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i ntenti onal REFWRIENCE TOA S'SEQUENCELISTING," ATEABLE,'®R| A COVMESUFER duri ng

Qperation Desert Stor rZi‘S’l&OOOG Current chem cal detection syst ens depend
upon the accBROGRAM RENBIX SUBMITTED ON A COMPACT DISK.

15 [0003] NOT APPLICABLE

_ 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



mass of agent in order to achi eve detection above background, which limts
their intrinsic 5 sensitivity. Spectroscopic detection nethods are often
used to distinguish a known chemi cal species fromfluctuating natural
cheni cal backgrounds. Chenical specific probes, such as antibodies or
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Sensors t'he ‘curren
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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conparatively |arge concentrations of the contraband to obtain detection.
Because the contraband is inside a package, often with intent to conceal
fromsniffer dogs, detectable concentrations are typically below current M
detection levels. 5 [0010] Mass spectroscopy currently enjoys a. premer
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" Conpou itserging applicationp éufludenfodd ynd baysrags safetyand gualiycodtrbhsewel asiodory |

et her mass ngrkers!; Eur. Patent. , 1042345A1 (Cct. 11, 2000); Schmdt, G,
A H. Th&AREYn buildings and roramesrdal a & | abel linked hybridisation probes,"

Spect r olz) " RHRHE s Riopt Sy bien B s tebiblop R e Bohcod oS
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Peptide _fingerprjnting and de poyo peptjde sequencing by tandem MsS are
al nost HH’Wé%cﬁ&a“dﬂp%ﬁ%ﬂﬁﬁ%%F&Bﬁ?‘é{%r%fmp%&&n%{rs}%@@hé‘m@d}exk . et

al .90 " Li,o ki E e = - .

a1 Eaifiith OPROT BBl SRR cost kP ASuERaRL CHRLaNy HPIRTEE ARy

Acad. Sidentificifon ofsinglé Ad€ledtidbiiolirh6fhismsYEBINEs), widespresl géiutiping for génktic
diseases, disease predilection screening, as well as therapeutic tolerance and outcome

prediction—is built on MS technology. (Butler, J.M., J. Li, 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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3 Giffin, and T. Hunkapiller, Teptide mass maps: a highly informative
approach to Protein identification," Anal. Biochen2., 214:397-408 (1993)).
Even the classic Edman di gestion approach has been adapted to the M
(Aebersold, R et al., Protein Sci., 1:494-503 (1992)) because of the | ower

sanpl e |, t i DG . . . 5
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pi vot al { S I t i y i :
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and netbinding enerpyrshift ¢dgs BESTH)r(Sekmdiders]..V. dé8qa5 00D 06/4295 1 {Ayg. 292 000D);

ybr | GHEHE NS e BOSIOEP TR kg Bichns Comieseiss) Sictmrl B CSSPiol-S. 2000w,
J. C.,  Hibws thioWhetl quadfthtide cdm Ml%oln' df?bla V%@Jﬂ&ﬂ%x iGRBP%eBWH%;HﬁS'e
TR The "Bna U

enhanci ng sensitivi ysSI's o0 ol ogi cal -based assays,
602389 Gatnipdds.bazad of @id)aYio df 8abR] isdthped inrth¢ imags é§pectrometen Willrthesd dppliedtionshese
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( Haugl asothbindtoRal clieRdstey tmdhighfthronghmit dsug libigey screening) n(Soigaitnsar, Ji H., Rahdbook
of fluroescent_prohes and research chem cals, Spence, MT. e h ed.
(Mol ecRaye, M%Tgli,ed%cf\ppmg@ﬁ@, n@ﬂ9°£§)r patdle) coupling ﬁP%ﬁEOBS’%&{ﬁ 3%3693 kDa
pr gjei |\ . : { ngl e PRO&RITAL . ction
(g0 R0 200k SRR i R Thoth R R MO Fon L SRR OB BRCT ) &
quant i tbridiation pesbes ZNEPYEIFSA1RRER 1 6] B0BeViantNess, JstTaboreytdsC., HA.l er t on,

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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1993)) and as little as 1-10 znol of fluorescently-|abeled proteins is
needed (by | aser-induced fluorescenee, LIF) (Beckman Instrunents, "P/ACETm
Laser-induced fluorescence detectors, 4 BR-8118A" (Becknman Instrunents,

