METHOD FOR INCREASING IONIZATION EFFICIENCY IN MASS SPECTROSCOPY
5CROSS-REFERENCES TO RELATED APPLICATIONS [0001] This application claims the benefit of
US Provisional Patent Application No. 60/422,393, filed October 29, 2002, the content of which is
incorporated herein by reference. STATEMENT AS TO RIGHTS TO INVENTIONS MADE .
UNDER 10FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT [0002] NOT APPLICABLE
REFERENCE TO A "SEQUENCE LISTING," A TABLE, OR A COMPUTER PROGRAM LISTING
APPENDIX SUBMITTED ON A COMPACT DISK. 15 [0003] NOT APPLICABLE BACKGROUND OF
THE INVENTION [0004] MBI FOR BN R EASEN G NI TEOM BV EICIENCYsINown to single

molecules) of chemicals from within fluctuating cgﬁggga% M W the pervasive goals of
analytical chemistry. A wide range of military, public rivate applications 20 demand continued
improvement in chemical detection methods: contraband (drugs and explosives) detection in the mail,
in airports, at border crossj ' SG | and biological
defer?se (explosives, che 1@#&%‘? % | ﬁﬁjﬂ%ﬁﬁmmg stics; adsorption,
deposition[00e13bolidiis, appliciiton araiﬁ@thmymwiss QﬁadismﬁdIMtbnﬂEp;ﬂﬁdﬁ@ﬁaﬂﬂary

ant g (MRS« e RS ALk e GRS SR A R PP PR B By

release, pose a clear threat to military forces in many theaters of operation. Exploswes (mlnes) and
munitions detection is a critical military mission for chemical detectors Military threats also include 30

overt and covert useSFAdHRAHEY I&M%Wal Jﬁwaﬁgnmllltary
threggs include: '”dUsﬁmﬂmdﬂmtﬁﬁﬁﬂmwxﬁmmﬂons) and

collateral or intentional damage of industrial sites (e.g., the oil well fires set during Operation Desert
Storm). [d@@@?bu@@TeﬁB ARl tion systems depend upon the accumulation of a sufficient mass
of agent in order to achieve detection above background, which limits their intrinsic 5sensitivity.
Spectroscopic detection methods are often used to distinguish a known chemical species from

fluctuating natiEFEBENGD INRACISEQ UENGE LLEPEENG,rAoEABLE; @RACOMEUTERIecularly

imprinted adsor ﬁd(}i’)ﬁ\f EHEC Wﬁﬂﬁﬁp Nal éi‘ﬂ; OF s, leaving
direct detection methods (e.g., surface acoustic wave devices, mass spectrometers, and optical
systkins) 0803y NOIhAPRIIIABIEhods to detect 10 most chemical agents. This mass sensitivity
issue also makes these detection systems difficult to miniaturize since sufficient mass can be difficult to

accumulate in a Sma” space, BACKGROUND OF THE INVENTION

[0004] Discrimination and rapid identification of fleetingly small traces (down 'to single

molecules) of chemicals from within fluctuating chemical backgrounds are the pervasive
goals of analytical chenﬁsty. A wide range of military, public, and private applications

20  demand continued improvement in chemical detection methods: contraband (drugs and
explosives) detection in the mail, in airports, at border crossings, in the schools and the
workplace; forensics; chemical and biological defense (explosives, chemical and biological
weapons); human and veterinary diagnostics; adsorption, deposition, metabolism, excretion,
and toxicology studies conducted on human and veterinary therapeutics, agricultural

25  chemicals, and in industrial biology; environmental fate; and bioinformatics and high
throughput screening
[0005] _Aecrosolized chemical toxins, either from industrial or military release, pose a clear
threat to military forces in many theaters of operation. Explosives (mines) and munitions
detection is a critical military mission for chemical detectors. Military threats also include

30  overt and covert use of conventional or new chemical warfare (CW) agents. Potential

nonmilitary threats include: industrial pollution (e.g., in the Eastern Block and many



which means point sensors for chemical detection require conspicuous and expensive collection
preconcentration systems. [0007] Other major chemical detection applications for mass spectrometers
include 15contraband and explosives detection; food, beverage, and cosmetic product quality control;
food safety and quality assurance; and ventilation control (offices and airplanes). The Congressional

Budget Ofiével(pB@ hativims) imatiioolR%tdhet W& aiveihdaaiigas Hihtisttinbpites!(® g Biosilheltare and
training of_sniffer dogs for the detection of contraband, explosives, or rescue operations in the public
arena. (C%ﬁ?fré%ts%ﬁqﬁ% @&M?E%é@é’reported in US News & World Report (Nov., 1997)).
Prior to 2f§j06)e FAAEniehémrAPRERaishRR KR RIS ingsshadbestamailateaief atsbiBicmorts
because of their demonstrated lack of sensitivity (generally in the 1-100 fintglljeq,ér%[} e faor explosives).

[0008] ORR3SF Herersb PREFRIG HRRYS flsdiqn by sRagkezewad: Sylich BEBBBIYY mailings.
Ted Kazigesisifiiey. Usyiombaespibastenssnagrindighliobiechthe aesdidhiguashrord o aensitive

screen, without intrusion. Mercury has been found in a parcel on- board an airplane. The catastrophic

poisoningpeisktfEeEX Buectatingretrirkchemicgl backeraunds fﬁ‘gm,n&ﬂlqépsei enzehas §ueh atldition,
biologic aggiisfesd ﬁ&%?e@m‘ﬁggieﬁ@%wﬁmf%ﬁgg@mﬁkﬁﬁm %ecr&fquia eoRERak of

hoof-and-mouth disease in Eur mong the_ materials: e Postal Service concerns itself
are marijueelacsle argamaergsmaponnide, leavuigalaact deteitiofonethads dekgy suslase adoustitorauee USPS

must congern itself; whe lewi ing for sus jat ' - SENSOr

er- e ae s SRR RUE, B B ) R SRR o acfct 1
and @ranspostichehnivalyagentsM Fhis toesosenyiiwitysissoalelsminaledy thess detsuioncsyistenents if it were
not for thefrpack Qeralldeieetion liclency, Fhe problemui M based sensarsisfhg qurent need
for comparatively %rge CONCENITAtoNS of the Contrabany to obtain détacton. Because te Bontraband
is inside shintkaganspeint\stnioie v cloemizd|detsctioni feyuirmsonigtienialy ensd expaiisitions are
typically below current MS detection levels. 5[0010] Mass spectroscopy currently enjoys a premier
position iFAOPEHSR BISERHCRINTRION SYSIF e few analytical technologies that can unambiguously
identify cleo0ial Wakiesaibralidpaicasiadoioncpplisationeive missthe bonibeeterotlaisample
available for testing. Higher_sensitivity MS technology may significantly improve forensic science and
restt in ARHERRH AL ARSE o8 SRAHOB RS RANET2E A0 ROTRATRIRSHSh SHAHER OB ent 10
agenciesfdud sy 20 PHEERIY Nairsice) Hd alibeesac6arvNWTic 0t alypianes)ianee and rogue
state monitoring for weapons of mass des&ruction, parents and management searching.rooms, offices,

factories CAMPES el Brdeet Afbge (P8P eritneiehiit VAo Ahat MS SRV IERTR S bR ds&F thajor

applicatigpaie s faB A easpestcune tedmipt b frafTenutes foe el Ry iPo fiuhifybagidial hygiene
perspectives. 15 Emerging applications include food and beverage safety and quality control as well as
odor  €xplosives, or rescue operations in the public arena. (Congression Budget Office estimate

20  reported in US News & World Report (Nov., 1997)). Prior to 2001 the FAA failed to adopt

mass spectrometer based detection strategies at US airports because of their demonstrated

lack of sensitivity (generally in the 1-100 fmole range for explosives).
[0008] One of the USPS' highest priority interests is in the detection of fraudulent or
prohibited mailings. Ted Kazinski (the “Unibomber”) has once again highlighted the need

for a broad, but sensitive screen, without mtrusion. Mercury has been found in a parcel on-

N
wn

board an airplane. The catastrophic poisoning potential of such a material, following a leak
during flight, could be devastating. In addition, biologic agents could also be addressed,
which is a heightened issue with the recent outbreak of hoof-and-mouth disease in Europe.
Among the materials with which the Postal Service concerns itself are marijuana,

30 methamphetamine, cocaine and heroin.
[0009] Two key issues with which the USPS must concern itself, when reviewing and
planning for systems integration of sensors and user-interfaces, include: false alarm rate
(must be kept as low as possible) and impact on mail sorting and transporting throughput.

MS detection systems would uniquely meet these requirements if it were not for their poor
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control in buildings and commercial airlines. [0012] Another application requiring higher sensitivity MS
technology is in the collection of biological information (e.g., genomics, proteomics, and metabolomics).
Mass spectrometry plays a critical and increasing role in the collection of biological information. The
next 20 generation of high throughput and low cost gene sequencing-necessary for the cost effective

identificationepdildidetectionl efficienagly Tice phobiesn Stk 3 SMdssp seadaye imtypingfentgredtfordiseases,
disease predilection screening, as well as th eutic tglergnce and oytcome prediction-is built on MS
technoIog)‘/'.c’f%?f’t}ré1 V. .ﬁ%iaﬁ.gi%%!"&?%lﬁfb%Pg,r%&@ﬁlﬁ%éﬂaﬁ&? E‘H&x‘?&fﬁfﬁ‘é’@%ﬁé&% rometry
with polymesiiib Rl As ieBRRL AMAtiaIE; HRiPeitniRent 69 05hS Ay SniZREWo S viettBle A.H.

Thompson, R.A.W. Johnstone, "Compounds for mass spectrometry comprising nucleic acid bases and

aryl ether fifSEatansare pisaliyhelow smert Mo detecsiondsvélsmidt, G., A.H. Thompson, R.AW.
Johnstongpiiyigss kst ipked RrbpfisatenirehRys FpfemalepbsfidalnAdréhshs Hocadi0iKenter H.,

"DNA sequencirg by mass spectrometry,” US Patent 6194144 (Feb. 27, 2001)). All protein 30
identificati®hthe deacantlvtier] tschariesiss dhaeandmantisnaudieidsptifischeamcab anaddesifting and de

NOVO Peptige;ReeRC ROFRLIRNACHS WD ! Gs B IRhHBN S B@é&iﬁﬁi’er&%ﬁﬁ‘ﬂﬂéi%@%éﬂ?}%mds-

(Shevchenko, A., et al., "Linking genome and proteome by mass spectrometry: Large-scale ™
identificatiBitgbey sensiproty VsSttechnologimaysiigifigant]y BrgsoXaforsnsig sSengg 8nd result in

93:14440+144 3 J . ] : ] iller, " i ass
maps: a h%%%/éﬁ] ormgglr\%%tagg?o%et%sﬁgﬁﬁ# %é%ﬁ‘clre%%%a &grﬁzﬁﬂ g%@ﬁgg‘ﬁ@%%gg&%&@)
Eveihe elgssiierdutaraidsstibheappnterest i thisanteHigeptecctorthmndy (detreatpichrBplisnak, Protein
Set, 1:494535):;, 19929&9&9&1,1@&@ t 1e {gv%er sam le rec%g&rlpc ﬂ)tr? arégeirr&(s:raenads%g speed the MS offers.
Inverted Mass Sadder sequencing, an e R ity pro eln’s%quencmg me gﬁr,n(glchneider, L.V.

et al., "Mesbardhifiny redarsnofificegrfictioresfapd sttedisrfondlisi giregses” Provisional Patent Nos.
60/24239 60/242165 (2000)) also uses an ESI-TOF MS. Stable isofope. ratio MS is being used for
generatinj%hboﬁ%@gﬁ%ﬁgﬁﬁ)m&gp@%w?‘3 &t 3?%3%3?8#}1%@9%% ?éﬂf’%sﬁplication
09/553424iesitsinetehebisthefbnn eanitonmém ssrdie tirecirahiniustid dy gidhes Pl cbiipkay

techpiques, such as isotope coded affinity tags (ICATTm) (Aebersold, R. H., et aJ., WO.00/11208 (Mar.
> 2050y BIRFEIG PN RB AR ATLY EVb 25y SR e RSB SaL) LT & 98T WO
01/49951 ¢bmtgoid. R s allddoinret¢ibl peHigsspresented at the Sienna Conference, Siena, Italy
(Sept. 1-5,, 2002)), allows the direct quantitative.comparison of relative protein expression between two
or more 1@095mpleé%‘§£lgﬂa&ﬁlﬂﬁ@tmﬁeﬂ?%ﬁlg“%%%f@%smw ﬁgﬁ‘gﬂ@iﬂ@ﬂét’é’rt (Gpikegtion
applicatiops sieRrs a0 mifeeha8de (¢lglesdinonios] protesipnietahy thetslestsiass eificiensytidigddy. In

addition to_the generation of primary biginformatic data, MS is playin aéivota! rolein _ _ combinatorial

chemistryPIA¥S i GG e 0reRssRlR R thesagchen gl hirlpgisaliniormatign, thihekikedar,

"ApparatuseABrhiiR BRI RPN HRINEWeRHI @R $4queleiR326:mR diday For RN oSICBIdVE - A.
H. Thomg%%n, and R. A. W. Johnstone, "Mass Iab((egl@i,lfnkéeé??l brid%s_ation probes," EP979305A1 (Feb.

16, 2000)idsaHfisationof singde sugleotide polyspsrhisEs{ SNPs)iwidesrrordarpetaing fongsaetifons
for enhangiagasensitidbudhbgireabs R RERIR i HIPsethasrRYfic ORANREA3A Hutkorae: 2000)).

