rate. b) Scale adjusted to isolate ion current
data obtained for the Photospray and field-free APPI sources.

In spite of a reduced total ion current output, analytical results have clearly
demonstrated that analyte sensitivity remains enhanced given the provision of a
field-free reaction zone. Under the same conditions, it is interesting to note that
transmitted total ion currents of 0.8 and 2.0 nA were measured to reach the
orifice plate for the Photospray and field-free sources respectively (data not
shown). This result suggests that regardless of the elevated TIC demonstrated
by the open-geometry source, the field-free geometry is in fact more effective at
transferring the ion current through the curtain plate. We may presume this to be
the result of improved ion focusing, however, there is also the possibility that the
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effects of space charge repulsion within the field-free source are suppressed by
reducing the total ion current generated.

Figure 2-10a explores the effect of dopant flow rate on the ion current collected
separately at both the curtain and orifice plates, for the field-free source. Both
trends are indicative of a scenario where charge recombination is likely the
dominant factor limiting ion current, leading to an increasingly regressive slope
with increased primary ionization. The data for the current collected at the orifice
plate, however, is shown to reach an asymptotic limit while the curtain plate ion
current continues to rise, although with a diminishing returns.
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Figure 2-10. a) Ion current data collected upon the curtain plate and orifice plates as a
function of toluene dopant flow rate. b) Orifice plate ion current transmission displayed as
a fraction of the total ion current reaching the curtain plate, as a function of dopant flow
rate. Methanol mobile phase supplied at 200 µL/min.

Figure 2-10b displays the percentage of ion current measured at the orifice plate
as a fraction of the ion current measured at the curtain plate. The results suggest
that the efficiency of ion transfer through the curtain plate decreases with
increased initial ion current. Assuming an even distribution of charge across the
ionization transfer conduit, we may take this as evidence to suggest that space
charge repulsion may be a contributing factor to the limit observed upon ion
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transmission through the curtain plate. Should ion focusing alone be responsible
for transmission efficiency, we would expect the relative transmission to the
curtain and orifice plates to scale proportionally.

To summarize, we have yet to fully explore the role of space charge limitations
on the transmission of ion current through the curtain or orifice plates, and as
such we concede that only the first step has been taken toward a complete
understanding of ion transfer efficiency. Much would be gained from a thorough
inspection of all parameters governing ion transmission limitations. All that can
truly be concluded at this point is that increased ion current does not translate
directly to increased sensitivity for a particular analyte.

2.3.3. Addressing Source Geometry
2.3.3.1.

Length of the Extended Field-free Region

We now extend our investigation to look deeper at the effect of the extended
field-free region on attainable sensitivity for three alternative length transport
tubes. Figure 2-11 compares XIC traces obtained for the flow injection for a
range of compounds, using flight transport tubes 15, 20 and 25-mm in length.
The vertical placement of the heated nebulizer was correspondingly adjusted to
maintain a consistent flight tube exit position relative to the MS sampling orifice.
This ensured an identical ion transport field was preserved between
configurations resulting in an effective change in only the length of the field-free
region and therefore reaction time. Signals for reserpine and acridine, ionized
through proton transfer, exhibited an average of approximately 20% improvement
in sensitivity for every 5 mm increase in transport length, establishing a clear
trend demonstrating sensitivity enhancement through increased ion transit time.
The existing source housing would not permit clearance for flight tubes longer
than 25-mm, however, additional linear improvement is expected should the
source be again re-engineered to accommodate a longer field-free flight transport
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region. Practical limits to sensitivity for analytes ionized through proton transfer
are at this point unknown, provided an excess population of reagent ions is
maintained.
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Figure 2-11. XIC signal intensities obtained as a function of flight tube length for 3
standard analytes introduced through flow injection. Toluene dopant was supplied a 20
µL/min for each trial.

Conversely, the results for non-polar fluoranthene, ionized through charge
exchange, exhibited the opposite trend with sensitivity steadily decreasing as the
transport region was lengthened. We believe this reverse trend to be connected
to the ionization chemistry involved with use of toluene as a dopant for charge
exchange in the presence of organic reverse phase solvents (i.e. methanol or
acetonitrile). Toluene photoions have been shown to react, often to completion,
in the presence of excess methanol, losing all charge to the formation of
protonated solvent clusters. The result is a significant depletion in the population
of dopant reagent ions available to participate in the charge exchange pathway.
We propose this causes an imbalance in the competition between the rate of
analyte ion production and charge recombination resulting in a net loss of analyte
ion current as transit length is increased. It is expected that use of alternatively
established dopant candidates such as chlorobenzene, bromobenzene or anisole
would provide a stable population of dopant reagent ions, even in the presence
of methanol or acetonitrile.142,237 Providing an excess supply of dopant reagent
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ions should result in a reversal of the observed trend for the fluoranthene charge
exchange mechanism, once again leading to improved sensitivity as the field-free
reaction region is extended. This hypothesis was confirmed through a series of
follow-up experiments - the details of which fall outside the realm of source
comparison and are instead located in appendix A. To date, toluene is the most
commonly utilized dopant for APPI applications. It is instructive to recognize that
careful selection of a suitable dopant for each application is critical when
optimizing an APPI method.

Moving forward, the effect of flight tube length on the total ion current produced
by the field-free source was considered. Figure 2-12 provides ion current data
measured at the curtain plate for source block configurations utilizing a variety of
flight tube lengths, at three dopant flow rates. The results demonstrate a clear
non-linear decrease in ion current production with increased reaction time coinciding well with theory governing the rate of ion recombination expected for a
field-free source environment. Further, the observed trend is expected to
continue if extended to even longer flight tubes provided that no other loss
processes become significant. The current data fits a second order power trend
with excellent agreement, displaying an R2 correlation factor of no less than
0.998 for the range of dopant flow rates tested.

Figure 2-12b presents the isolated case for a 20-µL/min dopant flow rate,
representative of a typical LC-MS workflow. Here, ion current was measured to
drop roughly 50% while moving from a 15-mm tube to a 25-mm tube. Forecasting
through regression, the TIC is expected to diminish asymptotically approaching
zero current as the collision frequency decreases with the shrinking population of
charge carriers.
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Figure 2-12. a) Ion current data collected at the curtain plate, demonstrating the effect of
flight tube length upon total ion current transmission. b) Extension of the ion current data
collected (at 20 µL/min) to forecast or predict the total ion current anticipated for
increasingly longer flight tubes.

If we can conclude that analyte ion production is expected to increase linearly by
20% with every 5-mm increase in the length of the reaction zone, then we may
infer that in order to double sensitivity, a flight tube length of roughly 50 mm
would be required - provided that the reagent ion current remains in excess. Our
predictions suggest that the TIC should decrease by roughly an additional 60%
moving from a 25 to a 50 mm flight tube, yielding approximately 0.5 nA of
current. At this level we may assume that suitable population of reagent ions is
maintained.

In a more dramatic prediction, a flight tube length of 250 mm would be required
to generate an order-of-magnitude scale increase in analyte ion yield over the
present configuration. At this length, sub 60 pA of total ion current is expected.
Reagent ions represent a fraction of the total ion current, thus it is possible that
the concentration of reagent ion species will no longer be available in excess.
The population of reagent ions provided for proton transfer reactions includes
predominantly protonated solvent clusters (SnH+) ranging in concentration, coordination and acidity. At this time, determining the relative concentrations of all
proton transfer reagent species present within the source is a difficult task. Most
solvent clusters are dissociated within the MS interface and are therefore lost to
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detection, complicating characterization. Additionally, as the transit length
increases and the ion density decreases, the contribution of ion diffusion losses
to the reaction conduit walls may become a significant factor. In the absence of
an accurate measure of the total reagent ion current, and only a limited
understanding of the loss processes involved, evaluating the benefits of
increasingly longer flight tube length is best left to future empirical evaluation.

2.3.3.2.

Tapered Flight Tube Diameter

The use of tapered, conical shaped flight tubes was also explored as a means to
further enhance ion transmission efficiency. The goal was to evaluate
performance while adapting a series of flight tubes with increasingly restricted
cross-sectional areas (CSA), designed with the intention of confining the effluent
of the flight tube to a reduced profile, thereby closely matching the diameter of
the curtain plate orifice. Several conical shaped flight tubes, pictured in figure 213a, were manufactured in house. The conical tubes were designed to restrict
the CSA of the exit profile to 1/2, 1/3 and 1/4 the CSA of an un-altered flight tube
with straight walls. The total length of the flight tubes and the shape of the endcut profile were maintained to provide the closest possible comparison to the
original, straight-walled flight tube design. A schematic of the restricted profile
flight tube is provided in figure 2-13b.

Figure 2-13. a) Photo of the straight walled flight tube (left) with 3 tapered flight tubes
presenting increasingly restricted cross sectional areas. b) Schematic for a tapered flight
tube demonstrating a reduction from diameter “X” to diameter “Y”.
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Figure 2-14 provides XIC signals obtained for the flow injection of a testosterone
standard using each of the restricted flight tubes. Sensitivity was established to
increase steadily yet modestly, with decreased flight tube diameter. The best
results were obtained for the flight tube with the greatest restriction, providing
roughly 50% improved ion transmission over the straight-walled flight tube profile.
Limits to enhanced sensitivity through decreased flight tube profile have yet to be
established

Intensity / A.U.

5
4
3
2
1
0
Straight walls

1/2 CSA
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1/4 CSA

Time

Figure 2-14. XIC signals obtained for the flow injection of a 10 ng/mL testosterone
standard, using flight tubes of increasingly restricted cross sectional area (CSA).

The exact mechanisms contributing to the observed enhancement in analyte
sensitivity have yet to be established. In a separate preliminary study, total ion
current reaching both the curtain and orifice plates was observed to diminish with
decreased flight tube cross sectional area (data not shown). This would suggest
that improved analyte sensitivity may not be the result of enhanced ion focusing,
but rather another mechanism entirely. Future efforts could continue to explore
the role of space charge limitations upon ion transmission through the curtain
and orifice plates as function of the flight tube CSA. Regardless, the results
indicate that further performance improvement may be attainable through
continued re-design of the ion source block and flight tube geometry.
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2.4. Conclusions

This chapter provided an introduction to an orthogonal geometry, field-free APPI
source that draws heavily upon design principles presented by early generation
co-linear sources, however, also builds upon many of the advantages afforded by
modern, open-geometry ion sources. The new ion source incorporates a closedgeometry stainless steel source block intended to enhance sensitivity through the
provision of an extended field-free region. This allows for more efficient
exploitation of the dopant reagent chemistry now considered critical to APPI
performance.

The device was characterized and its performance further evaluated through
head-to-head comparison with a modern, commercially available Photospray
source, as well as a prototype open-geometry Photomate source. To our
knowledge this has been the first comprehensive evaluation of the relative
capabilities of both open- and closed APPI design geometries on a modern MS
platform. The closed-geometry, field-free source design was demonstrated to
out-perform both of the established open-geometry sources, at times providing
order-of-magnitude scale improvement in sensitivity. Although this study was
limited to a comparison against only two APPI sources, we have no reason to
believe that comparable results would not be recognized against all modern
open-geometry sources, lacking an extended field-free reaction region.

A cursory examination of the effect of design geometry on source performance
has demonstrated that significant enhancement to sensitivity may still be
attainable through continued refinement of the source block geometry. This
presents an obvious avenue for continued research as we have yet to establish
true limits to technique performance based on the optimization of primary reagent
ion generation, ion-molecule reaction chemistry and ion transmission efficiency.
The next step in this line of research was to evaluate the new source design
against the performance of other common ion sources such as ESI and APCI.
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This was accomplished through the analysis of real-samples of current interest to
the clinical field, including samples containing complex biological or
environmental matrices.
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Chapter 3. Evaluating Source Performance Relative to
ESI and APCI Through the Analysis of Clinically and
Environmentally Relevant Sample Types
In the previous chapter we demonstrated an advantage provided by the closedgeometry, field-free APPI source design over the open-geometry APPI sources
commercially available today. Due largely to poor overall performance, modern
open-geometry APPI sources often offer little to no advantage over the
alternative ionization methods. As a result, the widespread acceptance of
photoionization has been limited and clinical LC-MS methods rely heavily upon
ESI and APCI instead. This chapter will continue to evaluate the performance of
the closed-geometry APPI source design relative to these alternative ionization
methods, using practical LC-MS workflows to establish the potential of the
technique.

3.1. Introduction

As discussed previously, modern APPI has been adopted for the analysis of an
extensive range of compound classes for a variety of reasons. The greatest
sensitivity advantage appears to be for the analysis of low polarity compounds
including PAHs, pesticides and flame-retardants, however, the analysis of oil and
petroleum samples is perhaps the fastest growing area of application. Although
in some instances a limited sensitivity advantage may be provided, a decreased
susceptibility to matrix ion suppression has positioned APPI as a candidate for
the analysis of clinically and environmentally important samples. Such
applications include the screening of complex biological fluids for steroids and
their metabolites, vitamins and nutrients. Coupled with extensive sample
modification and/or cleanup, however, most clinical and environmental assays
are performed using ESI or APCI - sacrificing time and throughput to satisfy
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lower detection limit requirements, not afforded by modern commercial opengeometry APPI sources.

APPI is often targeted as suitable for only a niche range of compounds of low
proton affinity, despite demonstrations to the contrary indicating the technique to
be readily applicable to the analysis of both polar and non-polar compounds.238
The ability to ionize polar compounds through proton transfer as well as nonpolar compounds through charge exchange, positions APPI as the most
universal atmospheric pressure ionization method. In a 2005 study, Cai et al.
employed a generic LC-MS workflow to examine a panel of 201 pharmaceutical
drug candidates, using APPI, APCI and ESI.65 The APPI source was shown to
effectively ionize 98% of the drug candidates surveyed, with APCI and ESI
following behind at 91% respectively. Of the drugs subject to the study, APPI
was also found to have the highest overall ionization efficiency of the three
sources. Interestingly, the study was conducted using an AB/Sciex API 3000
mass analyzer equipped with a first-generation, closed-geometry Photospray
source, including an extended field-free reaction zone. As such, we expect that
comparable or even superior relative performance should be provided by the new
field-free APPI source. Demonstrating relative APPI performance for the analysis
of a broad range of compounds, using real analytical workflows will be the next
step toward advancing technique acceptance.

3.1.1. Relevant Clinical and Environmental Sample Types

3.1.1.1.

Steroidal Analyses

Steroids comprise a class of bioactive compounds that consist of 4 conjoined
cycloalkane rings, containing at least 17 carbons atoms in a fused gonane
structure, shown in figure 3-1a. Additional functional groups attached to the
steroidal backbone, as well as the oxidation state of the basic ring structures help
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to define the compound’s reactivity and functionality. Most steroids include
alkane functional groups at carbon positions 10, 13 and 17. Cholesterol, shown
in figure 3-1b, is an example of a basic precursor, waxy steroid alcohol, produced
predominantly within the liver and utilized by the body in the production of
hundreds of steroidal compounds within the adrenal glands or reproductive
organs. Major clinical steroid classes include Progestogens, Estrogens,
Androgens and Corticoids (figures 3-1c-f). Each is produced and regulated
through metabolism and ultimately secreted from the body. Clinical scientists
routinely use the determination of steroid levels within biological fluids like serum,
plasma, urine and saliva, as a powerful diagnostic tool for the identification of
deficiencies, irregularities and disease.

Figure 3-1. Structures for a) gonane, b) cholesterol (containing 27 carbons), c)
progesterone (a progestagen containing 21 carbons), d) estrogens (and estrogen
containing 18 carbons), e) testosterone (an androgens containing 19 carbons) and f)
coritcosterone (a corticoids containing 21 carbons).

Historically, steroidal determinations have been performed using either tailored
bioassays239-241 or GC-MS,242-244 however, both methods have considerable
limitations. Immunoassays suffer from cross-reactivity, thus may lack selectivity,
while GC-MS analysis is only amenable to highly volatile compounds, which are
not thermally labile. Time-consuming derivatization methods are often required in
order to enhance GC-MS performance, however, these too introduce a measure
of uncertainty, while appreciably complicating sample preparation.243,245,246 LC-
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MS has been identified as possessing the greatest potential for improving the
analysis of steroids, as well as their polar metabolites, taking advantage of the
atmospheric pressure interface to provide high introduction efficiency for liquid
samples with minimal preparation requirements.247 Questions still remain,
however, as to which ionization method is most suitable for routine clinical LCMS workflows. Highly charged, polar steroid metabolites tend to be efficiently
ionized by ESI, however, neutral steroids possessing limited acidic or basic
functionalities continue to present a significant analytical challenge. As a result, it
is inherently desirable to explore alternative ionization methods in order to
identify and quantify neutral steroids, without the requirement for extensive
sample cleanup or derivatization.

Although Electrospray is presently the most common source used for the general
analysis of steroid neutrals and associated metabolites, APCI has garnered
significant attention as an alternative candidate. Chemical ionization has been
shown to demonstrate reduced ion suppression in the presence of complex
biological matrices.248-250 Co-eluting matrix elements are known to have a
potentially drastic impact on ESI performance, disrupting the vapourization
process, in-turn limiting ionization efficiency.250 As a result, extensive sample
preparation is required, often including: protein precipitation, liquid-liquid or solid
phase extraction methods and time consuming chromatographic separations.
Although the use of any one ionization source will never entirely obviate the need
for sample preparation, minimizing the demand for extensive sample cleanup or
modification will inevitable pay dividends toward sample throughput, as well as
assay precision and accuracy.

Photoionization, analogous to APCI, has been shown to be less susceptible to
ion suppression in comparison to ESI.140,251 Both APCI and APPI methods
employ a heated nebulizer to generate aerosol vapour from an LC eluent stream.
In both instances, analyte ions are produced through a series of postvapourization, gas-phase ion-molecule interactions. In contrast, the electrospray
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ionization process is heavily dependent upon the electronic properties and
volatility of the mobile phase composition and the ability to relinquish pre-ionized
analyte species from charged solvent droplets into the source environment.
Disruption of the vapourization process by involatile matrix components can be
tied directly to a reduction in ESI efficiency. Matrix effects in APPI are thought to
be attributed to gas-phase reactions, resulting in a depletion of the reagent ion
population through interaction with interfering matrix components. These
processes tend to have a less prominent impact on ionization efficiency than
observed for ESI. Reduced susceptibility to matrix effects is a significant and
often overlooked advantage afforded by APPI, particularly for the analysis of
complex clinical samples, and high throughput workflows.

