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ELECTROSPRAY IONIZATION ION SOURCE
WITH TUNABLE CHARGE REDUCTION

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States government
support awarded by the following agencies: NIH Grants:
HG001808 and HV028182. The United States has certain
rights in this invention.

CROSS REFERENCE TO RELATED
APPLICATIONS

Not applicable

BACKGROUND OF THE INVENTION

Mass spectrometry has advanced over the last few decades
to the point where it is one of the most broadly applicable
analytical tools for detection and characterization of a wide
class of molecules. Mass spectrometric analysis is applicable
to almost any species capable of forming an ion in the gas
phase, and, therefore, provides perhaps the most universally
applicable method of quantitative analysis. In addition, mass
spectrometry is a highly selective technique especially well
suited for the analysis of complex mixtures of different com-
pounds in varying concentrations. Further, mass spectromet-
ric methods provide very high detection sensitivities,
approaching tenths of parts per trillion for some species. As a
result of these beneficial attributes, a great deal of attention
has been directed over the last several decades at developing
mass spectrometric methods for analyzing complex mixtures
of biomolecules, such as peptides, proteins, carbohydrates
and oligonucleotides and complexes of these molecules.

To be detectable via mass spectrometric methods, a com-
pound of interest must first be converted into an ion in the gas
phase. Accordingly, the ion formation process significantly
impacts the scope, applicability, efficiency and limitations of
mass spectrometry. Conventional ion preparation methods
for mass spectrometric analysis are largely unsuitable for
high molecular weight compounds, such as biomolecules.
For example, vaporization by sublimation and/or thermal
desorption is unfeasible for many high molecular weight
biomolecules because these species tend to have negligibly
low vapor pressures. lonization methods based upon desorp-
tion processes, on the other hand, have proven more effective
in generating ions from thermally labile, nonvolatile com-
pounds. In these methods, a sample is subjected to conditions
resulting in emission of ions from solid or liquid surfaces or
generation of ions via complete evaporation of charged drop-
lets.

Over the last few decades, two desorption based ion prepa-
ration techniques have been developed that are particularly
well suited for the analysis of large molecular weight com-
pounds: (1) matrix assisted laser desorption and ionization—
mass spectrometry (MALDI-MS) and (2) electrospray ion-
ization—mass spectrometry (ESI-MS). MALDI and ESI ion
preparation methods have profoundly expanded the role of
mass spectrometry for the analysis of nonvolatile high
molecular weight compounds including many compounds of
biological interest. These ionization techniques generally
provide high ionization efficiencies (ionization efficiency=
(ions formed)/(molecules consumed)) and have been demon-
strated to be applicable to biomolecules with molecular
weights exceeding 100,000 Daltons.
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In MALDI, analyte is integrated into a crystalline organic
matrix and irradiated by a short (=10 ns) pulse of laser radia-
tion at a wavelength resonant with the absorption band of the
matrix molecules. This process results in rapid formation of a
gas phase plume wherein analyte molecules are entrained and
ionized via gas-phase proton transfer reactions. MALDI ion
formation generally produces ions in singly and/or doubly
charged states. Fragmentation of analyte molecules during
vaporization and ionization, however, limits the applicability
of MALDI for some samples, and the sensitivity of the tech-
nique is known to depend on sample preparation methodol-
ogy and the surface and bulk characteristics of the site irra-
diated by the laser. As a result, MALDI-MS analysis is
primarily used to identify the molecular masses of compo-
nents of a sample and yields little information pertaining to
the concentrations or molecular structures of materials ana-
lyzed. Further, MALDI ion sources are generally not directly
compatible with systems useful for online sample purification
prior to ion formation, such as capillary electrophoresis and
high performance liquid chromatography systems.

ESI is a widely used field desorption ionization method
that generally provides a means of generating gas phase ions
with little analyte fragmentation [Fenn et al., Science, 246,
64-70 (1989)]. Furthermore, ESI is directly compatible with
on-line liquid phase separation techniques, such as high per-
formance liquid chromatography (HPLC) and capillary elec-
trophoresis systems. In ESI, a solution containing a solvent
and an analyte is pumped through a capillary orifice main-
tained at a high electrical potential and directed at an oppos-
ing plate provided near ground. The electric field at the cap-
illary tip charges the surface of the emerging liquid and results
in a continuous or pulsed stream of electrically charged drop-
lets. Subsequent evaporation of the solvent from charged
droplets promotes formation of analyte ions from species
existing as ions in solution. Polar analyte species may also
undergo desorption and/or ionization during the electrospray
process by associating with cations and anions in solution. A
number of other useful field desorption methods using elec-
trically charged droplets have been developed in recent years
that are also capable of preparing ions from non-volatile,
thermally liable, high molecular weight compounds. These
techniques differ primarily in the physical mechanism in
which droplets are generated and electrically charged, and
include aerospray ionization, thermospray ionization and the
use of pneumatic nebulization.

In contrast to MALDI, ions produced by field desorption
methods employing charged droplets typically generate ana-
lyte ions populating a number of different multiply charged
states, including highly charged states. Mass spectra obtained
using these techniques, therefore, may comprise a complex
amalgamation of peaks corresponding to a distribution of
multiply charged states for each analyte species in a sample.
In some cases, mass spectra obtained using these techniques
have too many overlapping peaks to allow eftective discrimi-
nation and identification of the components of a sample com-
prising a complex mixture of analytes. Accordingly, the for-
mation of analyte ions populating a relatively a large number
of different multiply charged states limits the applicability of
field desorption ionization methods employing electrically
charged droplets for analysis of complex mixtures, such as
samples obtained from cell lysates.

Over the last decade, various computational and experi-
mental approaches for expanding the utility of ESI-MS tech-
niques for the analysis of complex mixtures of biopolymers
have been pursed. One approach uses computer algorithms
that transform experimentally derived multiply charged ESI
spectra to “zero charge” spectra [Mann et al., Anal. Chem.,
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62, 1702 (1989)]. While transformation algorithms take
advantage of the precision improvement afforded by multiple
peaks attributable to the same analyte species, spectral com-
plexity, detector noise and chemical noise often result in
missed analyte peaks and the appearance of false, artifactual
peaks. The utility of transformation algorithms for interpret-
ing ESI-MS spectra of mixtures of biopolymers may be sub-
stantially improved, however, by manipulating the charge-
state distribution of analyte ions produced in ESI and/or by
operating under experimental conditions providing high sig-
nal to noise ratios [Stephenson and McLucky, J. Mass Spec-
trom. 33, 664-672 (1998)]. Another approach to reducing the
complexity of ESI-MS spectra of mixtures of biopolymers
involves operating the electrospray ionization ion source in a
manner that lowers and/or controls the net number of charge-
states populated for a particular analyte compound. A variety
of methods of charge reduction have been attempted with
varying degrees of success.

Griffey et al. report that the charge-state distribution of
analyte ions produced by ESI may be manipulated by adjust-
ing the chemical composition of the solution discharged by
the electrospray [Griffey et al., J. Am. Soc. Mass Spectrom.,
8, 155-160 (1997)]. They demonstrate that modification of
solution pH and/or the abundance of organic acids or bases in
a solution may result in ESI-MS spectra for oligonucleotides
primarily consisting of singly and doubly charged ions. In
particular, Griffey et al. report a decrease in the average
charge-state observed for the electrospray of solutions ofa 14
mer DNA molecule from -7.2 to -3.8 upon addition of
ammonium acetate to achieve a concentration of approxi-
mately 33 mM. Although in some cases altering solution
conditions appears to improve the ease in which ESI spectra
are interpreted, these techniques do not allow selective con-
trol over the distribution of charge states accessed for all
species present in solution. In addition, manipulation of solu-
tion phase composition may also generate unwanted effects,
such as compromising ionization and/or transmission effi-
ciencies in the electrospray ionization process.

An alternative approach for controlling the charge-state
distributions of analyte ions produced by ESI is involves the
use of gas phase chemical reactions of reagent ions to reduce
the ionic charges of droplets and/or analyte ions generated
upon electrospray discharge. This approach has the advan-
tage of at least partially decoupling ionization and charge
reduction processes in a manner having the potential to pro-
vide substantially independent control of charge-state distri-
bution. Independent control of charge reduction is beneficial
as it provides flexibility in selecting the sample composition
(e.g. pH, buffer concentration, ionic strength etc.) and the ESI
operating conditions.

To achieve a reduction in the charge-state distribution gen-
erated in the electrospray discharge of a solution containing a
mixture of proteins, Ogorzalek et al. merged the output of an
electrospray discharge with a stream of reagent ions gener-
ated by an externally housed Corona discharge [Ogorzalek et
al., J. Am. Soc. Mass Spectrom., 3, 695-705 (1992)]. Ogorza-
lek et al. observed a decrease in the most abundant cation
observed in the electrospray discharge of solutions contain-
ing equine heart cytochrome ¢ from a charge state of +15to a
charge state of +13 upon merging a stream of anions formed
via corona discharge with the output of an ESI source oper-
ating in positive ion mode. While the authors report a mea-
surable reduction in analyte ion charge state distribution,
generation of a population consisting predominantly of singly
and/or doubly charged ions was not achievable. Furthermore,
the authors note that operation of the discharge at high dis-
charge currents lead to a reduction in analyte ion signal equal
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to about two orders of magnitude. Regarding the potential
application of their technique for “shifting charge state dis-
tributions,” the authors indicated “[o]ur experience suggests
that the ion-ion reactions studied to date for this purpose are
not as easy to control and appear to lead to greater signal
losses than do ion-molecule reactions.”

U.S. Pat. No. 5,992,244 (Pui et al.) also report a method for
neutralizing charged particles alleged to minimize particle
losses to surfaces. In this method, charged droplets and/or
particles are generated via electrospray and exposed to a
stream of oppositely charged electrons and/or reagent ions
flowing in a direction opposite to that of the electrospray
discharge. The authors describe the use of a neutralization
chamber with one or more corona discharges distributed
along the housing for producing free electrons and/or ions for
neutralizing the output of an electrospray discharge. Electri-
cally biased, perforated metal screens or plates are positioned
along the housing of the neutralization chamber between the
corona discharges and a neutralization region to create a
confined electric field to conduct reagent ions toward the
electrospray discharge. In addition, Pui et al., describe a simi-
lar charged particle neutralization apparatus in which the
corona discharge ion source is replaced with a radioactive
source of ionizing radiation for generating reagent ions. In
both methods, neutralization is reported to reduce wall losses
and enhance neutral aerosol throughput to an optical detec-
tion region located downstream of the electrospray discharge.

U.S. Pat. Nos. 6,727,471 and 6,649,907 disclose methods,
devices and device components providing charge reduction
for field desorption ion sources using charged droplet, such as
ESI and nebulization sources. In the patents, the output of a
source of electrically charged droplets is directed through a
field desorption-charge reduction chamber having a source of
reagent ions. Reactions between charged droplets, analyte
ions or both and oppositely charged reagent ions and/or elec-
trons in the field desorption-charge reduction chamber
reduces the charge state distribution of the analyte ions. The
patents describe various means of improving high transmis-
sion efficiencies of analyte ions through the charge reduction
chambers including use of a shield element surrounding the
reagent ion source for substantially confining electric and/or
magnetic fields generated by the reagent ion source, and use
of'aradioactive source of reagent ions. In addition, the patents
provide various means for selectively adjusting the charge
state distribution of reagent ions, including selective adjust-
ment of the residence time of analyte ions and charged drop-
lets in the field desorption-charge reduction chamber, selec-
tive adjustment of the voltage applied to a corona discharge
reagent ion source, and selective adjustment of the flux of
ionizing radiation generated by a radioactive ion source.

It will be appreciated from the foregoing that a need exists
for devices and methods for regulating the charge-state dis-
tribution of ions generated by field desorption techniques to
permit analysis of mixtures containing high molecular weight
biopolymers via mass spectrometry. Particularly, methods,
devices and device components are needed that provide selec-
tively adjustable (i.e. tunable) charge reduction over a useful
range of analyte ion charge states. Further, charge reduction
methods and devices are needed that provide high analyte ion
transmission and collection efficiencies required for sensitive
mass spectrometric analysis.

SUMMARY OF THE INVENTION

The present invention provides methods and devices for
generating gas phase ions from chemical species in liquid
samples, including but not limited to chemical species having
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high molecular masses (e.g. molecular mass greater than
2000 Daltons). lon sources of the present invention provide
analyte ions having a reduced charge state distribution rela-
tive to conventional field desorption ion sources using elec-
trically charged droplets. Methods, devices and device com-
ponents of the present invention provide control of the charge
state distribution of the gas phase ions generated, such as
continuously selectable control of analyte ion charge state
distribution, and provide a source of gas phase ions that may
be coupled to a sensing or analysis system, such as a mass
spectrometer, in a manner providing high analyte ion trans-
mission and collection efficiency.

In one aspect, the present invention provides an ion source
for generating analyte ions having a selected charge state
distribution, including analyte ions having a charge state dis-
tribution that is reduced compared to the charge state distri-
bution of ions generated using conventional field desorption
methods employing charged droplets. In one embodiment, an
ion source of the present invention comprises an electrically
charged droplet source, a charge reduction chamber (hereat-
ter “CR chamber”) and a charge reduction reagent ion source
that is positioned outside of the CR chamber. The charged
droplet source generates charged droplets, optionally in a
flow of bath gas, from a liquid sample containing a carrier
liquid. At least partial evaporation of carrier liquid from the
electrically charged droplets generates analyte ions. The CR
chamber is provided in fluid communication with the electri-
cally charged droplet source such that it receives analyte ions,
electrically charged droplets or both.