[0013] The limiting factor in virtually all these MS bioinformatic applications is the 25amount of available

sample. Ayediciionteistuptor MY tecknole ayitdBntler,d. 3y J. L1, J. A. Monforte, and C.H. Becker,
“DNA typing by mass spectrometry with polymorphic DNA repeat markers”; US Patent

25 6090558, (July 18, 2000); Schmidt, G., A.H. Thompson, R.A.W. Johnstone, “Compounds for
mass spectrometry comprising nucleic acid bases and aryl ether mass markers™; Eur. Patent
1042345A1 (Oct. 11, 2000); Schmidt, G., A.H. Thompson, R.A.W. Johnstone, , “Mass label
linked hybridiéation probes,” Eur. Patent 979305A1 (Feb. 16, 2000); Koster, H., “DNA
sequencing by mass spectrometry,” US Patent 6194144 (Feb. 27, 2001)). All protein

30  identification and sequencing is now almost exclusively conducted by MS. Peptide
fingerprinting and de novo peptide sequencing by tandem MS are almost universally
practiced nonproprietary methods. (Shevchenko, A., et al., “Linking genome and proteome
by mass spectrometry: Large-scale identification of yeast proteins from two dimensional
gels,” Proc. Natl. Acad. Sci. (USA), 93:14440-14445 (1996); Yates, J.R., S. Speicher, P.R.
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electrophoresis are about 0.2ng (by silver staining) (Steinberg, Jones, Haugland and Singer, Anal.
Biochenz., 239:223 (1996)) to about 0.05 fmol (by fluorescent staining) (Haugland, R.P., "Detection of
proteins in gels and on blots," in Handbook of fluroescent probes and research chemicals, Spence,
M.T.Z (ed.), 6th ed. (Molecular Probes, Inc., Eugene, OR, 301996)), assuming a nominal 40 kDa

protein. AGriiffie,and Th#lohkapibelsPpptidermassenaler idiighte dhiforriayitB/appteatihty fBetekman
Instruments, " P SIS, 200: Fast, reprqdugible, tative_protein analysis,’ BR2511B. (Beclanan
Instrumed S?E%%QHSH’, (ﬂ’“fg{@?’%ﬂﬁé@%ﬁé%ﬁﬂglﬁggﬁéi ﬁﬁ%ﬁé"sg@ﬁﬁ{?ﬁﬁ‘a@a @ﬁﬁ%ég is needed
(by laserapgrestt hielesaeadepiedit) (BedMpneavold\arist H/AGHEM Saser-iuiuses (leamjcence
detectorsEZ BR-8118A" (Beckman Instruments, Fullerton, CA, 1995); Harve &%D D. Bandilla, and

P.R. BanREcd o™ FATBRIRTPARITERSTES antinsoersed ardthe M atrers: dn A8%is
using a flyGngericu ARAREY ek fast B AB AP PRIRHS s i Rph ahbH) PShraa fe datestad,in

capillary electrophoretic separations. However a minimum of 0.1°5 fmol and more typically up to 100

finol of a P¥EiRds ferdricaminivgrsatsie aahpentide AsrminadissquertescSanrrisionsh LatspbNesmetry

(MS) hasghyo4yeaicsh@einniah 6530108) Fissy Ao REATRHYAS0 SABI0 90 B LamaRagange with 1

ppm mass accuracy, single ion counting at the ion detector, an oadest applicability of any

analyticabebeswisad, ferceenstaiing-watebelicratos(msschalonaiess dSabnaifeandilit ploddr. detection 10
efficiency |Gs Y b 0. O-part illion: about
0001100 o B B e B bt s
andlQzer spswtroigeiesiberedsdiffentntialaiisplRySpehinvpies; stadly asdssters cotted e ffontp tagnts: ion
sources, rs. and ign.detector 0 interrejated,.same | ources
15 may b@%%ﬁeraskyfgegg %ﬁ%’aﬁﬁc@?ﬁﬁgégmﬁﬁgﬁg ze%b%e?r@?ﬁ .agcg% éll{r? Snd%% 1(::I')l{ragegre
better subitlingspeeifiy shiftsagsa(IRBIS ET&) iScimeid ¢E 3))\aru aia 50854895 laéhngnAac2002);
desorportion ( DI), ionizatipn sources are widely used far organic molecule rticula,
biomolecules m aree)té)ghgf)as%/r&ree Shed for ge}g\ér'lrl‘zaa igh 8?%%%’-\%?3&?&5?5&?é’z%s'gle'cgl‘éél.g&@?’ls widely
practicecalievauhe idiract heawtititivecopiparisdin df et pruttdg exphyssion Beteae awoaieaiomphoresis
for added discriminatign capability. MALDI technigues are widely practiced on e molecules (e.g.,
orolgine HHHP I AR NP G IPELE o RN T CPorRE R o RS PR WAL e
small nurdgssndf§ o dlig VSafesdertos ardthare sgtedeisywiib derectioplieffcidioniaatiie BISUDs. The
principle disadvantage of the MALD)] is ion detector satyragion with matrix ions helow ahouyt 900 amu.
Vit the SURGRPoE RERGTAB. P SBERL LTS (A O BB A P AR e etection
sensitivitigsrbifkteal eHandargfadRipE hkesigat BUEGibthe detesiian. e{Rugnen-iid. enLRIRN 1) of

any MS is determined from the product of the ignization efficiency (flu, equation 2) and the transmission

efficiencyRHa-cashEbissiaeor ARty e BHRh i pemlld cimipe EretRns ILUHD 80 1RR e
trapgmisgmyBP el tensciandy e aHTERIIBSA and R. A. W. Johnstone, “Mass label linked

hybridisation probes,” EP979305A1 (Feb. 16, 2000); Van Ness, J., Tabone, J.C., H.J.
Howbert, and J. T. Mulligan, “Methods and compositions for enhancing sensitivity in the
analysis of biological-based assays,” US 6027890 (Feb. 22, 2000)).

[0013] The limiting factor in virtually all these MS bioinformatic applications is the

25  amount of available sample. For example, the protein detection limits in 2-D gel
electrophoresis are about 0.2ng (by silver staining) (Steinberg, Jones, Hauéland and Singer,
Anal. Biochem., 239:223 (1996)) to about 0.05 fimol (by fluorescent staining) (Haugland,
R.P., “Detection of proteins in gels and on blots,” in Handbook of fluroescent probes and
research chemicals, Spence, M.T.Z (ed.), 6" ed. (Molecular Probes, Inc., Eugene, OR,

30 1996)), assuming a nominal 40 kDa protein. As little as 1 fimol of unlabeled protein is
needed for detection (by UV detection) (Beckman Instruments, “eCAP SDS 200: Fast,
reproducible, quantitative protein analysis,” BR2511B (Beckman Instruments, Fullerton, CA,
1993)) and as little as 1-10 zmol of fluorescently-labeled proteins is needed (by laser-induced
fluorescence, LIF) (Beckman Instruments, “P/ACE™ Laser-induced fluorescence detectors,
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ild = lilt - rate of molecule liberation from the source ion current from the source - rate of molecule
liberation from the source large number of readily ionizable sites. For example, in positive ion mode,
proteins generally ionize to generate species with +1 or +2 charges only, even though there are
generally many more basic residues (i.e., Arg, Lys, and His). Levis (Levis, R. 1, Annu. Rev. Phys.
Chem., 4BR3813 334 U1@etRrhas sty chets) diudlestsn, Qi cHPRE)i Haavey aNVaDZiddy Btk by atetial
5Iiberatecgi%r %thﬁ_ta[%e%he ici%gftﬁ'gf)r*.lasa?r tﬁft MALDI ia\aiﬁiati?n ﬁ%igncie{ are Vfry low and
that a large’ bof RE ya8 ensr BTH QPG MR & ec%?} & desorption
process. Ehéstegsiaitesisiasiigosfppgedibyritieovaldis afErunkareptonesikel9 (Remnal1 P C. et al.,
poster presented at the Amer. SQc. Mass Spectro. Ann. Mtg., Chicago, IL (May 27-30, 2001?)]%%0
report the OISR REAFERA KR NP SIeTRLMENS Haesetiontn O CHAEATIRGR

matrix mofallgnd hﬁsfmﬁlf@m@ S SR GE EniDETR PRASIRN A6 for eslabaudnyinisiher analyte
efficiencies were seen with more basic matrices in MALDI. SUMMARY OF THE INVENTION 15[0022]

In one em994thertrgiehivdushralvirr massspecsemetm &MSihas dhe grertasbaateniiakn
electrospigyeaiRpl iSRS RA RRMIKRI GO GFPARRH AR RGN thaPiRE SR8 he

unbalanced charge of the analyte,. In another embodiment, this invention provides a mass

spectrom&iRgle ivBatRIn RS b e im deisetomand s breadsst sepkicabHity of BWaReb#ierhn ion beam

a1 & Lo Rl PRSI HNA A ha s hereRuiani o Alipauetelanoed chage
to the ana(f?/{egﬁ[o%% In a}]o er aspect, the invention fur%ergprog\lt/%?ég or dirécting the charged analyte
throl@h trefficienticfoporganitasamplestafiar iorthe sgnge i Q0itn19@ party pycisiliiondpom), or

about 0.001-100 fmole (about 106-1011 starting molecules) depending on the ionization

method and mass analyzer used.
[0015] Mass spectrometry (MS) fundamentally consists of three components: ion sources,
mass analyzers, and ion detectors. The three components are interrelated; some ion sources

15 may be better suited to a particular type of mass analyzer or analyte. Certain ion detectors are
better suited to specific mass analyzers. Electrospray (ESI) and matrix assisted laser-induced
desorportion (MALDJ) ionization sources are widely used for organic molecules, particularly
biomolecules and are generally preferred for the ionization of non-volatile organic species.
ESI is widely practiced because it can be readily coupled with liquid chromatography and

20 capillary electrophoresis for added discrimination capability. MALDI techniques are widely
practiced on large molecules (e.g., proteins) that can be difficult to solubilize and volatize in
ESI The principle advantage of MALDI is the small number of charge states that arise from
molecules with a multiplicity of ionizable groups. The principle disadvantage of the MALDI
is ion detector saturation with matrix ions below about 900 amu. With the advent of '

25 micro/nano-ESI sources these two ion sources generally exhibit similar detection sensitivities
over a wide range of organic materials.

[0016] The detection efficiency (ng, equation 1) of any MS is determined from the product
of the ionization efficiency (nj, equation 2) and the transmission efficiency (n, equation 3).

For simplicity the efficiency of the detector element is lumped into the transmission

30 efficiency.
ion current at the detector
rate of molecule liberation from the source

Ng= NN, = 1

ion current from the source

= .2
i rate of molecule liberation from the source @)
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detector. The analyte may be deposited upon discrete apices of the sample surface. The sample may
be bacteria, viruses or cells.The ion beam may be protons, lithium ions, cesium 25ions, anions, such as
INTI2- or H3Si-, or electrons. The sample may be injected directly into the focusing quadrapoles. In a
preferred embodiment, the ion beam flux may be from about | mA/cm2 to about 17 mA/cm2 and the ion
beam energy may be from about 5 taabomtrét atehtr detectss, preferably from about 5 to about 10
electron volts. However, a high&k Iﬁchﬁw@m%ﬁsﬂ psgyvided ttg}on detector does not become
saturated. 30[0024] In another embodiment, the invention provides a mass spectroscopy system
having an[@@tNte Dresviened] detdctopeefiiciancyusMibaly deffi cnititanmioasurstercitdr g6odl fuetisiothe

invention ide SS spectro S havi n analyte sample4n liquid, or solid fonn, an ion
beam, a e o S A S R it i
Figure 1. #uteletizdtionyredschf dondiffeihovraprotise eiraethyERiaT Oy MS1fOIES foddBs 2ndilab to
dete%tionlegiciency of various PEO polymers in ESI-TOF. [0027] Figure 3. PEO monomer detection
efficiency 42 a function of weight fraction. 5[0023] Figure 4. Low pressure head experimental setup.
[0029] Figod §} ScwmaiittoviativeiaisitorodtiSnNmad gucteoisciiseihat iethislgf €1y vss@ scur
DETAILED DESCRIPTION QF THE INVENTIQN 10 [0030] Mass spectrometry (MS) fundamentally
consists SFFARSIQR thRwRisRlonoRioApd dhronghdhe s adalyzer i that dpspgating ebRsEERESonents
are interrglaittoSHing, OMHRWERBIRMIR BRI o RSl JBsRaidzidianyRgIgbéstafalyzer or analyte.
Certain ion detectors are better suited to specific mass analyzers. The focus of this invention is the ion

source afacasBrERgEsfloanhewiaNitRM glocsiauspositiennmgids thamess caslyrsraadyused for

150!93”%{89('%‘&519%33&%@&%ﬁ%ﬁé'%ﬂi&%&eﬁ%{or the ionization of non-volatile organic species. ESI
is widely %acticed because it can be readily coupled with liquid chromatograpg{/(and capillary

electrophtf}818 foSaeide andi sevvarksrvhleagakilisy 2kl tedeamiq 13 16E8wlited (BPAd i meastinedge
molecule i hatfah ?‘% Tl il n i7e incipl antage
of MALDIﬁils@}#émsBrfn%?ér?E%rI}ber of 2@? ge staﬁs%g?#]ﬁlzagtlj ggr%g}%r%?/ngrﬁgeeegdﬁfeﬁvist %%r%%éh%?@%‘{

ionizable Heovupate Di@ pypickd | bicinatscan gemiimaiix G018 Gohmethenol seaterzaratiiowidhatrix ions
bel be+t: | £ mi - ion- Il
elow a r%)‘ﬁﬁax?%% t%@ ﬁM&%?eﬁ?é{ﬁ%e%ﬂ{ﬁéoﬂﬁ%tﬁ§Léﬂ%ﬁ%§nm‘;¥_ﬁ[l&%§%%§ gherally

exhibit si lon sensitivities over a wide range of organic e detection
effidiencyséonpde nwtoin, dedhdvipre 8nid Lescertabesd o ta MeorpyddiicindbbGtHeosnetatesn e ffiishcy Om

equation £.3)d 3081 85TRIPTIYR B HBBRLA To R UAHBR B between 50-280 nA (at 1ul/min flow

rates) that varied with the sulfuric acid concentration (between 0.3 and 3%, respectively).