Photoionization has been cited frequently as a legitimate candidate for the
analysis of neutral steroids throughout early development of the technique.51,56,82
These reports focus upon use of the first generation, closed-geometry
Photospray sources, providing an extended field-free reaction zone. This
recognized advantage provided by the early field-free APPI sources would
appear to have been lost, however, when transitioned to the modern, opengeometry orthogonal source designs.60

3.1.1.2.

Vitamin D Screening

Vitamin D is a non-polar, fat-soluble secosteroid required to stimulate the
adsorption of calcium and phosphate within the intestines. It is also necessary to
maintain calcium levels needed to facilitate bone growth. Of its two forms, shown
in figure 3-2, Vitamin D2 (ergocalciferol) can be obtained through dietary
consumption, while vitamin D3 (cholecalciferol) is produced in the skin through
the absorption of UV light, typically from exposure to the sun. Clinically
speaking, 25-OH-vitamin D2 and D3 metabolites are produced from their
respective parent Vitamin D precursors within the liver.252,253 25-OH-vitamin D is
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further metabolized in the kidneys to produce 1,25-(OH)2-vitamin D2 and D3.
The doubly hydroxylated forms of vitamin D are the most biologically active and
are the most clinically significant. Unfortunately, the levels observed for these
metabolites, even within healthy biological fluids, are typically quite low - often
500 to 1000 times lower in concentration than either of the mono-hydroxylated
Vitamin D metabolites. Consequently, clinicians tend to rely upon the
determination of 25-OH-Vitamin D2 and D3 to act as proxies for levels of both the
parent vitamin D compounds and the doubly hydroxylated metabolites within
biological fluids. Assays determining the parent vitamin D compounds are of
limited relevance from a clinical standpoint, however, many processed food
products are fortified with vitamin D, and thus rapid food-screening protocols are
widely applicable.

Figure 3-2. Molecular structures for Vitamin D2 and D3, including both mono- and
dihydroxy- metabolites.

Routine vitamin D screening may be performed using competitive protein binding
assays (CBPA),254 radioimmunoassays (RIA)255,256, enzyme immunoassays
(EIA)257 and chemiluminescent immunoassays (CLIA)258, however, the current
gold standard method simply utilizes HPLC with UV detection.253,259,260 Recently,
there has been interest in coupling common reverse-phase separation methods
with MS detection, in an effort to improve assay sensitivity and accuracy. A few
LC-MS methods for determination of vitamin D have been described utilizing
Electrospray, however, most often APCI is found to provide better sensitivity with
reduced sample preparation requirements.261-264 Use of APPI for the
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determination of vitamin D or its metabolites has only been reported in a couple
of isolated instances, with little acceptance in the clinical field.265,266

3.1.1.3.

Polycyclic Aromatic Hydrocarbons

Polycyclic Aromatic Hydrocarbons are a class of fat-soluble atmospheric
contaminants, produced through the incomplete combustion of organic materials
such as petroleum fuels, coal and wood. They are ubiquitous environmental
contaminants, often possessing carcinogenic or mutagenic properties and
therefore must be monitored with some scrutiny.267 PAHs consist of a series of 2
or more fused aromatic rings, including no additional functional groups. They
tend to be relatively non-polar, possessing no acidic or basic functionalities.
There are over 100 known PAHs compounds of which 16 have been identified as
priority pollutants by the US and EU environmental protection agencies.
PAHs are routinely determined by either HPLC with fluorescence detection268 or
GC-MS,269,270 however, the use of LC-MS methods is increasingly desired due to
the potential for greater sensitivity and higher selectivity. APCI methods have
been described providing adequate detection limits for some PAHs, while ESI
methods are known to ineffectively ionize most highly non-polar analytes without
derivatization.153,271 The determination of PAHs is perhaps one of the key
applications where modern open-geometry APPI sources currently hold some
advantage, given the ability to ionize compounds with low proton affinity through
charge exchange ionization.51,132,153 Instrumental design modifications that lead
to enhanced performance will inevitably increase the widespread acceptance of
the APPI technique.

3.1.2. Sample Purification and Modification
Clinical LC-MS workflows inevitably require some measure of sample purification
or modification prior to sample introduction. Over time, the repeated introduction
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of protein macromolecules may clog LC columns, while smaller constituents can
adversely affect the ionization process, increasing detection limits or
contaminating the MS interface. For these reasons some measure of sample
pre-treatment is generally necessary to preserve robustness and insure
reproducible, accurate results.

Protein precipitation is perhaps the most widely applied sample cleanup
procedure utilized in clinical LC-MS workflows.272,273 Removal of proteins from a
serum or plasma sample vastly improves column lifetime and often cannot be
avoided. Techniques such as Liquid-Liquid Extraction (LLE),264,274 and Solid
Phase Extraction (SPE) 275-278 are often required to concentrate analytes or purify
samples in an effort to limit endogenous interferences. Sample pre-treatment
methods are routinely employed to reduce the impact of matrix suppression,
however, each step places additional strain upon sample throughput and assay
accuracy. Use of internal standards or isotope dilution methods are alternatives
for improving accuracy in the face of matrix ion suppression, however, detection
limits may still suffer as a result of reduced sensitivity. Additionally, suitable
internal standards are often difficult to obtain for many clinical analytes,
particularly steroidal metabolites.

Derivatization is another common sample pre-treatment method used to increase
separation efficiency, volatility, selectivity or sensitivity for less polar analytes.279281

HPLC-ESI-MS methods commonly employ derivatization agents such as

hydroxylamine or dansyl chloride to increase an analytes polarity through the
attachment of basic nitrogen containing functional groups. Derivatized
compounds may display higher or lower polarity, altering column retention and
thus separation from early eluting matrix materials. Increased polarity and thus
basicity also improves ionization efficiency for ESI methods often resulting in
improved detection limits.
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Sample purification and modification techniques may be performed on-line or
with streamlined automated methodology, however, each will inevitably have a
negative impact on assay throughput and accuracy. Extensive preparation
workflows often result in sample dilution and also provide ample opportunity for
analyte losses, carryover and contamination. Derivatization procedures in
particular are costly and must be tailored specific to the functionalities presented
by the analyte precursor, requiring a highly trained operator with thorough
understanding of the chemistry involved. Reducing the requirement for extensive
sample purification or modification procedures will inevitably improve the
throughput and accuracy of LC-MS determinations.

3.1.3. Chromatography: High Throughput Analyses
Liquid chromatography can be thought of as a clinical scientist’s most powerful
sample pre-treatment tool. The physical separation in time of an analyte of
interest from interfering matrix components provides a great advantage for the
analysis of clinical samples including complex biological matrices.
Chromatography inherently presents a significant barrier limiting sample
throughput. The additional requirement for extensive sample purification, the use
of trapping columns, solvent matrix matching and column re-equilibration should
not be overlooked as limitations to an LC-MS workflow.

The pharmaceutical industry is perhaps the largest driving force for rapid,
accurate LC-MS workflows as a means of reducing costs and increasing
throughput and efficiency. Clinical researchers, however, also place a significant
demand upon the need for rapid screening tools as it is more important to discern
what a patient is suffering from, rather than what has killed them. Typical
extended gradient LC methods, ranging in duration from minutes to hours,
represent a significant bottleneck, throttling efficiency. The simplest workflow
would see samples introduced immediately, without separation, to the MS via
direct Flow Injection Analysis (FIA), as a narrow plug of sample inserted into a
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continuous flow solvent stream. Since no physical separation is provided, direct
FIA is only amenable to very clean samples with negligible interfering matrix
components. Often times, water, urine, and saliva samples may be analyzed
using simple “dilute and shoot” methodologies, however, some measure of
chromatographic separation is still generally required. In these instances, high
throughput, rapid screening methods may be utilized. Many of these methods
employ high flow rates and isocratic solvent conditions in order to obviate the
need for time-consuming column re-equilibration periods. Alternatively, recently
introduced Ultra High Performance Liquid Chromatographs (UHPLCs) may be
employed to reduce analysis times through use of separation columns containing
small diameter column packing materials (typically < 2 µm), decreasing the mean
free path and improving resolution and separation efficiencies.282,283 In-turn,
UHPLC systems must be operated under extremely high column backpressures.
Rapid assays utilizing gradient methods are possible using UHPLC systems
allowing the user to tailor separations, while maintaining analysis times below 5
minutes - a bench mark limit for high throughput LC workflows. Drawbacks to the
use of UHPLC systems include requirement for dedicated instrumentation, and
thus prohibitive cost, as well as the need for specialized LC columns that are
capable of operation under the extreme pressures produced by UHPLC pumps.

An ideal high throughput LC workflow would of course present a minimal impact
on analysis times, while still providing efficient analyte separation from interfering
matrix elements. This is dependent on the degree to which ion source
performance is altered by a particular matrix composition. Modern APPI and
APCI are less susceptible to matrix ion suppression than ESI, and thus show
additional promise for adaptation to high throughput clinical workflows. The next
step in this line of research will be to determine if the new field-free APPI source
provides a similar advantage for the analysis of real-biological samples under
relevant high throughput reverse-phase LC-MS conditions.
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3.2. Methods and Materials
3.2.1. Instrumentation
3.2.1.1.

Steroidal Analyses

The field-free, closed-geometry photoionization source described in Chapter 2
was employed for all analyses performed utilizing clinical and environmental LCMS workflows. Lamp power was supplied using a custom HV power supply
(electrical services, University of British Columbia, BC, Canada) with current
restricted to 0.8 mA for all experiments. Offset transfer voltage was provided by
an additional Stanford Research (Sunnyvale, CA) PS350 programmable DC HV
supply. Transfer voltage, gas flow rates and source temperature were optimized
to provide maximum sensitivity. Ion source and MS parameters were optimized
for each analyte and adopted across all steroid determinations

The first mass analyzer used was an API 3200 triple quadrupole MS from
Applied Biosystems/MDS Sciex (Concord, Ontario, Canada). An unmodified
Turbo V source was used for all ESI and APCI analyses. A prototype opengeometry Photospray source, functionally identical to commercially available
APPI sources, was also used without modification. MRM transitions selected for
all steroidal analyses are summarized in table 3-1. In this study, estrone was
found to display an [M+H]+ base peak at m/z 271 in full spectrum scans,
however, a peak of comparable intensity was also observed at m/z 253
corresponding to a water loss to product, [M+H-H20]+. The protonated estrone
base peak was selected for all analyses, across all ion sources. The base peak
for analysis of estradiol (m/z 255) was representative of a similar water loss
product [M+H-H20]+. The estradiol dehydration product ion was selected for all
applicable methods. MS parameters (EP, CXP, DP, CE, etc.) were optimized for
each experiment, and were dependent on the mass analyzer utilized. All
analyses were performed in positive mode with a scan time of 200 ms and a
dwell time of 5 ms. The collision gas parameter tended to optimize toward a
moderate value for each analyte, however, varying with each MS platform.
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Table 3-1. Steroid panel MRM transitions

Compound

Base Peak

Q1 mass

Q3 mass

287.1
347.1
361.3
255.1

97.1
91.1
163.3
159.1

271.1
315.4
289.1

159.1
109.1
97.1

+

[M+H]
+
[M+H]
+
[M+H]
+
[M+H-H2O]
+
[M+H]
+
[M+H]
+
[M+H]

Androstenedione
Corticosterone
Cortisone
Estradiol
Estronea
Progesterone
Testosterone

a - Base peak for estrone was for [M+H] + however a comparibly large signal
was also produceded for [M+H-H2O] + .

Early experiments utilizing chromatographic separation were performed using a
Hewlett-Packard (Palo Alto, CA) 1100 series quaternary pump together with a
Phenomenex (Torrance, CA) Luna, 100 x 2.0 mm C18 column with a 3 µm
particle size unless otherwise specified. The pump was used to deliver all mobile
phases at a total flow rate of 200 µL min-1. Solvent A was deionized water, while
solvent B was methanol, each containing 0.05% formic acid. A two-step gradient
method, described in Table 3-2, was used to compare source performance while
employing extensive matrix separation.

Table 3-2. Gradient LC separation method

Time / min

Flow rate / µL/min

A (%)a

B (%)a

0.0
1.0
3.0
7.0
12.0
12.1b

200
200
200
200
200
200

80
80
30
5
5
80

20
20
70
95
95
20

a - Mobile phase solvent A was DI water and solvent B was methanol.
Both mobile phases included 0.05% forminc acid.
b - Two minute of column re-equilibration included between analyses
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Fast isocratic separations were performed with a 90:10 methanol/water solvent
composition demonstrating the effects of matrix ion suppression during a suitable
high throughput workflow. Flow injection experiments were performed using a
50:50 methanol/water mobile phase composition. APPI experiments required the
infusion of toluene dopant at 20 µL/min using a syringe pump integrated with the
mass spectrometer. The post-column infusion of analyte standards for the
purpose of matrix effect characterization required a second Harvard Apparatus
(Holliston, MA) syringe pump operated at a flow rate of 10 µL/min. Sample
injections were performed manually using a switching valve integrated in the
mass spectrometer with a 10 µL sample loop.
Mobile phase and dopant supplies were introduced separately through a novel,
modified APCI nebulizer probe. Design of the modified heated nebulizer probe is
detailed in Appendix 2. The modified probe utilizes two isolated flow paths to
introduced mobile phase and dopant streams independently, eliminating
concerns regarding solvent miscibility. Both solvent flows enter the nebulizer
probe via stainless steel hypodermic capillaries and pass through a thermally
controlled, high temperature region. Dopant flow is introduced through a short
capillary, terminating within the heated probe where it is vapourized into the
nebulizer gas (GS1). LC effluent was introduced through a longer capillary
terminating 0.5 - 1.0 mm beyond the end of the probe assembly, analogous to
the unmodified APCI design. The nebulizer gas (GS1), saturated in dopant
vapour, was used to pneumatically assist the mobile phase vapourization
process. Results obtained using the modified APCI probe are typically identical
to those obtained using the standard probe design, however, without the
potential signal instability attributable to solvent/dopant immiscibility.

Platform comparison experiments were conducted across three Applied
Biosystems/MDS Sciex mass analyzers: A 3200 series triple quadrupole system,
as well as a 4000 and a 5500 series QTrap. Platform experiments were
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performed using a short isocratic method with mobile phase supplied using a
PerkinElmer (Waltham, MA) 200 series LC pump with auto sampler. Solvent was
supplied with a constant 80:20 methanol/water composition at 200 µL/min
including 0.05% formic acid. Separation was performed using a Phenomenex
(Torrance, CA) Luna, 100 x 2.0 mm C18 column with a 3 µm particle size and a
10-µL injection volume.

3.2.1.2.

Vitamin D Analyses

Vitamin D analyses were performed on an Applied Biosystems 5500 QTrap mass
spectrometer. A Turbo V source operated in APCI mode was used to perform
relevant source comparison experiments. The prototype field-free APPI source
was operated using the method described previously for steroidal analyses. A
conical flight tube with a 4:1 reduction in cross sectional area was employed.
Fixed lamp current was provided using a stand-alone high voltage power supply
designed to support first-generation, closed-geometry APPI sources. Offset
transfer voltage was provided by an additional Stanford Research (Sunnyvale,
CA) PS350 programmable DC HV supply. Lamp gas was supplied at 0.3 LPM
from an independently regulated high purity nitrogen source. MRM transitions
are summarized in Table 3-3. All MS parameters were optimized for each
transition independently and maintained for all experiments.

Table 3-3. Vitamin D final sample concentrations and MRM transitions
Table 6. Vitamin D Final Sample Concentrations and MRM Transistions
Compound

Concentration /
µg/mL

Vitamin D2

10

Vitamin D3

10

25-(OH)-Vitamin D2

10

25-(OH)-Vitamin D3

10

Q1 massa

Q3 mass

397.4
379.4
385.3
367.4
395.3
395.3
383.3
383.3

379.4
159.2
367.4
159.2
269.1
119.0
229.2
211.1

a - [M+H-H20] + ion selected in Q1 for both monohydroxy vitamin D metabolites.
both [M+H] + and [M+H-H20] + ions evaluated for parent vitamin D analyses.
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Chromatography was performed using an Agilent Technologies (Santa Clara,
CA) 1200 series quaternary LC pump including vacuum degasser and
autosampler modules. A GC Sciences (Torrance, CA) Inertsil 5 cm - C18 column
with a 2.1 mm diameter and 3.0 µm particle size was used to perform all vitamin
D separations. Mobile phase was provided isocratically with a 95:5
methanol/water composition at a total flow rate of 400 µL/min without additives.
A sample injection volume of 10 microlitres was used. For APPI analyses,
toluene dopant was infused at 40 µL/min using a stand-alone Harvard Apparatus
(Holliston, MA) syringe pump. LC and dopant flows were introduced to the fieldfree APPI source using the modified APCI probe described in appendix B.

3.2.1.3.

PAH Panel Analyses

Analysis of a standard PAH panel was performed using the LC and MS
configurations described for the analysis of Vitamin D. Most PAHs were
insufficiently ionized by APCI so a comparison study was instead performed
against a prototype open-geometry Photospray source, functionally identical to
commercially available sources. MS parameters independent of the ion source
were optimized for the each analyte and maintained for all experiments. The
MRM transitions summarized in Table 3-4 were specific to ionization through the
charge exchange mechanism only, although in some instances ionization of
suitably basic PAHs through proton transfer does occur, presenting a competing
pathway.

A10-minute gradient method was employed for the analysis of the PAH panel
using acetonitrile and deionized water without additives. Initial conditions utilized
a 60:40 ACN/H20 mobile phase composition, held for two minutes at a
continuous flow rate of 250 µL/min. The organic component was then raised to
100% over then following 4 minutes and held for an additional 4 minutes. A 2minute column re-equilibration period was included between trials. This method
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used a 2-µL sample injection volume. A toluene dopant flow rate of 25 µL/min
was adopted for both the Photospray and field-free APPI source.