The charge reduction reagent ion source is provided in fluid
communication with the CR chamber and positioned outside
of'the CR chamber. In one embodiment, the charge reduction
reagent ion source comprises a means for generating a flow of
a precursor gas; and a means for generating positively and/or
negatively charged reagent ions from the precursor gas. As
used herein, the term “precursor gas™ refers to a gas that
serves as a precursor for generating reagent ions. Precursor
gases of the present invention may also provide a means of
transporting reagent ions into the CR chamber. The flow of
precursor gas passes through the means for generating
reagent ions, thereby generating reagent ions, which are
transported from the charge reduction reagent ion source to
the CR chamber. Reagent ions react with electrically charged
droplets, analyte ions or both in the CR chamber in a manner
that affects the charge-state distribution of the analyte ions
generated. In an embodiment providing analyte ions having a
reduced charge state distribution, for example, at least a por-
tion of the reagent ions provided to the CR chamber have a
polarity that is opposite to the polarity of at least a portion of
the analyte ions. In this embodiment, reactions between
reagent ions and analyte ions, reactions between reagent ions
and charged droplets or a combination of these lower the
charge states of analyte ions in the CR chamber, thereby
resulting in a reduced charge state distribution relative to
conventional field desorption ion sources employing electri-
cally charged droplets.

In an embodiment of this aspect of the present invention, an
ion source of the present invention is capable of providing
analyte ions having a selectively adjustable charge state dis-
tribution. In the context of this description, the term “selec-
tively adjustable charge state distribution” refers to the ability
of an ion source of the present invention to select the charge
state distribution of analyte ions generated over a range of
values. Selectively adjustable charge state distribution
includes, but is not limited to, a continuously tunable charge
state distribution wherein the analyte ion charge state distri-
bution is selectable over a continuous range of values. This
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feature of the present invention is particularly beneficial for
mass spectrometry applications because controlled reduction
of analyte ion charge state distribution is useful for reducing
the occurrence of analyte ion fragmentation during transpor-
tation into and through the mass spectrometer, increasing
mass resolution and reducing spectral congestion, thereby
allowing for more accurate peak identification, quantification
and assignment. The ability to selectively control the extent of
charge reduction of analytes generated by ion sources of the
present invention is also useful for avoiding signal loss in
mass spectrometry applications due to either complete neu-
tralization of analyte ions or due to exceeding the m/z limit of
the mass spectrometer.

In one embodiment of this aspect of the present invention,
selectively adjustable control of the analyte ion charge state
distribution is provided by selectively adjusting the flow rate
of precursor gas through the means for generating reagent
ions, selectively adjusting the flow rate of reagent ions, pre-
cursor gas or both into the charge reduction chamber or a
combination of these. Selective adjustment of the flow rates
of'precursor gas and reagent ions in these embodiments estab-
lishes the concentration of reagent ions in the CR chamber,
which in turn determines the rate and overall extent of ion-ion
and ion-charged droplet reaction processes that lower the
charge state of analyte ions in the charge reduction chamber.
Optionally, control of analyte ion charge state distribution is
also provided in an ion source of the present invention by
selectively adjusting the residence time of charged droplets,
analyte ions or both in the charge reduction chamber.

Inthe context of this description, “positioned outside of the
CR chamber” refers to a configuration wherein the charge
reduction reagent ion source is not housed within the volume
of the CR chamber that electrically charged droplets and
analyte ions are conducted through. As used herein, however,
“positioned outside of the CR chamber” includes configura-
tions wherein the charge reduction reagent ion sources is
positioned proximate to, adjacent to and/or in direct physical
contact with the CR chamber. Exemplary embodiments, for
example, include configurations wherein the charge reduc-
tion reagent ion source is directly adjacent to and in physical
contact with the CR chamber and configurations wherein one
or more elements of the charge reduction reagent ion source
provides an interface with the CR chamber.

Use of a charge reduction reagent ion source positioned
outside the CR chamber provides a number of benefits in ion
sources of the present invention. First, this device configura-
tion provides independent control over conditions and pro-
cesses involved in analyte ion formation, and conditions and
processes used in generating reagent ions. Providing the
charge reduction reagent ion source outside the CR chamber,
for example, allows the composition of the reagent ions to be
selected independently because the composition of precursor
gases passed through reagent ion source and/or scavenging
gases provided in the charge reduction reagent ion source
may be selected independent of the composition of bath gas
used for forming and evaporating the electrically charged
droplets. Further, this configuration allows the reagent ion
sources to be operated under ambient conditions, such as
temperature, pressure and flow rates, that are independently
selectable regardless of the ambient conditions in the charge
reduction chamber. Second, this configuration avoids pertur-
bations inthe trajectories of analyte ions and charged droplets
in the CR chamber caused by operation of the reagent ion
source. In embodiments of the present invention having
reagent ion sources that generate electric and/or magnetic
fields, for example, positioning the charge reduction reagent
ion source outside minimizes generation of undesirable elec-
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tric and/or magnetic fields in the CR chamber, which can
degrade analyte ion transmission efficiency through the
chamber. Third, this device configuration provides a high
degree of versatility with respect to reagent ion sources use-
able in ion sources of the present invention because a wide
range of reagent ion sources, including discharge (e.g. corona
discharge, microwave discharge, RF discharge etc.) sources,
plasma sources and optical sources, can be effectively inter-
faced in a manner so as to provide a flowing source of reagent
ions to the CR chamber. Fourth, this device configuration is
structurally simple, mechanically robust and allows easy
access to the charge reduction reagent ion source during and
after operation for tuning and maintenance purposes.

Any means for providing reagent ions capable of providing
a flowing source of reagent ions to the CR chamber is useable
in the present invention. In one embodiment providing selec-
tively adjustable control of analyte ion charge distributions
over a wide range of charge states, the charge reduction
reagent ion source comprises a corona discharge that is posi-
tioned directly adjacent to and/or in physical contact with the
CR chamber. The present invention includes use of a corona
discharge comprising a first electrically biased element and a
second electrically biased element. First and second electri-
cally biased elements are held at electric potentials that estab-
lish a selected potential difference (between these elements)
and are separated by a distance close enough to create a
self-sustained electrical gas discharge. In one embodiment,
the second electrically biased element provides an interface
between the reagent ion source and the CR chamber, for
example, the second electrically biased element is a plate that
separates the CR chamber from the charge reduction reagent
ion source. The second electrically biased element may,
optionally, have an aperture that allows reagent ions, precur-
sor gas or both to flow through the charge reduction reagent
ion source into the CR chamber. Optionally, the aperture may
have an area that is selected on the basis of the extent of charge
reduction desired, or the aperture may have a selectively
adjustable area that can be continuously or discretely changed
(or tuned) to provide a desired extent of charge reduction or
tunable charge reduction. Exemplary corona discharge con-
figurations useful in the present invention include point-to-
plane geometries, such as those provided by an electrically
biased wire electrode and an electrically biased disc and/or
point-to-plane geometries modified to allow gas flow through
the corona discharge, for example by providing an electrically
biased element with an aperture or channel (see, description
above) for transmitting reagent ions to the CR chamber.

Any means for generating a flow of precursor gas capable
of providing a flow of reagent ions into the CR chamber are
useable in the present invention. In a useful embodiment, the
means for generating a flow precursor gas serves the addi-
tional function of providing a bath gas (i.e. carrier gas) for
transporting reagent ions into the CR chamber. Means for
generating a flow of precursor gas providing a selectively
adjustable flow rate are particularly useful in ion sources of
the present invention providing analyte ions having a selec-
tive adjustable charge state distribution because selection of
the flow rate of precursor gas provides an effective means of
controlling the concentration of reagent ions in the CR cham-
ber, and, thus, controlling the rate and extent of charge reduc-
tion achieved. The flow rate of precursor gas (and also bath
gases and scavenging gases) may be selectively adjusted in
the present invention by any means known in the art, includ-
ing use of metering valves, shut off valves, gas flow control-
lers, gas flow meters, changing the backing pressure of a
pressurize source (e.g. gas cylinder or liquid having an appre-
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ciable vapor pressure) and/or selectively changing the vapor
pressure of a liquid (for example, by changing the tempera-
ture of the liquid).

In another aspect, the present invention provides ion
sources wherein analyte ions formed are less susceptible to
undergoing chemical modifications, such as oxidation and
adduct reactions that result in an appreciable shift in their
mass (e.g. mass increase greater than 5 amu). In one embodi-
ment of this aspect of the present invention, an ion source of
the present invention further comprises a means for generat-
ing a flow of one or more scavenging gases that passes
through the means for generating reagent ions. Scavenging
gases react with chemical species (reactive neutrals, ions or
both) that are capable of oxidizing and/or undergoing adduct
reactions with analyte ions in the CR chamber, and, thus, are
useful for minimizing the extent of unwanted chemical pro-
cesses that shift the masses of analyte ions generated. Prefer-
ably for some applications, reactions involving scavenging
gases render these chemical species unable to participate in
oxidation and/or adduct formation reactions with analyte ions
in the CR chamber. Useful scavenging gases are highly reac-
tive with oxygen atoms (O(*D) and OCP), hydroxyl radical,
peroxy radicals, and nitrogen oxides (NO, NO,, NO,, N,O,
etc.)), and include, but are not limited to, organic vapors such
as alcohols (e.g. methanol, ethanol, propanol), nitrites,
ketones, aldehydes, esters, carboxylic acids, alkanes, and alk-
enes. Useful means for generating a flow of one or more
scavenging gases include, but are not limited to, bubbling a
bath gas though an appropriate solvent and/or introducing the
scavenging gas to the charge reduction reagent ion source
directly as a vapor. Means for generating a flow of one or more
scavenging gases preferred for some applications are capable
of providing a selected flow rate and/or partial pressure of
scavenging gas in the charge reduction reagent ion source. lon
sources of this aspect of the present invention are particularly
well suited for mass spectrometry applications because mini-
mizing the extent of adduct formation and oxidation reactions
involving analyte ions decreases overall spectral congestion
and enhances the intensities of peaks attributable to analyte
ions that undergo little change in mass, thereby allowing for
easier interpretation of mass spectra obtained.

In another aspect, the present invention provides a device
for determining the identity or concentration of chemical
species in a liquid sample. In one embodiment, a charged
particle analyzer is provided in fluid communication with the
CR chamber of an ion source of the present invention. The
charged particle analyzer and CR are configured such that at
least a portion of the analyte ions having a selected charge
state distribution are transported to the analyzer for measure-
ment and characterization. Useful charged particle analyzers
for receiving and analyzing analyte ions include mass spec-
trometers for characterizing gas phase analytes on the basis of
their mass and electrical charge, such as a time of flight mass
spectrometer, an ion trap mass spectrometer, a quadrupole
mass spectrometer, a tandem mass spectrometer; and a
residual gas analyzer. The present invention also includes
devices having charge particle analyzers that characterize
analyte ions on the basis of other properties, for example
characterization on the basis of electrophoretic mobility
using a differential mobility analyzer or ion mobility spec-
trometer.

Any means of interfacing the CR chamber and the charge
particle analyzer may be used in the invention providing
efficient transmission of analyte ions from the CR chamber to
the analyzer. In embodiments having a charged particle ana-
lyzer comprising a mass spectrometer, for example, the CR
chamber may be directly attached to the nozzle of the mass
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spectrometer, for example using an o-ring seal connecting the
outlet end of the CR to the front of the mass spectrometer.
Direct coupling of the CR and the mass spectrometer via an
o-ring seal results in a vacuum induced flow of analyte ions
into the nozzle, which eliminates the need for a bath gas or
carrier gas. Such a directly coupled CR chamber may be
regarded as a nozzle extension and has a benefit of providing
effective transport of analyte ions into the mass spectrometer
without differential pumping the nozzle extension. Further-
more, use of CR chambers having a relatively small internal
volume (e.g. less than 10 cm?) is useful for providing effec-
tive transport of analyte ions into the mass spectrometer via
pumping through the inlet of the mass spectrometer and,
therefore, does not require large bath gas flows.

Use of ion sources of the present invention as a source of
analyte ions for mass spectrometry analysis has several
important benefits. First, control of analyte charge state dis-
tribution provided by the present invention provides a means
of reducing the charge states of analyte ions entering the mass
spectrometer in a manner leading to good sensitivity. For
example, charge reduction provided by the present ion
sources decreases the occurrence of analyte ion fragmenta-
tion upon interacting with the nozzle and skimmer of the mass
spectrometer (i.e. reducing in-source fragmentation), thereby
increasing transmission efficiency and sensitivity. Further,
ion sources of the present invention are capable of providing
charge reduction in a manner that does not significantly per-
turb the trajectory of ions through the CR chamber and into
the mass spectrometer, which minimizes analyte ion losses,
thereby increasing transmission efficiency and sensitivity.
Second, the ability of ion sources of the present invention to
reduce the charge state distribution of analyte ions provides a
means of decreasing the net number of peaks associated with
a given analyte and also provides a means of spreading these
peaks over a wider m/z range. This attribute of the present
invention is beneficial as it reduces spectral congestion,
thereby allowing for easier peak identification, quantification
and assignment. Finally, ion sources of the present invention
are highly versatile and, thus, can be used with virtually any
type of mass spectrometer and virtually any type of charged
particle source. Ion sources of ion sources of the present
invention provide a continuous or pulse source of analyte
ions, and provide analyte ions having a constant, selected
charge state distribution or analyte ions having a charge state
distribution that selectively varies as a function of time.

In another aspect the present invention provides a method
of generating analyte ions having a selected charge state
distribution from a liquid sample containing a carrier liquid
comprising the steps of: (1) producing a plurality of electri-
cally charged droplets of the liquid sample; (2) at least par-
tially evaporating carrier liquid from said electrically charged
droplets, thereby generating analyte ions; (3) passing the
electrically charged droplets, analyte ions or both through a
charge reduction chamber; (4) exposing the droplets, analyte
ions or both to reagent ions generated from a charge reduction
reagent ion source in fluid communication with said charge
reduction chamber and positioned outside of said charge
reduction chamber, said charge reduction reagent ion source
comprising; a means for generating a flow of a precursor gas;
and a means for generating reagent ions from said precursor
gas; wherein said flow of precursor gas passes through said
means for generating reagent ions, thereby generating
reagent ions which are transported into said charge reduction
chamber and react with electrically charged droplets, analyte
ions or both in the charge reduction chamber to change the
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charge-state distribution of the analyte ions, thereby generat-
ing said analyte ions having a selected charge state distribu-
tion.