Both of these results translate to between 104 to 107 unbalanced charges per drop, assuming
1 to 10 pm drops, respectively (Table 1 below). However, de 1a Mora and Loscertales

20  observed that the measured ion current was 4 times their theoretical maximum and attributed
this difference to electron conductance in the apex region of the jet rather than to ion
convection by droplets crossing the gap. If true, then the actual number of charges per drop
may be somewhat lower than the total ion current data suggests.
|0020] Smith and coworkers (Smith, R. D., et al., Anal. Chem., 62:882-899 (1990)) also

25  attempted to estimate transmission efficiency by measuring the TIC striking a detection pllate
placed at various positions along the ion path in the mass analyzer. They concluded that
transmission efficiency accounted for the vast majority of ion loss culminating in poor
detection efﬁciency. The existence of multiple charge states, or more particularly that the
distribution in charge states is not centered about a single charge state, is the second

30  observation supporting complete ionization. If there were a paucity of charge, then few
charge states should be seen.
[0021] Unlike ES], it is generally accepted that ionization efficiency in MALDI is poor.
One argument for this is the lack of highly-charged species generated from analytes with a
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For simplicity the efficiency of the detector element is lumped into the transmission efficiency. ion
current at the detector id = 11,11 t - rate of molecule liberation from the source ion current from the
source - rate of molecule liberation from the source ion current at the detector 30- ion current from the
source [0032] Furthermore, it should be mentioned that the overall detection efficiency in MS is

difficult tolapgaaurabretio Deadibréaisiblelsitie Fer langsis)umpeitbédciomdtia) proyeinkeehtaally
formation, cqllection, transmissjon, and detectjon, which are difficylt to reproduce exac{ti%{from day to

day, MS 19 19-2FRBals fRSCIsi WL Qb AP hRs s AR SY R douER B R Ere AT BEREd. In
our expehigpfechdiferaRidfeyiiun ArcoTdR!-hdIAENItILei s ([@ sdseRAlY NekBIO RECAPRYNI€Im.,

reproducible over multiple experiments. [0033] The critical question in MS is where do all the molecules

go? Usin§aAeetdSbPagnbes slearin daasnstntsdviey solecting dslanelygiaciallithe G that there
are many|eesiedi FRs{dniaarasHMRisenieatBaY et i iaNI8 ID e At RIACT TR A Caddsrm 10

net neutral salts with entrained counterions on desolvation in ESI (Kebarle, P., J.Mass Spectrom.,

35:804-81ow 20d0dyas edasspmenb Ricneulsizedispisritld s Seornthe Mg N sorfRasd B fail to
enter the deleaiar 'HSE-&%/QEE%P%ﬁﬁé%&@ﬁﬁﬁi‘ﬂ%’%%ﬁ@&%‘%ﬁimé%Q{ﬁéée&'ft gliggtion efficiency

in ESI MS over the previ pneumatic spray technology. surfaces of the MS are maintained

at differespponraral(Bomeds dleet ictpodierquesented et tundairerth8dondagsiBperiyoarknse pligited from
neutral gag molec d gl ' o.the ction.element. | ctrostatic
interactio%%uv(\:/?tﬁof#eﬁ?}nagy ﬁ%@e‘%ﬁoﬁﬁg’ kfsr.e?ﬁlgﬁgo& ec grg%lugf%%%@tg%%ﬁg vacgum so that
the i eamfizte qesth asetheni dins gastphade tesioityglefithenstidn goehaudh thheyhmvokethiegssphdspends
only on the Jaiinele tass Ig.charde ST, an Iselh Therefore  some lans, 20 may b gpirained in the
neutral ggses Belng femoved 10 the vacaum pﬁmﬁ. R OF ogonaﬁ on detector, is shown'in f:igure 1
which resdticdmaddiesiaMall®dses due to the intrinsic duty cycle of the detector. [0034] Conventional
wisdom for electrospray mass spectrometry is that virtually all the losses occur during ion transmission

into and through the mass analyzer and that ionization 25efficiency is close to 100%. This assumption
is based on two observations: 1) toSUMMARY OF THE INVENTION

15 [0022] In one embodiment, this invention provides a mass spectrometry ionization method
in which electrospray droplets or solid sample matrices are exposed to an ion beam thereby
increasing the unbalanced charge of the analyte.. In another embodiment, this invention
provides a mass spectrometry ionization method in which ionization of the sample is
achieved by directing an ion beam at a liquid or solid sample matrix containing analyte

20  thereby ionizing and adding unbalanced charge to the analyte.

[0023] In another aspect, the invention further provides for directing the charged analyte
through the interface of the mass spectrometer in synchrony with the duty cycle of the jon
detector. The analyte may be deposited upon discrete apices of the sample surface. The
sample may be bacteria, viruses or cells.The ion beam may be protons, lithium ions, cesium

ions, anions, such as NH2- or H3Si-, or elecirons. The sample may be injecied directly into

N
w

the focusing quadrapoles. In a preferred embodiment, the ion beam flux may be from about 1
mA/cm2 to about 17 mA/cm2 and the ion beam energy may be from about 5 to about 50
electron volts, preferably from about 5 to about 10 electron volts. However, a higher ion flux
may be used provided the ion detector does not become saturated.

30 [0024] In another embodiment, the invention provides a mass spectroscopy system having
an analyte ion source, an ion beam, a mass analyzer, and an ion detector. Still further, the
invention provides a mass spectroscopy system having an analyte sample in liquid or solid

form, an ion beam, a mass analyzer and an ion detector.



current measurements from the spray tip and at various positions inside the mass analyzer, and 2)
most analytes exhibit multiple charge statei. [0035] As noted above, Smith and coworkers (Tang, K. et
al., Anal. Chem., 73:1658-1663 (2001)) have recently measured the actual total ion current from ESI
microspray tips to be 30 about 150 nA at a 1 pl/min flow rate of a typical biomolecular sample matrix

(50:50:1 methanol:water:acetBRIEY DESTCRI BIMGN OFHEDRAAVENGS!S, but with octanol doped
with sulfyri id as the sample matrix, de laMora and L oscertales (De la Mora, J.F. and |.G.

L occortal 2B RS | SRR SO 8GO 0RT BB B T AIENTE R AT D80 A (at 1
ul/min flqo0z6gs) HigtiegicThe dbtded bt @y 6OPECHIEHBID (pelyrean thFESIATDIBY, respectively).

Both of these éesults translate to between, 104 to 107 ynbalanced charges per drop, assuming 1 to 10

nm drop0Pédde FENEF b RO NORGST SEtERHOPERS S 135 ScBHRGRY weightiacH B measured ion

current vjeezBfimesgheiythesiaiieabinakibnd ek padméitbLégahpnis difference to conductance in the apex
region of the '!et rather than to ion 5 convection by droplets crossing the gap. If true, then the actual

number B2k gEigaiedtodchrayatie afdannist &anation andeonsents (arrthatdha ipefia TayleRer

evidencg,ghat the TIC measurements are in error is that they translate to a number of charges per drop
that are far larger than the Rayleigh limit (Table 1). The Rayleigh limit is the maximum number of
unbalanced charges that may exist on a drop in a vacuum before the drop spontaneously 10explodes

Etimated flom Total and LA ER Qe Oy A N KRR o7 of Charges
Exb&cte 0080 roM ass speateshietnn (M S fiDsrndataily nonsists of three components: ion sources,
mass analyzers, and ion detectors. The three components are interrelated; some ion sources
may be better suited to a particular type of mass analyzer or analyte. Certain ion detectors are
better suited to specific mass analyzers. The focus of this invention is the ion source and,
more specifically, the ionization process. ESI and MALDI ion sources are widely used for
15  organic molecules, and are generally preferred for the ionization of non-volatile organic
species. ESI is widely practiced because it can be readily coupled with liquid
chromatography and capillary electrophoresis for added discrimination capability. MALDI
techniques are widely practiced on large molecules (e.g., proteins) that can be difficult to
solubilize and volatize in ESI. The principle advantage of MALDI is the small number of
20  charge states that arise from molecules with a multiplicity of ionizable groups. The principle
disadvantage of the MALDI is ion detector saturation with matrix ions below about 900 amu.
With the advent of micro/nano-ESI sources these two ion sources generally exhibit similar
detection sensitivities over a wide range of organic materials.

[0031] The detection efficiency (114, equation 1) of any MS is determined from the product
25  of the ionization efficiency (1);, equation 2) and the transmission efficiency (¥}, equation 3).

For simplicity the efficiency of the detector element is lumped into the transmission

efficiency.
ion current at the detector
Mo = MM = rate of molecule liberation from the source @)
ion current from the source
T @

" rate of molecule liberation from the source

ion current at the detector
30 M =" (3)
ion current from the source




Coulomb's Law Estimated from TIC Measurements Maximum at the Raleigh Limit 1 1.36 174
18,800-94,200 27,600 10 1,360 17,400 1.9-9.4 X 107 870,000 100 1,360,000 17,400,000 1.9-9.4 X
1010 27,000,000

[0032] Furthermore, it should be mentioned that the overall detection efficiency in MS is
difficult to measure with good precision. There are a large number of factors that may affect
ion formation, collection, traﬁsmission, and detection, which are difficult to reproduce
exactly from day to day, MS to MS, and lab to lab. This may explain why detection
5 efficiency often goes unreported. In our experience differences within an order-of-magnitude

are generally not significant unless reproducible over multiple experiments.
[0033] The critical question in MS is where do all the molecules go? Using an electrospray
time- of-flight (ESI-TOF) MS as an example (Figure 1), it is obvious that there are many
possibilities for ion loss. Molecules may fail to ionize in the first place, or they could form

10  net neutral salts with entrained counterions on desolvation in ESI (Kebarle, P., J Mass
Spectrom., 35:804-817 (2000)) or through coupled volatilization of the analyte-salt matrix in
MALDI. Ions may fail to enter the detector orifice. Micro/nanospray techniques
tremendously improved the collection efficiency in ESI MS over the previous pneumatic
spray technology. The inner surfaces of the MS are maintained at different potentials to

15  create electric fields that both contain the ions while they are separated from neutral gas
molecules and direct the ions to the detection element. Ions may be lost to electrostatic
interactions with the inner surfaces of the MS. The MS detector must operate at high vacuum
so that the mean free path of the ions to the detector element is long enough that the ion
trajectory depends only on the intrinsic mass to charge of the ion itself. Therefore, some ions

20 may be entrained in the neutral gases being removed to the vacuum pump. An orthogonal ion
detector, is shown in Figure 1 which results in additional ion losses due to the intrinsic duty
cycle of the detector.
[0034] Conventional wisdom for electrospray mass spectrometry is that virtually all the
losses occur during ion transmission into and through the mass analyzer and that ionization

25  efficiency is ciose to 130%. This assumption is based on two observations: 1) total ion
current measurements from the spray tip and at various positions inside the mass analyzer,
and 2) most analytes exhibit multiple charge states.
[0035] As noted above, Smith and coworkers (Tang, K. et al., Anal. Chem., 73:1658-1663
(2001)) have recently measured the actual total ion current from ESI microspray tips to be

30 about 150 nA at a 1 pl/min flow rate of a typical biomolecular sample matrix (50:50:1
methanol: water:acetic acid). Using a similar measurement apparatus, but with octanol doped
with sulfuric acid as the sample matrix, de la Mora and Loscertales (De la Mora, I.F. and 1.G.
Loscertales, J. Fluid Mech., 260:155-184 (1994)) also report ion currents of between 50-280
nA (at 1pl/min flow rates) that varied with the sulfuric acid concentration (between 0.3 and