Table 3-4. PAH panel stock concentrations and MRM transitions
Table 7. PAH Panel Stock Concentrations and MRM Transistions
Compound

Concentrationsa /
µg/mL

Acenaphthene

1000

Acenaphthylene

2000

Anthracene

100

benzo(a)anthrecene

100

Benzo(a)pyrene

100

Benzo(b)fluoranthene

200

Benzo(k)fluoranthene

100

Benzo(ghi)perylene

200

Chrysene

100

Dibenzo(a,h)anthracene

200

Fluoranthene

200

Fluorene

200

Indo(1,2,3-cd)pyrene

100

Naphthalene

1000

Phenanthrene

100

Pyrene

100

Q1 mass

Q3 mass

154.1
154.1
152.1
152.1
178.1
178.1
228.1
228.1
252.1
252.1
252.1
252.1
276.1
276.1
252.1
252.1
228.1
228.1
278.1
278.1
202.1
202.1
166.1
166.1
276.1
276.1
128.1
128.1
178.1
178.1
202.1
202.1

126.1
153.1
126.1
151.1
152.1
176.1
150.1
226.1
224.1
250.1
224.1
250.1
246.1
274.1
224.1
250.1
200.1
226.1
248.1
276.1
150.1
200.1
115.1
165.1
248.1
274.1
102.1
78.1
151.1
176.1
150.1
200.1

a - Analyte concentrations were selected to provide similar relative signal
intensities when analyzed using an LC-APCI-MS method . Stock
solution diluted 1000x providing concentrations from 100-2000 µ g/mL
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3.2.2. Chemicals

3.2.2.1.

Steroids Samples

Estrone, cortisone and progesterone were all obtained from Sigma Aldrich (St.
Louis, MO) as dry solids at no less than 98% purity. Corticosterone,
androstenedione, estradiol and testosterone samples were generously supplied
as dry solids from MDS Sciex (manufacturer and purity unknown). HPLC grade
methanol and toluene were obtained from Fisher Scientific (Fair Lawn, NJ), as
was formic acid. Deionized water was produced using an in-house generator.
Human serum matrix (2x charcoal stripped) was provided by MDS Sciex
(Concord, ON, Canada). All analytes and solvents were used as purchased
without further purification.

3.2.2.2.

Vitamin D and Metabolite Standards

Vitamin D2 and D3 standards were purchased as dry solid analytical standards
at the highest available purity from Sigma Aldrich (St. Louis, MO). 25-(OH)Vitamin D2 and D3 standards were obtained from AB/Sciex (Concord, ON,
Canada), also as analytical standards at greater than 99% purity. HPLC grade
methanol was obtained from Fisher Scientific (Fair Lawn, NJ). Deionized water
was obtained from an in-house generator.

3.2.2.3.

PAH Standards

All PAHs summarized in table 3-4 were obtained as dry solid analytical standards
from AB/Sciex (manufacturer and purity unknown). HPLC grade methanol,
acetonitrile and methylene chloride were obtained from Fisher Scientific (Fair
Lawn, NJ). Deionized water was obtained from an in-house generator.
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3.2.3. Sample Preparation
3.2.3.1.

Steroid Analyses

Stock analyte solutions:

Analyte stock solutions were individually prepared for each of estrone, cortisone
estradiol, androstenedione, corticosterone, testosterone and progesterone. Solid
crystals were first dissolved to produce high concentration stock solutions each 1
mg/mL in HPLC methanol. Each solution was each further diluted to produce low
concentration, 1 µg/mL standards in methanol.
Protein precipitation (crashing) procedure:

Serum matrix samples were received frozen with proteins precipitated by
following method: Plasma samples were crash precipitated adding two parts
acetonitrile to one part plasma. This solution was vortexed for 1 minute, and
then centrifuged at 9000 rpm for 30 minutes. The supernatant was retained.
Serum stock was purchased 2x charcoal stripped to reduce pre-existing steroidal
interferences.

Samples for flow injection, gradient and isocratic LC analysis:

Samples for flow injection experiments were prepared by further dilution of the
low concentration stock to produce single component standard solutions, each
100 ng/mL in 50:50 methanol/water. Two samples were prepared for gradient LC
separation experiments, one containing pure steroid standards diluted to a final
composition of 20:80 M/W. The other was adjusted and spiked with crashed
serum to produce a matrix diluted by a factor of 10 in mobile phase. The matrixcontaining sample was also prepared in 20:80 M/W to match gradient LC starting
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conditions. Both samples were adjusted to provide analyte concentrations of 10
ng/mL cortisone, 20 ng/mL estrone and 10 ng/mL progesterone.

Three standard steroid mixtures were produced for isocratic analysis. Each was
prepared using an identical procedure to those created for gradient analysis.
The final composition for Steroid Panel A (both standard and matrix-spiked) was
adjusted to 90:10 methanol/water to match the isocratic mobile phase
composition. Final analyte concentrations of 10 ng/mL cortisone, 100 ng/mL
estrone and 10 ng/mL progesterone were utilized. Steroid Panel B (both
standard and matrix-spiked) was adjusted to 75:25 methanol/water. Final
analyte concentrations of 5 ng/mL were selected for each of corticosterone,
androstenedione, estradiol and testosterone. Steroid panel C was produced
containing cortisone, progesterone and testosterone, each at 1 µg/mL, diluted in
80:20 methanol/water. Sample C was used to compare relative ion source
performance across several MS platforms, each providing different sensitivity.
Sample C required dilutions of 10, 100 and 1000 times in order to suit the
performance of each mass analyzer surveyed. No additional biological matrix
was included with sample C.

3.2.3.2.

Vitamin D and 25-(OH)-Vitamin D Metabolites

A multi-component Vitamin D standard was created containing Vitamin D2 and
D3, as well as both 25-(OH)-Vitamin D2 and D3 metabolites. Each of the four
analytes were dissolved in methanol to produce single component 10 mg/mL
standard stock solutions. The stock solutions were then combined and diluted to
create a 10 µg/mL multi-component standard with a 60:40 methanol/water
solvent composition. No additional biological matrix was employed for the
analysis of vitamin D or its metabolites.
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3.2.3.3.

PAH Panel

A broad PAH panel was created through the serial dilution and combination of
multiple single component standard solutions. Stock standards were prepared by
individually dissolving pure dry solids in 1:1 methanol/methylene chloride. A
standard PAH panel was prepared in methanol from the single component
standards with final analyte concentrations ranging from 100 to 2000 µg/mL, as
summarized in Table 3-4. The PAH panel was further diluted 1/1000 in 60:40
acetonitrile/water prior to analysis.

3.3. Results and Discussion
3.3.1. Steroidal Analyses
3.3.1.1.

Flow Injection Analysis

Figure 3-3 presents XIC signal intensities obtained for several single component
steroid standards determined by flow injection using ESI, APCI, Photospray and
the field-free APPI source. The closed-geometry, field-free APPI source provided
the most advantage for the direct inject, “dilute and shoot” or rapid screening
methods where matrix interferences are considered to be negligible. No
additional biological matrix was introduced during this set of experiments.
Although assumed to be reasonably pure, the presence and exact composition of
possible interfering species within the standards is unknown. The prototype fieldfree source was demonstrated to provide order-of-magnitude scale improvement
in sensitivity over the incumbent, open-geometry Photospray source across the
range of steroids tested. This level of observed enhancement is consistent with
values reported in chapter 2. The recognized improvement in sensitivity between
the two APPI source designs is attributed to the presence of the extended fieldfree reaction zone provided by the field-free source.
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Figure 3-3. Relative XIC signal intensities obtained for a) progesterone, b) estrone, c)
cortisone, and d) testosterone standards introduced by flow injection using various ion
sources.

The addition of formic acid to all mobile phases was determined to be essential
to ionization by ESI. An empirically ideal 0.05% v/v formic acid concentration
was established for all analyses. Mobile phase additives provided insignificant or
modest signal enhancement for APCI or the APPI sources (data not shown).
Overall, signal improvement demonstrated by the field-free APPI source relative
to APCI and ESI was noteworthy. APPI sensitivity was superior by an average of
6- and 10-fold for the range of steroids analyzed by direct flow injection. The
most significant enhancement was obtained for estrone, demonstrating 20-fold
greater signal intensity than ESI. This is particularly of interest, as estrogens are
often identified as difficult to ionize by electrospray, due to a lack of highly acidic
or basic functionalities and a localized steroidal ring structure.278,284 The ability to
provide improved sensitivity for the analysis of estrogen-like compounds could be
regarded as a significant advantage associated with the field-free APPI source.
In light of the complex nature of clinical sample matrices, direct flow injection
methods are seldom ultimately useful. As a result, some form of
chromatographic pre-treatment is generally required for the practical analysis of
“real” clinical sample.
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3.3.1.2.

Gradient LC Separation

Figure 3-4 presents TIC chromatograms obtained for the gradient steroid panel
including a crashed and diluted serum matrix. Optimized results for the closedgeometry, field-free prototype APPI, electrospray and open-geometry Photospray
sources are provided. A simple two-stage, 12-minute gradient method was
selected to demonstrate relative performance under conditions permitting
extensive matrix separation. The three steroids were highly resolved under the
selected conditions; however, in light of the relatively fast gradient utilized it is
possible that co-eluting matrix elements may still persist. This would be more of
a concern for samples prepared with reduced dilution or samples that have not
been subject to charcoal stripping pre-treatment.
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Figure 3-4. TIC chromatograms presenting results for the analysis of steroid panel A using
an extended gradient LC separation method.

The field-free APPI source was shown to dramatically outperform the opengeometry Photospray source under gradient conditions. This result was
anticipated, as both devices are expected to respond similarly in terms of matrix
ionization suppression. The results suggest that exploitation of increased analyte
ionization and/or transfer efficiency is again responsible for order-of-magnitude
scale improvement in sensitivity. Interestingly, however, the performance
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provided by ESI was found to be roughly comparable to the field-free APPI
source for each of the steroids analyzed; this is in contrast to the order-ofmagnitude improvement recognized through FIA. The field-free APPI still holds a
clear advantage with respect to the determination of estrone, demonstrating 4
times better sensitivity that ESI. A comparison of peak areas obtained through
both flow injection and gradient methods (data not shown) suggests that ESI
signals were improved by a factor of 4 times on average when chromatographic
separation was employed. The exact cause of the observed signal enhancement
is unknown, however, it may be attributable to the separation of the various
analytes from interfering matrix components that are co-introduced during FIA,
even when relatively clean, single component standards are utilized; this may be
particularly true for the analysis of highly concentrated standards. Peak areas
obtained using both the open-geometry and field-free sources were virtually
identical when comparing gradient and flow injection methods. This observation
is consistent with advantages previously recognized for APPI sources with
respect to susceptibility to ionization suppression. These early results suggest
that ESI sources benefit the most from some measure of chromatography in
order to provide reliable, accurate results. Conversely, the APPI sources
responded more favourably to factors affecting ionization suppression, which
could lend these sources toward dilute and shoot, rapids screening assays.
Further experimentation would of course be required to confirm these
hypotheses.

3.3.1.3.

Isocratic High Throughput LC Separation

We now take a closer look at the effects of matrix ion suppression on the relative
performance provided by each ion source under high throughput isocratic
conditions. Analyses were spread across a number of sample and MS platforms
in order to gain a broad appreciation for relative performance and build
confidence in the results obtained. LC parameters were selected to produce fast
isocratic methods, suitable for high throughput or rapid screening analyses.
Figure 3-5a presents chromatograms comparing the field-free APPI, ESI and
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Photospray sources utilizing a short 5-minute isocratic method (methanol/water,
90:10 v/v +0.05% formic acid). The first panel demonstrates signal response for a
standard mixture of cortisone, estrone and progesterone, in the absence of
crashed serum matrix. All three analyte peaks are fully resolved, eluting within 4minutes. The results indicate that the field-free APPI source again provided the
best sensitivity for the analysis of all three steroids - a similar relative outcome to
that obtained under gradient conditions.
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Figure 3-5. TIC chromatograms comparing the field-free APPI source to ESI and the opengeometry Photospray source for the analysis of Steroid Panel A. a) standards only, b)
including crashed serum matrix and c) visualization of matrix ionization suppression
using post column infusion of Steroid Panel A with the on-column injection of blank
serum.

Figure 3-5b provides chromatograms also obtained for the steroid panel under
the same high throughput conditions, however, now with the addition of crashed
serum matrix. The results saw a dramatic suppression of the first two analyte
signals obtained using the ESI source, corresponding to cortisone and estrone.
Little to no signal suppression was observed for either of the APPI sources. The
overall effect of serum matrix ion suppression is further visualized in Figure 3-5c,
through Post-Column Infusion, PCI. Injection of blank serum on-column, along
with the steady-state introduction of all three steroids post-column visually
demonstrates the extent and duration of signal suppression for each ion source.
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Suppression was shown to be considerably more severe for ESI than either the
prototype field-free APPI or Photospray sources. The electrospray process was
completely hindered for approximately 20 seconds upon the initial elution of the
serum matrix plug. The background signal level did not fully recover for an
additional 2-3 minutes. We expect the extent of ion suppression to be further
pronounced for the analysis of plasma samples, or simply for serum samples
prepared with reduced dilution.

Expanding the range of steroids determined under relevant high throughput,
rapid-screening workflows, Figure 3-6 provides XIC chromatograms obtained for
the analysis of steroid panel B using a modern 5500 series QTrap instrument.
Moving to a high-performance instrument platform provides the sensitivity and
detection limits required to enable “real,” trace level clinical determinations.
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Figure 3-6. XIC chromatograms comparing the field-free APPI source to ESI for the
analysis of steroid panel B on a modern 5500 series QTrap instrument. Top panels –
analysis of standards only, bottom panels – crashed serum matrix spiked with steroid
panel.
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The top two panels in figure 3-6 demonstrates the optimized relative performance
for ESI and the field-free APPI source for the determination of Steroid Panel B in
the absence of additional biological matrix. In order to constrain all eluted
analytes to within a 5-minute window, it was not possible to completely resolve all
four steroid peaks. The method does provide an initial 3-minute window for the
chromatographic isolation of matrix interferences prior to the first analyte elution.

For the analysis of standards only, best results were once again obtained for the
field-free APPI source, providing 2-4 times better sensitivity than ESI for all
steroids except for estradiol, which was superior by about 7 fold. Similar to
estrone, estradiol is an estrogen and a clinically significant biomarker, routinely
determined to evaluate reproductive health. The bottom series of panels shown
in figure 3-6 demonstrate the effect of serum ion suppression upon the signals
obtained using each ion source. Signals obtained by ESI were each reduced by
50% or more under this set of high throughput LC conditions. Signals obtained
using the field-free APPI source were suppressed by only 10-20%. Although not
free from matrix suppression, the field-free source provides a clear advantage for
the rapid analysis of steroids within complex biological matrices. Coupled with
enhanced sensitivity, the field-free APPI source provided the best results for high
throughput steroidal determinations. Sensitivity is, however, only one factor in
the determination of detection limits. The standard deviation associated with the
background signal must also be considered as increased noise levels will also
impact both limits of detection and quantification. For completeness, associated
detection limits determined based upon 3σBlank are summarized in table 3-5.

Table 3-5. Detection limits for steroids in panel B
Compound

MRM (Q1/Q3)

ESI/ pg

FF-APPI / pg

2871/97.1

0.2

0.07

255.1/159.1

2.1

0.3

Testosterone

289.1/97.0

0.3

0.08

Corticosterone

347.1/91.0

1.6

0.5

Androstenedione
Estradiol
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3.3.1.4.

MS Platform Comparison

We have to this point assumed that relative source performance is transferable
from one MS platform to the next, independent of the ion sampling efficiency of
the interface involved. The following experiment was intended to confirm that the
relative performance improvement recognized for the field-free APPI source is
preserved across various MS platforms. Figure 3-7 summarizes XIC signal
intensities obtained for the analysis of Steroid Panel C, using the field-free APPI
source, ESI and Photospray, across three MS platforms.
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Figure 3-7. TIC chromatograms obtained for Steroid Panel C (standards only, no additional
biological matrix added) utilizing a simple high-throughput isocratic method. Results
compare relative sensitivity provided by ESI, Photospray and the field-free APPI source,
across a variety of MS platforms.

Each MS utilizes a different geometric interface configuration, including varying
sampling orifice diameters, ion focusing elements and vacuum pumping
capacities. The API 3200 and 4000 QTrap instruments utilize 250 and 340 µm
diameter orifice nozzles respectively. Both instruments also employ a grounded
skimmer cone after the orifice plate, prior to entering Q0. The 5500 QTrap
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incorporates a high transmission QJet ion guide in place of a skimmer cone, as
well as an even larger 620 µm orifice diameter. The increased orifice sampling
efficiency provided by the 5500 interface is coupled with increased pumping
capacity in order to maintain vacuum requirements. Independent of these
instrumental differences, the relative signal intensities summarized in figure 3-7
demonstrate only minor variation from instrument-to-instrument, for any of the
three steroids determined.

3.3.1.5.

Reproducibility

Instrument and method reproducibility was assessed for the field-free APPI
source using the repeated injection of crashed serum matrix, spiked with steroid
panel C. Overnight stability assessment was performed using the high
throughput isocratic method described for the platform comparison experiments
above. Figure 3-8 shows XIC traces obtained for testosterone, during a
reproducibility test consisting of 40 consecutive injections of steroid panel C
including a crashed serum matrix. Reproducibility was determined to be better
than 3% RSD by peak area, with no evidence of matrix carryover observed from
run-to-run.
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Figure 3-8. XIC traces for testosterone (289/109) extracted from MRM data obtained for the
analysis of Steroid Panel C using a short 5 minute isocratic method. Reproducibility was
assessed for the field-free APPI source using 40 consecutive injections of crashed serum
matrix spiked with the steroid panel. Standard deviation was less than 3% by peak area.
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3.3.2. Determination of Vitamin D

High throughput Vitamin D screening by LC-MS is complicated for a number of
reasons. Without derivatization, all forms of vitamin D are poorly ionized by ESI
and APCI - particularly at levels suitable for determination within biological fluids.
Additionally, due to their limited polarity, neutral forms of Vitamin D tend to be
well retained under typical reverse-phase conditions, leading to extended LC runtimes, particularly at modest mobile phase flow rates. This section will quickly
demonstrate the relative performance of the field-free APPI source for the
determination of Vitamin D and its monohydroxy- metabolites using a simple,
short isocratic separation method, suitable for routine screening.