In another aspect, the present invention provides a method
for determining the identity or concentration of chemical
species in a liquid sample containing the chemical species in
a carrier liquid comprising the steps of: (1) producing a plu-
rality of electrically charged droplets of the liquid sample, (2)
at least partially evaporating carrier liquid from said electri-
cally charged droplets, thereby generating analyte ions; (3)
passing the droplets, analyte ions or both through a charge
reduction chamber; (4) exposing the droplets, analyte ions or
both to reagent ions generated from a charge reduction
reagent ion source in fluid communication with said charge
reduction chamber and positioned outside of said charge
reduction chamber, said charge reduction reagent ion source
comprising a means for generating a flow of a precursor gas;
and a means for generating reagent ions from said precursor
gas; wherein said flow of precursor gas passes through said
means for generating reagent ions, thereby generating
reagent ions which are transported into said charge reduction
chamber and react with electrically charged droplets, analyte
ions or both in the charge reduction chamber to change the
charge-state distribution of the analyte ions, (5) controlling
the charge-state distribution of said analyte ions by selec-
tively adjusting the flow rate of precursor gas through the
means for generating reagent ions, the flow rate of reagent
ions, precursor gas or both into the charge reduction chamber
or both; and (6) analyzing said analyte ions with a charged
particle analyzer, thereby determining the identity or concen-
tration of said chemical species.

In another aspect, the present invention provides a method
of reducing fragmentation of ions generated from electro-
spray discharge of a liquid sample containing chemical spe-
cies in a carrier liquid, comprising the steps of: (1) producing
a plurality of electrically charged droplets of the liquid
sample; (2) at least partially evaporating carrier liquid from
said electrically charged droplets, thereby generating analyte
ions; (3) passing the electrically charged droplets, analyte
ions or both through a charge reduction chamber; (4) expos-
ing the droplets, analyte ions or both to reagent ions generated
from a charge reduction reagent ion source in fluid commu-
nication with said charge reductizon chamber and positioned
outside of said charge reduction chamber, said charge reduc-
tion reagent ion source comprising a means for generating a
flow of a precursor gas; and a means for generating reagent
ions from said precursor gas; wherein said flow of precursor
gas passes through said means for generating reagent ions,
thereby generating reagent ions which are transported into
said charge reduction chamber and react with electrically
charged droplets, analyte ions or both in the charge reduction
chamber to change the charge-state distribution of the analyte
ions; and (5) reducing the charge-state distribution of said
analyte ions by selectively adjusting the flow rate of precursor
gas through the means for generating reagent ions, the flow
rate of reagent ions, precursor gas or both into the charge
reduction chamber or both, thereby reducing fragmentation
of said ions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a schematic diagram showing a cross sec-
tional view of an ion source of the present invention for
generating analyte ions having a selected charge state distri-
bution.
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FIGS. 2A and 2B provide schematic diagrams illustrating
side views of ion sources providing charge reduction having
a corona discharge reagent ion source (2A) and a radioactive
reagent ion source (2B).

FIG. 3 displays a normal electrospray mass spectrum of
insulin as well as several CREMS (charge reduction-electro-
spray mass spectrometry) spectra. These mass spectra of
insulin show increasing amounts of charge reduction from
front to rear. The front trace is a normal electrospray spectrum
(10 s acquisition). The next trace is a CREMS spectrum with
minimal charge reduction that was acquired in 20 s with a
corona discharge gas flow rate of 10 mL/min. The remaining
CREMS spectra show further charge reduction and were
obtained in 100 s with gas flow rates of 35, 60, and 200
ml./min, respectively.

FIG. 4 shows a plot of the average charge state (Z) of
insulin, a measure of the charge state distribution, as a func-
tion of this gas flow (circles, bottom axis).

FIGS. 5A-5F provide mass spectra having identical axes
showing the +1 charge state of insulin obtained with CREMS.
As noted in the figures, various gases and vapors were flowed
through the corona discharge source.

FIG. 6 shows two CREMS spectra obtained for the +1
charge state of bradykinin. The front trace displays a CREMS
spectrum of the +1 charge state of bradykinin. The rear trace
employed air instead, and consequently, it shows several
peaks related to the reaction intermediates and products of
oxidation.

FIG. 7 displays several CREMS spectra of insulin obtained
with a 210Po a-particle source, and they are quite similar to
the corona discharge ones in FIG. 3. As in FIG. 3, the front
trace was acquired in 10 s without charge reduction. The
second trace is a CREMS spectrum obtained in 30 s using an
a-particle exposure area of 0.8%. The remaining spectra
employed exposure areas of 3.2%, 16%, and 65%, all with
100 s acquisition times. As demonstrated by the rear trace, a
high a-particle exposure eliminates all but the +1 charge
state.

FIG. 8 provides a plot of the signal intensity is plotted
versus the average charge state (7). The results of three indi-
vidual corrections are shown as well as the combination of all
three corrections. Each data point represents the sum of the
ion counts from all of the charge states in a corona discharge
CREMS spectrum of insulin. The data was normalized to the
total ion count obtained without charge reduction (the left-
most data point).

FIGS. 9A-9C provide mass spectra corresponding to a
protein sample isolated from E. coli. (9A) Mass spectrum
obtained without charge reduction. (The inset shows the
deconvolution spectrum with a small peak at 47.8 kDa—note
that all three insets are plotted from 40 to 55 kDa). (9B)
Corona discharge CREMS in air (deconvolution peak at 49.2
kDa). (9C) Corona discharge CREMS with MeOH vapor in
N2 (deconvolution peak at 48.0 kDa). The red arrows indicate
proteins not observed without CREMS.

FIG. 10A shows a mass spectrum corresponding to pep-
tides principally having a +3 charge state generated using the
conventional electrospray ionization source. FIG. 10B shows
a mass spectrum corresponding to peptides principally hav-
ing a +1 charge state generated using the present charge
reduction ion source.

DETAILED DESCRIPTION

Referring to the drawings, like numerals indicate like ele-
ments and the same number appearing in more than one
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drawing refers to the same element. In addition, hereinafter,

the following definitions apply:

“Molecule” refers to a collection of chemically bound atoms
with a characteristic composition. As used herein, a mol-
ecule can be neutral or can be electrically charged, such as
singly charged and multiply charged molecules. The term
molecule includes biomolecules, which are molecules that
are produced by an organism or are important to a living
organism, including, but not limited to, proteins, peptides,
lipids, DNA molecules, RNA molecules, oligonucleotides,
carbohydrates, polysaccharides; glycoproteins, lipopro-
teins, sugars and derivatives, variants and complexes of
these.

“lon” refers generally to multiply or singly charged atoms,
molecules, macromolecules having either positive or nega-
tive electric charge and to complexes, aggregates and clus-
ters of atoms, molecules and macromolecules having either
positive or negative electric charge.

“Reagent ions” refer to gas phase ions of positive polarity,
negative polarity, or both positive and negative polarity that
are generated by a charge reduction reagent ion source.
Optionally, reagent ions may also refer to free electrons in
the gas phase generated by a means for generating reagent
ions. Reagent ions react with analyte ions, electrically
charged droplet or both to change the charge state distri-
bution of analyte ions. Reagent ions of the present inven-
tion may be singly charged, multiply charged, or both, and
may comprise one or more atoms or molecules or aggre-
gates, complexes and clusters thereof. For example, H*,
N,*, N, H,O0*,NH,*, H;O" and CH;OH," are positively
charged reagent ions and O™, 0*~, N*~, CN~, NO,~,NO;",
CO,7, OCN~, HCO,~, CH;CO,~, CF,CO,~, CH,07, and
C,H O™ are negatively charged reagent ions useful in the
present invention. A bipolar reagent ion gas specifically
refers to a collection of reagent ions that includes both
positively and negatively charged reagent ions in the gas
phase.

“Analyte ions” refer to multiply charged ions, singly charged
ions, or both, generated from chemical species in liquid
samples. Analyte ions of the present invention may be of
positive polarity, negative polarity or both. Analyte ions
may be formed directly upon at least partial evaporation of
solvent and/or carrier liquid from charged droplets or upon
at least partial evaporation of solvent and/or carrier liquid
from charged droplets followed by subsequent reaction
with reagent ions. Analyte ions are characterized in terms
of their charge-state distribution which is selectively
adjustable in the present invention.

“Solvent” and “carrier liquid” are used synonymously and
refer to compounds present in liquid samples that dissolve
chemical species and/or aid in the dispersion of chemical
species into droplets. Typically, solvent and/or carrier lig-
uid are present in liquid samples in greatest abundance.

“Liquid sample” refers to a homogeneous mixture or hetero-
geneous mixture of at least one chemical species and at
least one solvent and/or carrier liquid. Commonly, liquid
samples comprise liquid solutions in which chemical spe-
cies are dissolved in at least one solvent.

“Bath gas™ and “carrier gas™ are used synonymously and refer
to a collection of gas molecules that aid in the formation
and/or transport of charged droplets, analyte ions and/or
reagent ions. Common bath gases include, but are not
limited to: nitrogen, oxygen, argon, air, helium, water,
sulfur hexafluoride, nitrogen trifluoride, carbon dioxide
and water vapor.

“Charged particle analyzer” refers to a device or technique for
determining the identity, properties (e.g. mass, charge,
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composition, structure, electrophoretic mobility etc.) and/
or abundance (number or concentration of charged par-
ticles, such as analyte ions). Examples of charged particle
analyzers include, but are not limited to, mass analyzers,
mass spectrometers and devices capable of measuring
electrophoretic mobility such as a differential mobility
analyzer.

A “mass analyzer” is used to determine the, mass, charge,
mass-to-charge ratio and/or mobility (e.g. electrophoretic)
of gas phase ions. Mass analyzers are capable of analyzing
positive ions, negative ions, or both. Examples include, but
are not limited to, a time of flight mass spectrometer, a
quadrupole mass spectrometer, a residual gas analyzer, a
tandem mass spectrometer, an ion trap a Fourier transform
ion cyclotron resonance spectrometer, a differential mobil-
ity analyzer and an ion mobility spectrometer.

“Residence time” refers to the time a flowing material spends
within a given volume. Specifically, residence time may be
used to characterize the time analyte ions, charged droplets
and/or bath gas take to pass through a charge reduction
chamber. Residence time is related to linear flow rate and
path length by the following expression: Residence time=
(path length)/(linear flow rate). Under some conditions,
residence time is approximately equal to the reaction time
between analyte ions and reagent ions in a charge reduction
chamber.

“Charge-state distribution” refers to a two dimensional rep-
resentation of the number of ions of a given composition
populating each ionic state present in a sample of ions.
Accordingly, charge-state distribution is a function of two
variables; number of ions and ionic state (i.e. electric
charge). Summation over all ionic states of the charge state
distribution yields the total number of ions of a given
composition in a sample. Charge state distribution is a
property of a selected composition of an ion. Accordingly
it reflects the ionic states populated for a specific compo-
sition, as opposed to reflecting the ionic states of all ions
present in a sample. A reduced charge state distribution
refers to a charge state distribution that is shifted to lower

charge states relative to the charge state distribution of

analyte ions generated via conventional field desorption
methods employing charged droplets.

“Fluid communication” refers to the configuration of two or
more elements such that a fluid (e.g. a gas, a vapor or a
liquid) is capable of flowing from one element to another
element. Elements may be in fluid communication via one
or more additional elements such as tubes, channels,
valves, pumps or any combinations of these.

“Positive mode” refers to operation of a corona discharge
comprising a first electrically biased element provided at a
positive voltage with respect to a second element, wherein
the first electrically biased element and the second element
are separated by a distance close enough to create a self-
sustained electrical gas discharge.

“Negative mode” refers to operation of a corona discharge
comprising a first electrically biased element provided at a
negative voltage with respect to a second element, wherein
the first electrically biased element and the second element
are separated by a distance close enough to create a self-
sustained electrical gas discharge.

“Charge reduction chamber” refers to a device component
useful in methods and devices of the present invention
wherein analyte ions undergo charge reduction by interact-
ing with reagent ions of opposite polarity present in the
charge reduction chamber. In the present invention, charge
reduction may also occur in the charge reduction chamber
by processes involving interactions between electrically
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charged droplets and reagent ions of opposite polarity.
Other processes useful for analyte ion production and con-
trol of charge state distribution may also occur in the charge
reduction chamber including, but not limited to, field des-
orption of ions from electrically charged particles, evapo-
ration or desolvation of electrically charged particles, des-
olvation and/or controlled fragmentation of analyte ions,
recharging of analyte ions and combinations of these pro-
cesses.

This invention provides methods, devices and device com-
ponents for preparing ions from liquid samples containing
chemical species and methods and devices for analyzing
chemical species in liquid samples. The present invention
provides an ion source for generating analyte ions having a
selected charge state distribution, such as a reduced charged
state distribution, that may be effectively interfaced with a
variety of charged particle analyzer, including virtually any
type of mass spectrometer.

FIG. 1 provides a schematic diagram showing a cross sec-
tional view of an ion source of the present invention for
generating analyte ions having a selected charge state distri-
bution. As shown in FIG. 1, ion source 100 comprises source
of charged droplets 105 (such as an electrospray source of
charged droplets) CR chamber 110 and charge reduction ion
source 115 positioned outside of CR chamber 110. Source of
charged droplets 105 generates electrically charged droplets,
optionally in a flow of bath gas, (schematically illustrated as
dotted arrows 120) from a liquid sample containing a carrier
liquid. Electrically charged droplets undergo at least partial
evaporation of the carrier liquid and generate analyte ions. CR
chamber 110 is positioned in fluid communication with
source of charged droplets 105 and is capable of receiving at
least a portion of the electrically charged droplets, analyte
ions or both generated by source of charged droplets 105. In
auseful embodiment, wherein the source of charged droplets
is an electrospray source, a positive or negative potential
difference is maintained between the electrospray and the CR
chamber to facilitate formation of charged droplets.