9



15 [0036] Smith and coworkers (Smith, R. D., et al., Anal. Chenz., 62:882-899(1990)) also attempted to
directly measure the transmission efficiency inside the mass analyzer by measuring the total ion current
striking a detection plate placed at various positions along the ion path in the mass analyzer. They

concluded that transmission efficiency accounted for the 20 vast majority of ion loss culminating in poor

deteciion Sficienga S desHi S ERS Fles R YRAILE AN BRI Piahiga curtent

they tremendously overéstimate the losses due to transmission efficiency. Mass analyzers are usually

tuned to exqmd{am w;n@'m_ﬂ inEeve. ,dmnsor@smimlm(imm Iildnsf)lﬁﬁﬁvmed@iﬂéﬁemnéhould these
species 928@9@&@1%9%151%@19@8/1&5&?&'%M@ﬁoﬁﬁﬂr@mw%ﬁ%f%mg%w FaSENRIEY

underestimated. Therefore, it is important to determine transmission e r the specific ion of

interest (iand atinbutiad Bpe differsmesitecsmdisnanicTihdhexipenvegimoditisid et atloer thatets, ionmore
particularly that the distribution in charge, states is.not centered about a single charge state, is the
Cocon ofCRICatEn L RE e s T B e e A o S R Rl e
were a panaitbeholdr jewtrehanhietotdtiondiplenc darg euplgéess bF etk Eidemecthdt tieTdSo be
argued that the ESI process produces asymmetric fission events of charged droplets durin

oot KA S T AR gAY eI & AIBB A RSB Lo TSR A the
surface ofaipe:Fifiem MRYRCSIEILAIiRiPCRable AYdTRO Rasheikde] iR 19 theqpakativity Asnfbatafes 10into
the gas phase. This assertion is supported by evidence that the fissioning droplets appear to carry

away the PRRIBREAE hRTesS A MR SR SBMATRR Brdy AsradR bris g drer henigastsiining on the
paregt drgﬁpm%ﬁ@,te.@m&nﬂ}@r}gpﬁ@@nphem., 65:972A-986A (1993)). In essence, this would
produce a quasi-bimodal distribution of two possible populations of analyte: 1) highly-charged species
which give rise to the envelope of peaks in 1551-MS and 2) non-ionized analyte that remains
undetected. Thus, although charge is limited, dropfgjejerogeneity, particularly during the fissioning
and breakup process, may explain the absence of detected species with intermediate numbers of
charges in between thesd @} §dangevan diecromraydimonsobRitterentSizedpen questions about
ionization efficiency is t%%?immf?o%%qﬁfﬁiﬁ%‘g&iﬂsQLHFE‘M@&P@QP#Q@O" ionizable
homopolymers, such as polyethylene oxide (PEO), of varying chain length at the Same weight fraction
of monomer (Figure 2). Al polymer chain chiumibexph(chergesZBisiectedipexs Bnopld have a statistically
better chénce to competdq for the available charge at the same volume or weight fraction of mongmer.
When solutions of PEO polymers of various chain lengths are subjected to 25 electrospray ionizgtion in
an ESI-TOF MS, we see flearly that the detection efficieficy scales proportionally with the chain fength
(Figure 2). We also find that,at.the, longest chain length (8 MDa, 182,000 mono nits) the detection
efficiency exceeds 0.1% (1 aalﬂﬂﬁwhich is the theoretical transmission effici ﬁ@# ) By the
manufacturer (Appied BipFsiaiig Or| tivaviaine TroninstruBshinated fonge the dRtcReigficiency

of the highest,molecular 30 weight PEO tested is at or ndar the reported transniission_effigiency for our
instrument, i ézelﬁé’?’t&na the %af@r mdCAMPIIRIS aayﬁesiti%(ﬁ%‘?gfﬁmﬁ"fﬁ 0% ioniZ ¥ efficlency.

[0039] Adsuming that eagh mq er ih the poJ er chaip acts_indep tly and ha, fined jaffinity
for the available cl,harge, it is pgégl;le tp devel ?Ea model for igﬁgﬁﬁﬁfgﬁlﬁiency of P%gég)ong the lines
of that reported by Enke (Enke,36¢G., Anal. Qles00 1.9-9.4 X 107 870,000
100 1,360,000 17,400,000 1.9-9.4 X 1010 27,000,000
15

[0036] Smith and coworkers (Smith, R. D., et al., Anal. Chem., 62:882-899 (1990)) also
attempted to directly measure the transmission efficiency inside the mass analyzer by
measuring the total ion current striking a detection plate placed at various positions along the
ion path in the mass analyzer. They concluded that transmission efficiency accounted for the
20  vast majority of ion loss culminating in poor detection efficiency. As alluded to in Smith's
stud}a by basing their conclusions on the total ion current they tremendously overestimate the
losses due to transmission efficiency. Mass analyzers are usually tuned to eliminate very
small ions (e.g., protons and hydronium ions) from the ion stream. Should these species

comprise the majority of the ion current, then transmission efficiency could be severely
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11 69:4885-4893 (1997)) for singly-charged analytes. This model results in a quadratic solution for the
monomer detection efficiency (g,n) in terms of a relative charge separation constant (a) between the
total concentration of ionizable residues of PLO (C:), the total concentration of a hypothetical species
competing for the available charge (C,T), and the total droplet charge (Cr): (1 - a)C7.-aCTm - 14
aCT(1- a)@fiderpstimatd)@, Thefford, iins - {ant@Cdet¢Dndty fraksngstieniefficiesy férGheve can prove
that only the g%sgt}ve r%ot of equation 4 is ﬁlid. Since. we assume that the ionization efficiency of the
monomerfﬁ?n} i$ COhetdn ?llfﬁs gﬁ)'gﬁdlesrlﬁ% éc‘pp%} EPCRYRTR igth, then we can condense the
polymer d§0eaipn Theéidienme dftmphdslenthariie Sigesco? hor\pditigilaelpahantreafiitithtiofoinby the
average na?r%)er of monomer units %es chain (nm). |n fact, this results in a(i}) le curve (Fi%[ re 3) that

eliminatesSHE &S AER LS 0P SRS L3S BE Sl 1R HRSSC YL A%t the
transgnissipRtEigieneyripleR isiazbinassmieh aBe Haiesat Rete entBOR angelBPRusiyiet is the

range covered by the various PEO chain lengths. 15[0041] Using the data of Figure 3, we can estimate

the param@i@rgeather vy euidmydtinle rharsesiatehhe e S AasirRFIl cAp Alaabsipgred et the
manUfaCtl%MFB?po@%ﬁ?ﬁﬁ‘é@'ﬂ?ﬁ%Mﬁ@ Rsiheeosiddeeniasd twﬁ{g'a%s&smsion

efficiency is ' theoretically about 0.1%. If we assume that the ionization efficiency or the 8 MDa PEO is
close to uﬂ@bﬁﬁkﬂlﬂq@ﬁﬁmgpﬂanéﬁﬂésg??ﬁﬁé@ﬁ@éa%% £L983e Ferrred anaitoatdres 20 (1 in

every S00Htste UFING i AFJORRIR!ENAERS SORRRNIAIRRAGT R aS BalECinNG A0R A B

10-9M. The total concentration”of competing species (C) is estimated to be about 4.4 X 10-9 M and n to
be difout irgoxth©gss PhesbeFhisoeksettion ibsupperteddiyevidoneedbatthe dirsibning draplets 3piEen 2]
This modetlos?%

e ings. Fist, all ionizable dr 2 m
independent y%’r%\?ﬁiﬁ%%@r]rjl%%n gf%r%%%a%%%%ﬁc gSIPg‘Z‘I"%‘é‘%%g % ec c%%rggf %I’rzeéggﬁ%@cf , it suggests
that analythaige reomajstesowitheipaiédb dthfs ditye]es Rtanddt.iTaeg sémp theTenalyds:0324e98Gdion can
reduce the.igpization efficien articularly for species.that t ete well for the available
charge. Fmaglﬁlﬁg/lt%] gﬁsgrslﬁ%%ﬁie%z? ?f%ljtﬁgf{gﬁ%% H%Solﬁbclg}l]?rgaollo%rl(?sé?]%g 8£lntwrﬁaﬁ<oes Salltir)fleestimate of the
total numipapoiativnalefiasal yteaildds ghiyacdadgep speaide Whidteghuesdse ¢ol tieeaitepassifigeaks in

chajge-copegRo speses o3 gl esier ANE SRIARY T SRR e e
limited, droplet heterogeneity, particularly during the fissioning and breakup process, may
explain the absence of detected species with intermediate numbers of charges in between
these two populations.

[0038] One method to address these open questions about ionization efficiency is to
20  measure the specific ion current produced by a series of ionizable homopolymers, such as
polyethylene oxide (PEO), of varying chain length at the same weight fraction of monomer
(Figure 2). A polymer chain containing more ionizable residues should have a statistically
better chance to compete for the available charge at the same volume or weight fraction of

monomer. When solutions of PEO polymers of various chain lengths are subjected to

[\
(94}

electrospray ionization in an ESI-TOF MS, we see ciearly that the detection efficiency scales
‘proportionally with the chain length (Figure 2). We also find that at the longest chain length
(8 MDa, 182,000 monomer units) the detection efficiency exceeds 0.1% (1000 ppm), which
is the theoretical transmission efficiency quoted by the manufacturer (Applied Biosystems)
for the Mariner™ instrument used. Since the detection efficiency of the highest molecular
30 weight PEO tested is at or near the reported transmission efficiency for our instrument, it is
clear that the lower molecular weight species do not exhibit 100% ionization efficiency.
[0039] Assuming that each monomer in the polymer chain acts independently and has a
defined affinity for the available charge, it is possible to develop a model for ionization
efficiency of PEO along the lines of that reported by Enke (Enke, C.G., Anal. Chem.,
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total charge concentration estimated by curve fit to the model may underestimate the ,actual
unbalanced charge concentration on the drop. [0043] A great deal of effort has already gone into the
optimization of ion transmission inside the detector, with zmol ion efficiencies being achieved even
through tandem MS 5detectors. (Belay, M.E. et al., Anal. Chem., 72:2271-2279 (2000)). This high
transmissgm 45851893 il 5319 forl RGBS HiRdBEL B s QIS SIMRIE 1R AT reilts i R IpfilatRIBsIgneN can
be tested by the use of a low pressure ESI he(ad (Figure 4), simplified from that described by Karger.
(Felton, clOkthe mengmerlstection eifislaneyTrodo iprms Of At iHLve Sharss separmiing AR sealed

from the aiNeRRRE At IRSIRNAREARAGRARABEHIE RRINRFBEO e 10 NG A% adauEeh The
diameter and length of the capillary are manipulated to alter the sample fl6W rate under vacuum.
Mimicking fierhygicihretisiispticiesiconspetiyg fordiipasa{izb]clchaa(Clivandithotatsbivtpletcontaining
10 uM each of 3 peptides), we found that the overall detection efficiency of these peptides (1-10 ppb)
was at th@li'@&gﬁl&:ﬁﬂt within experimental error of that routinely observed in normal microspray
operation (5-50 ppb). 15 Therefore, the micro/nanosp, fect i ar 100%.
[0044] These values are, cons Le i ﬁﬁgge'r%?ﬁmm’aﬂggs éjﬁﬁlig‘agd foPfhe Tnggrimem)by
the manufacturer and have remained invariant in weekly z@libgans conducted over 3 years of
operation. The detection efficiency of myoglobin (a 17 kDa protein’ﬁ and triethylamine have both

remained [M04Y sakaking the diuppbesahgetHiodhcan provitieabeplyithe pesioretantdfsmatioard
months. 'I;Qe\z,%% 56%'&1% é}lemgglss&{gé%ﬁgteﬁgno%%g of t ionizatigﬁilefficienc épéobl m.ﬁ)045 By
moving thé spray tip pasYVFne hozzle and sKimm ro,rég Plaur-as 5I81?§ﬁﬂ1gét iR }95 ’the

focusing ghackaRaleR o E4SHISHEF BIRNS IaEs NRBSIR e dASSRRIA G AP IR ol ner Surfaces

of the detector. It is in the nozzle and interface region where 25the mean Treé ion path is the shortest

andlfhe peffistrnaydeta presenteddntiiguie hbitdyiginedhe polyneretfisinney. (h)thyshaxymstEfents,

conducted with th ' [ ihedya W, W&"@ﬁ -detect ICIEARIES | .01to
1 ppb ran%%@%i%@%@%%ﬁép%gg%g sgg;fg ﬁﬁ’rt er testln%{gg/gg‘gig t%%ltg #ﬁ@éﬁgﬁeﬁgg@ww
entirely agHiniiahte bhediviends bgtaripiipniencs fdfieehtehion efigiia 284 candnggeits
capillaries_used for 30 sample ipfroduction. [004661Detector duty cycle jn or}l—g)e onal TOF detectors is

t

fundamertbal G FRRSBYSHORCHHRAHOHES RAMSERLIRT BRSSO SR SR Laigmg B4 M 38Ystems
(ABI), thermgnuiasith e Slequhse dovirhipbineid Witlotd FED L BaRieBagfhdal TOP and FT-ICR systems

may be used to increase the detection efficiency since all the ions are collected and released at once to
the 18enstf Mdnetdsmehs data oRFagweccrie e artinate h e paraastesc@y facy Aesfradi Weh
increased time in tit1e ICR hi%her ass retoﬁuti n i§%)ginedtbut ah}he ex ?n%groft overall duty
cycle of tﬁésgﬁéﬁy%erﬁ%ﬁ%r ? NAEMor ple oY raﬁBfé’sa%IngzerI?nags Afes aef)po)eareténlarlﬁsprove
detection spenaitimbteb asedi fer ithesenstudizs, desusngdasesd fihmatlengaisaifkon i Seneycs before being
releas e I I ol 0! Lo PR G s S A SH ¥ eRc ey of the 8 MDa PEO is

close to unity, then the actual transmission efficiency can be estimated to be around 0.167%

20 (1 in every 600 ions). Using this value the total charge concentration (CT) is estimated to be

about 4.3 x 10-9M. The tbtal concentration of competing species (C¢) is estimated to be

about 4.4 x 10-9 M and a to be about 1.3 x 10-0, The best model fit to the data is also shown
as the solid line in Figure 3.
[0042]) This model suggests several things. First, it suggests that all ionizable groups

25  compete independently for a limited amount of unbalanced charge on the electrospray drop.
Second, it suggests that analyte also competes with itself for this charge, such that increasing
the analyte concentration can reduce the ionization efficiency, particularly for species that do
not compete well for the available charge. Finally, with an estimate of the total charge

concentration (CT) we can make an estimate of the total number of unbalanced chargeson a