Figure 3-9 presents overlaid XIC traces obtained for both APCI and the field-free
APPI source. No additional biological matrix was utilized for these trials so the
effect of matrix suppression on resultant signals is still uncharacterized. The
clinically significant 25-(OH)-Vitamin D metabolites were first to elute followed by
the parent Vitamin D compounds after a 4-minute delay. Best results for the
determination of all four compounds were obtained using the field-free APPI
source, providing a 5-9 fold improvement in sensitivity over APCI. In this
method, mobile phase composition was maintained at 95:5 methanol/water and a
flow rate of 400 µL/min for the purposes of reducing analysis times, however, it is
unlikely that an assay would require both compounds to be determined
simultaneously within a single assay. The LC-MS parameters and MRM
transitions were selected in order to optimize results for the APCI source. The
method was then quickly adapted to the APPI source; as a result, we expect
relative performance to improve with additional source optimization. These
results indicate the potential for order-of-magnitude scale performance
enhancement utilizing a field-free APPI source design. Implications of higher
sensitivity obviously include improved detection limits (provided background
noise levels remain constant); however, there may also be the potential to
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transition future rapid screening Vitamin D assays to less costly MS platforms –
increasing the practicality of routine clinical screening by LC-MS.
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Figure 3-9. Overlaid XIC traces obtained for the analysis of a) Vitamin D2, b) Vitamin D3, c)
25-(OH)-Vitamin D2 and d) 25-(OH)-Vitamin D3, using a short isocratic LC method. Results
demonstrate the relative performance of APCI and the field-free APPI source.

3.3.3. Analysis of a PAH Panel
For completeness, the performance of the field-free source was evaluated
against an open-geometry Photospray source for the determination of a PAH
panel containing 16 PAHs of relevant environmental concern. APPI is already
widely recognized as the principle ionization method for the analysis of PAHs by
LC-MS, however, improved performance is always desirable. Figure 3-10
presents total ion chromatograms obtained using both ion sources for the
analysis of the PAH panel. Chlorobenzene was utilized as the dopant, providing
better overall results than toluene. Although many peaks were only partially
resolved, the results demonstrate the relative sensitivity enhancement provided
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by the field-free source, attainable using a relatively short 10-minute gradient
method. Improvements on an order-of-magnitude scale have been

Intensity / A.U.

demonstrated.

Figure 3-10. TIC chromatograms obtained for the analysis of a 16 component PAH panel.
Relative sensitivity for the Photospray and field-free APPI sources is demonstrated.

Figure 3-11 provides selected XIC signals obtained for several of the PAH
transitions, overlaid to explicitly demonstrate relative enhancement. Signals for
the earliest eluting PAHs are enhanced by 6-10 times, while later eluting, more
basic compounds are enhanced by a factor of 20 or more. Although the analysis
of PAHs has become the de facto standard application used to demonstrate
APPI sources performance, LC-MS is still infrequently adopted for routine
environmental screening. The start-up cost for performing LC-MS assays tends
to be quite prohibitive relative to HPLC-fluorescence or GC-MS based analyses.
Improved detection limits, however, may allow for highly sensitive and selective
determinations to be made using lower end MS platforms, reducing instrumental
costs, ultimately impacting widespread acceptance.
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Figure 3-11. Selected XIC traces obtained for a range of compounds extracted from the
MRM analysis of a 16 component standard PAH panel. Signals overlaid to demonstrate
the relative performance of the Photospray and field-free APPI sources.

3.4. Conclusions

This chapter has presented the results for several experiments intended to
evaluate the performance of the field-free APPI source, relative to other
commonly adopted API sources. The focus of these analyses has been the
determination of clinically relevant analytes using rapid screening workflows.
Performance evaluations focused primarily upon the growing clinical market, as
the needs of the health sciences shifts toward routine, accurate, high throughput
assays, where ESI and APCI often fail to provide adequate performance.

The field-free APPI source was shown to routinely provide the most sensitivity for
all compounds surveyed, including both polar and non-polar analytes. The ability
to ionize the widest range of compounds positions the field-free APPI as the most
universal ionization method. The potential for order-of-magnitude improvement in
sensitivity for many key analyte classes such as estrogens, vitamin D metabolites
and environmental significant PAHs has also been highlighted.
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Historically, an additional benefit to APPI is a reduced susceptibility to matrix
ionization suppression, particularly relative to ESI.27 This effect has been
demonstrated for the field-free APPI source through the analysis of a variety of
steroids spiked within crashed serum matrices. APPI signals were often largely
unaffected by the co-introduction of serum matrix elements, where electrospray
ionization was entirely hindered under the same conditions. The variable extent
of ion suppression is thought to be dependent upon the sample matrix involved,
as well as the amount of sample pre-treatment utilized and chromatographic
performance. In the following chapter we will thoroughly explore instrumental
factors contributing to matrix ion suppression, focusing on the analysis of an
expanded range of clinically relevant samples.
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Chapter 4. Matrix Ion Suppression and Enhancement:
Characterization and Control
We continue to develop a general understanding for the performance of the new
field-free APPI source relative to alternative ionization methods such as ESI and
APCI. Matrix interferences derived from the analysis of biological samples are a
real and significant concern. Samples requiring considerable sample clean-up or
extensive chromatography to mitigate matrix effects will have an obvious impact
on overall throughput, creating limitations for rapid screening LC-MS workflows.
Quantifying the role of ion suppression or enhancement, however, is often an illdefined, arbitrary practice, due to the inherent variability of matrix effects. APPI
may provide an advantage with respect to matrix effects; however, is it a
quantifiable benefit?

4.1. Introduction

Liquid Chromatography – Mass Spectrometry has emerged as perhaps the most
sensitive and accurate technique available for routine bioanalysis. The accuracy
and detection limits provided by an LC-MS assay, however, may be significantly
affected by co-introduced matrix elements. The matrix of a sample is considered
to be all components other than the analyte. Matrix effects with respect to
chemical analysis may be defined as the effect a matrix presents upon the
analyte signal response. This could include either the enhancement or
suppression of an analytical signal, as a result of the interaction between the
analyte and any matrix components.

In LC-MS, matrix effects generally concern the suppression of analyte ionization,
resulting from the presence of co-eluting matrix components. This definition may
be expanded, however, to include changes to ion transmission efficiency, as well
as changes leading to an increase in MS background levels. The matrix of a
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sample is not limited to the biological elements presented by the sample, but also
the components introduced through sample preparation, chromatography and
any modifiers introduced to aid the ionization process. In LC-MS, a matrix will
include all solvents (including dopants), additives, and contaminant interferences,
as well as the co-retained biological components carried through the sample
preparation process.
Matrix ion suppression is particularly common for ESI based LC-MS methods.250
Ionization within electrospray sources is thought to proceed through either an ion
evaporation or charged residue mechanism.11 Figure 4-1 provides details
describing these mechanisms, both resulting in the eventual formation of gasphase analyte ions.

Figure 4-1. Schematics describing the ion evaporation and charged residue mechanisms.

Both mechanisms commence with the analyte contained within highly charged
solvent droplets in a pre-ionized state. The ion evaporation model is thought to
be the dominant process responsible for the ionization of small polar
compounds.285 As highly charged droplets traverse the source environment they
begin to shrink through the evaporation of solvent. When the droplets reach a
critical radius the field strength at the droplets surface becomes large enough to
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eject individual solvated analyte ions into the gas-phase. The charge residue
mechanism is more applicable to macromolecules.7 In this model, highly charged
droplets will continuously divide through fission until they contain on average a
single analyte molecule. A protein for example will remain trapped within the
charged droplet until all solvent molecules have evapourated, leaving a charged
gas-phase analyte ion. In both mechanisms the analyte must be pre-ionized prior
to reaching the gas-phase. Both methods are also heavily reliant on the physical
and electronic properties of the mobile phase composition in order to efficiently
generate free gas-phase analyte ions.

A reduction or enhancement in analyte ionization efficiency with ESI is commonly
associated with the co-elution of endogenous phospholipids retained through
sample preparation, however, the presence of salts or analyte metabolites may
also play a role in ion suppression.286 Co-introduced interferences may compete
with the analyte for surface space upon the charged droplets, reducing the
efficiency of analyte desolvation. Alternatively, non-volatile matrix components
such as lipids or mobile phase modifiers may alter the volatility, viscosity or
surface tension of the charged solvent droplets, reducing ionization efficiency as
well. Competition for surface space and charge resulting from co-eluting
analytes or metabolites may also be the cause of linear dynamic range
restrictions associated with ESI determinations at concentrations above 10-5
M.287 As a result of these concerns, matrix effects play a significant role in routine
bioanalysis by ESI and must be thoroughly investigated to insure precise,
accurate results.

APCI has been shown to suffer less severely from matrix ion suppression than
ESI.249,250,288 The sample eluent flow in an APCI-LC-MS method is efficiently
vapourized using a heated gas stream. APCI mechanisms proceed within the
gas-phase through a series of ion-molecule reactions utilizing an abundant
supply of reagent ions. Since ionization occurs entirely post vapourization, ion
suppression within APCI workflows is thought to result from a competition for
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charge between the analyte and co-eluting sample components. This effect is
typically much less impactful than observed for the suppression mechanisms at
play in ESI sources, lending APCI suitably toward the analysis of samples
containing complex matrices that would otherwise require extensive cleanup or
chromatography. APCI, however, often presents reduced sensitivity relative to
ESI, which may in turn limit applicability.

Similar to APCI, a number of sources have described APPI-LC-MS workflows to
be less susceptible to matrix ion suppression than ESI.289-292 As previously
discussed, ionization in APPI is also the result of critical gas-phase ion-molecule
reactions. Ion suppression in APPI is thought to be linked to a disruption of these
processes. Co-eluting matrix components may abduct charge from the reagent
ion population, consisting primarily of photoionized dopant radical cations or
acidic protonated solvent clusters. A reduction in the concentration of the
reagent ions through these competitive pathways will inevitably reduce analyte
ionization efficiency within APPI sources that are reliant upon maintaining an
excess population of reagent ions. Alternatively, charge may be removed directly
from the ionized analyte through direct interaction with sufficiently basic co-eluted
matrix components. The relative contributions of these processes are unknown,
however, it is certain that APPI sources are not free from matrix effects. As such,
matrix effects must also be considered for any APPI-LC-MS method, in order to
ensure accurate and precise results.

4.1.1. Evaluating Matrix Effects in LC-MS

A clinical LC-MS assay must provide accurate, reliable results. Ionization
suppression presents the opportunity for false negative determinations, while
less commonly, ion enhancement may lead to false positive reporting particularly a concern for pharmaceutical or forensic analyses. Before any LCMS/MS method may be validated, it must be first thoroughly evaluated for the
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effects various matrices may place upon the results obtained.286,293 There are two
common methods for evaluating the impact of matrix effects upon LC-MS
workflows: Post-Column Infusion, and Post-Extraction Addition. Both methods
were briefly deployed in the previous chapter to evaluate the effect a human
serum matrix placed upon the determination of a panel of steroids. These
techniques will be utilized extensively in this section to further characterize matrix
effects and determine how they may be controlled or mitigated within the fieldfree APPI source based upon the selection of ion source parameters.

4.1.1.1.

Post-Column Infusion (PCI)

Post-Column Infusion has become a standard method for visualizing the effect
that a particular matrix will have upon an LC-MS assay.294,295 Figure 4-2 presents
a simple plumbing diagram, typically adopted for PCI experiments.
Chromatographic separation is performed for a sample containing only blank
biological matrix. A pure standard solution containing only the analyte of interest
is infused through a T-union, combining with the column eluent flow just prior to
entering the ion source. A steady-state signal is produced at an MRM transition
corresponding to the analyte. The blank matrix sample passes through the
column, separating the various biological elements and interferences as a
function of time. As the matrix components elute, they suppress the steady-state
analyte signal (generally as an extended plug), allowing the expected degree and
duration of matrix ion suppression or enhancement to be visualized.

LC Pump /
Injector

Column

Ion
Source

Mass
Spectrometer

Infusion Pump

Figure 4-2. Solvent flow plumbing diagram typically adopted for post-column infusion
(PCI) experiments.
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Although primarily a qualitative approach, PCI can provide quantitative data
characterizing the degree of suppression relative to the baseline analyte signal,
as well as the time required for the signal to return to some percentage (typically
95%) of the initial, uninhibited level. Results obtained through post-column
infusion require previous knowledge of the expected analyte retention time. To
be useful, PCI experiments also require that a suitable reference matrix be
available including all components of the sample matrix, ideally excluding the
analyte of interest. PCI experiments may also be time consuming, as best
results are obtained when infusing only pure single component analyte
standards, meaning each analyte should be characterized separately. This is
particularly important for ESI where co-eluting analytes and their metabolites may
compete for space upon the surface of charged solvent droplets at elevated
gross concentrations.

4.1.1.2.

Post Extraction Addition

Post extraction addition is a technique suitable for providing relevant quantitative
information regarding the effect matrix ion suppression has upon each analyte in
a particular sample.295,296 In these analyses, two samples are evaluated: one
containing only pure mobile phase solvent, spiked with each of the analytes of
interest, the other containing blank biological matrix that has been subject to the
full sample preparation workflow and then finally spiked to an identical
concentration with analyte standards. Both samples are then analyzed using an
appropriate LC-MS method. Matrix effects (ME) can be evaluated for each
analyte independently using equation 19,

ME (%) = B / A × 100

where A represents the analyte signal response obtained for the sample
containing standards only and B is the response for the sample containing a
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biological matrix. An ME(%) of 100 indicates that the matrix had no effect on the
analyte response. The degree of ion suppression will be indicated by an ME(%)
< 100, while ion enhancement is evident from an ME(%) > 100.

4.1.1.3.

Robust Linear Regression (RLR)

Robust Linear Regression (RLR),297,298 may be applied as an extension of Post
Extraction Addition, providing a measure for comparing two sets of data or
analytical methods, where results are known to have a high degree of variability the evaluation of matrix effects represents an ideal example. In order to build
confidence within results comparing multiple methods, RLR may be employed to
reduce the error associated with random fluctuations in a dataset. A standard
calibration curve relates two sets of data: one well known (x-axis), and the other
measured, containing a high degree of uncertainty (y-axis). In RLR, both sets of
data are uncertain. In our example, matrix effects are investigated by plotting
analyte peak areas obtained for a sample containing standards only (x-axis),
against peak areas obtained for a sample containing the analyte as wells as
additional biological matrix components (y-axis). This process is repeated across
a range of analyte concentrations in order to build a dataset to which linear
regression may be applied. An ideal slope, mRLR, of unity denotes that no
significant matrix effects are observed. A slope less than one is indicative of
matrix ion suppression, while a slope greater than one points to ion
enhancement. Nguyen et al. used RLR to investigate the effect an assortment of
biological matrices play upon the determination of estrogens, using an ESI-LCMS method coupled with a variety of sample preparation techniques.299 RLR was
employed to establish confidence within their results. Using this method, they
were able to establish which sample matrices required additional preparation
measures to reduce ion suppression, furthering assay accuracy. They also used
RLR as a diagnostic tool to discern which matrices required only minimal sample
preparation and could potentially be analyzed using only pure analyte standards
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for the production of calibration curves. Evaluation criterion was established
stipulating that mRLR must fall within the range 0.9 < mRLR < 1.1, in order to yield a
positive result. RLR experiments are non-trivial and are somewhat uncommon
within the realm of chemical analysis. Such methods require both a significant
investment in time and additional rigorous sample preparation. There is a general
lack of consensus regarding how LC-MS workflows should be evaluated for
matrix effects for purpose of method validation.300 The implementation of robust
regression methods could in the future become a standard component in the
validated assessment of matrix effects, offering an improved degree of statistical
confidence and reproducibility.

4.2. Methods and Materials
4.2.1. Instrumentation
Matrix effect characterization experiments were performed upon an Applied
Biosystems / MDS Sciex (Concord, ON, Canada) API 3200 series triple
quadrupole mass spectrometer. An unmodified Turbo V source was utilized in
both ESI and APCI modes. ESI determinations were made using the following
optimized ion source conditions: Probe voltage = 5500 V, GS1 = 45, GS2 = 50
and source temperature = 500 oC. APCI determinations utilized the following ion
source conditions: GS1 = 30 psi, nebulizer temperature = 400 oC and discharge
current = 4 nA.

The prototype field-free APPI source described in chapter 2 was used for all
experiments, including a 4:1 reducing flight tube. Lamp power was supplied using
a high voltage power supply, originally designed for use with first generation
MDS Sciex field-free Photospray sources. Offset transfer voltage was provided
using a stand-alone Stanford Research (Sunnyvale, CA) PS350 programmable
DC high voltage supply. Lamp gas was provided from an independently
regulated, high purity nitrogen supply at 0.3 LPM. APPI source conditions
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optimized at a heated nebulizer temperature of 275 oC, with GS1 set to 30 psi. A
supply of toluene dopant was infused at 20 µL/min using a syringe pump
integrated within the mass spectrometer. All analyses were performed in positive
mode with a scan time of 100 ms and a dwell time of 5 ms.

Optimized MS parameters are summarized in Table 4-1. A single MRM transition
was monitored for each analyte. The [M+H]+ ion was not observed for
androsterone at significant sensitivity. A base peak corresponding to [MH2O+H]+ was observed using APCI and ESI, however, the most intense transition
found for APPI, (255.2 → 159.1), corresponds to a second water loss [M2•H2O+H]+. This MRM transition is identical to that typically adopted for estradiol
(also the product of water loss), leading to order-of-magnitude superior sensitivity
by APPI. Estradiol itself was also evaluated using a transition corresponding to
the same water loss product, however, retention times varied significantly,
allowing for the discrete determination of both analytes. Estrone also yielded a
substantial water loss product (m/z 253.2), however, the strongest signal was
observed for the [M+H]+ ion. An optimized MRM transition 271.1 → 133.0 was
monitored for all experiments. All other compounds utilized MRM transitions
corresponding to the selection of the [M+H]+ pseudo molecular ion.