The present invention includes embodiments wherein the
electrospray is provided at a large positive electric potential
(e.g. about 1,000 V-about 10,000 V) or a large negative elec-
tric potential (e.g. about —1,000 V-about-10,000 V) and the
CR chamber is provided substantially close to ground (e.g.
about 1000V to =1000 V). In these embodiments, the corona
discharge needle is held at an electric potential about 2000 to
5000V different from the CR chamber to provide an effective
corona discharge. Alternatively, the present invention
includes embodiments wherein the electrospray is provided
at an electric potential substantially close to ground (e.g.
about 1000V to —1000 V) and the CR chamber is provided at
a large positive electric potential (e.g. about 1,000 V-about
10,000 V) or a large negative electric potential (e.g. about
-1,000 V-about-10,000 V). In this embodiment, the corona
discharge needle is held at an electric potential 2000 to 5000
V different from the CR chamber to provide an effective
corona discharge. In one embodiment, for example, electro-
spray from a grounded ESI spray tip to a —=10,000V inlet/
chamber requires —15,000V on the corona discharge needle.

Analyte ions entering CR chamber 110 via inlet 121 can
undergo charge reduction. Optionally, electrically charged
droplets also enter the CR chamber 110 via inlet 121, and
undergo field desorption thereby generating analyte ions in
the CR chamber 110. In FIG. 1, this process is schematically
represented by illustrating charged droplets as open circles
and analyte ions as closed circles (note that the open and
closed circles are not to scale). Evaporation of electrically
charged droplet may be optionally promoted by use of a dry
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bath gas and/or, by heating CR chamber 110. Passage of
analyte ions (and optionally charged droplets) through CR
chamber 110 is provided by pumping on the outlet 155 of CR
chamber 110. Optionally, passage of charged droplet and
analyte ions through the CR chamber may be achieved by
providing a flow of bath gas through the CR chamber 110.

Charge reduction reagent ion source 115 is positioned in
fluid communication with, and outside of, CR chamber 110.
As shown in FIG. 1, charge reduction reagent ion source 115
comprises a corona discharge 120 and an inlet 125 for intro-
ducing a flow of precursor gas, scavenging gas or both. In the
embodiment shown in FIG. 1 inlet 125 is coupled to a source
of precursor gas 130 (e.g. a gas cylinder or liquid reservoir)
via metering valve 135 so that the flow rate of precursor gas
through charge reduction reagent ion source 115 can be selec-
tively adjusted, such as embodiments wherein the flow of
precursor gas can be selectively adjusted over the range of
about 0.01 standard cubic centimeters per second to about
100 standard cubic centimeters per second. Corona discharge
120 comprises wire electrode 140 provided at a first electric
potential and metal disc 145 provided at a second electric
potential wherein first and second electric potentials generate
a selected potential difference (between wire electrode 140
and metal disc 145). Optionally, metal disc may be in electri-
cal contact with and/or held at the same electric potential as
CR chamber 110. To provide electrical biasing wire electrode
140 and/or metal disc 145 are connected to appropriate volt-
age sources (not shown in FIG. 1). Wire electrode 140 and
metal disc 145 have a selected potential difference (e.g. about
1000 to 5000 V) and are separate by a distance close enough
to create a self-sustained electrical gas discharge thereby
generating reagent ions (schematically illustrated in FIG. 1 as
+ symbols) from the precursor gas provided in charge reduc-
tion reagent ion source 115 through inlet 125.

The corona discharge 120 depicted in FIG. 1 is operational
in several different modes. Operation of the corona discharge
in positive and negative modes results in ejection of electrons
from precursor gas molecules thereby producing free elec-
trons and positively charged ions. Ejected free electrons inter-
act with other precursor gas molecules to generate negatively
charged and/or positively charged reagent ions. Operation of
the corona in negative mode, however, principally provides a
source of negative ions to the CR chamber 110, as most
positive ions generated follow the intense electric field lines
toward the negatively charged wire cathode and are annihi-
lated. Similarly, operation of the corona in positive mode
provides a source of positive ions to the CR chamber 110, as
most negative ions generated follow the intense electric field
lines toward the positively charged wire anode and are anni-
hilated. The present invention includes use of reagent ion
sources that are capable of providing a source of both positive
and negative reagent ions (i.e. a bipolar gas) to the CR cham-
ber 110, for example as provided by a radioactive source of
reagent ions which simultaneously provides positive and
negative ions to the CR chamber 110 or a RF corona discharge
which alternates between providing positive and negative
ions to the CR chamber 110.

As depicted in FIG. 1, metal disc 145 is positioned in
physical contact with CR chamber 110 such that it provides
the interface between charge reduction reagent ion source 115
and CR chamber 110 and, is optionally held at the same
electric potential as the CR chamber 110. In addition, metal
disc 145 has an aperture 150 that allows reagent ions to be
transported into CR chamber 110 via a combination of diffu-
sion and active transport processes provided by the flow of
precursor gas. Aperture 150 has an area selected to provide a
selected concentration of reagent ions in the CR chamber 110
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and a selected extent of charge reduction. In one embodiment,
aperture 150 has an area selected from the range of about 0.1
mm? to about 10 mm?>. Optionally, aperture 150 has a selec-
tively adjustable area to provide tunable charge reduction.
Wire electrode 140 and metal disc 145 are, therefore, config-
ured in a modified point-to-plane geometry, due to the pres-
ence of aperture 150. Corona discharge 120 may be operated
in either positive ion or negative ion mode, and may provide
a source of positively charged reagent ions and/or negatively
charged reagent ions to the CR chamber 110.

Reagent ions pass through aperture 150 into CR chamber
110. Within the volume of the charge reduction chamber 110,
analyte ions and/or electrically charged droplets interact with
reagent ions of opposite polarity, thereby undergoing charge
reduction. Upon desorption from the charged droplets, ana-
lyte ions typically possess a charge state distribution centered
around a highly multiply charged state. The charge-state dis-
tribution of analyte ions is reduced, however, upon interaction
with oppositely charged reagent ions in the charge reduction
chamber 110. Specifically, ion-ion chemical reactions in the
charge reduction chamber between analyte ions and oppo-
sitely charged reagent ions result in a shift in the charge state
distribution of the analyte ions from highly charged states to
lower charged states. Charge reduction may also be achieved
in the present invention via interactions between electrically
charged droplets and oppositely charged reagent ions. In a
preferred embodiment, the extent of charge reduction that
analyte ions undergo is selectively adjustable. Accordingly,
multiply charged analyte ions lose electric charge upon pass-
ing through charge reduction chamber 110, ultimately reach a
selected charge state distribution and exit charge reduction
chamber 110 by passing through outlet 155.

Several factors govern the charge-state distribution of the
analyte ions exiting the ion source of the present invention
and, hence, influence the extent of charge reduction achieved.
The concentration of reagent ions in the CR chamber 110, at
least in part, determines the rate and extent of charge reduc-
tion of analyte ions generated by ion source 100. Selective
adjustment of the flow rate of precursor gas through charge
reduction reagent ion source 115 provides a means for con-
trolling the concentration of reagent ions in the CR chamber
and, therefore, provides a means for selecting the extent of
charge reduction and the charge state distribution of analyte
ions exiting the ion source. In addition, the charge state dis-
tribution of analyte ions exiting the ion source may also be
selectively adjusted by variation of the residence time of
analyte ions in the CR chamber 110. The charge state distri-
bution of analyte ions exiting the ion source may also be
selectively adjusted by variation of the physical dimensions
(e.g. area, diameter etc.) of the aperture in the second electri-
cally biased element of the corona discharge. In these
embodiments, the size of the aperture at least in part deter-
mines the concentration of reagent ions in the CR Chamber.
Furthermore, the charge-state distribution of the analyte ions
exiting the ion source may be selectively adjusted under some
conditions by selection of the potential difference between
first and second electrically biased elements of the corona
discharge, which governs the rate at which electrons and/or
reagent ions are generated for a given gap spacing, and con-
sequently determines, in part, the concentration of reagent
ions in the charge reduction reagent ion source 115.

Optionally, charge reduction reagent ion source 115 may
further comprise one or more additional inlets 160, additional
metering vales 165 and additional sources of other precursor
gases and scavenging gases 170. In the present invention,
scavenging gas may be added to the charge reduction reagent
ion source 115 for the purpose of reacting with unwanted
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chemically reactive species generated by the corona dis-
charge that are capable of undergoing adduct and/or oxidation
reactions with analyte ions. Reaction with scavenger gases
preferably transforms such unwanted chemically reactive
species into a form (i.e. anew composition) that does not react
appreciably with the gas phase analyte ions. Therefore, addi-
tion of scavenging gas to the charge reduction reagent ion
source 115 provides a means of rendering such unwanted
reactive species in a state wherein they do not react with
reagent ions in the CR chamber 110. Therefore, the present
invention provides charge reduction reagent ion sources hav-
ing an output wherein the abundance of unwanted chemical
reactive species that undergo adduct and/or oxidation reac-
tions with analyte ions are minimized. Source of scavenging
gases 170 useful in the present invention include devices that
bubble carrier gas through a liquid and devices that introduce
the scavenging gas directly as a vapor.

Referring again to FIG. 1, ion source 100 may be directly
interfaced with the inlet 180 of a mass spectrometer 185 to
provide a device for identifying and/or measuring the con-
centrations of analytes in a liquid sample. In this embodi-
ment, analyte ions exiting ion source 100 are drawn into the
mass spectrometer 185. Upon entering mass spectrometer
185, analyte ions are detected and classified on the basis of
mass and electric charge. Direct interfacing of the ion source
and mass spectrometer may be provide by an o-ring connec-
tion 190, wherein the CR chamber 110 is provided to the mass
spectrometer as a nozzle extension. In this embodiment,
pumping of the CR chamber 110 through the inlet 180 pro-
vides a means of conducting analyte ions through the CR
chamber 110 and into the mass spectrometer 185. Use of CR
chambers having a volume less than or equal to 10 cm® is
useful for eliminating the need for a flow of bath gas to
conduct analyte ions and charged droplets through the CR
chamber 110, as transport of analyte ion may be effectively
carried out via pumping through the mass spectrometer. The
volume of the CR chamber must be large enough in the
present invention to provide residence times of analyte ions in
the CR chamber large enough to achieve a desired extent of
charge reduction.

It should be recognized by anyone of ordinary skill in the
art of ion sources that the corona discharge configurations
described are but one means employable for the generation of
positively or negatively charged reagent ions from precursor
gas molecules. Accordingly, it is to be understood that any
other means of generating reagent ions may be substituted for
the corona discharge sources described in the present inven-
tion. Alternative reagent ion sources include, but are not lim-
ited to, plasma ion sources, thermionic electron guns, micro-
wave discharges, inductively coupled plasma sources, lasers,
radioactive sources and other sources of electromagnetic
radiation and radioactive ion sources.

It should be recognized that the method of ion production,
classification and detection employed in the present invention
is not limited to analysis via mass spectrometry and is readily
adaptable to virtually any mass analyzer. Applicable mass
analyzers include, but are not limited to, time-of-flight mass
spectrometers (linear and orthogonal), quadrupole mass
spectrometers, tandem mass spectrometers, ion traps, Fourier
transform ion cyclotron resonance and magnetic sector mass
analyzers. For some applications, an orthogonal TOF ana-
lyzer is preferred because it is capable of measurement of m/z
ratios over a very wide range that includes detection of singly
charged ions up to approximately 30,000 Daltons. It should
also be recognized that the ion production method of the
present invention may be utilized in sample identification and
quantitative analysis applications employing charged particle
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analyzers other than mass analyzers. lon sources of the
present invention may be used to prepare ions for analysis by
electrophoretic mobility analyzers. In an exemplary embodi-
ment, a differential mobility analyzer is operationally
coupled to the charge reduction chamber to provide analyte
ion classification by electrophoretic mobility. In particular,
such applications are beneficial because they allow ions of the
same mass to be distinguished on the basis of their electro-
phoretic mobility.

The terms and expressions which have been employed
herein are used as terms of description and not of limitation,
and there is no intention in the use of such terms and expres-
sions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments, exemplary embodiments and optional fea-
tures, modification and variation of the concepts herein dis-
closed may be resorted to by those skilled in the art, and that
such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims.
The specific embodiments provided herein are examples of
useful embodiments of the present invention and it will be
apparent to one skilled in the art that the present invention
may be carried out using a large number of variations of the
devices, device components, methods steps set forth in the
present description. Methods and devices useful for the
present methods can include a large number of optional
device elements and components including, ion optics such as
ions lenses, optics for manipulating electromagnetic radia-
tion such as lenses, reflectors and windows, microfluidic and
nanofluidic elements such as channels and chambers, flow
through reactors, vacuum chambers, temperature sensors and
controllers, valves, pumps, separation systems including
chromatographic systems (i.e. gas phase and liquid phase
chromatography systems) and capillary electrophoresis sys-
tems, mass analyzers, and mobility analyzers.

All references cited in this application are hereby incorpo-
rated in their entireties by reference herein to the extent that
they are not inconsistent with the disclosure in this applica-
tion. It will be apparent to one of ordinary skill in the art that
methods, devices, device elements, materials, procedures and
techniques other than those specifically described herein can
be applied to the practice of the invention as broadly disclosed
herein without resort to undue experimentation. All art-
known functional equivalents of methods, devices, device
elements, materials, procedures and techniques specifically
described herein are intended to be encompassed by this
invention.

When a group of materials, compositions, components or
compounds is disclosed herein, it is understood that all indi-
vidual members of those groups and all subgroups thereofare
disclosed separately. When a Markush group or other group-
ing is used herein, all individual members of the group and all
combinations and subcombinations possible of the group are
intended to be individually included in the disclosure. Every
formulation or combination of components described or
exemplified herein can be used to practice the invention,
unless otherwise stated. Whenever a range is given in the
specification, for example, a temperature range, a time range,
or a composition range, all intermediate ranges and sub-
ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
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ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each
instance herein any of the terms “comprising”, “consisting
essentially of” and “consisting of” may be replaced with
either of the other two terms.