30  drop (Table 1). Because we lump all possible charge-competing species into a single species

and we don't have a firm estimate of the actual transmission efficiency, it is possible that the
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critical, axial TOF detectors may be used, which intrinsically count all the ions reaching the sensor
element. ABI independently estimates the overall transmission efficiency of their Mariner platform
atThis is consistent with transmission efficiencies cited by others. (Belov, M.E. et al., JAm Soc Mass
Spectrom, 11:19-23 (2000); Martin S.E., J. Shabanowitz, 10 D.F. Hunt, and J.A. Marto., Anal Chem,
72:4266-417% chagy costtathaiontkstitated vt fidetditanedshnay, wadasepiniateite saggést that
ionization effici is the major source of ion, | through the MS process. [0047] The above evidence
suggests tﬁgfﬁigégﬁf%lﬁﬁga%gﬁ gﬁfhﬁ)ﬂ 8%%%%?ﬁzation efficiency. We believe that this fundamental
limit is due[(04Bhrgd sepatrdéarofieffothhat Sdteadippentrality therngitampatibwef émisttdhsnissienof droplet
formation from,the Taylor cone.%:i ur .Bg?, itjs apparent from local electroneutrality cqnstrajpts that, in
the absencE O PE AT Ho B/ ol TF SR DAIRCEIEAYS AU AR AAOAP Tl organic
ions njust detpeegenti(BeloalBdabeitbiolent paigte.2p7the dvrieteye) TN Ripiheelaaisddield is

applied, charge separation.in the liquid begins tg occur and a local charge jmbalance.is 20 forced at or
near the IGRPSHRACE Il Sgrae SRl B & B‘ﬁr%&?&lﬂ?ﬁ&?&&ﬁl&!‘%r%%ﬂg ERASARRSe of

the applieddigdd vyt the QDY S TowlReasE BT Heda IR S Us, 'ﬁxﬁ-?liﬁlé’tﬂﬁwm\é{tfﬂ@%ﬁ%cgﬁwnded
surface to the spray ti%begins, and there is a cessation of droplet formation. Therefore, this field

strength répas8entdERRORSn - pdtlticiems (7%%&%[56%2389@)&@5%5Whﬁ[@(ﬁ?@d
Approaching the BIORICH PHORMAE AERREHLE Hﬁ@a@ﬁﬂﬁ%%ﬁé&%t%ﬂﬁggm QIR Ehdel)

required to accomplish separation of a drop of unitcharge (q) from the spray tip |s)g| enby:qilv

treo(E0Rd(B)avhase salizdne Ehedirneteo pndidingtieofshel capildaryarsmanimmatstianltentBe and the e

dielectric ¢ ' tiQR. > - I i r ' IS:
predicted t%)le]IZ Eﬁg@ggﬁﬁgﬁ%- . m%@%g%ﬂgnr% 1% g%%?%%%ﬁé}géegg@gfg’#%otrans %%el'?éi field
strengths df B edieimiBorarate®basalntifor doatedmiago pi¥aashreSpapiislys)y ee dtumddhhtitiel
strength of £ESI | imately Jimited e dielectri 3k i ( : fore, we
expect a mog?slr @E#%%gé@%%ﬁﬁé{gﬁ%% |§)§1€§a%§|(flalgl]@ rr‘? é‘ﬁg’f g%étft}%fé%g ﬁ}%@ﬁ&?ﬁ&s per 10
gm drop (Exiplerib)eiitabserastifitbitsoatmelymnbservedens mfrmalgnicrdspigyhep draiothéi-86 thpkted from
the Fi O d.ﬂ{a g bletgi%and %/2 orders-of-q&z&nitud lower than the Bq}/leigh Iw&w the 1-10 gm drop
diaméter ranﬁle. e 5 ﬂwaenocfpgﬁ?éf% T ARl BUEOR of tRBARAnce &aafges Within the droplet in
addition to](igz4]ecTiacte vahitapreaconsist¢hevithtied serdisividy dfecificati affosittihikisheetifotiche Clearly,

thi Il lysis shows, h , that the ionizati in ESI is still letel
unciretcot AEHNER T R BT ACLLTh A0 T RO RN B A LARGR el b

fallacious.conducted over 3 years of operation. The detection efficiency of myoglobin (a 17 kDa

protein) and triethylamine have both remained in the same 0.1-100 ppb range through
20  multiple experiments conducted over many months. These results demonstrate the generality
of the ionization efficiency problem.
[0045] By moving the spray tip past the nozzle and skimmer, so that the sample is injected
directly into the focusing quadrapoles, we further demonstrated negligible losses to the
vacuum pump or inner surfaces of the detector. It is in the nozzle and interface region where
25  the mean free ion path is the shoriest and the potential for ion entrainment in the neutral gas
stream is the greatest. In these experiments, conducted with the same peptide mix described
above, we obtained detection efficiencies in thé 0.01 to 1 ppb range. While this is lower than
previous results, further testing revealed that this difference was entirely attributable to
analyte adsorption to the inner walls of the long (up to 250 cm) uncoated capillaries used for
30 sample introduction.
[0046] Detector duty cycle in orthogonal TOF detectors is fundamentally limited by flight
time of the ions and is about 20%, according to Applied Riosystems (ABI), the manufacturer
of our current Mariner™ (ESI-TOF) system. Axial TOF and FT-ICR systems may be used to

increase the detection efficiency since all the ions are collected and released at once to the
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100491 Also of interest in Smith's work is the observation (Tang, K. et al., Anal. Chem., 73:1658-1663
(2001)) that the total ion current scales precisely with the number of separate spray tips (i.e., 9 tips
yields 9 times the ion current of a single tip operated at the same volumetric flow rate per spray tip).
This observation is consistent with de la Mora and 15 Loscertales semi-empirical dimensional analysis

of ESI, in sshigir thanatgddsutbadrTOR dunncyplesabolindtier Bhatiemnassrathrbéhritpieidavidylor cone
determined by the, dielectri¢ constant of a vacuum (i.e., e->1) and Q4/2. (De la Mora, J.F. and I.G.
Loscertalé%?%ﬁﬁ??lﬁ&?ﬂ?ﬁ%& %gﬁ?ﬁéﬁﬁf%&%&g eQ&fiﬁ@ﬁ@S&?‘BQ&éﬁm&Vﬁ{ is a
maximumdatynihelobfHeinabede heradaiiot saRBe ames RrIdsee S asklpaEiDis MR app e
number is determined by charge separation at the spray tip, not the Rayleigh éKeba.rIe, P., J. Mass

Spectrom® SEROYB53o80R SCRSIH IV RecAEEhIeR T b6 s esBYlated JobAdensumG Ao thes

occusred gk BUISIRIBSIY AR PINBH IRIQLFATPHAT ;s MR IHRREZALIARLANA fisld
strength required to ;e}ﬁarate the contact ion pairs becomes prohibitive (Rd -> 10-9 m and 41->17,000
t

kV/icm, whidiqalnasial (T sletsteaeraayomusrdovia chdntansicablyrown e the inra kaeshinsfther).
Space Imigier sieRean' A iRpelduRRAKER AMAL DL RUALMRIE AR ddAARSY iR ree how T

would be difficult to separate any salts formed during volatilization o atfix, and any

entrainedegantic patéotonaé #0HA &g BhpHissonpstsatiwithivensimisgsspbciemesreiteddnt ¢thgrmtion

5). In gen - f f prpteig i d taj ignal in.Ipo od ALDI
netrumen e B e e e e O 2 O N S B R e
arg ﬂlﬁnenﬂ?'_cF tlHBII$, mlgllé.ak Mmjwnm@nggameé@eammpmmﬁdwmm _phi@rujally aflarge
number Oﬁl'ogi'zt%% 3 S8R ehCbaxample, 0 positive jof Jpode r?ﬁo‘eé’%ﬁ]c%%@erlas'%é%ﬁ}o ?Qgé?te
species with $167 %2 c%arge’s only, venet]ﬁouélﬁ%ﬁer are ﬁlez «E%Iy any T 5A8R EeTEs e,
Arg, Lys, iondioisihiaiih (heWsS BrotessAnnu. Rev. Phys. Chem., 45:483-518 (1994)) has clearly

demonstrgt y eollecting and analyzing all the material liherated from.the target by the ionization
laser, thaﬁ\ﬁizf)l igﬁﬂ?zéf%%e%{fﬁgé%cf@ggeﬁ%s\m s 3&%?5@@%&&?3?%??%@8& material is
ablated freffidiindyANN belfaeethbh thie Faadinneisa/Henstijivdad Eyatige sesarision Brenahend
cowarkers who report (Brune, D. C, et al., pos,ter(ﬁlresented at tkﬁ%\mer. Soc. Mass Sgrectro. Ann. Mtg.,

Chitago, TleEayesHalyy ARmE D o Hits AU SRA S5 RF (oM fesmatianciemdbed BHeREWSs
phase bagiimrefshatmipdippralesoie: 160 eiByRBeLE ARy BhASLaRtf Gihil ansherabdedic efant to

explain why higher analyte efficiencies were seen with more basjc matrices in MALDI Therefore, we

expect thelEFEG il dsetepheatinsmusids Rrlancsdhy-AiBrigiboINS B ASnalliaTsatieitically
applicablg igspeéhFeatmnt Mis Diiteahioeas sipaddd he PEMati PHNARRORREM IS RURIMIO Fi EdO

improve the MS detection efficiency of organic. molecules to at least the 10 zmol level (0.1%) for

orthogon Applirdceharg e sepanativnyimdiqdinuit beginmtonssrrandiadasa chargr imbalares iSpresents a
5 oxgers-efiRoa Mdfear the liquid surface. The degree of charge separation that can occur depends

on the magnitude of the applied field. At 10,000 V/cm, dielectric breakdown occurs in air,

electron flow from the grounded surface to the spray tip begins, and there is a cessation of
droplet formation. Therefore, this field strength represents the maximum potential that can
be applied for charge separation.

{0048] Approaching the probiem of charge separation from Coulomb’s Law, the elecirical

| O]
W

pbtenﬁal (W) required to accomplish separation of a drop of unit charge (q) from the spray tip

-9 || L
v= L4m~:osJLRdJ ©)

where Ry is the effective drop radius, €, and € are the permittivity of vacuum

is given by:

30 and the & dielectric constant of air (=1). From equation 5, the separation of a single drop of
unit charge is predicted to require a potential of 3-0.3 mV for 1 and 10 pm drops,
respectively. This translates to field strengths of between 60 and 0.6 V/cm for 1 and 10 pm
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leap over current ESI and MALDI MS detection efficiencies. Many researchers have been working on
incremental improvements in MS performance since the invention of mass spectrometry. Most of this
work has focused on improving the transmission of the ions through the mass analyzer to the detector
element. However, contrary to conventional 20 wisdom, we present strong empirical evidence that poor
ionizationdrffpsicrespentiviie. fdieecd] totrical fizldiskeetigthnefEH e cbtimmdedy, limtiied bytthadselesfitive poor

detection effigiency in mas rometers. On the weight of this evidenc d orting, models, we
propose thﬁe&eogf\;}o#nﬁgn@@mr%@ﬁkﬁéeﬁ#gﬁ%w e?%Bﬁ‘é aé‘%gﬁé‘ﬂﬁ‘e%%g?émp(% %Egla%?gﬁ&This
approachi&ﬁrpfael_ltﬁm tﬁdgrwi@gimldﬁr &ﬁkﬂﬁﬂt@l g n'@smﬁdﬁaﬁgit@ﬁgl%&lis D_)easl’ﬁés’ﬁd Etinnate s!ati.\t/ed
new approach, for imprqoved grganic. molecule ionizatjon is needed. to br is.5+ grder-of-magnitude
A C R AR S o R e S AR
charge by afgine-onRAghivede bhedhe the ReYIBRIP IRaD (R RIBtve P el diEptangdrom the

sample of interest. This may be achieved by use of a proton ion beam to generate positively charged

ions or ant 36 Ehaps & Hretierl B and disbiticnofukakased chagges iwidun dhedsopld i8AddHIRPLe
introduce, g e heRSAlEREJeSRRIPHTREMA LRE é?%iﬁ?? RRIEAF YRS BAY Rt diiRpuced directly

to the solid sample matrix by using an ion or electron be andem with the desorption laser. [0054]

lon beam€lgridyndhis onesalhanalysissharsibawe st ust ither tenizationpriwesstivrESTissetidlnet organic
ocules, o the ) A )
potontal, DA wASLEAeE 18 LR A SO SRR T0Ys PR SHRHOREY, o

analyte witayuy tiebestiltemoasof the spray potential. 5 Bypassing the application of spray potential has

at least twp sigpificant advantages qver normal.elecirospray: (1) ayniding the redox chemistry that is
always a\gggégfed@v%ﬂ ‘gé/P?ﬁ%q’gvlﬁ%ﬁlggnsaxé%rrlé%fe?%%rongﬁ%}/sv?%%& ,X%gr?(’%{ d%‘u idé(’ %I?'n s’,‘2 Hasociate
specific NP3:-DEVE 2663 (RQ0IEReth dt\tiehtaita]i ieneiirent d (@l ps e einbly toithr thedentibes-ofseemrmead"
which could greatly reduce. sampl sumptian by synchranizjng ion formation with detection on 10
mulichar WERIAIES fbfei SoHRTARES SRS LHE O BEFGI P10k SRE)F R SPEFRIER BhBESETRith
electrosprayhifitaad Blove aaPiRiS et UBhistshizmtidnisesasstepieriodédaMenesabsary for