Table 4-1. MS parameters optimized for steroid panel D
Table 9. MS parameters optmized for Steroid Panel D
Compound

Concentration / ppm

Q1

Q3

CE

CXP

DP

EP

RT / min

Cortisone

1

361.1

163.1

33

4

50

6

1.51

Estradiol

1

255.2

159.1

25

3

35

3

1.81

Estrone

1

271.1

133.0

35

3

37

4

1.84

Testosterone

0.1

289.1

109.1

40

3

46

6

1.95

Progesterone

0.1

315.2

97.0

45

3

47

5

2.33

Pregnanediol

1

285.1

81.0

51

3

43

5

3.05

Androsterone

1

255.2

159.1

25

3

35

3

3.22
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Chromatographic separation was performed isocratically using a Gilson
(Middleton, WI) LC pump to provide pre-mixed mobile phase solvents at constant
flow rate of 200 µL/min. A 90:10 methanol/water, 0.05% formic acid solvent
composition was selected to provide retention times suitable for a high
throughput clinical screening LC-MS workflow. All analytes were eluted in less
than 5 minutes with an additional 2 minutes provided for column cleanup
between injections. 10 µL injections of a steroid panel (table 4-1) were made oncolumn (Phenomenex, Luna C18, 3µ, 100 x 2 mm) using a manually activated
switching valve integrated within the mass spectrometer. For APPI analyses, LC
effluent and dopant flows were introduced independently through the modified
APCI probe described in Appendix B. For PCI experiments, a second standalone Harvard syringe pump (Holliston, MA) was used to provide the continuous
infusion of analyte standards at 10 µL/min. The PCI flow was combined with the
LC effluent using a T-union prior to entering the ion source.

4.2.2. Chemicals
All analytes were initially purchased as dry solids at no less than 97% purity.
Cortisone, estradiol, testosterone, and progesterone were purchased from Sigma
(St. Louis, MO). Estrone, pregnanediol and androsterone were kindly donated
by AB/Sciex (original manufacturer unknown), previously dissolved in methanol
to produce standard solutions, each 1 mg/mL. HPLC grade methanol, toluene
and formic acid were purchased from Fisher Scientific (Fair Lawn, NJ). Deionized
water was obtained from an in-house generator. Human serum and plasma (k2
EDTA) were obtained from Bioreclamations Inc. (Westbury, NY). Surine,
simulated urine, was obtained from Dyna-tek (Lenexa, KS).

4.2.3. Sample Preparation
Cortisone, estradiol, testosterone, and progesterone solids were individually
dissolved in methanol to produce 1 mg/mL stock solutions from which serial
dilutions would be made. Single component standards for each of the analytes
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were diluted in mobile phase to 1 µg/mL for the purpose of evaluating matrix
effects through PCI. These standards were also used to optimize MS and ion
source conditions. Finally, a new steroid panel was created incorporating each of
the high concentration analyte standards. Final relative concentrations for each
analyte are provided in table 4-1. Further dilutions were made as required to
perform robust regression analyses.

Human serum (2x charcoal stripped), human plasma (2x charcoal stripped), and
Surine, simulated urine, were utilized as representative clinical matrices. Serum
and plasma matrices were protein precipitated using the following procedure: 600
µL of matrix was placed in a conical vial to which an additional 1200 µL of
methanol was added. The vial was capped and vortexed for 30 seconds. The
solution was then chilled for 30 minutes at 4oC. The vials were then centrifuged
for 30 minutes at 9000 rpm. The supernatant was retained and filtered at 0.22
µm. The crashed matrices were then spiked with the steroid panel to produce
solutions with a range of analyte concentrations (including matrix containing
blanks). Each sample was finally diluted to match isocratic mobile phase
conditions. Samples containing the standard steroid panel only (no additional
biological matrix added) were produced to match the concentration range and
solvent composition of the matrix containing samples.
The simulated urine samples were filtered at 0.22 µm and then diluted in pure
solvents to match mobile phase conditions. A 1/10 dilution factor was achieved
with respect to the concentration of the stock Surine matrix. Surine samples
were spiked with the steroid panel to produce a series of samples, ranging in
analyte concentration. A second series of samples was produced, analogous to
the serum and plasma samples described above, containing analyte
concentrations identical to the Surine containing samples, however, utilizing pure
solvents in place of the biological matrix.
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4.3. Results and Discussion
4.3.1. Matrix Suppression Under Optimized Ion Source Conditions
Figure 4-3 presents chromatographic results obtained for the determination of the
steroid panel under isocratic, high throughput conditions. Overlaid TIC traces
obtained with and without the introduction of crashed human plasma provide a
demonstration of the effect a particularly complex matrix may have upon ion
source performance.
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Figure 4-3. Overlaid TIC chromatograms demonstrating the effect of a crashed plasma
matrix upon results obtained for the analysis of a steroid panel using, ESI, APCI and the
field-free APPI source. Signal suppression or enhancement is demonstrated relative to
signals obtained for the analysis of pure standards.

104

Under the selected LC conditions, it was not possible to fully resolve the peaks
coinciding with estradiol, estrone and testosterone, however, each of the four
remaining analytes was sufficiently isolated. It should be noted that the scales
for the chromatograms obtained by ESI and APCI are equivalent, however, the
scale for the field-free APPI source is extended by an order-of-magnitude, again
demonstrating relative sensitivity enhancement, particularly for estrogens. The
results presented in figure 4-3 were obtained under ion source conditions
optimized to provide maximum analyte sensitivity. APCI was the source least
affected by the introduction of the plasma matrix, with the field-free APPI and ESI
sources following respectively. Although APPI signals experienced significant
ion suppression, particularly for the earliest eluted analytes, the duration of
sensitivity loss appears to be short lived relative to ESI. APCI signals were
largely enhanced on the whole by the co-eluted plasma matrix. Signal
enhancement with APCI is not uncommon and can in-turn lead to false positive
reporting.301,302 Internal standards may be used to mitigate the effects of signal
enhancement or suppression provided suitable isotopically labeled standards are
available.

A direct comparison of overlaid chromatograms may appear telling, however, this
method will inevitably contain a high degree of run-to-run variability, limiting an
accurate assessment of matrix effects. In order to build confidence within the
results, robust linear regression was employed and the evaluation of matrix
suppression between sources was repeated. Figure 4-4 presents data
summarizing an RLR analysis based upon XIC peak areas isolated for cortisone,
as a component of the steroid panel. Cortisone was the earliest eluting analyte
(RT = 1.51 min.) under the selected LC conditions and was also the most polar of
the steroids scrutinized.
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Figure 4-4. Results summarizing the robust regression analysis based upon XIC peak
areas isolated for cortisone. Results compare the signals obtained for the analysis of the
steroid panel spiked within a crashed plasma matrix (y-axis) with those obtained using
only pure standards (x-axis). ESI, APCI and the field-free APPI source are compared.

In this experiment, peak areas are plotted for standards only against peak areas
obtained for solutions containing crashed plasma matrix - this process was
repeated over a range in analyte concentrations. Each data point represents the
average of three trials, alternating between pure analyte standards and spiked
plasma. The trendline obtained for each ion source provides a measure for
quantifying matrix effects. The dashed line represents a theoretical case
indicating the absence of matrix effects. Strassnig et al. offered that if signal
intensities obtained for two different matrices agree within a confidence limit of
95%, the result of RLR should be a slope of 1.303 For the analysis of cortisone,
ESI and APPI performance were clearly affected the most by the addition of the
plasma matrix, presenting RLR slopes of 0.21 and 0.18 respectively. This
implies that under the selected set of conditions, cortisone signals are expected
to be suppressed approximately 80%. The signals obtained for cortisone using
APCI were enhanced by 40% (mRLR = 1.41). Clearly none of the ion sources
were free from matrix effects, however, the results suggest that the APCI source
would be the least susceptible method for the analysis of cortisone in crashed
human plasma under the selected high throughput isocratic conditions.
Expanding the RLR method to the entire steroid panel, Figure 4-5 provides
regression slopes obtained for each analyte, spiked within a variety of biological
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matrices. The results are presented as a function of retention time and may be
correlated to each of the analytes using table 4-1. The matrices analyzed
included a) diluted Surine (simulated urine), b) crashed serum and c) crashed
plasma. The dashed line once again represents a theoretical absence of matrix
effects. The field-free APPI source provided the most resistance to ion
suppression or enhancement for the analysis of the simulated urine sample. Only
the estrogens eluting at 1.9 minutes were subject to sufficient ionization
suppression to warrant additional sample treatment (based upon the condition
0.9 < mRLR < 1.1). The APCI source again experienced significant ionization
enhancement in response to the presence of the co-eluting Surine matrix. The
effect was consistent for each of the analytes determined from the steroid panel,
under the selected LC conditions. ESI responded the least favourably to the
Surine matrix, fluctuating between analyte signal enhancement and suppression
for the range of steroids tested.
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Figure 4-5. Results obtained for the analysis of the entire steroid panel comparing signals
obtained with and without the addition of biological matrices through RLR. Slopes (mRLR)
for each analyte are plotted against retention time. Analytes may be identified based upon
the retention times described in Table 4-1.

For the analysis of the crashed serum sample (figure 4-5, panel b), ESI signals
were each suppressed by more than 20% with the exception of Androsterone,
the latest eluting compound. APCI and the field-free APPI source responded
both similarly and favourably. In each case, only cortisone experienced
significant ionization enhancement, with all other analytes being largely resistant
to matrix effects. Blank plasma injections presented no significant signals for
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cortisone (data not shown), so we may assume that signal enhancement in this
case is a purely matrix induced effect. The root cause of ionization enhancement
in APCI and APPI is poorly understood, however, we assume this to be the result
of a gas-phase process. Ionization enhancement in APCI has been shown to be
more prominent with high organic solvent concentration, similar to the conditions
utilized here.304 As a result, some degree of ionization enhancement is not
unusual or unexpected. Similarly, ion suppression within these sources could
result from the formation of solid neutral analyte precipitates with co-eluted matrix
elements, post-vapourization.304 An alterative suppression mechanism with the
APPI source could result from a competition for available charge between the
analyte neutrals and basic matrix components. This could lead to depletion in
the reagent ion population, and could thus impact analyte ionization efficiency. In
either case, matrix effects are likely the result of an overall combination of
mechanisms and are expected to be both compound and assay dependent.

Crashed plasma (figure 4-5, panel c) represents the most complex of the
matrices scrutinized. Similar to the analysis of serum, APCI responded quite well
to the presence of the plasma matrix. Signals for the field-free APPI and ESI
sources were significantly suppressed indicating that additional sample
preparation methods should be employed. To summarize, across each of the
matrices and analytes surveyed, ESI was by far the least resistant to matrix
effects with only 2 of the 21 analytes responding favourably to presence of
complex biological matrices under the selected high throughput LC conditions.
APPI and APCI responded the best to matrix effects, with 10 and 11 of the
analytes being insignificantly suppressed or enhanced respectively.

4.3.2. Characterizing Matrix Effects Within the Field-free APPI Source
Matrix effects are assumed to be compound dependent. A number of reports
have suggested that the degree of suppression or enhancement can vary
significantly between analytes of varying polarity.286,294,295 This principle effect
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was quickly evaluated for the field-free APPI source using post-column infusion
to visualize the suppression of each analyte component included within the
steroid panel for the analysis of crashed plasma. Figure 4-6 presents normalized
XIC chromatograms obtained for the PCI of the full steroid panel. With the
exception of the XIC for cortisone, each of the steroids responded nearly
identically to the presence of co-eluted matrix materials. In each case,
suppression began with the elution of the matrix plug at 1.2 minutes and did not
return to 95% of the baseline level for approximately 1.5 minutes (although a
small, unidentified suppression event also occurs at ~ 7 minutes).
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Figure 4-6. Overlaid and normalized XIC chromatograms obtained through post-column
infusion, for the analysis of blank, crashed human serum. Results demonstrate the degree
and duration of ion enhancement and suppression experienced by each of the analytes
included within the steroid panel. Each analyte was infused as a pure single component
standard solution. Experimental ion source conditions optimized to provide maximum
analyte sensitivity.
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Aside from cortisone, the data suggests that the effects of matrix suppression
may be assumed similar for compounds possessing the same basic structure or
containing common functionalities. The anticipated degree of matrix suppression
can then be estimated for additional compounds (of similar polarity) based upon
retention times determined for analytical standards under the same separation
conditions. Given the results for cortisone, however, a method must still be
verified in order to avoid false positive or negative reporting, particularly for highly
polar, early eluting compounds.

4.3.3. A Parametric Evaluation of Matrix Effects
Post-column infusion was also used to evaluate the impact of variable ion source
parameters upon resulting matrix effects. Others have demonstrated that ion
source conditions and geometry may influence the degree of matrix ion
suppression or enhancement.305 We have previously observed that for the
general analysis of steroids through proton transfer, the field-free APPI source
tends to optimize empirically toward lower nebulizer temperatures. Figure 4-7
presents PCI results for testosterone, monitoring XIC response for the analysis of
crashed plasma over a range of vapourizer temperatures. At low temperatures
(i.e. 275oC), the degree of ion suppression was minimized. Signal suppression
began at around the 1-minute mark and was sustained for approximately 2minutes. At higher temperatures (i.e. 475oC), however, the degree and duration
of suppression was amplified, extending for nearly 10 minutes post-injection,
before returning to the baseline level. This observation further lends optimization
of field-free APPI for steroidal assays, toward low temperature source conditions.
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Figure 4-7. PCI results obtained for testosterone, monitoring XIC response for the
introduction of crashed, blank human plasma at a variety of heated nebulizer
temperatures.

Any attempt to assign a mechanism to this observation would be speculation at
this point, however, we feel the result is noteworthy and should be considered
during method development. It would be interesting to explore the temperature
effect for alternative analyte classes such as highly polar pharmaceutical
metabolites or non-polar environmental compounds, ionized through the charge
exchange mechanism.

The parametric investigation of ion source conditions was extended to include
nebulizer gas flow rate. Figure 4-8 provides results for PCI experiments
monitoring the effect of GS1 pressure upon the degree of plasma induced matrix
suppression. The XIC for testosterone was again monitored while varying the
GS1 parameter from 20 to 80 psi. The offset transfer voltage was
correspondingly adjusted to provide maximum analyte sensitivity, in response to
the change in axial ion velocity associated with the nebulizer gas flow rate. The
degree of ion suppression associated with the elution of the plasma matrix was
observed to decrease steadily with increased nebulizer gas pressure. This is of
course opposite to the trend used to optimize sensitivity for the analysis of most
steroids.
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XIC for Post Column Infusion of Testosterone
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Figure 4-8. PCI experiments monitoring the effect of nebulizer gas flow (GS1) upon the
degree of matrix suppression induced by the introduction of crashed human plasma. XIC
results for the infusion of testosterone are provided.

In order to build confidence within these observations, the effect of nebulizer gas
flow rate upon resultant ion suppression was characterized using the robust
regression method. The first panel in figure 4-9 demonstrates the effect of GS1
on mRLR obtained for cortisone. The slope is shown to increase with decreased
nebulizer gas pressure, approaching unity at GS1 = 80, indicating that a very
high resistance to matrix effects is achieved. The second panel extends the RLR
analysis to the rest of the steroid panel, monitoring mRLR as a function of GS1 for
each component of the steroid panel. The general trend for each analyte
appears to be improved resistance to ion suppression with increasing nebulizer
gas flow. Under the selected high throughput isocratic conditions, while adopting
a nebulizer gas pressure of 80 psi, it was determined that each of the 7 analytes
exhibited no significant ion suppression or enhancement (satisfied by the
condition: 0.9 < mRLR < 1.1).
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Figure 4-9. (left) Effect of nebulizer gas pressure (GS1) upon XIC results obtained for
cortisone, introduced as a component of the steroid panel. Results are examined through
robust linear regression. (right) RLR results expanded to the entire steroid panel showing
mRLR as a function of nebulizer gas pressure for each analyte.

The evaluation was extended to a practical demonstration through the analysis of
spiked plasma containing the steroid panel. Figure 4-10 presents overlaid TIC
chromatograms obtained for the determination of the steroid panel spiked within
a plasma matrix and within pure solvents only. The results compare both the
maximum and the minimum GS1 settings. At low gas flow (GS1 = 20 psi), the
TIC was suppressed dramatically, particularly for the first four eluted analytes.
Moving to 80 psi, absolute signal intensities were diminished by about 50% on
average. This trade-off in sensitivity, however, was balanced by the apparent
elimination of ion suppression at the higher nebulized gas flow rate. Although at
this point we may only speculate as to the underlying mechanisms responsible
for this effect, our results present an important new finding that should not be
overlooked. The ability to manage the degree of matrix suppression through
parametric optimization could represent another valuable advantage for the fieldfree APPI source for routine high throughput workflows. Provided suitable
sensitivity is within reach, an APPI-LC-MS method may be adjusted
parametrically to provide fast, accurate determinations that are minimally
susceptible to matrix effects.
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Figure 4-10. Overlaid TIC chromatograms obtained for the determination of the steroid
panel spiked within a crashed plasma matrix and within pure solvents only.
Chromatograms compare results obtained at low (20 psi) and high (80 psi) GS1 pressure
settings.

In chapter 2 we identified that analyte ion production will increase with a
decrease in nebulizer gas flow (see section 2.3.1.1). Lower flow rates are
assumed to result in an effective increase in the gas-phase neutral analyte
concentration and in-turn improved analyte ion yield. We speculate the same
could be said for the matrix concentration; at high nebulizer gas pressures (i.e.
80 psi) the concentration of matrix components would be effectively diluted. A
potential consequence of this would be a decrease in the consumption of solvent
cluster reagent ions through interaction with interfering matrix neutrals. This
represents a potential mechanism which could be used to explain the reduced
matrix effects observed at high nebulizer gas settings; however, further
investigation is needed to confirm this hypothesis. This newly identified effect
linking nebulizer gas flow rate to matrix effects could impact assay optimization.
A trade-off is presented where sensitivity may be sacrificed to provide reduced
susceptibility to matrix effects. Under conditions where matrix effects are
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presumed to be minimal, GS1 may be tailored toward lower values providing
improved analyte sensitivity.