EXAMPLE 1

Charge Reduction Electrospray Mass Spectrometry
Using an Orthogonal Acceleration Time of Flight
Mass Spectrometer

The ability of ion sources of the present invention to pro-
vide a source of analyte ions having a reduced charge state
distribution for sensitive mass spectrometry detection and
characterization was verified by experimental studies. Spe-
cifically, sensitivities and mass resolution obtained for high
molecular weight biomolecules using the present charge
reduction electrospray mass spectrometry (CREMS) tech-
niques were quantified and compared to sensitivities and
mass resolution provided by conventional electrospray mass
spectrometry methods. Either a corona discharge or an a-par-
ticle source was employed to generate anions that abstract
protons from electrosprayed protein cations. These desired
ion/ion proton transfer reactions predominated, but some oxi-
dation and ion-attachment reactions also occurred leading to
new peaks or mass-shifted broader peaks while decreasing
signal intensity. The species producing these deleterious side-
reactions were identified, and conditions were found that
prevented their formation. Spectrometer m/z biases were
examined because of their effect upon the signal intensity of
higher m/z charge-reduced protein ions. The utility of this
atmospheric pressure CREMS was demonstrated using a cell
lysate fraction from E. coli. The spectral simplification
afforded by CREMS reveals more proteins than are observed
without charge reduction.

A. Introduction

Mass spectrometric analysis of intact proteins has been
practiced routinely since the advent of two soft ionization
techniques for large molecules: matrix assisted laser desorp-
tion ionization (MALDI) and electrospray ionization (ESI).
Each of these techniques has advantages for different situa-
tions and often they are complementary in terms of which
proteins ionize well. A primary difference between the two
techniques is that MALDI generates ions in one or two low
charge states, whereas ESI tends to create protein ions in a
number of different and relatively high charge states. In fact,
electrospray tends to put most proteins into the same m/z
range of the spectrum (ca. 500-2500). While advantageous in
some circumstances, this phenomenon can limit the ability to
analyze protein mixtures by ESI due to spectral congestion.
Such mixtures might comprise several truly distinct proteins
or may involve heterogeneity of a “single” protein due to
combinations of splice variants and post-translational modi-
fications. In the latter case, this microheterogeneity means the
sample contains many similar species with slightly different
molecular weights, which lead to broader peaks for each
charge state and consequently increased probability of peak
overlap.

One way to avoid overlapping peaks from mixtures is with
very high resolving power, and Fourier transform spectrom-
eters have provided very good results in this regard. Another
method is to decrease the number of charge states for each
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analyte and to spread out these charge state peaks on the m/z
scale, both of which can be accomplished by reducing the
charge, z, of the protein ions. Ideally, this charge reduction
technique would be amenable to any type of mass analyzer,
subject only to mass range limitations, and would maintain or
enhance ESI’s gentle ionization as well as its suitability for
online analysis after separation.

Charge reduction of electrosprayed ions has been per-
formed using a few different strategies. ESI of proteins typi-
cally employs positive-ion mode whereby the proteins
acquire charge by protonation of their basic residues. Thus,
the most straightforward route to charge reduction would be
a proton transfer reaction (PTR). Several researchers used
strong neutral bases and succeeded in removing a few protons
from the protein ions. In contrast to these ion/molecule reac-
tions, McLuckey and co-workers have utilized ion/ion reac-
tions to achieve extensive and controllable charge reduction.
[McLuckey, S. A.; Stephenson, J. L., Jr. Ion/ion chemistry of
high-mass multiply charged ions. Mass Spectrom. Rev. 1998,
17, 369-407.; He, M.; McLuckey, S. A. Charge permutation
reactions in tandem mass spectrometry. J. Mass Spectrom.
2004,39, 1231-1259; & Stephenson, J. L., Jr.; McLuckey, S.
A. Jon/Ion Reactions in the Gas Phase: Proton Transfer Reac-
tions Involving Multiply-Charged Proteins. J. Am. Chem.
Soc. 1996, 118, 7390-7397.] Their method involves modifi-
cation of a quadrupole ion trap instrument in order to inject
and hold gas-phase anions simultaneously in the trap with the
protein cations.

Inthis example, we explore the issues of protein oxidation,
adduct formation, and possible ion losses occurring during
CREMS in order to reach an understanding that has led to
enhanced control over the charge reduction technique. An
optimized design is presented for a small charge reduction
device that is easily fabricated and attached to the inlet of
nearly any ESI-compatible mass spectrometer. With slight
modification the device allows for either a corona discharge
or alpha-particle source to generate the gas-phase anions, and
we compare and contrast these two types of sources. The
extent of charge reduction is easily tuned, which helps to
separate overlapping peaks while working within the m/z
constraints of the mass analyzer. Furthermore, we have devel-
oped an understanding of oxidation and adduction reactions
that can occur during charge reduction. This understanding
allowed us to find conditions that avoid these types of delete-
rious side-reactions. The CREMS technique is shown here to
be suitable for analysis of mixtures of large intact proteins, as
is demonstrated for an unknown protein mixture derived from
a cell lysate.

B. Experimental

B.1. Chemicals and Samples

Insulin (bovine) and bradykinin were obtained from Sigma
Chemical Co. and used without further purification. Samples
were dissolved in a buffer of 1: 1H20:MeOH containing 1%
acetic acid to a concentration of 3 or 10 puM. Platinum wire
(99.95%, 0.368 mm dia.) was purchased from Alfa Aesar.
Burdick & Jackson HPL.C-grade water, methanol, and aceto-
nitrile were used as solvents and as sources of the correspond-
ing vapors. Compressed nitrogen and USP-grade medical air
were obtained from Linde. A protein sample fraction from an
ion-exchange and reverse-phase separation of an E. coli cell
lysate was used as received from collaborators, Dave Robin-
ette and Morgan Giddings, at the University of North Caro-
lina—Chapel Hill. This sample was electrosprayed from a
1:1H20:ACN buffer containing 0.1% formic acid.
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B.2. CREMS Source Construction

FIGS. 2A and 2B provide schematic diagrams illustrating
sides views of ion sources providing charge reduction having
a corona discharge reagent ion source (2A) and a radioactive
reagent ion source (2B). The CREMS sources shown in FIGS.
2A and 2B are small devices (~4.5 cm long) that mount
directly to the mass spectrometer inlet, and therefore are
referred to as nozzle extensions. Prior work with charge
reduction employed a rather large chamber sitting in front of
the nozzle, and it required high flow rates of bath gas to
transport ions through the chamber. In contrast, the new
design has an o-ring seal that leads to a vacuum-induced
air-flow, which obviates the need for bath gas. For the corona
discharge device (FIG. 2a), another improvement was remov-
ing the corona discharge from the path of the electrospray
ions. These changes in design improved transmission of the
electrospray ions by nearly an order of magnitude.

The charge reduction chambers were machined from stain-
less steel (blue components in FIGS. 2A and 2B). The
entrance hole for electrospray ions was 0.9 mm diameter for
the first 3 mm, and 2.5 mm dia. for the remaining 42 mm of the
chamber. These dimensions should cause minimal pressure
drop through the chamber because the majority of the pres-
sure decrease will occur at the smaller nozzle orifice of the
mass spectrometer (0.35 mm dia.x20 mm long). This orifice
defines the gas flow rate (G) through the charge reduction
chamber according to the equation: G=0.445 naD?, where n
and a are the number density and speed of sound for nitrogen
gas (2.5%1019 molecules/cm3 and 3.5x104 cm/s, respec-
tively), and D is the orifice diameter. The resulting 4.8x1020
molecules/s, or 19 cm3/s, yields a linear flow velocity of 390
cm/s, which corresponds to a residence time of 10 ms in the
charge reduction chamber. The important result from these
calculations is this 10 ms reaction time between electrospray
ions and corona discharge generated ions.

Although functionally accurate, the red component in FIG.
2A is simplified somewhat from the actual design, which was
assembled from mostly off-the-shelf components: a %4-28
polyetheretherketone (PEEK) Tee, a short piece of PEEK
tubing, a fluorinated ethylene-propylene (FEP) sleeve for
holding the Pt wire, as well as a few ferrules and PEEK
fittings, all from Upchurch. A PEEK bulkhead union (34-24
external and Y4-28 internal threads) was modified slightly by
removing the internal threads in the lower section so that the
corona discharge plasma would be farther from the plastic.
The tip of the Pt wire resides in this lower section and was
positioned 3 mm above a stainless steel disk (0.5 mm thick)
with a 0.4 mm diameter hole in the center. The platinum wire
was sharpened to a point (~10 pm) using a rotary grinder
followed by polishing with 3 um alumina powder. This
corona discharge electrode was provided at a large negative
potential with respect to the stainless steel aperture disk using
a high voltage power supply (Stanford Research Systems)
and a 22 MQ current-limiting resistor in series. The corona
discharge voltage and current depended upon the gaseous
medium; typical values were =3200 V and 25 pA in air or
-2400 V and 60 pA in N2. After prolonged use, the aperture
disks acquired a brown-black residue, as observed by others;
consequently, they were designed for easy removal in orderto
polish or replace them. Having an aperture in this disk is a
small modification to the conventional point-to-plane con-
figuration of a corona discharge, and it allowed gas flow
through the corona discharge, as discussed below.

The second charge reduction chamber (FIG. 26) employed
a 5 mCi *'°Po a-particle source (Model P-2042, NRD, Grand
Island, N.Y.). In this case, a large area of a-particle exposure
was sometimes necessary, rather than a small aperture.
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Machining a larger hole in the stainless steel created a short
(2.5 mm deep) but wide (18 mm dia.) cylindrical chamber for
the interaction of anions with electrosprayed cations. lon
losses in this chamber may account for a somewhat lower
signal intensity compared to the corona discharge CREMS
source. Controlling the amount of charge reduction was
accomplished by placing a 0.5 mm-thick stainless steel disk
in front of the a-particle source; holes in the disks varied in
size from 0.8 mm up to 14.5 mm yielding exposure areas from
0.2% up to 64%.

B.3. CREMS Source Operation

Since ESI of proteins is commonly performed in positive-
ion mode, a “negative mode” corona discharge was utilized
for anion generation. In general, a corona discharge ionizes
the gaseous medium thereby creating a plasma that contains
positive ions and free electrons. By holding the sharp tip at a
negative potential, most positive ions are annihilated after
following the intense electric field lines toward this cathode.
The electrons travel in the opposite direction and some of
them become “thermalized” from numerous collisions with
molecules. Subsequently, these electrons may attach them-
selves to molecules, and in air the most frequent result is the
O, ion because it is more stable than N,~. After chemical
reactions in the plasma, other anionic species are sometimes
produced as well (e.g. 0,7, NO,~,NO;~, CO;7) depending on
the gaseous medium. In fact, this sequence of events is what
leads to ionization of solvent or analyte molecules during
atmospheric-pressure chemical-ionization (APCI) mass
spectrometry, which routinely employs a corona discharge.

The anions created by the corona discharge were trans-
ported through the disk aperture into the path of the electro-
sprayed ions, which were en route to the mass spectrometer
inlet. A simple gas flow meter (Dwyer Instruments, Michigan
City, Ind.) was used to change the flow rate of gas through this
aperture, and thereby provide control over the amount of
charge reduction. Adding a vapor to the flowing gas was
accomplished by bubbling the air or nitrogen through the
appropriate solvent. [Potential Hazard: while a corona dis-
charge is unable to ignite the organic vapor in air, there is a
small risk of electrical arcing. We were careful to obtain a
stable corona before flowing in the organic vapor. Employing
nitrogen gas instead of air ensures further safety, and it actu-
ally produces more favorable results, as shown in the Results
section. |

B.4. Mass Spectrometry and Data Analysis

All experiments were conducted with a Mariner orthogo-
nal acceleration time-of-flight (0a-TOF) mass spectrometer
(Applied Biosystems). This ESI-TOF instrument provides
reasonable mass accuracy, resolution, and a wide m/z range
(50-25,000) for charge reduced protein spectra. All samples,
regardless of whether charge reduction was performed, were
electrosprayed from a fused silica capillary (90/20 um o.d./
i.d., Polymicro Technologies, Phoenix, Ariz.). The samples
were infused at a flow rate of ~50 nl./min by employing
positive air pressure, although a syringe pump would be suit-
able as well. The spray tip potential of ~2700 V was applied
via a platinum wire immersed in the sample solution. Spectra
of' known proteins were obtained as ten co-added scans of 10
s each (unless otherwise noted). The cell lysate spectra were
acquired as fifty co-added scans of 10 or 20 s each, without
and with charge reduction, respectively.

Mass spectra were smoothed with Data Explorer software
(Applied Biosystems); the number of data points used in the
Gaussian smoothing algorithm was chosen to improve signal-
to-noise without artificially broadening the peaks (3-99
points; always an equal number for spectra being directly
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compared). The Mariner instrument employs an ion counting
detection method, and so the best quantitative measure is the
sum of the ion counts for each data point across a peak. This
ion count sum, was calculated for each charge state, z, using
ProTS Data software (Efeckta Technologies, Steamboat
Springs, Colo.). The total ion counts for a certain protein in a
spectrum is given by:

M

n
Apor = Z A,
z=1

where n is the highest charge state observed. The average
charge state ( ) was calculated as a weighted average:

& @
Z:ZIZ'Az/Aror
=

The ion counts and average charge state values were cor-
rected for the following known instrumental biases. (Note:
the spectra shown in the figures are raw data, but the calcu-
lated results in data plots employed the corrections.) The first
correction relates to a decrease in signal when the gas flow is
increased through the corona discharge part of the nozzle
extension. Forcing gas through this corona discharge side-
port necessarily reduces the vacuum-induced flow coming
from the electrospray region, which leads to somewhat fewer
electrospray ions entering the mass spectrometer (refer to
FIG. 2a). Control spectra were taken at each gas flow rate but
without a corona discharge present. The A, , value for each of
these control spectra was ratioed to A, , for the zero-flow
spectrum to determine the fraction of ions lost for a given flow
rate. The second type of correction corresponds to the pref-
erential loss of faster-moving small ions in the orthogonal
acceleration region of the spectrometer. The correction factor
simply depends upon (m/z)""?. The last type of correction
involves the m/z bias of the microchannel plate (MCP) detec-
tor. The efficiency with which an ion generates a secondary
electron in the MCP has been shown to vary as follows:

ye=C-m*4 3)
where m is mass, v is velocity (calculated from the 4000 V
acceleration potential), and C is a proportionality constant
with a value of 10-24 and units that cancel the SI units of m
and v to leave the unitless efficiency, ye. The strong velocity
dependence (>4th power) means that slow-moving large m/z
ions produce significantly fewer ion counts than smaller m/z
ions.