TOF and jdeal for FT and ion trap jnstruments for gptimum sample utilization, i.e., 100% duty cycle.
whilg meltfsagHales SeRmPRIRS A Amensing! ARy i m@eir i%ﬁm‘&ﬁﬁ?éﬁwthﬁg is’an

"ions-on-ggpbuBdlFeEitEe dsaecirtenbat IMPigumiath Mo té@eeictérnhaeding the deldteit at the end of
a capillary using a proton beam and directing the resulting charged droplet through the interface into

the masseomstarsiobeeyatass Gsactra-ridyne Qcdird@erirMarohd fondddidosaestalgs drfpiet. An
altemnate girajeoydh {5 OTRLARAN OfeRARd HRGANIGAOSIGFIEAioRIAlAREA|ey introduce them

through an intetface, and charge edch plet using an similar strategy may be used for
the directaaxi20mapivrdeslgSimbakincgd ghatgde thah e ds bawiedapardropses] thhidchiamaampted from

the.atmosphere in real time. Real time single particle.analysis has been done using laser ahlatjon TOF
Mt S e B B e et Rl T o,
J. Am. SddabdSpretiperiyB35:304186B(2000)) 12858 forl dnoipdetrbreafiqufficient energy may fragment and

directly i roteins. and other biomarkers in bacteria 25and viruses. The resulting jon spectrum from
cach parstis ey QBGREH BPSGOE AR ST O T S PEAER SURREIaR ey
time-conshiengag pleasenelati vMADD Eionigktiprgpthkafiel steshgtisre{fidead|ttnskpatdid, thiecprastded ion or
electron beams may ablate and ionize sargg}lg?s directly without the need for the laser and matrix. This

simplifiePgimprepmgsperighitive (g -30>sdhvpie arday be-d it lavismiordusliris saarmtbaas sharp
rid or oriented.nanowires that would provide high electrig field on chargjng.with an ion beam.
ThigelimTAESS BEAaRR RS srsp e havtibe Scleaihs ieelidoma of ek Seree RN B P heaks
that limit aetmHbNMARI B FMATIDIRIMIRAL 6GANYOwever, it is easy to see how it would be

difficult to separate any salts formed during volatilization of the MALDI matrix, and any

entrained organic ions (once in the gas phase), based on this charge separation argument

(Equation 5). In general, 1-100 fmol of protein is needed to obtain a detectable signal in most
30 modern MALDI instruments.

[0051] Unlike ESI, it is generally accepted that ionization efficiency in MALDI is poor.

One argument for this is the lack of highly-charged species generated from analytes with

potentially a large number of ionization sites. For example, in positive ion mode, proteins
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[0056] This new empirical evidence and theoretical argument clearly points to ionization efficiency
being the limiting factor in MS sensitivity. Thus, since poor detection efficiency in MS is caused
primarily by poor ionization, the addition of excess unbalanced charge would greatly enhance the -
detection efficiency. This cannot be achieved, however, by increasing 5 the field strength in both ESI
and MAL Rdrthnslty idietee tocgenepdtd gpetizsnsithinlsorHE ¢iageponlye rien thaighihrsdbis limitation by
adding additiongl unbalanced charge through the use of ion guns. A prqton gun would be used to add
crease BBTHIEET TR TS SN FnPBIOIG) oo At ok A7BRGIER holow

that needprh k0 GRBAAUSSEZIURIN 9Py enrialiarl Ol GRiRREMEdVPY bllectispatisamIopag sasidual

protons in 10 negative ion mode. [0057] Fast atom bombardment géAFD) an ignization technique

normally &Rt Wharatniiom be e by the donzationslssck dhat MALDAemization 3. and D.

Leonard, ¢figl-hefapMAREA AR BRSOt de 2t A SPRA ARE RO MIRJA NPl SH a2 HeaNiRg.
(Mahoney, J.F., US 5796111, (Aug. 18, 1998): Mahoney, J.F., US 6033484 (March 7, 2000)) has also

15 been ok sHefaehiz dlbnassatinarie sl Rimpeitedatbe sexdir ad B pus: andxawerkes wio
Mahoney. [ 2 -996- 4% o a&grnett, and
‘@fﬁ? rble é?é%%%l.k@s;t%? SCARPL DR %93@%?%9@%?5‘%&%& RN

T.D. Lee, Ra 117117411 ectrom 1998:4 (19 Mahoney, IF. et af., Rapid
COM172Chicrgas sPdey 372 3).44001))3hq optimiZasinalfikErtveicadvVhbiuge matrioes heserasse ions

are accelpiaied AR Bl oF MEnAti IRILIQNEN88 Ses i A uaam g surface

with a enou omentum to cause ablation or sputterin part o erating neutral atoms
and (bns frgumket dolkixplainuvinchi ghaBaisabyfte effimichesheeiriteds pritleimy sbasternfatseasandary

neutral ctrometry (SNMS) methods. (Mathieu,.H.J. and D. Leonard, High Temp Mater and
Processel A h AT O0Es e AAb S s PR 108 B RIS R B e ot
leads to Sigeldwashiaidibofitdriegiheniplioahleihichoto B Icmky IEARI tevhnitpikxd by derivatization.
(Wagner, et al., Biol. Masg Spectrom., 20:419-425,(1991)). [005 ile ions with_a large
momentu‘rﬁﬂg?l‘sbl ne% HW&H@@V&?&%S@%&W&H&’W W@%&YS&@%%%‘S%W& ?ﬁ%@%’g%uitable
for addingfusrpaldnandlpasiéy e cihiecas thdq0 giusldeselr(0rdIpfordithckorRiEMS détoctoas audake by
ESI| or MALD]| met ith and 30 coworkers showed that passing droplets generated by ESI
thrddgh avemjo[%Zfﬁ%%@{éﬁaﬁ\&g&%@?@mﬁﬁéﬁ%ﬁéﬁfw?ﬁ a“-gﬁéi’goﬁ%ﬂa&iﬂ%"é&th gas of
ions creafespfenigt airpeREERIQROMed BIMPddidtidioe iitheils. (Srall Msebtched/RatRREnand L. M.
Smith, Anal. Chem., 72:52-60 5_2,000).) reduces the number of multiple charge states on proteins and

DNA. In (HOEKIRE SEMETSTBSR Loueapratim MS pertormanss sipetdhemysation g essipping
unbalancgsbpreiaRe-AnRIRIANS KTk he RUERA GSitHRS Bhd MtRIaiRIAsSRAUsH MR RUPled

plasma MS (ICP-MS) is also used for high sensitivity elemental analyses, but is generally limited to
metals artBrpuh themass analyzen 1o thedrisctanelament.s Hevwey orreenliary trAsaveNipnake7:407-413

(2099))- HAvieyh! we ﬂkﬁéﬁ?@ﬁ%eéuﬁ?ﬁii@ﬂ BRI NBISIANS HEARIER lRAST ERdt ARtaRE POt

positive and negative ions, as well as'free electrons, so the mechanism of charge reduction is unclear.

Furthermbieiong iafislethsrmastsnrstrempirants thesteohsevep ofttre poor detection efficiency in

mass spectrometers. On the weight of this evidence and supporting models, we propose the

use of ion guns to increase the unbalanced charge available to promote ionization. This
approach represents a technological breakthrough for the field.

25 [0053] It 1s clear that an innovative new approach for improved organic molecule
jonization is needed to bridge this 5T order-of-magnitude gap in MS detection efficiency. Our
basic technical approach is to generate additional unbalanced charge by adding (in positive
ion mode) or removing protons (in negative ion mode) protons from the sample of interest.
This may be achieved by use of a proton ion beam to generate positively charged ions or an

30 electron or anion beam to generate negatively charged ions. For ESI, the ions may be
introduced to the drops during desolvation. For MALD], the ions or electrons may be
introduced directly to the solid sample matrix by using an ion or electron beam in tandem

with the desorption laser.
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[0059] Evidence that a low energy proton beam may be able to increase ionization 10 efficiency also
conies from the use of electron beams in MS. Electron beams (ranging from 20 to 1000 eV) have been
used previously to ionize neutral inorganic gases in MS (e.g., CO, and NOR.). (Adamczyk B, K.
Bederslci, and L. Wojcik, Biomed Environ Mass Spectrom;16:415-7 (1988)). These high energy
electrons {fthte lmmhetipiicityohpaesitheribesefitaninlad ditory doigreaty snanchsimg VSudeteetioenergy

that they fragment organic 15molecules in the gas.phase, (Biggs J.T. et al., J Pharrn Sci.65.261-8
(1676), O Y P ERURGYURECHEn ESFAS Y DEE e HILRS Qs TOR BEEL I AORORabher, and
M.L. Deingéith Ahebbpleen écibbpray potehtial Hoairhtiolligian bidubizasidulledhaimpedbiBarplicdtior, P.H.
Mazurkiewvic, and M.L. Deinzer, Rapid COMM'? Mass S/pectrom.., 13:1850-4 (1999)) used in

conjunctid Wit PRy PEFIERERR PR ST bAIN FBRIVIRBHARY the assistancr e s fevnaieadle

fom3ationEfaRemRb/ the HHEa9nS I ﬁ‘?ﬂﬁkﬁ!&ﬁ%ﬁﬁsr@gé%ﬁ\%“s@mﬁﬁﬁH@ﬁl@d@és[Q@éo] Similar
to the experience with electron beams, high energy MeV to GeV proton beams are bein% used as a

replacem &t HeRlslerternsay €1 avoiding dhe sdrgi Gheapistiosiehs alvays associpted wi 83drg Clin
N Am., 1%@?15@&{118@%21&' %ﬁ%@l(@é;%ﬁ@é%&éﬂﬂ@%ﬂﬁ isfcdte dpBeifidéa0QRAIKISCh

E.B.and C.D. Koprows '., Senzin Urol Onco/;18::214-25 (2000_)) and as a replacement for fast atom
surface cleemplgxesthyigbesging i) laadd Py theability taprvidedigasofodemendtpukich eheke uses

support th (i i ) Ir lonjzat e |

onon-de A A e B T R e
deterfninaduhtatlratoeB datat fiontostagots sEthasdSTa MO K endaatitapy 2SS spettpeneteste Witter to a
depth of aek?o%tr (Z)LS m whil%aa[\.SEV d%r%otlcénsvx‘/:icl)l {anetra&e/ ctg a deg(i?wr}‘]" Qé%g gm. él'ehgffjgslt ionization
potential 0 s ggeaéfé?)%anl e’\/"} Br& ore, 2 B-P4s pr%%l}l]s ouid Hot s S18c i THE From organic
moleculesnbedsshoy ihsFOR sadditalrfoaBElead potons isthedests dor@ptinninnsathpsteentHratioprotons

should act to ralize any anigns. present in the.salt or droplet and enhance organjc ionization, [0061]
e NEC o GadRu Tty D h SRR SR E AT ot R bAEF REALS to
bath gas aolistoeficiénsys nat dqnsbisdefoadd Apilted/bitrds mahbadyslenttnttelbst diwetlypressures,
and_ we haye already demanstrated a low_pressure ES| head (Figuye 4). [0Q62] The remaining.

con \%era )ﬁﬂ%%@?&@ﬂfﬁg&f&; éﬁﬂéaﬂa?%ﬁ?ﬁ%@n%?ﬁ%eﬁa%ﬂ? ) to
the ion clugigiseardepie thivugletiovmryhitatiiao Thésnilass pteerianecrvibespectraraay Aaalysis of the -
flow dynamics, of a typical micro/nanos}gray 10 ESI system (gL/min of a 1% acetjc acid solutio

: n)
suggests FGEESH AR A 1005 SREME B8R I ‘SHPE R%nm%%%%sam@ SR E9BHT g on
the MS dejgdenhasgaRingdpieioncetiic drbgistrdirmaaie/iffrobact theRTtieoudinanshiryrbiseay be

positoned.t any dotancs fom about O (Seniersen e nozzle) o 06 em gy o e ozl

20 rapid analysis of single particles, such as bacteria or viruses, which are sampled from the
atmosphere in real time. Real time single particle analysis has been done using laser ablation
TOF MS that provides elemental and limited molecular information on small molecules.
(Morrical, B.D. et al., J. Am. Soc. Mass Spectrom., 9:1068-1073 (1998)). Ion beams of
sufficient energy may fragment and directly ionize proteins and other biomarkers in bacteria

25  and viruses. The resulting 1on spectrum from each particle may potentiaily provide a unique
fingerprint of these types of samples without time-consuming accumulation and sample
preparation methods.
[0055] In MALD], the proposed ion or electron beams may ablate and ionize samples
directly without the need for the laser and matrix. This simplifies sample preparation, i.e., the