Post-column infusion was again utilized to determine if geometric source
parameters have an impact on the degree of matrix ion suppression. Increasing
the length of the field-free reaction zone (flight tube length) has also been shown
to correlate with increased analyte sensitivity (see section 2.3.3.1). Figure 4-11
shows the normalized results of a PCI experiment characterizing the analysis of
the steroid panel, while surveying a range of flight tube lengths. The XIC traces
shown for testosterone appear to be largely insensitive to the change in flight
tube length with respect to the severity of ion suppression. Similarly, figure 4-12
demonstrates that the degree of ion suppression is unaffected by the restriction
of the field-free reaction zone profile, produced through the adaptation of various
conical shaped flight tubes. Decreasing the flight tube diameter has been shown
to have a significant affect on analyte ionization efficiency (see section 2.3.3.2),
however, no correlation was observed to the effects of matrix suppression. These
experiments suggest that matrix effects within the field–free APPI source are not
likely connected to changes in ion transmission. That said, changes to nebulizer
gas flow rate will likely affect ion transfer efficiency to some extent, however, the
true impact of this parameter has yet to be determined.
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Figure 4-11. Normalized XIC results for the post-column infusion of a testosterone
standard, demonstrating the effect of flight tube length on ion suppression or
enhancement. Results shown for the introduction of blank crashed human plasma.
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Figure 4-12. Normalized XIC results for the post-column infusion of a testosterone
standard, demonstrating the effect of flight tube diameter upon the matrix effects
observed for the analysis of crashed human plasma.

4.4. Conclusions

Limited susceptibility to matrix effects is an advantage commonly associated with
APPI sources, particularly when compared to ESI. These reports, however, are
often largely empirical and seldom provide a thorough evaluation with statistical
confidence. In this chapter we used a robust linear regression method to
characterize the relative merits of APCI, ESI and the new field-free APPI source
with respect to their resistance to matrix ion suppression or enhancement. The
post-column infusion technique was also utilized as a quick diagnostic tool for
qualitatively visualizing matrix effects. Under ion source conditions selected to
optimize analyte sensitivity, APCI was shown to suffer least from matrix effects.
Further, signals obtained for the analysis of Surine, serum and plasma were
often enhanced with APCI. Over-estimated results present the potential for false
positive reporting, and are every bit as significant as results influenced by ion
suppression. APPI responded similarly to APCI, however, suffered more under
the influence of the highly complex crashed plasma matrix. As expected, matrix
effects influenced ESI the most drastically, positioning it as the least attractive ion
source for high throughput, rapid screening workflows.
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A short parametric analysis of the factors influencing matrix effects within the
field-free APPI source was also completed. This study yielded two interesting
results: First, matrix effects may be minimized through use of lower heated
nebulizer temperatures, at least for the analysis of steroids within some biological
matrices. Second, nebulizer gas flow rate, GS1, was shown to have a direct
impact on the degree and duration of matrix suppression within the APPI source.
As an example, for the analysis of crashed human plasma, use of a high GS1
setting was shown to effectively eliminate the impact of matrix ion suppression
for the determination of a steroid panel. The mechanisms surrounding these
condition dependent matrix effects are still uncertain, and will require further
study. These observations do suggest that there is potential to control or
minimize the role matrix effects, allowing one to tailor an assay toward either
highly sensitive or highly accurate steroidal determinations.
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Chapter 5. Discussion and Conclusions
In this concluding chapter we will revisit the objectives and motivations presented
at the beginning of this research project. Like any body of work extending over
many years, research goals were forced to continually evolve with the
development of new ideas and discoveries, leading to fresh avenues of research.
Several preliminary objectives were successfully accomplished, while others
must now be transferred to the realm of future research. Still, other findings and
results will be summarized that were not anticipated by the author at the project’s
onset. The final section of this dissertation will include a number of suggested
research topics that the author believes could present interesting directions for
future device development, characterization and application.

5.1. Summary of Research Objectives
5.1.1. Development of a Next Generation APPI Source
There are currently two distinct APPI ion source design configurations: firstgeneration closed-geometry devices incorporating an elongated, field-free
reaction zone, and open-geometry devices that do not include any provision for
extended ion-molecule reactivity. The latter of these device designs are today the
only commercially manufactured APPI sources available for LC-MS applications.
To this end, however, there is evidence to suggest that the early field-free design
may provide the best overall performance of the two configuration alternatives.
To our knowledge, until now, there has never been a comprehensive head-tohead comparison of the two APPI methods, with the expressed intention of
evaluating relative performance.

Our preliminary goal was satisfied with the production of a prototype, orthogonal
geometry field-free APPI source, modeled upon the dimensions and functionality
of the first-generation APPI sources. This device incorporated a stainless steel
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source block, including an extended field-free reaction region, mounted to the
outlet of a heated nebulizer. The prototype device was built around a modified
housing of a TurboV ion source facilitating a performance comparison against a
commercially available, open-geometry Photospray source.

Our field-free device was found to provide significantly enhanced performance
over the incumbent Photospray design, routinely delivering order-of-magnitude
scale improvements in sensitivity for the analysis of a variety of clinically and
environmentally important analytes. In a second performance comparison, the
field-free source was evaluated against a prototype, Syagen technologies, opengeometry APPI source. This device incorporated a proprietary high radiant
output RF photoionization lamp. Similar relative performance was observed
between the field-free source and the alternative open-geometry source design.
Most importantly, this study has finally demonstrated through head-to-head
comparison, that increased lamp energy does not tend to lead to improved
analyte ionization efficiency – a long-standing claim of the manufacturer.

The performance of the prototype device was thoroughly characterized,
evaluating the role of various user optimizable source parameters, including
nebulizer positioning and temperature, lamp and nebulizer gas flow rates,
transfer field voltage and lamp current. Analyses were repeated numerous times
for a range of sample types and under a variety of LC conditions, in order to build
confidence within our results. The device was shown to be robust and easily
optimizable allowing for maximum sensitivity and reproducibility. Operation of
the prototype device presented no limitations that are not experienced by current
alternative MS ion source designs.

A cursory examination of various geometric source block dimensions was also
performed, leading to an improved understanding of the factors that may
ultimately limit source performance. Most significantly, it was identified that
increases to the length of the field-free reaction zone provided proportional
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improvements to overall performance, taking advantage of the kinetics
associated with the analyte ion formation and loss processes. Based upon our
preliminary evaluations, we determined that increasing field-free length will lead
to an increase in analyte sensitivity, at least until the population of reagent ions
has been exhausted or alternative ion loss mechanisms become a significant
factor.

The impact of charge recombination was also considered as theory suggests that
it should represent the dominant ion loss process within the field-free source
design. The in-source recombination of positive and negative charge carriers
within the field-free region will lead to a continual decrease in total ion current
delivered, with increased flight tube length. Our hypothesis suggests that ion
transmission is ultimately space-charge limited, therefore provided a larger
percentage of analyte ion current is maintained, improved overall analyte ion
transmission through the MS interface can be recognized by reducing the TIC.
Open-geometry sources that exclude an extended field-free region limit ion
recombination as a result of near-immediate charge separation. These devices
have been shown to produce significantly higher total ion currents than are
attainable with the field-free source design. Despite increased total ion currents,
however, the open-geometry sources fail to provide superior analyte sensitivity.
The mechanisms proposed supporting these empirical observations are at best
speculative, however, opening the door for future consideration.

Early results were presented at industry conferences and a significant amount of
excitement was generated. APPI technologies are under-employed, exclusively
utilized for the niche analysis of highly non-polar analytes. Order-of-magnitude
scale enhancement to sensitivity for the analysis of PAHs, flame-retardants, and
petrochemical products positions field-free APPI as an attractive potential
successor to current open-geometry APPI sources. Questions still remained,
however, as to how the performance of the field-free source compares with
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alternative ionization methods such as ESI and APCI for the analysis of more
polar analytes.

5.1.2. Characterization Relative to ESI and APCI
First-generation field-free APPI sources were shown to be competitively
amenable to the analysis of a variety of polar analytes. The shift to manufacture
of exclusively open-geometry APPI devices has led to performance delivery
below that attainable with ESI and often times APCI sources. As a result, the
modern widespread adaptation of APPI within these fields has been restricted.
Here, however, we have demonstrated that the field-free APPI source, may once
again establish the potential for APPI to provide significantly enhanced ionization
efficiency over the traditional sources, at least for the analysis of clinically
important polar steroids.

The relative performance of our field-free device was evaluated through the
analysis of a broad panel of steroids using flow injection, extended gradient and
high throughput isocratic LC methods. The field-free source was shown to
routinely out-perform ESI and APCI for all analytes tested. These relative results
were consistent with early reports, which cited enhanced performance using firstgeneration APPI sources. Best results were obtained for the determination of
estrogens, again providing order-of-magnitude sensitivity enhancement over ESI.
The response for most other steroids indicated advanced sensitivity ranging from
2-5 fold, while demonstrating superior resistance to ion suppression, resulting
from the analysis of human serum. The sensitivity attained for the analysis of
both neutral forms of vitamin D and their metabolites was also considered. The
field-free APPI source was found to provide 5-9 fold greater sensitivity than APCI
using a fast isocratic LC method. Clearly, the potential has been demonstrated
for APPI to provide the best overall performance for the analysis of both polar
and non-polar clinical analytes.
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5.1.3. Evaluation of Matrix Effects
In his 2005 review paper, Taylor described matrix effects as the Achilles’ heel of
LC-ESI-MS spectrometry, a testament to the potentially destructive impact of ion
suppression or enhancement upon the accuracy of real chemical
determinations.295 APPI has been described through numerous outlets as being
less susceptible than ESI to matrix effects, however, this is seldom demonstrated
quantitatively with a high degree of confidence. We feel this is an important and
often overlooked attribute associated with APPI that justifies further recognition
and exploration.

In Chapter 4 we compared the performance of the field-free APPI source with
both ESI and APCI for the analysis of a broad panel of clinically relevant analytes
spiked within several complex biological matrices including: human plasma,
serum, and a simulated urine matrix. A novel Robust Linear Regression method
was applied to quantify, with confidence, ion suppression among sources using a
high throughput LC-MS screening method. As expected, ESI was by far the most
susceptible to ion suppression, furthering the need for rigorous sample
preparation. APPI and APCI were not immune to matrix effects, however, the
results indicate that for routine analysis they certainly represent superior options
to ESI. These results were generally reproducible and consistent, however, they
were also shown to be variably dependent on the source parameter selection,
separation and mobile phase conditions, and analyte polarity.

Our most interesting results were obtained for the field-free source for the
analysis of the clinical steroid panel within a complex crashed plasma matrix.
Two parametric correlations were discovered. First, the extent and duration of
ion suppression was profoundly dependent upon vapourizer temperature. This
effect was characterized through post-column infusion, leading to the conclusion
that, for best results, APPI methods should be optimized toward reduced
temperatures. The second correlation considers that ion suppression varied
inversely with nebulizer gas flow rate (GS1). While operating at elevated flows, it
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was observed that susceptibility to matrix effects could be dramatically reduced
or even eliminated. This effect coincides, however, with reduced analyte
sensitivity, presenting a trade off in which sensitivity could be sacrificed in order
to improve assay accuracy. The mechanisms behind our parametric
observations have yet to be established, however, they do represent exciting
new benefits associated with APPI methods.

5.2. Future Research Directions
5.2.1. Performance Evaluation for Alternative Sample Types
This report considered a relatively narrow range of compounds and sample
types. Non-polar analytes such as PAHs for example, were already known to
ionize most effectively using APPI. Conversely, the determination of an
assortment of steroids was selected repeatedly to compare source performance
using a relevant class of compounds of particular interest to the rapidly
expanding clinical research field. It is now necessary to expand the performance
evaluation to additional analyte classes. This could include pharmaceutical
compounds and even various clinically important metabolites such as basic
steroid glucuronides. Many of these compounds may already be efficiently
ionized by ESI and even APCI, however, this should not preclude the use of
APPI. Additionally, the analysis of oil and petroleum samples represents the
fastest growing application for APPI technologies. Application of the field-free
APPI source to this field would require the development of a new prototype
suitable for interfacing with high-resolution MS technologies; however, the
potential for improved sensitivity could be very attractive to petrochemical
researchers.

5.2.2. Continued Source Optimization
The primary goal of this research project was to establish through head-to-head
comparison, the relative merits of the open- and closed-geometry APPI source
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designs. From this work, a prototype orthogonal field-free APPI source was
created. The device geometry, however, was only briefly refined and remains far
from optimized. Further efforts are needed to develop the current field-free
device based upon the principles of primary reagent ion production, secondary
ion-molecule reaction chemistry and ultimately analyte ion transmission.

A key geometric parameter requiring additional attention should be the
optimization of the extended field-free reaction length. We have yet to establish
true limits to analyte ion formation and transmission based upon the modification
of the flight tube dimensions. At what point does increased flight tube length no
longer result in improved analyte sensitivity? We expect that ion transmission
through the MS sampling orifice will be ultimately space charge limited. Total ion
current was shown to decrease continuously with increased field-free length –
the result of unimpeded charge recombination. An evaluation of ion current
transmission could be used to optimize ion transfer through the orifice plate
based upon the modification of the field-free transit length. Ion currents leaving
the field-free region could be tailored to match the acceptance limits of the MS
interface. This future empirical work was described in more detail within the
theory and discussion sections of chapter 2 and should be considered among the
logical next steps toward device optimization.

5.2.3. Dopant Considerations, Delivery, and Source Introduction
There has been a general movement to increase the fundamental understanding
of the dopant chemistry, deemed critical to APPI source performance. Many
novel dopant candidates (including numerous mixtures) have been explored, with
the intention to enhance APPI sensitivity. Today there is still much to learn,
however, concerning the link between geometric source design and the
mechanisms surrounding reagent ion chemistry. Appendix A briefly touched
upon some observations that evolved along this path. Here we discussed the
effect of flight tube length upon the ionization yield for some non-polar PAHs
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through the charge transfer pathway using alternative dopants such as anisole
and chlorobenzene. There is still much work to be done in order to generate a
complete understanding of the fundamental APPI mechanisms and how they
might be affected by device design.

Dopant flow is an additional concern. Dopant is generally delivered using a
dedicated mechanical solvent pump or stand-alone syringe infusion pump. Both
of these methods, however, introduce prohibitive costs as well as technical
limitations, opening the door for alternative methods. Appendix B presents
previous work related to the development of a novel pneumatic solvent delivery
system. Although this design was shown to be functionally suitable for APPI
dopant delivery, a refined, sophisticated design including automated control
could lead to improved robustness, ease-of-use and reproducibility. We envision
that a dopant delivery device based upon the design presented in appendix B
could one day be included with all APPI sources.

The introduction of dopant to the ion source presents another significant
technical concern. There are again a variety of options available to APPI users.
Modern AB/Sciex Photospray sources utilize a crude auxiliary nebulizer to
vapourize dopant into the heated nebulizer gas stream. This method is
ostensibly effective, however, we postulate that this design will suffer from
carryover issues, should modification of the dopant composition be necessary.
Otherwise, all Syagen style open-geometry APPI sources provide no dedicated
means for introducing dopant. Instead, dopant must be added directly to the LC
effluent either as part of the pre-mixed solvent composition, or through postcolumn addition through a T-union. This latter method tends to lead to solvent
miscibility issues, often impairing signal stability as a consequence of effluent
sputtering. Appendix C introduced a Y-tube dopant introduction probe that was
intended to address these concerns. This device performed adequately for our
purposes, however, it was not found to be particularly robust or easily
serviceable. A refined design or an all-together alternative means of discretely
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introducing dopant would definitely benefit APPI usability, improve flow stability
and aid to minimize carryover concerns.

5.2.4. Further Characterization of Matrix Effects
In chapter 4 we presented results describing the parametric control of matrix ion
suppression with the field-free APPI source through the analysis of a steroid
panel spiked within a human plasma matrix. To our knowledge, no similar
parametric effects have been previously reported for APPI or any other ionization
method. A lot of work is now necessary to properly characterize these
observations, as the underlying mechanisms are still undetermined. It was
discerned that the degree and duration of matrix ion suppression could be
influenced by both vapourizer temperature and nebulizer gas flow rate. It was
determined that field-free transit length and diameter had no discernable effect
on the impact of ion suppression. Aside from this handful of variables little is
certain regarding these effects. It is unknown if similar effects will be applicable to
the other ionization methods like APCI or ESI. We also lack evidence to support
these effects being universal phenomena. Do they apply only to the analysis of
neutral steroid compounds? Do the effects translate to non-polar molecules,
ionized through the charge transfer mechanism? Does dopant reagent ion
chemistry play a role? Matrix effects are a real and significant concern that is
widely known to impact the accuracy and the validity of analytical determinations.
We believe that moderating the effects of ion suppression and enhancement
could play a critical role in routine LC-MS method development.

5.2.5. Dual Mode Source Development
APPI is already regarded as the most universal LC-MS ionization method,
amenable to the analysis of both polar and non-polar compounds. Of these
compounds, however, photoionization may of course not provide the highest
sensitivity or lowest detection limits, simply the broadest overall compound
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coverage. In some instances it may be desirable to have the ability to analyze
highly polar compounds through ESI or ESI-like functionality without having to
switch between ion sources. A dual-mode source could be developed to satisfy
this requirement, incorporating the functionality of both APPI and ESI into a
single robust device. The concern, however, would of course be that compromise
might be necessary to adapt both ionization methods. Dual-mode sources often
provide performance that could be described as offering the “worst of both
worlds”, rather than the “best of both worlds”.

5.3. Concluding Remarks

The most important test for the field-free APPI source will occur within the
coming years, if industry or other researchers adopt the technology. APPI is no
longer young and it is far from a novel technique. Our device mimics the design
of its first-generation predecessors in both function and geometry. Both devices,
in their time, have now been demonstrated to provide the best relative overall
performance for the analysis of the broadest range of compounds. Slowly but
surely the fundamental mechanisms governing APPI performance are also
becoming increasingly well understood, however, it has been established that
there is still room to grow. Continued geometric optimization can still lead to
additional performance dividends, inevitably furthering technique acceptance.