C. Results and Discussion

C.1. Corona Discharge CREMS

Application of the charge reduction technique to electro-
spray ions at atmospheric pressure allows a controllable shift
to a lower charge state distribution. FIG. 3 displays a normal
electrospray mass spectrum of insulin as well as several
CREMS spectra. These mass spectra of insulin show increas-
ing amounts of charge reduction from front to rear. The front
trace is a normal electrospray spectrum (10 s acquisition).
The next trace is a CREMS spectrum with minimal charge
reduction that was acquired in 20 s with a corona discharge
gas flow rate of 10 m[./min. The remaining CREMS spectra
show further charge reduction and were obtained in 100 s
with gas flow rates of 35, 60, and 200 mL/min, respectively.
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As shown in FIG. 3, initially, charge states from +3 up to +6
are present, but charge reduction allows one to decrease these
charges to the point where mostly +1 and +2 ions are
observed. This change occurs because corona discharge gen-
erated anions abstract protons from the electrosprayed insulin
ions, thereby reducing their charge.

Changing the flow rate of gas through the corona discharge
provides facile and reproducible control over the amount of
charge reduction. As explained in the Experimental Section,
anions such as O, are created by the corona discharge and
then transported, via a gas stream through a small aperture,
into the path of the electrosprayed ions (see FIG. 2a). FIG. 4
shows a plot of the average charge state (Z) of insulin, a
measure of the charge state distribution, as a function of this
gas flow (circles, bottom axis). The triangles correspond to
the percentage of the total area of the a-particle source that
was exposed to the electrosprayed ions. Error bars are smaller
than the data points. The curves shown are exponential fits to
the data. A gas flow of zero yields a value of Z=4.7 (this data
point corresponds to a normal ESI spectrum such as the front
trace in FIG. 3). Even though a corona discharge plasma is
present, almost no charge reduction occurs without some gas
flow through the aperture in the disk. As the flow rate
increases, the average charge state decreases to where the +1
charge state predominates. For example, a gas flow rate 0o£ 200
mL/min gives a value of Z=1.2, which corresponds to the rear
trace in FIG. 3. It should be noted that completely charge
neutralized ions (z=0) are not detected in mass spectrometry
and therefore are not factored into the average charge state,
which explains the asymptotic approach to Z=1 instead of
7=0. Nonetheless, it is clear from the circle data points in
FIG. 4 that gas flow gives precise control over the amount of
charge reduction. (Note: the a-particle source data in FIG. 4
is discussed later.)

Changing the gas flow through the corona discharge pro-
vides a convenient way of controlling the concentration of
anions available to charge reduce electrosprayed ions via
proton transfer reactions. In our configuration, reaction time
is constant. It is fixed by the travel time through the field-free
region of the corona discharge nozzle extension and the
nozzle itself, which was calculated in the Experimental sec-
tion to be ~10 ms. Charge reduction reactions terminate after
this time period because the electric field in the nozzle-skim-
mer region separates the positive and negative ions. Conse-
quently, control of this atmospheric pressure CREMS tech-
nique relies upon controlling the gas-phase anion density
rather than the reaction time.

Anion production by corona discharge can occur in either
a current-limiting or a space-charge-limiting regime. In pre-
vious work, a corona discharge shielded with wire mesh was
located within the path of the electrosprayed ions, and charge
reduction was controlled with an applied potential, which in
turn varied the corona current (i.e. the current limiting
regime). The alternate design presented here (FIG. 2a)
removes the intense electric fields of the corona from the path
of the electrosprayed ions and thereby leads to higher signal
intensities and more stable corona discharges. With this con-
figuration, varying the applied potential (above the corona
onset voltage) produces no change in the amount of charge
reduction and very little change in corona current. This
behavior is indicative of a plasma with higher ion density
where space-charge effects limit the anion density and keep it
constant over time.

Flowing gas through this space-charge limited plasma is an
effective method of controlling the anion concentration avail-
able for reaction with the protein cations. As shown in FIG. 4,
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the average charge state decays exponentially as a function of
gas flow rate. This result is qualitatively consistent with
pseudo-first-order kinetics:

[(MoezH el (M 2H) g™ ) *
where [(M+zH)Y ] is the protein cation concentration with the
subscripted O indicating its initial concentration, k is the
reaction rate constant, t is the time of reaction, and [A™] is the
anion concentration (present in large excess to apply the
pseudo-first-order assumption). The classical situation for
pseudo-first-order kinetics is an exponential decay curve
when reactant concentration is plotted as a function of time.
Inthe present case, the results shown in FIG. 4 differ from this
classical plot in two respects. First, the average charge state
plotted on the y-axis is a composite quantity that reflects the
gas-phase concentration of several different charge states, not
just a single reactant species. Each of these charge states will
exhibit differing reaction kinetics that depend upon the square
of'the charge state of the protein ion. Second, the plot in FIG.
4 shows the average charge state as a function of gas flow rate
rather than as a function of reaction time. This difference is
still consistent with Equation 4, since a similar exponential
relationship is obtained with either time or anion concentra-
tion as the independent variable (where the other one is held
constant). The exponential behavior observed thus suggests
that the anion concentration depends linearly upon the gas
flow rate, which seems reasonable because the gas flow sim-
ply moves anions from the plasma region into the reaction
chamber. The results shown suggest strongly that pseudo-
first-order kinetics give a good description of the behavior of
this system, and that varying the gas flow through the corona
discharge plasma does provide excellent control of the anion
concentration and consequently the extent of charge reduc-
tion for electrosprayed protein ions.

C.2. Oxidation and Adduction Reactions

FIGS. 5A-5F provide mass spectra have identical axes
showing the +1 charge state of insulin obtained with CREMS.
As noted in the figure, various gases and vapors were flowed
through the corona discharge source. In addition to the
expected 5734.6 Da peak, spectra a, b, and ¢ contain multiple
peaks with approximately 16 Da spacing due to oxidation of
the protein. These oxidation peaks are not present in spectrum
d, but in that case nitrate adducts are observed with 63 Da
spacing. Spectrum e shows that both oxidation and nitrate
adduction are prevented by using methanol vapor in nitrogen
gas. (f) An expanded view of the +4 charge state of insulin is
shown in a different color to emphasize that it was obtained
without charge reduction (5 s acquisition). Qualitatively,
spectra e and f are nearly identical, which confirms that the
spurious side reactions of CREMS have been eliminated.

The desired type of reaction during CREMS is proton
transfer; other reactions will yield products with different
masses and consequently decrease peak intensity. For
instance, multiple peaks are observed in FIG. 5a, which
shows an expanded view of the +1 charge state of insulin after
charge reduction. Along with the expected peak at 5734.6 Da,
additional peaks occur on the high mass side with an average
spacing of 16 Da. The obvious culprit yielding this mass shift
is an oxygen atom. Thus, it appeared that some species gen-
erated in the corona discharge plasma leads to oxidation of the
protein. For analysis of protein mixtures by charge reduction,
however, oxidation is merely a deleterious side reaction that
decreases the desired signal and increases spectral complex-
ity.

These oxidation reactions can be prevented by addition of
an organic vapor to the gas stream flowing through the corona
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discharge. A logical first attempt at preventing oxidation
employed nitrogen gas, rather than air, as both the corona
discharge gas and as the electrospray atmosphere. Unfortu-
nately, oxidation was as bad or worse under these conditions
(see FIG. 5b), and similar results were observed for argon and
carbon dioxide as well. Subsequently, various vapors were
added to the gas stream flowing through the plasma in an
attempt to produce species that are less reactive. As shown in
FIGS. 5¢ and 5d, water vapor greatly increased the amount of
oxidation, but methanol vapor eliminated it. Ethanol, aceto-
nitrile, as well as a methanol/water vapor mixture all were as
effective as methanol vapor at eliminating protein oxidation.

Despite solving the oxidation problem, methanol vapor in
air still does not give the desired single peak for the charge
reduced insulin spectrum due to adduction. The spectrum in
FIG. 5d shows adduct peaks at M+63 and M+126; note that
they are also observed in the absence of methanol vapor (FIG.
5a). The species forming these adducts is likely a 62 Da
anion. In order to identify it, a negative ion mode spectrum
was acquired when operating the corona discharge without
performing electrospray. A strong peak at 61.983 Da was
observed and identified as the nitrate anion (NO, ™), which has
a theoretical mass of 61.988 Da. Nitrate is known to form in
corona discharges in air due to the combination of nitrogen
and oxygen forming NO, which undergoes further oxidation
to NO2 and eventually NO;~. When this nitrate anion collides
with an electrosprayed protein ion, it might abstract a proton
and leave as HNO; or it might form an adduct via ion attach-
ment. Apparently adduct formation is more energetically
favorable in this case; even raising the nozzle-skimmer poten-
tial to 400V did not disrupt this adduct. A reasonable strategy
for avoiding this particular adduct is to prevent nitrate from
ever forming in the corona discharge by eliminating O,. FIG.
5e shows the result from flowing methanol vapor in nitrogen
gas through the corona discharge. This spectrum contains
only very small peaks due to oxidation and nitrate adduction,
and consequently the desired peak at 5734.6 Da is more
intense than in the previous spectra (5a-54). In fact the spec-
trum is essentially identical to that of insulin without charge
reduction (FIG. 5f). Therefore, flowing an organic vapor in
nitrogen gas through the corona discharge eliminates oxida-
tion and adduction reactions in CREMS.

To gain further insight into the oxidation reactions, similar
experiments were performed with a smaller peptide, which
yielded resolved isotope peaks of the charge-reduced ions.
Normal electrospray of the nona-peptide bradykinin gives
predominantly doubly charged ions, which CREMS converts
to singly charged ions. FIG. 6 shows two CREMS spectra
obtained for the +1 charge state of bradykinin. The front trace
displays a CREMS spectrum of the +1 charge state of brady-
kinin. The spectrum reveals isotope peaks, but not oxidation
or adduct peaks, because MeOH vapor in nitrogen gas was
flowed through the corona discharge. The rear trace employed
air instead, and consequently, it shows several peaks related to
the reaction intermediates and products of oxidation. The rear
trace in FIG. 6 exhibits a CREMS spectrum of bradykinin
where the base peak is the monoisotopic peak at 1060.6 Da
and the isotope peaks are resolved. As evidenced by the peak
clusters at multiples of 16 Da, oxidation reactions are occur-
ring, which is expected since no organic vapor was added to
the gas flowing through the corona discharge. The most
intriguing aspect of this spectrum is the appearance of peaks
at one and two Daltons lower than the monoisotopic peak.
These noteworthy peaks are absent from spectra obtained (i)
without CREMS (not shown) and (ii) with CREMS employ-
ing methanol vapor to avoid oxidation (front trace in FIG. 6).
Furthermore, the intensity of these peaks roughly scales with
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the amount of oxidation observed. Therefore, the species
reacting with bradykinin to produce these peaks is quite likely
related to the oxidation chemistry occurring in the CREMS
source.

Observation of these noteworthy peaks along with results
from the vapor studies leads us to believe that hydroxyl radi-
cal (OH) is the agent responsible for oxidation during
CREMS. The hydroxyl radical is one of the most potent
gas-phase oxidizing species known and accounts for much of
the destruction of organic compounds in the atmosphere.
Since it is not an ion, .OH cannot be observed with mass
spectrometry and so we will provide only indirect evidence of
its existence. A common initial reaction between a hydroxyl
radical and an organic compound involves abstraction of a
hydrogen atom. A protein cation, for example, would undergo
the following reaction:

RE*+.OH—R*"+H,0 (5)
The resulting radical cation quite possibly can exist at atmo-
spheric pressure for a few milliseconds before entering the
vacuum system, thereby explaining the loss of one Dalton
observed in FIG. 6. In addition, the radical ion, R**., may lose
another hydrogen due to weakened bonds next to the radical
site, which would form an alkene and explain the peak at -2
Da. Another intriguing aspect of the bradykinin spectrum is
that the tallest oxidation related peaks occur at +31 and +32,
as opposed to +16. This feature is also consistent with the
known mechanism of hydroxyl radical induced oxidation in
the atmosphere, namely attachment of O, to the radical:

R +0,—RO7". (6)
The RO,**. ion explains the prominence of the +31 mass
shift, and this ion may undergo further reactions to yield
various products such as an aldehyde (+14 Da), an alcohol
(+16 Da), hydroperoxides (+32), and others. The mechanism
proposed above pertains primarily to .OH attack in an alkyl
region of the protein, but many other reactions are possible,
notably reactions with aromatic, heterocyclic or sulfur-con-
taining amino acid side-chains. These hydroxyl radical reac-
tions appear consistent with several aspects of the bradykinin
spectrum. Other than reaction with .OH, it is difficult to find
a plausible scenario for loss of 1 Da from an electrosprayed
peptide ion at atmospheric pressure, even though it is
observed in vacuo with electron impact ionization.

Further indirect evidence for hydroxyl radical induced oxi-
dation comes from the results of testing various vapors in the
corona discharge. The likely source of .OH is water vapor via
a reaction with a high-energy species produced in the corona
discharge, such as the singlet-D oxygen atom:

O('D)+H20—+2.0H @)
Inatypical experiment, the electrospray is the source of water
vapor. Adding water vapor directly to the gas flowing through
the corona discharge greatly increases the amount of oxida-
tion (FIG. 5¢), as expected from additional .OH being pro-
duced by Rxn 7. Conversely, organic vapors in the corona
discharge, such as methanol, react with O(*D), or any other
high-energy species, before it encounters the water vapor
from the electrospray, thereby preventing hydroxyl radical
formation and subsequent protein oxidation.