30 samples may be directly dried to a surface that has sharp ridges or oriented nanowires that
would provide high electric fields upon charging with an ion beam. This eliminates both the
need for a photon absorbing matrix and the associated matrix impurity peaks that limit

normal MALDI analysis in the lower m/z range.
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- maximum crossection for the ion current of 0.15 cm2 and the need for an ion flux of about 17 15
mA/cm2. However, very little of the acetic acid is ionized at the matrix pH, so the proton flux required
may be substantially less than 17 naA/cm2. Lowering the sample delivery rate to the spray tip to 0.1
gl/min also cuts this requirement to 1.7 mA/cm2. The NEC source delivers a proton current of 10 gA in

a beam difpgssjon THIS sRMHBMSIERRP:NIARESHN IBesratield AribbnehabREHY NPicGioatsm the

minimum theoretical requirements. An 20alternative configuration is to inject the ion beam along the

axis of iorefildeicnembeidgdhsdimiting foctor i S Hemdtiniys Thufy saceRooksetectioniabififgedion
gun at theNgymipgh &OFRTHRG10B P 86? 1BNaIRAS e kR SYehdbal thpdRnR &legiad fraBuige ion

gun oppose the flow of 'source loris through the déetector. Another suitable configurations to offset the

spray tip _@@atbe@m&mwm @Mﬂﬂﬁo@ﬁmb@ aphigved, hmapplbmfgxmamgzs beam
from the '%%%i&&?é%ﬁﬁﬁ%%ﬂﬂﬁﬁ i ragi| ﬂﬁg'&\?e VY A A BRALSRIARS (ARRAHR, [0QE3] The low
n peam a SO only sultable 1o

energy proto roach’is a r organic compounds containing nitrogen, oxygen,
and sulfuphetent venditeo wercoawdifivhinddtiondyraddisig s dtienslhebalanced)cicge themgh is not
fragmented or ionized by stripping electrons from the outer molecular ogbitals, then the iop must be
formea by e S e R s I e R S e R o
containedmodee Sini¢lanlsy slowknergyalcoisdrpemysyiitoarizvergyrbplomndsat astaledtocienerate

heteroatoms; therefare, this approach remains widely applicable. [0064] A complicating issue in
VinL D is TEOER A TR A R FE AR 00 5 FREE YA JECLEPASHo ) ave
been(optimégathe@vimtitodears for maximum interaction with the lasers used for ionization and their
ability to transfer charge to the gg%l tes of interest. 5[0065] Detegtion efficiencies in negatjve, ion mode,

Il
which is oftdR seﬁ%&%ﬁwgt@a éﬁy@a&&m&e%agc P SOLmENY-ASIP pHaIEG Mafh
sulfonatedaintisaaradalsdiéially. asiets) anganinarasing. (Matise HIal vid v/ akinka Jgmgr than those

observed in positive ion made. Here we believe that the problem is an overabundance ofi%r)otons or

unionized BRMAISH AN 1asassatit ittt id TRy Andptran s Vel st cr SlsAnad #bPREMpete to
be rid of a1y awRIghirs PIRIQARE NEIRIOE I MRS, Tiereforsoibisrasrrab'e, tepasstiaban anion

beam or even a low energy electron beam may serve to scavenge excess protons and improve the

ionidationtssrisse for theponiealomaf seaasiet Eambiant] matgices;seorngt e SeidcPok s antk
(E-beams) hanphesdyURGHIPABHMAEINES BY2aHoH 8isyeane01PioaylesiaeHey protenglonating and

accepting sites (e.g., aliphatic 15 and aromatic hydrocarbons). In these applications a high energy

E-beam i§@mesttedns: ThP retrr Rapid cowanrcdfrsimpectienhaRid 3ol dASYBMeroaaightenergy

I dih d jcal i ippi iti [l |
honts (AR e T ARt e T8 oSl A Siices e T "
transmitteg g defRcted by Hhe laRsARRYFah EIRERIOBIAGHIBHS HeRiiY £ AP RE ) Where

labile acidic protons generally exist, high energy E-beams may not be ideal due to generic

fragifentAMERBRSBRHE) eré‘&éﬁ%}"l_ﬁbrﬂ:éﬁﬁé‘%lh@@@é@ﬁ&?é@, Qh@saﬁléﬁan&n HRteE Yart may
lead to rquqx@'s_ ; @%Aﬁﬂg@@ﬁﬁ%ﬁ%ﬁ&%ﬁmﬁgrﬁbﬁyﬂmsnigﬁq{%&%ehvﬁ@?@&éﬁh&@&reby
retalnlngt etyplca Soft” lonization o

o] normal ESI and MALDI The predominant benefit of examining

E-beams 3s the ivdiahmpraitermgsbitiefof Bordaynsived ihasmspastitbmetab(SISNESY msthods. 0-100
keV (Kimbgyl FONSies ;YU Yebnard, High Temp Mater and Processes, 17:29-44 (1998)). Tt has
been used to enhance the ionization efficiency of peptides, but leads to significant levels of
25  fragmentation, which could only be partly controlled by derivatization. (Wagner, D.S,, et al.,
Biol. Mass Spectrom., 20:419-425 (1991)).
[0058] While ions with a large momentum are needed to ablate solid surfaces, lower
momentum ions (e.g., protons) may be suitable for adding unbalanced positive charge to ion
clusters or droplets already released from a surface by ESI or MALDI methods. Smith and
30 coworkers showed that passing droplets generated by ESI through a corona discharge
(Ebeling, D.D., et al., Anal. Chem., 72:5158-5161 (2000).) or a bath gas of ions created from

an o-particle source (e.g., 241[Am] or 216[Po]), (Scalf, M., M.S. Westphall, and L. M. Smith,
Anal. Chem., 72:52-60 (2000).) reduces the number of multiple charge states on proteins and
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[0067] Alternatively, the generation of a wide variety of atomic or molecular anionic beams of specific
energies is viable. For example, Mitchell et al. describe the generation of methide (CH3-) beams of
various energies. (Mitchell, S.E., et al., poster presented at the American Physical Society DAMOP
Mtg., Santa Fe, NM (May 27-30, 1998)). Using methane as a 30 precursor, the resulting met,hide beam
is very weBNAoviaibesanaseartbe bathripnaarsabloioretinain dheiion Alustemacxrdlizingursor.
Methide apy f : lj ot lﬂ'%g‘pfl r:hj I aE}r itivity
enhancemgéﬁgﬁt}ggﬁé)%gl%%%ﬁ%%%gggﬁfﬁg%%%rggﬁ g*ﬁr%ty re a?i%‘/%dt%é%rggnﬁg# yogm Ic protein and
nucleic acliduestiiedy (Tapledd)lasnmeSddCBRN S aleniitsed dot fiigh/sensitivetpelamentadliscriminately,
leading to possible . fragmentation or unwanted, side reactions such as 13-elipinatigns. Selectipn of an
aron wit A CAL SR e B A e DS B T S B R iy be
moreSappDiate Erssioa s dledd ) (isea BT id0F-416n(2000)), il abeverthiatadl thatercdsebaheibto be the

source of excess projons) gng loyer than that,of methide, (suggesting that it will not 5 strip aliphatic
hyd rogens%?ﬁ’lfb’g&fﬁﬁ Wifﬁqbg]ﬁ#ﬁﬂﬁ 8%%%@%%}&%%%%3@ %ﬁgfévgﬂmﬁrﬁgg’fﬁeain alyte
without repred@leditshef db ehanabokahisy AL ehire Nigdu dia s shrldarb ransibrfiene e effeers @n
ammonia plasma. While the gas-phase proton affinity is the most likely metric for MALDI, liquid-phase

basicities AESFHORSEisIeNEHEHR AR FRBAtedh select an anion beam for ESI since the mechanism of
ionization jise 108AadAter 1ReL0bV Bl SN ProfnBRaseR e USRS IR GERANdRSAlifar a selection

of an anionic beam for sensitivity enhancement in MALDI "soft" negative ion mode ionization may be

obtdifablefBeismenrlsecromss Brsidieivrrkilspaderms ioVin FrsrambeamoEmems&PRgher
than phosphediestey {¥58velinghaed ﬁﬁ%ﬁ?ﬁ% (4423 kdimalidrbiess thas M eIsidg-cow

moieties such as aliphatic alcohols (15 (Table 3). A 15 possible contender is H ), with a
proton affimity NOLER S5(Aamdyyk BeKnBEéddEi, ahdildWe] ciladipnthmblefr dfassSiH4 plasma or by
mass-selection upon sputtering from an approgriate Si surface. Table 2 Common MALDI lonization

Matricies GReRECRABTLIMALS B8k trEhsseryi shrrngtaey (Srptiana gensratora mauliplimty)ohroonng ))
Analyte Ml d-830hE ﬁ%&%ﬂ%%@s AEYROOrSdTpeion. Qﬁ?gyn}.ﬁa@ﬂ.i@y fragment organic

15  molecules in the gas phase. (Biggs J.T. et al., J Pharm Sci 65:261-8 (1976)). However,
lower cnergy electron beams (e.g., 0.025 to 30 eV) (Laramee J.A., C.A. Kocher, and M.L.
Deinzer, Anal Chem 64:2316-2322 (1992)) and collision stabilization techniques (Berkout
VD, P.H. Mazurkiewic, and M.L. Deinzer, Rapid Commun Mass Spectrom.., 13:1850-4
(1999)) used in conjunction with higher energy electron beam ionization MS have been used

20  to enhance the formation of negative organic ions in electron capture negative ion mass
spectrometry.
[0060] Similar to the experience with electron beams, high energy MeV to GeV proton
beams are being used as a replacement for excimer lasers and X-rays in surgical applications,
(Harsh G, I.S. et al., Neurosurg Clin N Am., 10:243-56 (1999); Hug EB and J.D. Slater

25  Neurosurg Clin N Am;11:627-38 (2000); Krisch E.B.and C.D. Koprowski, Semin Urol
Oncol;18::214-25 (2000)) and as a replacement for fast atom surface cleaning techniques.
While, these protons are far too energetic for our purposes, these uses support the assertion
that ion beams may be used directly as the ionization mechanism (ion-on-demand) not just in
conjunction with ablating laser or electrospray techniques. We have determined that a 50

30 eV proton (National Electrostatics Corporation (NEC)) will penetrate water to a depth of
about 1 pm, while a 5eV proton will penetrate to a depth of 0.15 pm. The first ionization
potential of C is greater than 11€V; therefore, a 5-10 €V proton should not strip electrons

from organic molecules but should serve to add unbalanced protons to the ESI droplet or ion
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cluster. Such protons should act to neutralize any anions present in the salt or droplet and
enhancé organic ionization.

[0061] The NEC proton beam will only provide sufficient ion current below 100 torr
because of ion losses to bath gas collisions. This is not a problem for MALDI, which is
already conducted at lower pressures, and we have already demonstrated a low pressure ESI
head (Figure 4).

[006Z] The remaining consideration is the proton flux needed to ensure that a sufficient
number of protons are delivered to the ion clusters or droplets in the time available. This flux
is the ion current per unit area. Analysis of the flow dynamics of a typical micro/nanospray
ESI system (<1.0 pL/min of a 1% acetic acid solution) suggests that a maximum balancing
proton current of 260 pA may be needed. The nozzle opening on the MS detector accepting
this ion current has a diameter of about 0.025 cm. The spray tip may be positioned at any

distance from about 0 (centered in the nozzle) to 0.6 cm away from the nozzle, presenting a
maximum crossection for the ion current of 0.15 cm? and the need for an ion flux of about 17
mA/cm2. However, very little of the acetic acid is ionized at the matrix pH, so the proton
flux required may be substantially less than 17 mA/cm2. Lowering the sample delivery rate
to the spray tip to 0.1 pl/min also cuts this requirement to 1.7 mA/cm2. The NEC source
delivers a proton current of 10 pA in a beam dimension crossection of about 0.01 cm? for a

proton flux of about 1 mA/cm?, close to the minimum theoretical requirements. An
alternative configuration is to inject the ion beam along the axis of ion flow from the target or
spray tip through the mass analyzer. this means positioning the ion gun at the terminal end of
the ion beam in the mass analyzer, such that the ions ejected from the ion gun oppose the
flow of source ions through the detector. Another suitable configuration is to offset the spray
tip or target from the ion flow direction through the mass analyzer, then applying the ion
beam from the ion gun coaxially, and in the same direction, with the normal sample ion path.
[0063] The low energy proton beam approach is also only suitable for organic compounds
containing nitrogen, oxygen, and sulfur heteroatoms that are readily ionized to form positive
ions. When the organic molecule is not fragmented or ionized by stripping electrons from the
outer molecular orbitals, then the ion must be formed by protonation of a weakly basic
heteroatom deprotonation of a weakly acidic heteroatom contained in the molecular structure.

Fortunately, most bioactive compounds contain such heteroatoms; therefore, this approach

remains widely applicable.
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2,4,6-trihydroxyacetophenone  3-hydroxypicolinic acid anthranilic acid salicylamide nicotinic acid
Organic Molecules 2,5-dihyroxybenzoic acid IR

[0064] A complicating issue in MALDI is the interaction of the ionization matrix with the
ion beam. MALDI matricies (Table 2) have been optimized over the years for maximum
interaction with the lasers used for ionization and their ability to transfer charge to the
analytes of interest.

5 [0065] Detection efficiencies in negative ion mode, which is often used to investigate
phosphorylated (nucleic acids and phosphorylated proteins), sulfonated and carboxylated
(fatty acids) organic species, have generally proved to be lower than those observed in
positive ion mode. Here we believe that the problem is an overabundance of protons or
unionized proton donors in the matrix. It can be imagined that the various proton donors

10  compete to be rid of any available protons in negative ion mode. Therefore, it is reasonable

to expect that an anion beam or even a low energy electron beam may serve to scavenge
excess protons and improve the ionization efficiency of negatively charged species.
[0066] As discussed above, electron beams (E-beams) have been used to promote the
ionization of organic molecules lacking proton donating and accepting sites (e.g., aliphatic

15  and aromatic hydrocarbons). In these applications a high energy E-beam is directed at the

neutral gas stream containing the analyte. Collisions between a high-energy electron and the
analyte produce radical ions by stripping additional lower energy electrons or proton radicals
from the analyte. The resulting radical ions, or their recombination products, are then
transmitted and detected by the mass analyzer. For biomolecular sensitivity enhancement

20  where labile acidic protons generally exist, high energy E-beams may not be ideal due to

generic fragmentation and chemical reactivity concerns. In these cases, the use of a low
energy E-beam may lead to removal of the more labile acidic protons (to form hydrogen
radicals or hydrogen gas), thereby retaining the typical “soft” ionization of normal ESI and
MALDI. The predominant benefit of examining E-beams is the commercial availability of

b X 3 AT

inexpensive E-beams wiih tunable energies from §-100 keV (Kimbail Physics, Wilton, NH).