As exciting as the potential for APPI technologies may be, momentum is the key
to sustaining its development. In 2004, similar momentum was lost following the
shift to exclusively open-geometry APPI platforms, presenting only devices that
stifled performance expectations. Now there is an opportunity to correct this
mistake. Science may search for alternatives, however, ultimately the best
alternatives must still be embraced. The largest hurdle will be swaying the minds
of industry. ESI and APCI are thoroughly entrenched as industry standard
technologies. These sources are often operated as “black boxes” for generating
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ions – sample goes in, ions come out. APPI is mistakenly viewed as more
convoluted – a niche technique requiring high user input and offering limited
extensive benefit. This isn’t to say that APPI hasn’t attracted its followers and
applications, however, it remains viewed as a novel technique, applicable only to
a restricted range of non-polar compounds. This perception is simply not true.
We have confidence that given the opportunity, supported by its universality and
improved performance, field-free APPI could ultimately supplant other ionization
methods as the backbone of the clinical and pharmaceutical LC-MS workflow.
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Appendices
Appendix A. Parameters Affecting Charge Exchange Ionization in
Field-free Atmospheric Pressure Photoionization Sources

Fluoranthene is a non-polar polycyclic aromatic hydrocarbon, stabilized through a
fused structure of aromatic rings containing no appreciable basic functionalities.
As a consequence, fluoranthene, alongside most PAHs, tends to be inefficiently
ionized through the proton transfer mechanism. Instead, many non-polar
compounds like fluoranthene may adopt a charge more readily through the
charge exchange mechanism. The ability to efficiently ionize a wide range of
non-polar compounds through CE supports APPI as the most universal LC-MS
ion source.

In chapter 2, we identified that a loss in sensitivity was experienced with
increased flight tube length for the analysis of fluoranthene standards ionized
through charge exchange (see figure 2-11). The observed decrease in sensitivity
was consistent and reproducible, yet inverse to the trend observed for analytes
ionized through the proton transfer ionization mechanism; basic analytes tend to
exhibit increased sensitivity with extended field-free reaction time. We attribute
the observed loss in sensitivity for fluoranthene to be related to dopant selection.
Toluene has been shown to react (often to completion) with reverse phase
solvents leading to the formation of a stable population of protonated solvent
clusters. Solvent clusters conveniently provide a source of acidic reagent ions
suitable for proton transfer ionization, however, their formation results in a
significantly depletion in the population of dopant reagent ions (D+•) available for
CE. According to theory, analyte sensitivity will increase with flight tube length,
but only if the available concentration of reagent ions remains in excess. Upon
consumption of the stable CE reagent ion supply, we expect the effects of charge
recombination to dominate the equilibrium between analyte ion formation and
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loss processes. This will ultimately lead to a net reduction in both total ion current
(TIC) and analyte ion yield with increased transit length and reaction time. Robb
et al. reported that methods utilizing toluene as a dopant typically optimize
toward higher temperatures, presumably due to a decrease in the size of solvent
clusters formed and in-turn the consumption of toluene photoions may be
impeded.238 Thus, higher source temperatures may lead to improved charge
exchange efficiency with increased transit length, provided the population toluene
dopant reagent ions is in stable excess. Otherwise, the selection of an alternative
dopant candidate, which does not react completely with reverse phase solvents,
should also produce a stable population of CE reagent ions. Popular alternative
charge exchange dopant candidates include anisole, fluorinated anisoles,
chlorobenzene and bromobenzene.

Anisole was first identified as a potential CE dopant candidate for LC-APPI-MS
applications by Kauppila et al. in 2004.306 Anisole was demonstrated to be
suitable for the analysis of compounds with low proton affinity – specifically
analytes not amenable to ionization through proton transfer. Anisole may be
used to provide a stable population of reagent ions as it does not react to
completion in the presence of methanol or acetonitrile. As a result, anisole has
been shown to provide enhanced performance for CE-APPI methods compared
to toluene, at times providing sensitivity improvements over several orders-ofmagnitude. In order to be an effective CE dopant, however, the ionizing reagent
compound must have an ionization energy significantly above that of the analyte.
The effectiveness of anisole is limited by its relatively low IE (8.2 eV), restricting
the range of potential analytes. Consequently alternative dopant candidates
have been sought. The result of an exhaustive study, Robb et al. identified a
number of potential CE dopants capable of broadening the range of compounds
ionizeable through CE.237 Chloro- and bromobenzene emerged as the
candidates with the most considerable promise, and have since garnered the
widest acceptance.
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In this experimental appendix we will explore the use of chlorobenzene as an
alternative dopant to toluene for the analysis of a variety of non-polar
compounds. The aim was to demonstrate that sensitivity will improve with transit
length for compounds ionized through charge exchange, provided a suitable
dopant is employed. The effects of temperature and mobile phase composition
will also to evaluated, leading to a better understanding of the reagent ion
chemistry at play within field-free APPI sources.

Methods and Materials:

Instrumentation, experimental conditions, chemicals and sample preparation was
identical to that employed within chapter 2. See the associated methods and
materials section for all relevant experimental details.

Results and discussion:

Figure A-1a presents XIC signal intensities obtained for the flow injection of
fluoranthene standards as a function of flight tube length, at various source
temperatures. Chlorobenzene was employed as a dopant, which has been
shown to provide a stable population of dopant radical cations (D+•), even in the
presence of a high organic mobile phase concentration. As expected, signal
intensities were found to increase steadily with increased field-free transit length,
for the range of flight tubes surveyed. This indicates that under suitable
conditions, the efficiency of analyte ionization through CE can increase with
extended field-free transit length, provided a stable population of reagent ions is
maintained in excess. However, the results under these conditions were not
found to be universally applicable to all non-polar PAHs. Figure A-1b provides
signal intensities for the flow injection of naphthalene standards, also obtained as
a function of flight tube length and source temperature. The results demonstrate
that at low temperatures naphthalene conforms to the expected trend, resulting in
increased signal with elongated transit length. At high temperatures, however,
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the results deviate from the trend, providing diminishing returns with increased
reaction time. To explain these results a closer look at the reagent species
present in the source is necessary.
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Figure A-1. a) Fluoranthene and b) naphthalene XIC response by flow injection as a
function of flight tube length, using chlorobenzene as a dopant.

Figure A-2 provides full scan spectra obtained as an average of 10 scans. The
spectrum in panel (a) was obtained for the infusion of chlorobenzene dopant only
at 5 µL/min. Peaks at m/z 112 and 114 correspond to D+• photoions produced in
the absence of any reverse phase solvents. No other significant ions were
observed as a result of ionized impurities introduced with the dopant supply.
Panel (b) shows a spectrum under identical conditions, however, with the
additional infusion of methanol at 50 µL/min. The peaks at 112 and 114 m/z
have now significantly decreased in intensity and several additional peaks have
emerged. The small peak at m/z 65 corresponds to a methanol solvent cluster
comprised (2S + H+), indicating that this primary reagent ion loss process still
persists for chlorobenzene, even though a stable D+• population is also retained.
The most notable new peak appears at m/z 108 belonging to anisole, presumed
to be produced through a methoxy substitution reaction between the dopant
photoions and the mobile phase.237 This reaction may be described by:

C 6H 5Cl + + CH 3OH → C 6H 5OCH 3+ + HCl
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(19)

Panel (c) provides a spectrum obtained with the infusion of fully substituted D4methanol, infused at 50 µL/min. The anisole peak was observed to shift 3 mass
units to m/z 111, while maintaining the same overall intensity, confirming that the
presence of anisole is likely a product of the in-source substitution mechanism
and not the result of carryover or the ionization of a trace impurity. (Interestingly,
the solvent cluster ion appears to shift from m/z 65 to 71 and not 73 as should be
expected, indicating some degree of Hydrogen-Deuterium scrambling between
the chlorobenzene and D4-methanol may be evident).
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Figure A-2. Full scan spectra for chlorobenzene at 5 µL/min a) only, b) including the
additional infusion of methanol at 50 µL/min and c) including the additional infusion of D4methanol at 50 µL/min.
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Both anisole and chlorobenzene are capable of maintaining a stable population
of reagent cations under common reverse phase conditions. Likewise, both are
capable of acting as CE reagent ions for many analytes possessing a lower IE
than the electron recombination energy of their respective radical cations (D+•). In
this regard, chlorobenzene has been identified as a superior candidate to anisole
for its ability to ionize a broader range of compounds. However, this advantage
could be lost if the population of chlorobenzene reagent ions is depleted due to
the formation of anisole cations. Figure A-3 demonstrates the effect of source
temperature on the relative concentrations of anisole and chlorobenzene reagent
ions available for charge exchange under common LC-MS conditions.
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Figure A-3. MCA full scan spectra for chlorobenzene introduced at 20 µL/min including the
additional infusion of methanol at 200 µL/min a) at 150oC and b) 450oC. c) Normalized MRM
signal intensities for anisole (m/z 108) and chlorobenzene (m/z 112) ions at a range of
vapourizer temperatures.
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At lower source temperatures (figure A-3a) reaction 19 proceeds virtually to
completion, converting nearly all chlorobenzene dopant radical cations into
anisole ions. We expect the methoxy substitution reaction to proceed quickly
given that both reactants are present in excess and the rate of the reaction will
be governed by a very high collision frequency at atmospheric pressure. At
higher temperatures (figure A-3b) the equilibrium swings heavily in favour of the
reactants, resulting in limited anisole ion formation, while preserving the
population of chlorobenzene reagent ions. For completeness, figure A-3c fully
characterizes the effect of vapourization temperature upon the relative
contributions of anisole and chlorobenzene reagent ion species.

Figure A-4 describes the influence of source temperature on the XIC signal
intensities obtained for the flow injection of 1 µM fluoranthene, naphthalene and
1,3,5-trimethylbenzene single component standards, utilizing both chlorobenzene
and toluene as dopants. Relevant relative ionization energies are provided for
reference in table A-1.
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Figure A-4. Effect of source temperature on the XIC intensities obtained for a)
fluoranthene, b) naphthalene and c) 1,3,5-trimethylbenzene. Results provided using both
toluene and chlorobenzene as dopants.
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550

Table A-1. Ionization energies of various dopants and non-polar analytes
and model non-polar analytes
Compound

MW (g/mol)

IE (eV)

Chlorobenzene

112.6

9.07

Bromobenzene

157.0

9.00

92.1

8.83

Phenyl acetate

136.2

8.72

Mesitylene

120.2

8.40

Anisole

108.1

8.20

Naphthalene

128.2

8.14

Fluoranthene

202.3

7.90

Toluene

Panel (a) presents results for fluoranthene. As suggested previously,
fluoranthene response appears to optimize toward high temperatures when
toluene is used as a dopant. The results obtained while using chlorobenzene,
however, exhibit the opposite trend, demonstrating a steady decrease in
response at higher source temperatures. Fluoranthene has an ionization energy
of 7.9 eV, well below both anisole and chlorobenzene, meaning it should be
effectively ionized using either dopant. The results suggest that fluoranthene
ionizes more efficiently at low temperatures through interaction with anisole
reagent ions, rather than with chlorobenzene radical cations at high
temperatures. Panel (b) provides the results obtained for naphthalene. A similar
trend is obtained, however, with a reduced bias toward lower temperatures and
the presence of anisole. The separation in ionization energies between
naphthalene (IE 8.14 eV) and anisole (IE 8.20 eV) is much smaller, suggesting
that the ionization efficiency through interaction with anisole may be impeded.
Panel (c) presents results obtained for 1,3,5-trimethylbenzene, with an IE of 8.40
eV, well above that of anisole yet below chlorobenzene (9.07 eV). Here, analyte
ionization is observed only toward high source temperatures where an excess
population of chlorobenzene reagent ions is maintained. No significant CE was
observed at low temperatures, presumably because the anisole cation is
insufficiently electron withdrawing to abstract an electron from the analyte.
Curiously, the ionization efficiency of 1,3,5-trimethylbenzene was found to be
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better using simply toluene rather than chlorobenzene despite the extensive
depletion of toluene reagent ions with the formation of protonated solvent
clusters.

Referring back to the results presented for naphthalene in figure A-1b, we can
draw the conclusion that at low source temperatures, sensitivity for naphthalene
steadily improves as the field-free reaction zone is lengthened, suggesting that
an excess supply of reagent ions (presumably anisole) is maintained. However,
as the temperature is increased the slope of the trend regresses, ultimately
exhibiting a loss of analyte ion yield with increased field-free reaction time. This
result suggests that at high vapourizer temperatures, the reagent ion population
has potentially been exhausted. This may be an indication that CE ionization
under conditions utilizing chlorobenzene as a dopant may in fact rely heavily
upon a mechanism involving the anisole intermediate, rather than the primary
reagent photoions themselves. To illustrate this further, figure A-5 presents
spectra obtained for the analysis of a new 10 µM D8-naphthalene standard.
Panel A-5a was obtained for the dopant only case, displaying only the expected
chlorobenzene reagent ions. Panel A-5b was obtained for the infusion of
chlorobenzene and pure methanol mobile phase only, with at vapourizer
temperature set to 300oC. Stable reagent ion species are clearly present for both
chlorobenzene (m/z 112 and 114) and the anisole by-product (108). The last
panel in figure A-5 shows the same spectrum, however, now including the
additional infusion of the D8-fluoranthene standard. A new strong M+• signal is
observed for D8-naphthalene at m/z 136. At the same time the signal for the
anisole reagent ion species has diminished by roughly a corresponding amount,
while the chlorobenzene signal remained largely unaffected. We take this as
evidence that the charge exchange from the anisole reagent species to the
analyte is the dominant ionization channel under the given conditions. In any
event, careful optimization of reagent composition and source temperature
should be performed for all analytes as APPI methods are still far from turnkey
assays.
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Figure A-5. MCA full scan spectra for chlorobenzene a) only, b) with methanol effluent flow
and c) methanol plus D8-naphthalene (m/z 136) standards infused at 5 µL/min.

Conclusions

Most importantly, for the field-free APPI source, analyte sensitivity by charge
exchange will improve with field-free reaction length provided a population of
suitable dopant reagent ions is maintained in excess. This implies that
increasing the length of the flight tube further will ultimately lead to improved
sensitivity, at least until the reagent ion population has been consumed. This
presents a geometric parameter through which source design may be optimized
in the future.
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Additionally, chlorobenzene (and presumably bromobenzene) may react with
methanol to produce anisole through a methoxy- substitution reaction pathway.
Other reactions may be expected to occur for alternative reverse phase solvents
(i.e. acetonitrile), however, this has yet to be studied. The formation of anisole
represents a potential reagent ion loss process, which could ultimately limit the
effectiveness of these dopant candidates. Anisole cations generated in-source
may still participate in subsequent ion-molecule reactions with non-polar
compounds provided the analyte has an ionization energy below 8.2 eV. Our
results also suggest this may represent the preferred ionization pathway for nonpolar analytes with an IE below that of anisole.
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Appendix B. Design and Evaluation of a Pneumatic Dopant Delivery
Device for LC-APPI-MS Applications
The use of chemical dopants is now considered standard practice for the modern
LC-APPI-MS workflow. The stable, continuous delivery of a dopant to the APPI
source, however, can be considered an existing technical limitation of the
technique. Typically, a dopant is introduced to the ion source independently from
the LC sample stream by means of either a syringe infusion pump or a dedicated
chromatographic solvent pump. Syringe pumps, although reasonably reliable and
cost effective have a restricted volume limit. As the syringe volume is increased
to improve capacity the pump delivery step rate must in-turn decrease, ultimately
leading to flow pulsations, adversely impacting signal stability. In practice, pulsefree operation is only possible for a few hours before the dopant supply is
exhausted at flow rates associated with APPI applications. Additionally, the use
of glass syringes may be prohibitive for systems exhibiting significant
backpressure. Glass syringes have a propensity for developing leaks or plugs
and have even been known to shatter without warning. A dedicated
chromatographic pump may be used to provide a continuous dopant flow over
extended periods; however, this requires the addition of costly instrumentation to
an already expensive MS workflow. LC pumps have been shown to be generally
more effective and robust than syringe pumps, though they may be viewed as
excessive for dedicated APPI dopant delivery.
In this appendix we describe a simple, inexpensive device designed to
pneumatically deliver dopant for LC-APPI-MS applications. We have included a
detailed parts list and assembly instructions to enable others to reproduce this
device, facilitating inexpensive, high capacity dopant delivery. Pneumatic solvent
delivery is by no means a novel concept. A number of pressure driven pump
designs have been described and even commercialized in the past. Most of
these, however, still rely upon mechanical piston mechanisms opening the
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potential for moving parts to fail, or valves and seals to degrade over time. The
Dionex PC10 Post column delivery system is an example of a commercially
available pressure driven solvent pump that operates in the absence of moving
parts, valves or seals. The PC10 is intended for the automated delivery of
chemical reagents required for ion chromatography applications. Since the
device is specifically designed as a post-column utility, it can be inferred that it is
only suitable for operation under low backpressure conditions. The largest
drawbacks to a device of this kind for dopant delivery may only be the initial
instrument cost associated with a commercial product and perhaps a lack of user
control for systems not equipped to run its specialized software.
The device introduced here contains no moving parts or pistons and requires no
input electrical power to provide stable, pulse-free isocratic dopant flow,
demonstrated for flow rates ranging from 1 to over 100 µL/min. This flow rate
range lends the device ideally, however, not exclusively to dopant delivery for
APPI applications. As designed, this device is not suitable for LC mobile phase
solvent delivery as it is not capable of meeting column pressure requirements. All
device components identified here are readily obtainable from common scientific
parts suppliers, requiring no rigorous machining, cutting or bending of materials.
A functional device can be built and calibrated for use in under an hour.
In an effort to quickly demonstrate relative device performance, a number of
experiments were devised comparing the capabilities of the pneumatic device to
a standard syringe infusion pump. Factors such as spectral background
complexity, stability and assay reproducibility were assessed for both systems
using dopant only experiments. Furthermore, a sample mixture of three
polycyclic aromatic hydrocarbons was analyzed utilizing both dopant delivery
methods while performing a routine LC-APPI-MS 13-minute gradient method.
PAHs are now adopted as somewhat of a de facto standard analyte for APPI
analyses,54,55,135 given their relatively low ionization energies, range of polarity
and environmental relevance.
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Method and Materials:
A schematic representation of the pneumatic dopant delivery device is presented
in figure B-6. A continuous, regulated 100-psi supply of clean lab gas (i.e. air,
helium or nitrogen) is used to pressurize a stainless steel sample cylinder
containing the dopant. As the headspace is pressurized the dopant is forced
from the cylinder through a fixed length of PEEK tubing at a flow rate directly
proportional to the input gas pressure. Modifying the internal diameter of the
outlet PEEK tube alters the effective backpressure and subsequently the tunable
range of available flow rates. This allows the user to tailor the apparatus to meet
experimental flow rate requirements. The consumption of gas in this design is
negligible since the system is sealed from loses apart from small volume of
eluted dopant effluent.