C.3. CREMS Comparison: Corona Discharge versus a-par-
ticle Source

Charge reduction of positive electrospray ions occurs eas-
ily with anions created by either a corona discharge or a
radioactive a-particle source. FIG. 7 displays several
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CREMS spectra of insulin obtained with a 210Po a-particle
source, and they are quite similar to the corona discharge ones
in FIG. 3. As in FIG. 3, the front trace was acquired in 10 s
without charge reduction. The second trace is a CREMS
spectrum obtained in 30 s using an a-particle exposure area of
0.8%. The remaining spectra employed exposure areas of
3.2%, 16%, and 65%, all with 100 s acquisition times. As
demonstrated by the rear trace, a high a-particle exposure
eliminates all but the +1 charge state.

Interestingly, the a-particle source operating in an atmo-
sphere of air does not give rise to oxidation peaks, but the
nitrate adducts are present. Evidently these a-particles do not
produce O(1 D) in air and the resulting hydroxyl radical-
induced oxidation. However, some oxidation is observed
when employing the a.-particle source in a nitrogen atmo-
sphere (data not shown). One possible explanation is that a
high-energy nitrogen species is produced that usually reacts
with O,, but in its absence produces .OH from water vapor.

Control over the amount of charge reduction is accom-
plished by changing the area of the ci-particle source exposed
to the electrospray ions in the nozzle extension (refer to FI1G.
2b). As shown in FIG. 4 (triangles, top axis), the average
charge state of insulin is decreased by a-particle CREMS in
a manner very similar to that by corona discharge (circles,
bottom axis). It seems reasonable to assume that anion con-
centration in the chamber is directly proportional to the
a-particle exposure area. Therefore, the exponential fit to the
data again suggests pseudo-first-order kinetics of the ion/ion
proton transfer reactions.

The a-particle source with a large exposure area has the
potential to generate higher anion densities than the corona
discharge. By comparing the most charge-reduced spectra
between FIGS. 3 and 7, one will notice that the a-particle
source can eliminate virtually all of the higher charge states
leaving only +1 protein ions. The price for this result, how-
ever, is complete neutralization of many ions and conse-
quently a smaller +1 peak than if some +2 ions were allowed
to remain. In fact, using an a-particle exposure area of 100%
completely neutralized all ions, leaving a mass spectrum
devoid of peaks. Although corona discharge CREMS could
employ an increased flow rate to achieve further charge
reduction, the electrospray signal does decrease significantly
when the corona gas flow rate approaches the intake rate of
the vacuum system (~500 mL/min). Therefore, 200 mL/min
is a reasonable upper limit that produces as many +1 ions as
higher flow rates, but it does leave some +2 ions as well.

One explanation for why the a-particle source can produce
ahigher anion density is that it produces a bipolar neutralizing
gas containing both positive and negative ions. On the other
hand, the corona discharge is a predominately unipolar source
of ions, and so anion density is limited by the space-charge
effect mentioned earlier. Thus, the a-particle source has the
advantage for very extensive charge reduction, but the corona
discharge source is usually adequate and has some other
advantages. For instance, it avoids the licensing and handling
of radioactive materials as well as the gradual decrease in
a-particle intensity over time (half-life of 210Po=138 days).
Also, with the current designs the corona discharge gas flow
provides more facile control over charge state distribution
than the a-particle exposure area, especially when minimal
charge reduction is desired.

C.4. Mass Discrimination

Despite the advantages of charge reduction of proteins, a
possible problem involves the decreased signal intensity (re-
fer to FIGS. 3 and 7). We have sought to determine the source
of this signal fall-off that occurs with increasing m/z for
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CREMS. The two most likely possibilities are ion losses
during the charge reduction process and instrumental biases
affecting the transmission and detection efficiencies of dif-
ferent m/z ions (i.e. mass discrimination). Recently, our
group ascertained that instrumental factors account com-
pletely for the mass fall-off observed in MALDI-TOF analy-
sis of DNA oligomers. Unfortunately, it is more difficult to
measure or model ion transmission through each component
of'an ESI-0aTOF instrument due to the transport of ions from
atmospheric pressure to the vacuum system, and also the
additional ion optics such as an RF-only quadrupole for col-
lisional cooling. Nonetheless, the data were corrected using
measurements and models that were either straightforward or
deemed most significant from prior work.

Three types of signal intensity corrections were employed:
gas flow rate, m/z bias in the orthogonal acceleration region of
the TOF analyzer, and m/z bias of the microchannel plate
(MCP) detector. FIG. 8 provides a plot of the signal intensity
is plotted versus the average charge state (7). The results of
three individual corrections are shown as well as the combi-
nation of all three corrections. Each data point represents the
sum of'the ion counts from all of the charge states in a corona
discharge CREMS spectrum of insulin. The data was normal-
ized to the total ion count obtained without charge reduction
(the leftmost data point). The uncorrected data in FIG. 8
(squares) show that the total ion count does decrease dramati-
cally as the average charge state is reduced by CREMS. Each
of the three individual corrections is shown in the figure (see
the Experimental section for quantitative details). Gas flow
through the corona discharge nozzle extension tends to cause
some ion losses except at very low flow rates, and so account-
ing for this effect generally increases the corrected ion count.
The orthogonal acceleration into the time-of-flight drift tube
always favors higher m/z ions, which means this oa-TOF
correction decreases the corrected ion count of charge-re-
duced spectra. The MCP detector is much less efficient for the
high m/z ions in the CREMS spectra, as indicated by the large
change in ion count when applying this detector correction.

Applying all three of the corrections to the data results in a
much higher normalized total ion count (circles in FIG. 8).
The dashed line gives a visual representation of the expected
signal if no ion losses or instrumental biases occurred. The
corrected data follow the dashed line initially but then fall
away from the line with more extensive charge reduction.
This trend is expected since an increasing number of ions are
completely neutralized and thereby avoid detection. The
approximate agreement between the corrected data and the
expected signal suggests that we have accounted for the larg-
est factors influencing the ion count from CREMS. However,
changing the quadrupole RF amplitude or nozzle potential
also impacts the transmission efficiency of various m/z ions,
and so the above results are not complete quantitative correc-
tions for mass discrimination. Nonetheless, it is quite appar-
ent that the inefficiency of the MCP detector at higher m/z
values leads to the majority of the signal decrease occurring
with charge reduction. The relatively low acceleration poten-
tial 0of 4000V for the Mariner spectrometer used in this work
exacerbates this detector inefficiency issue. Increased accel-
eration would provide significant signal enhancement for the
charge-reduced ions because the detection efficiency of the
MCP depends upon the ion velocity to about the fourth power
(refer to Equation 3). Most other TOF instruments employ a
higher acceleration potential than the Mariner, or alterna-
tively one could institute “post acceleration™ after the mass
analyzer. The data in FIG. 8 demonstrate that most of the
observed CREMS signal decrease is due to mass discrimina-
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tion of the detector rather than ion losses caused by the
CREMS source or by complete neutralization.

C.5. CREMS of a Protein Sample Isolated from E. coli

The insights and improvements to CREMS gained from the
above studies have been applied to a real biological sample. A
fraction that resulted from first ion-exchange and then
reverse-phase separation of intact proteins from a whole cell
lysate of E. coli was obtained from Dave Robinette and Mor-
gan Giddings. FIGS. 9A-9C provide mass spectra corre-
sponding to a protein sample isolated from E. coli. (9A) Mass
spectrum obtained without charge reduction. (The inset
shows the deconvolution spectrum with a small peak at 47.8
kDa—notethat all three insets are plotted from 40 to 55 kDa).
(9B) Corona discharge CREMS in air (deconvolution peak at
49.2kDa). (9C) Corona discharge CREMS with MeOH vapor
in N2 (deconvolution peak at 48.0 kDa). The red arrows
indicate proteins not observed without CREMS.

FIG. 9a provides normal ESI spectrum of the sample. A
poor spectrum such as this one is typical for an inhomoge-
neous protein sample obtained using electrospray with a
bench top mass spectrometer. One does observe in FIG. 9a
some resolved charge state peaks that produce a small peak in
the deconvolution spectrum (see inset). In contrast, charge
reduction yields completely resolved charge state peaks and
more pronounced peaks in the deconvolution spectra (FIGS.
9B and 9C).

As discussed above, employing methanol vapor innitrogen
gas for the corona discharge CREMS improves the resulting
spectra. First, a better signal-to-noise ratio is observed in FIG.
9C (MeOH vapor in N2) compared to FIG. 9B where the
corona discharge occurred in air. Second, a more accurate
mass is obtained; the corona discharge in air leads to oxida-
tion and adduction reactions that shift the main peak in the
deconvoluted spectrum by more than one kilodalton (49.2
versus 48.0 kDa).

This E. coli fraction appears to contain predominantly one
protein, but actually a few other proteins are present. The
normal ESI spectrum reveals only the 48 kDa protein. The
CREMS spectrum, however, shows a few additional peaks.
The peak at 3710 m/z is likely due to a small protein that has
been charge reduced to +1. Other small peaks in FIG. 9C yield
the small features at41.2 and 43.6 kDa in the inset. In an effort
to learn more about this sample, a MALDI-TOF spectrum
was acquired (not shown). By far the most prominent peaks
were due to the +1 and +2 charge states ofa 48.1 kDa protein,
which matches the CREMS results quite well. In addition,
small peaks were observed at 43.6 and 53.0 kDa. Thus, the
MALDI results confirm the presence and measured mass of
two proteins observed by CREMS. But also, each technique
found a protein or two absent in the results from the other,
which is not uncommon with the somewhat complementary
ionization mechanisms of MALDI and electrospray.

D. Conclusions

Charge reduction has been performed on electrosprayed
protein mixtures in order to simplify the mass spectra. This
technique revealed additional proteins in a sample derived
from E. coli by both decreasing the number of charge state
peaks for each protein as well as spreading them across a
wider m/z range. The extent of the charge reduction reactions
was easily controlled by varying the anion concentration sup-
plied to the electrosprayed protein cations. This anion density
was determined either by the flow rate of gas through the
corona discharge or by the exposed area of the a-particle
source. Flowing nitrogen gas containing an organic vapor
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through the corona discharge source prevented undesired oxi-
dation and adduction reactions by avoiding the formation of
hydroxyl radicals and nitrate ions. The inefficiency of the
MCP detector for higher-m/z ions was the major cause of the
decreased signal intensity for charge-reduced spectra,
whereas ion losses within the CREMS source or from neu-
tralization appeared to be minimal. Charge reduction electro-
spray mass spectrometry at atmospheric pressure with the
current nozzle extension design reduces spectral complexity
for mixtures of intact proteins.

EXAMPLE 2

Charge Reduction Ion Trap Studies

The present invention provides versatile ion generation
methods and devices that are compatible with a range of ion
collection, analysis and detection systems. To exemplify this
quality of the present invention, a charge reduction ion source
of the present invention was directly interfaced with an ion
trap mass spectrometer. The mass spectra acquired demon-
strate that methods and devices of the present invention pro-
vide an efficient source of ions having a controlled extent of
charge state reduction to an ion trap mass analyzer. In addi-
tion, the results show that ion sources of the present invention
are capable of generating mass spectra with enhanced peak-
to-peak separation relative to conventional ion sources.

The mass spectra of a sample containing a BSA (bovine
serum albumin) tryptic peptide (MW=1419.5 amu) having
the amino acid sequence SLHTLFGDELCK was determined
using a conventional electrospray ionization ion source and a
charge reduction ion source of the present invention. The
charge reduction ion source was used to generate analyte ions
having a lower charge state distribution relative to the charge
state distribution of ions generated by the conventional elec-
trospray ionization ion source. The sample evaluated was
isotopically labeled and characterized by an *°O to 20 iso-
tope ratio equal to 3:1. For both ion sources, an ion trap mass
analyzer was used for ion analysis and detection.

FIG. 10A shows a mass spectrum corresponding to pep-
tides principally having +3 charge states generated using the
conventional electrospray ionization source. FIG. 10B shows
a mass spectrum corresponding to peptides principally hav-
ing a +1 charge state generated using the present charge
reduction ion source. As shown in FIG. 10A, %0 and %0
isotopic peaks are spaced close to each other and, hence, very
difficult to resolve. In contrast, '°0 and 0 isotopic peaks of
the +1 charge state peptides shown in FIG. 10B are clearly
separated, and thus, easily resolvable.

The results of this example demonstrate that charge reduc-
tion ion sources of the present invention are capable of effec-
tive integration with ion trap mass analyzers. Hence, the
present invention includes ion trap mass spectrometers hav-
ing a charge reduction ion source. Moreover, reduction of the
charge state of the peptides analyzed provides a means of
enhancing the peak-to-peak separation. In some embodi-
ments, for example, reducing the charge state distributions of
ions analyzed provides a means of spreading the peaks in a
mass spectrum over a wider m/z/range. As shown by a com-
parison of FIGS. 10A and 10B, the result is a much better
quantitative measurement of the ratio of *°0 to **0 labeled
peptide (ratio was 3:1).
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EXAMPLE 3

Nozzle Extension—Charge Reduction Chamber

The present invention includes ion sources for a mass spec-
trometer having a charge reduction chamber provided as a
nozzle extension. In this embodiment, the nozzle extension-
charge reduction chamber is provided in fluid communication
with an electrospray ion source (or other source of analyte
ions such as a nebulizer source) and directly interfaced with
the nozzle (i.e. the inlet of the mass spectrometer) or equiva-
lent inlet component of a mass spectrometer. Analyte ions are
generated by the electrospray source, conducted through the
nozzle extension-charge reduction chamber wherein they
undergo controlled charge reduction and are directly trans-
ported through the nozzle of the mass spectrometer. In this
embodiment, the nozzle extension is positioned and held at an
electric potential for promoting formation of the electrospray
(i.e. establishes the necessary potential difference between
the sample discharged and the surface of the nozzle extension
proximate to the electrospray). Use of nozzle extension-
charge reduction chambers provides enhanced analyte ion
transmission efficiency (i.e. reduced analyte ion losses) in the
nozzle extension-charge reduction chamber, as compared to
other charge reduction chamber geometries.