N
(9]

[0067) Alternatively, the generation of a wide variety of atomic or molecular anionic beams
of specific energies is viable. For example, Mitchell et al. describe the generation of methide
(CH3") beams of various energies. (Mitchell, S.E., et al., poster presented at the American
Physical Society DAMOP Mtg., Santa Fe, NM (May 27-30, 1998)). Using methane as a

30 precursor, the resulting methide beam is very weak; however, an intense beam can be
produced using diazomethane as the precursor. Methide anions of any energy, however, are
most likely not suitable for biomolecular sensitivity enhancement, based on its very high gas-
phase proton affinity relative to exemplary acidic protein and nucleic acid residues (Table 3).

A methide ion beam would most likely remove protons indiscriminately, leading to possible
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fragmentation or unwanted side reactions such as -eliminations. Selection of an anion with
a lower gas-phase affinity may be more appropriate. For example a beam of NH, may be a
more appropriate choice (Table 3) because its proton affinity is above that of water (believed
to be the source of excess protons) and lower than that of methide (suggesting that it will not
strip aliphatic hydrogens). Thus, the NH; beam would be expected to adequately
deprotonate and ionize the analyte without reprotonation of the analyte by water. An NH;
beam should be easily generated from an ammonia plasma. While the gas-phase proton
affinity is the most likely metric for MALDI, liquid-phase basicities may be a more
appropriate metric to select an anion beam for ESI since the mechanism of ionization lies at
the interface of liquid- and gas-phase chemistries. As an argument for a selection of an
anionic beam for sensitivity enhancement in MALDI, “soft” negative ion mode ionization
may be obtainable for nucleic acid and protein ionization by selection of an anion with a
proton affinity higher than phosphodiester (1360 kJ/mol) and carboxylate (1429 kJ/mol), but
less than other side-chain moieties such as aliphatic alcohols (1569 kJ/mol) (Table 3). A
possible contender is H3Si", with a proton affinity of 1525 kJ/mol). A beam of H3Si" should
be readily obtainable from SiH, plasma or by mass-selection upon sputtering from an

appropriate Si surface.
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dithranol IF Table 3 Gas-Phase Proton Affinities of Selected Anions (Values compiled from the NIST
Chemistry WebBook, Standard Reference Database No. 69, July 2001) Anion Proton Affinity (kJ/mol)
CH3 1710 NH2- 1660 01-1- 1607 CH30- 1569 113Si- 1525 C6HSO-

Table 2
Common MALDI Ionization Matricies
(Fluka, MALDI-Mass Spectrometry, Analytix (Sigma-Aldrich, St. Louis, MO, June, 2001))

Analyte Matrix Laser

Peptide/Protein

o-cyano-4-hydroxycinnamic acid

sinapic acid

2-(4-hydroxyphenylazo)benzoic acid

succinic acid

2,6-dihydroxyacetophenone

ferulic acid

3 gl Sl B Bl 8w

caffeic acid

Oligonucleotides

2,4,6-trihydroxyacetophenone

3-hydroxypicolinic acid

anthranilic acid

salicylamide

nicotinic acid

Organic Molecules

=

2,5-dihyroxybenzoic acid

isovanillin

Carbohydrates

2,5-dihydroxybenzoic acid

a-cyano-4-hydroxycinnamic acid

3-aminoquinoline

1-isoquinolinol

S G| S| B &

2,5.6-trihydroxyacetophenone

Lipids

dithranol

H
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1430 CH3CO00- 1429 Cl 1360 (CH30)2P(=0)0- 1373 r 1294 5[0068] ESI provides the greatest potential
for success since the ions can be introduced to the droplet after it leaves the spray tip and before
desolvation where solvent separation of the ion pairs may assist us in charge separation before the
formation of salt clusters. A low pressure ESI microspray head, similar to that shown in Figure 4, can
be used with an off-the- shelf TOF analyzer. The heTdiglessgn may be altered by the extension of the
spray chamber 10 to allow the infrodygction of an ion beam or laser perpendjcular to the spray direction.
In addition, a separate port may é‘sélg gfﬁ‘gm‘ig Pﬂfféﬁsgaa(% 'S‘ﬁg%tgé%rough a micro-metering

valve to mairiass poRpRdtEReanine/IEtherprREBESIK, Eisnaar RieseRYs B akB4AEE ME1B0aluly 2001)

modification will serve all subsegquenttasks-invelving-ESI. [0069] We believe that the low energy (5-50
eV) proton beam (NEQ) is the most logicall 15 starting &i’@ﬁ%‘f@#ﬁﬁgﬁive-ion mode MS. A low-pressure
MALDI ionization head may bg,mgslified tg accept an ion gm@/gﬁ&fpdem with the ablation laser. The
positioning of the laser_and ion gun will beloptimized to maximize sample ionization} using the same
NEC proton beam. A t"lerl@ﬁadesorption system (i.e., infrareglgser) rather than UV|lasers for this test
bed may be used to mjnimize the potential confounding effects of UV induced fragmentation and 20
recombination with energéfildprotons. Taljle 4 1660

OH 1607

CH30O" 1569

H5Si 1525

CeHsO 1430

CHsCOO" 1429

Cr 1360

(CH;0),P(=0)O 1373

T 1294

5 [0068] ESI provides the greatest potential for success since the ions can be introduced to
the droplet after it leaves the spray tip and before desolvation where solvent separation of the
ion pairs may assist us in charge separation before the formation of salt clusters. A low
pressure ESI microspray head, similar to that shown in Figure 4, can be used with an off-the-
shelf TOF analyzer. The head design may be altered by the extension of the spray chamber

10 to allow the introduction of an ion beam or laser perpendicular to the spray direction. In
addition, a separate port may be added for the controlled addition of gases through a micro-
metering valve to maintain piessure control of the spray chamber. The same test system with
minimal modification will serve all subsequent tasks involving ESI.

[0069] We believe that the low energy (5-50 €V) proton beam (NEC) is the most logical

15  starting choice for positive-ion mode MS. A low-pressure MALDI ionization head may be
modified to accept an ion gun in tandem with the ablation laser. The positioning of the laser
and ion gun will be optimized to maximize sample ionization, using the same NEC proton
beam. A thermal desorption system (i.€., infrared laser) rather than UV lasers for this test bed
may be used to minimize the potential confounding effects of UV induced fragmentation and

20 recombination with energetic protons.
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Summary of Key Innovative Approaches Key Variables Innovative Approaches MS Sensitivity (+) ion
mode ESI Novel ionization methodology (ion beams) (-)-ion mode ESI Novel ionization methodology
(electron or anion "proton-scavenging” beams) (+)-ion MALDI same as above (-)-ion MALDI same as
above lon-on-Demand Liquid-phase

Table 4
Summary of Key Innovative Approaches
Key Variables Innovative Approaches
MS Sensitivity
(+) ion mode ESI Novel ionization methodology
(ion beams)
(-)-ion mode ESI Novel ionization methodology

(electron or anion “proton-

scavenging” beams)

(+)-ion MALDI same as above
(-)-ion MALDI sanie as above
Ion-on-Demand
Liquid-phase Direct ionization with ion beams
Solid-phase 1) Direct ionization with ion
beams
2) Articulated surface

Particulate fingerprinting | Direct particulate charging and

fissioning with ion beams

[0070] The optimal electron beam would be of sufficient energy to neutralize labile protons
of the analyte (i.e., carboxylate protons) without removal of protons of much higher pKa or

5  induction of unwanted side reactions such as eliminations or rearrangements. An alternative
anionic “proton scavenging” beam. The appropriate anion would have sufficient gas phase

basicity to remove labile protons of the analyte without pervasive side reaction with organic

[0071] Independent of any sensitivity enhancement provided in either ESI or MALDI

10  applications, ion beams have the potential to produce ions-on-demand. The key to success in
this application is the ability to add sufficient charge to a well insulated surface to drive
molecules from that surface by charge repulsion (i.e., reach a Raleigh limit). As discussed
above, this approach potentially eliminates the electrochemical complications seen in
electrospray ionization and the photochemical complications seen in MALDI applications.

15  Ion beams may thus be used as the sole ionization method, rather as an adjunct to traditional

ESI and M ALDI methods.
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Direct ionization with ion beams Solid-phase 1) Direct ionization with ion beams 2) Articulated surface
Particulate fingerprinting Direct particulate charging and fissioning with ion beams [0070] The optimal

electron beam would be of sufficient energy to neutralize labile protons of the analyte (i.e., carboxylate
protons) without removal of protons of much higher pKa or 5 induction of unwanted side reactions such

as _elimina[mr;g]or iR S ZABI0LE will @éﬁ%ﬁf@ﬁﬁ%ﬁﬂéﬁ%ﬁ@fﬁ&ﬂ HAVEANDY siRgace -n'EE&sQBI%)priat?
anion would have sufficient gas géase basmlt% to remove labile protons of the analyte without pervasive

side reacGrivieallydasdatingy el yioorne FwErsss mesnthemase)ves Aol ywad saRtaRBatehsvided in
either ES} orMAERLIGARPIIGHONS 408 AeAMR ARG RGP U IR IQRIRIHEIO0RR I RRath he

key to success in this application is the ability to add sufficient’charge to a well insulated surface to

drive molbealangeonitihmetek{goddmpdistaipders sinsld trteets rdastharmatsigronplinas gtemesdesiadbove,
h . i : o ; v ionizat
IS ppr@sgvggm% ﬁ@%ﬁ%ﬁs@ﬁeﬁi‘?&&@&gﬁéiﬁgég{ﬂ%&ﬁ%&tﬂpi‘-'.a%e&‘e m@%ﬁy‘%@ﬁé@é&wza lon

and the photochemical com ions seen in ications. 15lon bea e used as
the sole ioviizatioreristhoicEtatioaecueit ot tipt afliiopikieE ShefackMALDI methods. [0072] Since

ionization Wwill depend.on charge repulsion, the MALDI surface negds to, be electrically insulating.
Polymerid A e B oA e e o A B (b L e S L ot
aluminatenggyduidspodiet @54 AP tafgetcihdd dnitda frenbarkingrivdrobiaiala(gaidwnd stainless
steel) targets. Furtheymore, non-planar geometries of 5 the MALDI surface may also be used such as
those ne%@éempﬁél WBEHNERERTzation where maximum ionization occurs at the tips of a spiked
surface. [0073] In lieu of an aerosolizing system, intact samples of a bacterial and viral test system may

be deposited on a MALDI target and ionized from the target to obtain a unique fingerprint from each
species. WHAT IS CLAIMED IS:
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1. A mass spectrometry ionization method comprising directing an ion beam in a mass spectrometer at
a liquid or solid sample matrix containing analyte thereby ionizing and adding unbalanced charge to
the analyte, wherein the flux of the ion beam is from about 1 mA/cm2 to about 17 mA/cm2. 2.
The method of claim 1 further comprising directing the charged analyte through the interface of the
mass spectrometer in synchrony with the duty cycle of the ion detector. 3. The method of either
of claims 1 or 2 wherein the analyte is deposited upon discrete apices of the sample surface. 4.
The methivH Afrars/Cif AldED1 8 3 wherein the sample comprises bacteria, viruses or cells. 5.
The method of any of claims 1 to 4 wherein the ion beam consists of protons whereby the analyte is
protonated. 6. The method of any of claims 1 to 4 wherein the ion beam consists of anions or
electrons whereby thelanalyt® lBagepRetARTEIEY |onization MeiaoheeRwi 8NEIEiFACE RgIABrEIA bRanainalyte
comprises STRARIGERRRRYAKS RRIA BILAAE SR Al SHINFREIBFRRIMRrcby ioniZing Bmethod

of any of claims 1 to 7 wherein the ion beam energy is from about ctron volts.

9. The nRAH6E eRRABNRSE GRESEID The 75A earheisd et ABBaL 3 ramds( rem&itdn volts.
10. The mathkad &f saiinG wiagemthe anions comprise NH2 or H3Si-.

2. The method of claim 1 further comprising directing the charged analyte
through the interface of the mass spectrometer in synchrony with the duty cycle of theion
detector.

3. The method of either of claims 1 or 2 wherein the analyte is deposited
upon discrete apices of the sample surface.

4, The method of any of claims 1 to 3 wherein the sample comprises
bacteria, viruses or cells.

5. The method of any of claims 1 to 4 wherein the ion beam consists of
protons whereby the analyte is protonated.

6. The method of any of claims 1 to 4 wherein the ion beam consists of

anions or electrons whereby the analyte is deprotonated.

7. The method of claim 5 wherein the anal yte comprises organic compounds

having nitrogen, oxygen, or sulfur heteroatoms.

8. The method of any of claims 1 to 7 wherein the ion beam energy is from
about 5 to about 50 electron volts.

9. The method of claim 8 wherein the ion beam energy from about 5 to about
10 electron volts.

10.  Themethod of claim 6 where the anions comprise NH, or H3Si .
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