Figure B-6. Diagrams for a) the assembled pneumatic dopant delivery device and b) the
schematic representation demonstrating functionality and parts configuration.
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All required device components with applicable part numbers have been included
in Table B-2 for the benefit of any who wish to reproduce its fabrication. Most
required parts are simply stainless steel Swagelok fittings, ferrules, unions and
vessels, thus no machining or modification is required. Figure B-6a and b are
provided to illustrate the basic configuration of parts. A stainless steel sample
vessel was fitted with a two-piece quick-connect union for rapid dopant refilling,
thus no tools are required during day-to-day operation. On top of the quickconnect fitting a 4-way branched T-union with suitable fittings, ferrules and
unions was mounted. A source of clean regulated lab gas was introduced
through one horizontal arm of the branched union. A 1/4 turn stainless steel plug
valve was attached to the opposite arm of the union, providing a mechanism for
releasing the gas headspace, thereby reducing or halting the flow of dopant.
Through the remaining top-most connection of the branch T-union a 40 cm length
of PEEK tubing was secured utilizing a Vespel 1/8” to 1/16” reducing ferrule.
When the reservoir is filled with solvent the end of PEEK tubing is submerged
providing a flow outlet for the dopant when headspace pressure is applied.
Finally, a 24” length of red PEEK tubing (0.005” ID) was utilized to connect the
outlet of the pneumatic device to the APPI source dopant nebulizer using a zerodead-volume union. The length and diameter of the PEEK tubing must kept
constant, as dopant flow rate is calibrated based upon the amount of
backpressure produced by the outlet restriction.
Table B-2. Suggested part list for the pneumatic dopant delivery device
Supplier

Part Number

Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Fisher Sci
Upchurch
Upchurch

304L-05SF4-300
SS-QF4-B-400
SS-QF4-S-4PM
SS-201-PC
SS-2P4T
SS-400-R-2
SS-200-4
SS-401-PC-2
AT200100VG1
U-152
1535

Quantity
1
1
1
1
1
1
1
1
2
1
a
1

Description
Sample Cylinder, 300 mL S/S
Quick-Connect Body, Female, 1/4" S/S
Quick-Connect Body, Male, 1/4" S/S
Tube Fitting, Port Connector, 1/8" OD S/S
1/4-Turn Instrument Plug Valve, 1/8" S/S
Reducer, 1/4" x 1/8" OD S/S
Union Cross, 1/8" OD S/S
Reducing Port Connector, 1/4" x 1/8" OD S/S
Vespel/Graphite Reducing Ferrule 1/8" to 1/16" OD
Tube, 1/16" OD x 0.005" ID x 5 cm S/S
1/16" OD x 0.005" ID PEEK Tubing, 5' length

a

Substitute Upchurch p/n 1560, Natural PEEK tubing 1/16" x 0.0025" ID, 30 cm length for low flow
rate applications
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The completed device must be calibrated for flow rate. As a pressure driven
device, calibration is complicated by any additional sources of backpressure
(liquid or gas) that may affect the dopant flow rate. For instance, orthogonal
AB/Sciex Photospray sources utilize an auxiliary dopant nebulizing system,
operated independently of the heated nebulizer that is used to vapourize the
analytical solvent flow. The dopant nebulizer gas (GS1) is supplied at pressures
ranging from 20 psi to potentially more than 90 psi, creating a supply of gas
containing dopant vapour. This gas flow is subsequently used to assist the
vapourization of the analytical solvent flow within the heated nebulizer. The
amount of gas pressure (GS1) that is ultimately supplied to the heated nebulizer
must be exceeded in order to overcome the force of backpressure applied upon
the liquid dopant flow. As an example, when disconnected from the ion source
the pneumatic dopant delivery device was calibrated to provide 20 µL/min of
toluene flow at an applied pressure of 30 psi. Connected to the Photospray
source, however, the nebulizer (GS1) pressure must then be accounted for. If
the nebulizer gas is set to 40 psi then the pneumatic dopant delivery device must
be pressurized to 70 psi in order to overcome the applied backpressure and
supply toluene at the desired 20 µL/min flow rate. Our device was tested
exclusively upon an orthogonal geometry AB/Sciex Photospray source, including
the auxiliary nebulizer for independent dopant introduction. If the device is
utilized for introducing dopant through a post-column t-union (combining the
liquid dopant and the LC solvent streams), flow rate calibration would be
affected. Post column solvent flows represent additional sources of backpressure
and can be accounted for through modified calibration (method not discussed).
Combining the dopant and analytical solvent flows is not recommended as this
method does not consider solvent immiscibility issues which may impair signal
stability.

A straightforward method of calibrating the device involves simply measuring the
volume of dopant delivered per unit time at a variety of applied gas pressures.
When pressure is applied to the vessel, flow of dopant is established which may
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then be collected using a small graduated cylinder. Timing the flow of dopant,
while measuring the volume delivered allows for the reasonably accurate
determination of absolute flow rate. Figure B-7 provides a sample calibration plot
derived for the pneumatic delivery system demonstrating a linear flow rate
response to applied gas pressure over the range of values tested. Regression
lines with reported linear equations (useful for flow calibration) are shown for two
different configurations utilizing alternative diameters of PEEK outlet tubing
(0.005” ID, red and 0.0025” ID, natural). Higher flow ranges can be adapted by
simply utilizing an even larger internal diameter PEEK tubing – further reducing
outlet backpressure. Selecting a suitable PEEK outlet tube diameter enables the
operator to select an optimal flow rate range for a desired application. As
discussed previously, additional backpressure sources will have an additive
property and must be accounted for when utilizing the calibration plot.
140
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Figure B-7. Sample flow calibration plot for the pneumatic dopant delivery deice utilizing
both red (0.005” ID), and natural (0.0025” ID) PEEK tubing outlets.

Chemicals:

HPLC grade methanol, acetonitrile and toluene were obtained from Fisher
Scientific (Ottawa, ON, Canada). Deionized water was obtained using an inhouse generator. A stock standard polycyclic aromatic hydrocarbon sample was
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produced containing naphthalene (20 µg/mL), acenaphthylene (40 µg/mL) and
acenaphthene (20 µg/mL), diluted in HPLC grade methanol. All three PAHs were
obtained from Sigma Aldrich (St. Louis, MO) as dry solids at the highest available
purity (> 99%). The stock sample was diluted 10-fold in pure mobile phase to
match LC starting conditions.

Instrumentation:

The performance of the pneumatic dopant introduction device was evaluated
upon an AB/Sciex API 3200 (Concord, Ontario, Canada) triple-quadrupole mass
spectrometer, operated in selected ion mode. A prototype Photospray source,
functionally identical to commercially available ion sources was utilized for all
experiments. Most infusion tests were performed using a stepper motor driven
infusion pump integrated within the MS. Tests requiring an additional pump for
solvent delivery made use of a second external Harvard Apparatus (Holliston,
MA) syringe infusion pump. The APPI source heated nebulizer was operated at
400 oC with the transfer voltage set to 750 Volts. Nebulizer and lamp gases were
set to 60 and 30 psi respectively. All gases were supplied from a high purity
liquid nitrogen boil-off source. Spectral background comparison experiments
were performed at dopant flows range 0.5 to 100 µL/min. Some full scan spectra
were obtained with an additional flow of methanol at 95 µL/min. Flow stability
analyses were performed with the infusion of toluene dopant only at 5 µL/min.
Chromatographic separations were performed using an 1100 series Hewlett
Packard (Santa Clara, CA) HPLC system. A GL Sciences Inc. (Torrance, CA)
Inertsil ODS-P reversed-phase, 250 mm x 2.1 mm ID, 5 µm column was utilized
for sample separations. The column was placed in-line with a single 0.5 µm precolumn filter from Upchurch Scientific (Oak Harbor, WA) situated between the
injection valve and the column. A short 13-minute chromatographic method was
employed using methanol:water (90:10 v/v) (solvent A) and acetonitrile (solvent
B) in a one step gradient elution. Solvent A was held at 100% for 3-minutes
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followed by a linear increase of solvent B to 100% over a 7-minute period. This
composition was maintained for 3-minutes, followed by a return to initial
conditions for column re-equilibration. The combined solvent flow rate was kept
maintained at 200 µL/min. 10 µL sample volumes were injected on-column
through the microfilter using the injection valve integrated within the mass
spectrometer.

Results and Discussion:

The relative performance of the pneumatic dopant delivery device was
characterized through several basic infusion tests comparing relative flow
stability and spectral background differences. Figure B-8 presents spectra
acquired for the infusion of toluene at 5 µL/min with an additional methanol
effluent flow at 95 µL/min. Spectra obtained using both dopant introduction
methods were dominated by characteristic methanol and background product
ions at m/z 65, 73 and 87 and 101. Both methods provided roughly equivalent
relative intensities for each signal, with no evidence of extraneous contamination
displayed in either spectrum. Due to the relatively high methanol component
there was no evidence of a toluene peak at m/z 92 present in the spectrum. The
complete loss of toluene reagent ion species (D+•) is a direct result of the
formation of protonated solvent clusters – a process typical of LC-APPI-MS
experiments under reversed-phase solvent conditions.53,58 This makes toluene a
less than ideal dopant candidate for the analysis of highly non-polar analytes
through charge exchange as the requisite reagent ion (D+•) population is entirely
consumed, limiting analyte ionization efficiency.

173

4e+8
Pneumatic dopant delivery
3e+8
2e+8

Intensity / A.U.

1e+8
0
40

60

80

100

120

140

160

180

200

4e+8
Harvard syringe pump
3e+8
2e+8
1e+8
0
40

60

80

100

120

140

160

180

200

m/z

Figure B-8. Spectra obtained using the pneumatic dopant delivery device (top) and a
standard Harvard syringe pump (bottom). Toluene dopant was provided at 5 µL/min.
Methanol mobile phase was infused at 95 µL/min.

Flow stability was accessed under the same infusion conditions described above,
however, without the additional methanol solvent flow. XIC scans were
performed at m/z 92 and compared for the simple infusion of toluene dopant at 1
µL/min using both the pneumatic and syringe pump introduction methods (data
not shown). The XIC was monitored for 30-minute intervals and the standard
deviation was calculated. It was demonstrated that signal and thus flow stability
for both systems was in excellent agreement over the range of flow rates tested,
yielding indistinguishable results.

APPI is of course usually used as an ion source for LC/MS workflows. The
potential of the pneumatic dopant delivery system is realized when the device is
used to extend the operating time available for LC/MS applications without
exhausting the dopant supply. A full 300 mL reservoir may last for more than 10
days of continuous operation at a common APPI flow rate of 20 µL/min. Syringe
based infusion pumps utilizing a 5-mL syringe volume (permitting adequate flow
stability and flow rate accuracy) may only be capable of continuous operation for
slightly over 4 hours before the dopant supply is exhausted. When extended
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overnight analyses are required, reliance on syringe pump dopant infusion may
not be possible and thus an expensive isocratic LC pump is typically used.

To demonstrate that the pneumatic delivery device is suitable for practical LCAPPI-MS applications, a short reversed-phase gradient method was created for
the analysis of a standard PAH mixture. The results presented in Figure B-9
show TIC chromatograms obtained for the analysis of the PAH panel containing
(i) naphthalene, (m/z 128), (ii) acenaphthylene (m/z 152) and (iii) acenaphthene
(m/z 154). Toluene was delivered to the source via the dopant nebulizer at 20
µL/min using both the pneumatic delivery device (operated at 70 psi, with GS1
set to 40 psi) and a standard syringe pump. All three analytes were fully resolved
with retention times ranging between 5 and 8 minutes. Relative peak intensities
were found to be in excellent agreement between both dopant delivery methods.
We take these results to indicate that high quality LC/MS data is attainable with
the pneumatically driven dopant delivery device.
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Figure B-9. TIC chromatograms obtained for the analysis of a simple PAH panel containing
(i) naphthalene, (ii) acenaphthylene and (iii) acenaphthene using a) the pneumatic dopant
delivery device and b) a standard Harvard syringe pump to supply toluene dopant.
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Conclusions:

The construction and characterization of a pneumatically driven dopant delivery
device was demonstrated. The device was capable of delivering stable, pulsefree, isocratic dopant flow for APPI applications with analytical results directly
comparable to that of conventional solvent delivery instrumentation. The 300 mL
dopant capacity lends the pneumatic device ideally toward lengthy, overnight
analyses, eliminating the need to monitor and frequently replenish the dopant
supply. The device was shown to be simple, robust, cost effective and practical
for real-world applications through practical implementation within a plausible LCAPPI-MS workflow. A detailed list of part numbers was included to allow others to
replicate device fabrication for their own experimental needs.

Future work could include the implementation of simple enhancements to
improve device control and serviceability. The device could potentially utilize a
glass reservoir in order to monitor dopant levels more closely. This was opted
against during the development process due to concerns regarding operational
safety at high-pressures. It has been envisioned that a similar pneumatic device
could be easily engineered and provided with commercially available APPI
instruments with the aim of improving practicality and ease of use.

176

Appendix C. A Modified Heated Nebulizer Probe for Isolated
Dopant Introduction

This appendix will describe a modified heated nebulizer probe, intended to
overcome some technical limitations associated with dopant delivery in
orthogonal geometry Photospray sources. This device was utilized for the
experiments described in chapters three and four, to introduction both the dopant
and LC effluent flows simultaneously, yet independently, to the field-free APPI
source. A standard unmodified APCI probe was used for all experiments
involving the commercial, open-geometry Photospray source.

There are several methods for introducing dopant to APPI sources. Syagen built
sources for example, provide no explicit mechanism for independently
vapourizing a chemical dopant into the nebulizer gas stream. (This is a holdover
technical limitation that pre-dates a cross licensing agreement allowing them to
officially endorse dopant use within Photomate sources.) Instead, for Photomate
sources, a dopant must be added directly to the analytical solvent flow, either as
a pre-mixed component of the mobile phases, or as a secondary flow combined
through a T-union prior to entering the ion source. As discussed previously,
solvent immiscibility issues may lead to erratic background levels that may in-turn
negatively affect detection limits.

Conversely, first-generation Photospray sources were equipped with a dedicated
means for introducing a dopant flow to the source through a stainless steel spray
capillary, inserted directly into the heated nebulizer region. In this way, dopant
may be efficiently vapourized into the heated gas stream within a controlled,
high-temperature environment. Second-generation, orthogonal geometry
Photospray sources, however, turned away from this method of dopant
introduction in favour of an auxiliary dopant nebulizer. Here, dopant is
vapourized at ambient temperature into a wide diameter stainless steel tube,

177

coiled around the outside of the heated nebulizer tower. Although some heat is
inevitably transferred from the tower to the dopant transfer tubing, measured
temperatures tend to be far below the boiling point of most dopant candidates.
Additionally, the volume of the transfer tubing is prohibitively large, presenting a
large surface area to facilitate carryover should modification of the dopant
composition be required.

We have developed a customized sample probe for APPI applications, intended
to overcome the limitations associated with the current methods of dopant
introduction. Figure C-10 illustrates the modified probe design. Similar to firstgeneration sources, the modified probe utilizes two isolated flow paths to
introduce the LC effluent and dopant streams to the source independently,
eliminating concerns regarding solvent miscibility. Both liquid flows are delivered
to the heated nebulizer probe through stainless steel hypodermic capillaries –
passing directly through the thermally controlled, high temperature region.
Dopant flow is introduced through a short capillary, terminating within the heated
probe (typically operated at minimum 250oC) where it is vapourized into the
nebulizer gas (GS1) stream. Mobile phases are introduced through a second
longer capillary terminating 0.5 to 1.0-mm beyond the end of the probe assembly,
analogous to the unmodified APCI design. The high-speed nebulizer gas,
partially comprised of dopant vapour, is used to pneumatically assist
vapourization of the LC effluent flow. A stainless steel bracket was required to
mount and secure the hypodermic capillaries, external to probe assembly.
Analytical results obtained using the modified APCI probe were identical those
obtained using the standard probe design, however, without the potential for
signal instability attributed to solvent mixing incompatibility.
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Figure C-10. Illustrations describing the modified dopant introduction probe. a) Photo of
the assembled, modified APCI probe, b) a representation of the custom capillary system,
c) a functional schematic diagram.

The device was rigorously put to test, as it was utilized for dopant introduction for
all field-free APPI experiments described in chapters three and four. Recognized
drawbacks to the present design include robustness and serviceability. The flow
path of the modified probe contains two soldered connections, joining 1/16” OD
(0.005” ID) transfer tubing to 0.015” OD (0.005” ID) hypodermic capillaries.
These connections should be ideally welded as opposed to soldered given the
high temperature environment and potentially corrosive solvent conditions
present within APPI sources. Miniature welding facilities were not immediately
available to us, however, thus soldering was selected as a temporary, adequate
alternative. These connections required infrequent repair as leaks or plugs were
detected. The design was overall functional, however, not elegant. Fragile
capillaries and connections do not lend the device ideally to use by novice
operators. A future design should be easily serviceable by any operator, similar
to modern ESI and APCI probe assemblies. That being said, the modified probe
was found to be suitable for routine dopant introduction, while addressing the
limitations associated with modern dopant introduction methods.
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