Direct coupling of the nozzle extension-charge reduction
chamber and the nozzle of the mass spectrometer may be
provided by any means known in the art. Use of an o-ring seal
or gasket connection (or any other equivalent) for directly
interfacing these components is beneficial for providing a
flow of analyte ions through the nozzle extension by pumping
through the nozzle ofthe mass spectrometer. Conducting ions
into the mass spectrometer via direct pumping provides an
efficient means of transporting ions through the charge reduc-
tion chamber and into a mass spectrometer with low ion
losses, particularly for nozzle extension-charge reduction
chambers having relatively small volumes (e.g. less than
about 10 cm®). In addition, direct coupling of nozzle exten-
sion-charge reduction chambers entirely avoids the need for
large external bath gas flows to conduct ions through the
charge reduction chamber and into the mass spectrometer.
Such large flows of bath gas can lead to unwanted analyte ion
losses by deposition to the walls of the charge reduction
chamber.

Selection of appropriate geometries and physical dimen-
sions of nozzle extension-charge reduction chambers of the
present invention is important for ensuring that the desired
extent of charge reduction is achieved and that ions are effec-
tively transported to the mass spectrometer. The physical
dimensions and geometry of useful nozzle extension-charge
reduction chambers depends, at least in part, on a number of
interconnected variables including: (i) the volume of the
nozzle extension, (ii) the length the nozzle extension extends
along the translational axes of the analyte ions, (iii) the inlet
and outlet dimensions of the nozzle extension, and (iv) the
linear flow rate of analyte ions through the nozzle extension.
The chief, but not sole, consideration of these interrelated
parameters is the reaction time provided between the electro-
sprayed ions and the reagent ions. Under some experimental
conditions the reaction time is approximately equal to the
residence time of analyte ions in the nozzle extension-charge
reduction chamber. In some embodiments, design parameters
are selected such that a reaction time of about 10 milliseconds
is provided. Shorter reactions times, for example, ranging
from about 2 milliseconds to about 9 milliseconds are also
useable but require higher reagent ion concentrations to
achieve significant charge reduction. Longer reaction times,
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for example, up to several hundred milliseconds, are also
useable in the present invention. However, signal losses may
increase under these conditions due to diffusion and subse-
quent collision of analyte ions with the walls of the nozzle
extension-charge reduction chamber. This may be remedied,
however, by applying voltages within the chamber creating an
ion guide effect.

Calculation of the residence time in the nozzle extension
depends on the vacuum-induced flow rate going through the
inlet of the mass spectrometer and also upon the diameter and
length of the nozzle extension-charge reduction chamber. For
the Mariner instrument (See, Example 1) the flow through the
inlet is about 20 cm® s™* and the chamber diameter and length
were 2.5 mm and 42 mm, respectively. These values provide
a residence time in the nozzle extension-charge reduction
chamber of about 10 ms. Larger inlet dimensions and/or
larger pressure differences (provided by more efficient pump-
ing) may be employed providing an inlet flow of up to about
100 cm® s7'; then maintaining the 10 ms residence time
requires a chamber Sxlonger or 2.2xbigger in diameter (as the
radius is squared in the calculation, See Example 1). In the
present invention the reaction time may be selected over a
range of values, for example from about 10 millisecond to
about 100 milliseconds. This requires a chamber 10xlonger
or 3.2xbigger in diameter. Combining these two scenarios
(factors of 5 and 10) yield an upper limit for chamber length
of 50x42=2000 mm, with preferred values equal to or less
than 500 mm. Alternatively this factor of 50 could come from
a 17 mm diameter chamber, which is acceptable. Arriving at
a lower limit for dimensions of the chamber follow a similar
line of reasoning, but would run up against practical physical
limitations, such as chamber diameter of 0.25 mm and a
length of 1 mm.

Another way to increase the residence time is to have a
smaller outlet orifice for the nozzle extension-charge reduc-
tion chamber than the internal diameter of the main part of the
nozzle extension-charge reduction chamber. Note that length
divided by linear flow velocity yields residence time (e.g.
Mariner example 4 cm divided by 390 cm s~! gives the 10
ms). As discussed above the practical lengths are between 0.1
cm and 50 cm. So, the longest time (e.g. 200 ms) with the
shortest length (e.g. 0.1 cm) yields a linear flow velocity of 0.5
cm s~ and at the other extreme 2 ms and 50 cm yields a linear
flow velocity of 25,000 cm s~*. These values of the linear flow
velocity provide useful limits of 0.5 to 25,000 cm s~* useful in
practicing the present invention The lower limit is not very
different from a gas mixture just sitting and reacting, and the
upper limit is reasonable because this velocity is about the
velocity through mass spectrometer inlets generally.

We claim:

1. An ion source for preparing analyte ions from a liquid
sample containing a carrier liquid, said ion source compris-
ing:

an electrically charged droplet source for generating elec-
trically charged droplets from the liquid sample,
wherein at least partial evaporation of said carrier liquid
from the electrically charged droplets generates analyte
ions;

a charge reduction chamber in fluid communication with
the electrically charged droplet source, said charge
reduction chamber provided as a chamber separate from
said electrically charged droplet source and positioned
for receiving and reducing the charge of the electrically
charged droplets, analyte ions, or both; and

a charge reduction reagent ion source in fluid communica-
tion with said charge reduction chamber and positioned
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outside of said charge reduction chamber, said charge
reduction reagent ion source comprising:

a means for generating a flow of a precursor gas; and

a means for generating reagent ions from said precursor

gas, wherein said flow of precursor gas passes through
said means for generating reagent ions, thereby gener-
ating reagent ions which are transported into said charge
reduction chamber and react with electrically charged
droplets, analyte ions or both in the charge reduction
chamber to change the charge-state distribution of the
analyte ions;

wherein said means for generating a flow of a precursor gas is

selectively adjustable to control the charge-state distribution

of said analyte ions.

2. The ion source of claim 1 wherein said means for gen-
erating reagent ions is selected from the group consisting of:

a corona discharge

an arc discharge;

a plasma;

a thermionic electron gun;

a microwave discharge;

an inductively coupled plasma;

a radio frequency corona discharge;

a source of electromagnetic radiation; and

a radioactive source.

3. The ion source of claim 1 wherein said charge reduction
reagent ion source is positioned directly adjacent to said
charge reduction chamber.

4. The ion source of claim 1 wherein said means for gen-
erating reagent ions from said precursor gas is a corona dis-
charge comprising a first electrically biased element and a
second electrically biased element, wherein said first electri-
cally biased element and said second electrically biased ele-
ment are held at a selected potential difference and separated
by a distance close enough to create a self-sustained electrical
gas discharge, and wherein said second electrically biased
element provides an interface between said reagent ion source
and said charge reduction chamber.

5. The ion source of claim 4 wherein said second electri-
cally biased element has an aperture that allows reagent ions,
precursor gas or both to flow from said charge reduction
reagent ion source into said charge reduction chamber.

6. The ion source of claim 5 wherein said aperture has an
area selected from the range of about 0.1 mm? to about 10
mm?>.

7. The ion source of claim 5 wherein said first electrically
biased element is a wire electrode and said second electrically
biased element is a plate having said aperture.

8. The ion source of claim 4 wherein said selected potential
difference is selected from the range of approximately 10,000
V to approximately —10,000 V.

9. The ion source of claim 1 wherein said precursor gas is
selected from the group consisting of:

air;

nitrogen (N,);

carbon dioxide (CO,);

argon (Ar);

sulfur hexafluoride (SFy);

helium (He); and

oxygen (O,).

10. The ion source of claim 1 wherein said a means for
generating a flow of a precursor gas is selectively adjustable
to adjust the flow rate of precursor gas through the means for
generating reagent ions or the flow rate of reagent ions, pre-
cursor gas or both into the charge reduction chamber.
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11. The ion source of claim 1 wherein reaction of said
reagent ions with said analyte ions reduces the charge state
distribution of said analyte ions.
12. The ion source of claim 1 further comprising a means
for generating a flow of a scavenging gas that passes through 5
said means for generating reagent ions and wherein said
scavenging gas reacts with reagent ions or other reactive
chemical species that oxidize or form adducts with said ana-
lyte ions.
13. The ion source of claim 12 wherein said scavenging gas
is selected from the group consisting of:
methanol;
ethanol;
acetonitrile; and
a mixture of methanol and water. 15
14. A method of generating analyte ions having a selected
charge state distribution from a liquid sample containing a
carrier liquid, said method comprising the steps of:
producing a plurality of electrically charged droplets of the
liquid sample using an electrically charged droplet
source, wherein at least partial evaporation of carrier
liquid from said electrically charged droplets generates
analyte ions;
passing the electrically charged droplets, analyte ions or
both through a charge reduction chamber wherein said 25
charge reduction chamber is provided as a chamber
separate from the electrically charged droplet source;

exposing the droplets, analyte ions or both to reagent ions
generated from a charge reduction reagent ion source in
fluid communication with said charge reduction cham-
ber and positioned outside of said charge reduction
chamber, said charge reduction reagent ion source com-
prising

a means for generating a flow of a precursor gas; and

a means for generating reagent ions from said precursor

£as;

wherein said flow of precursor gas passes through said means
for generating reagent ions, thereby generating reagent ions
which are transported into said charge reduction chamber and
react with electrically charged droplets, analyte ions or both
in the charge reduction chamber to reduce the charge-state
distribution of the analyte ions, thereby generating said ana-
lyte ions having a selected charge state distribution.

15. The method of claim 14 further comprising the step of
controlling the charge state distribution of said analyte ions
by selectively adjusting the flow rate of precursor gas through
the means for generating reagent ions or by selectively adjust-
ing the flow rate of reagent ions, precursor gas or both into the
charge reduction chamber or both.

16. The method of claim 14 further comprising the step of 50
controlling the charge state distribution of said analyte ions
by selectively adjusting the residence time of charged drop-
lets, analyte ions or both in the charge reduction chamber.

17. The method of claim 14 wherein reaction between said
reagent ions and analyte ions reduces the charge state distri-
bution of said analyte ions.

18. A device for determining the identity or concentration
of chemical species in a liquid sample containing the chemi-
cal species in a carrier liquid, said device comprising:

an electrically charged droplet source for generating elec-

trically charged droplets from the liquid sample,
wherein at least partial evaporation of said carrier liquid
from the electrically charged droplets generates analyte
ions;

a charge reduction chamber in fluid communication with

the electrically charged droplet source, said charge
reduction chamber provided as a chamber separate from
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said electrically charged droplet source and positioned
for receiving and reducing the charge of the electrically
charged droplets, analyte ions or both;

a charge reduction reagent ion source in fluid communica-
tion with said charge reduction chamber and positioned
outside of said charge reduction chamber, said charge
reduction reagent ion source comprising

a means for generating a flow of a precursor gas; and

a means for generating reagent ions from said precursor
gas, wherein said flow of precursor gas passes through
said means for generating reagent ions, thereby gener-
ating reagent ions which are transported into said charge
reduction chamber and react with electrically charged
droplets, analyte ions or both in the charge reduction
chamber to change the charge-state distribution of the
analyte ions; wherein said means for generating a flow of
a precursor gas is selectively adjustable to control the
charge-state distribution of said analyte ions; and

a charged particle analyzer in fluid communication with
said charge reduction chamber, for receiving and ana-
lyzing said analyte ions.

19. The device of claim 18 wherein said charge particle
analyzer is a mass analyzer selected from the group consist-
ing of:

a time of flight mass spectrometer;

an ion trap;

a quadrupole mass spectrometer;

a Fourier transform ion cyclotron resonance mass spec-
trometer,

an ion mobility spectrometer;

a differential mobility analyzer;

a tandem mass spectrometer; and

residual gas analyzer.

20. A method for determining the identity or concentration
of chemical species in a liquid sample containing the chemi-
cal species in a carrier liquid, said method comprising:

producing a plurality of electrically charged droplets of the
liquid sample using an electrically charged droplet
source, wherein at least partial evaporation of carrier
liquid from said electrically charged droplets generates
analyte ions;

passing the electrically charged droplets, analyte ions or
both through a charge reduction chamber wherein said
charge reduction chamber is provided as a chamber
separate from the electrically charged droplet source;

exposing the droplets, analyte ions or both to reagent ions
generated from a charge reduction reagent ion source in
fluid communication with said charge reduction cham-
ber and positioned outside of said charge reduction
chamber, said charge reduction reagent ion source com-
prising

a means for generating a flow of a precursor gas; and

a means for generating reagent ions from said precursor
gas; wherein said flow of precursor gas passes through
said means for generating reagent ions, thereby gener-
ating reagent ions which are transported into said charge
reduction chamber and react with electrically charged
droplets, analyte ions or both in the charge reduction
chamber to reduce the charge-state distribution of the
analyte ions,

controlling the charge-state distribution of said analyte
ions by selectively adjusting the flow rate of precursor
gas through the means for generating reagent ions, the
flow rate of reagent ions, precursor gas or both into the
charge reduction chamber or both; and
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analyzing said analyte ions with a charged particle ana-
lyzer, thereby determining the identity or concentration
of said chemical species.

21. An ion source comprising:

a nozzle extension-charge reduction chamber having an
inlet in fluid communication with a source of analyte
ions and an outlet interfaced with the nozzle of a mass
spectrometer, said nozzle extension-charge reduction
chamber provided as a separate chamber from the source
of analyte ions, wherein pumping by said mass spec-
trometer transports said analyte ions through said nozzle
extension - charge reduction chamber; and

a charge reduction reagent ion source in fluid communica-
tion with said nozzle extension-charge reduction cham-

38

ber and positioned outside of said nozzle extension -
charge reduction chamber for receiving and reducing the
charge of said analyte ions.

22. The ion source of claim 21 wherein said charge reduc-

5 tion reagent ion source comprises

a means for generating a flow of a precursor gas; and
a means for generating reagent ions from said precursor

gas, wherein said flow of precursor gas passes through
said means for generating reagent ions, thereby gener-
ating reagent ions which are transported into said nozzle
extension-charge reduction chamber and react with said
analyte ions to reduce the charge-state distribution ofthe
analyte ions.
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