Ful | erton, CA, 1995) Harvey, M D., D. Bandilla, and P.R Banks,
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practiced on large molecules (e.g., protems) that can be difficult to solubilize and volatize in

(

et

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 moleculeliberation from the source

Ng= NN, = 1

ion current from the source

= .2
i rate of molecule liberation from the source @)
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ion current at the detector rin 11 "TI ° rate of nolecule liberation from
the source _ ion current fromthe source (2) rate of nolecule |iberation
fromthe source (1) 5 ion current at the detector 4 ion current fromthe
source (3) [0017] The overall detection efficiency in Msis difficult to
measure with good precision; ge nunber of factors that may
affect ion formation, cq :l:fi.%?ﬁh,raﬁg&dragé&g{., (83nd detection, which are
difficult to reproduce exaé@lﬂ?uﬁ?mrﬁm}hetséum% M5 to M5, and lab to 5 Iab.
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and at st detectiqu silicloars difficilido rdyeodmme sxanthi framrdaydodag) MSQomS] amdrial tot es
exhr;n td?gultl pl e charge states. 10019] Smith and coworkers (Tang, K et al.,
Anal”. 73: 1658-1663 (2001)) neasured the actual total ion current
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SU|fUI’IC acid as the 15 sanple matrix, de la Mira and Loscertales (De |l a

Nora, Jelpse ntP0% cThispseumptionis baged on (fiobsemeations: Ad dotabmniurept 994) )

reporte f 2 Jd |/ S at

vari ed SiepRleREbG T oftseBt U B Bt PO Rlnaboial fins Rt 256 ha S

r esligect noel ahhalyteoihibi0 nultisie ehiugs Wtdi. transl ate to between 104 to 107

unbal anced charges per drop, assuming 1 to 10 mdrops, respectively (Table

1 bel owl001PbwSyaith agtbcoworkprs{ Tang IE@ ebrAnaleChan., 386584663 K200 1) hmersuzasur ed

O S Ml b B0 BRBCE R R B R R, v

to ion flewtiRdfiaaypiex HoMeleukar caRpR Agrik 180:9602 méthahdltiRatet: ﬁ&ﬂc tabid).act ual
nunber of charges per drop nmay be sonewhat |ower than the total ion current

data s uggl@gta§nn11@0measwcmt a@paraw«\butkveﬁtsoqtgmltdepe@mm sulfgricgpid asgbg g .
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Mech., 260:155-184 (1994)) reported ion currents of fb_epyeen_SO-ZSO nA (at 1pl/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

6



pl aced at various positions along the ion path in the mass anal yzer. They
concluded that transm ssion efficiency accounted for the vast majority of
ion loss culmnating in poor detection efficiency. The exi stence of
mul ti pl e charge states, or nore particularly that the distribution in
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SUMVARYbAske rhblridebMEMIAKDI. 15 [ 00221 I n one enbodi ment, this invention
provi des a mass spectronetry ionization nethod in whi ch el ectrospray
droplets or solid sanple natrices are exposed to an ion beam thereby
i ncreasing the unbal anced g & ﬁel- P{anot her enbodi nent,
this invention provides a mass specirone ry |on|za Ion method in which

i onbzat[ioep2pf Ihloae embpdienent, thisdhvernied pbovidés Lmbssspearomenny adrativn methodjui d
or solid sarrﬁl e matri x containi n% anal yte 20 thereby jonizing and addi ng
3 1

unbal ani@arhieh glegtrospsay Hropiginex/sadl qacmepameaquepse&stsé&mn am; therebt i on
further; pf-oul,d6ge § alaﬂrlc%&*&uxgﬁoﬂh% a%Q@?]ege@ a?rgﬁ'{e}(%ﬁbo egr;fgt i {fiGedefier face of

t he mass spec®rone ron € 1on detector.

The anqirwmleﬁraynm sﬁmmmdoma@uﬂoxdmﬂrodtm “&ﬁcth?ﬁﬁlz@ﬁoﬁ betheasapipte fur f ace. The
sanpl e may be bacteria, viruses or cells.The ion beam may be protons,

it hi urﬁolh%ﬂ’{f} bydiregting an joyheampatiadiguid ey selidssamplpmatyix ¢eritpininganadytect r ons.
Thgps a'mer%bwgmgﬁg'aﬂh %8&32 uﬂbﬁlﬁﬁéédychafgecb 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

N
w

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



the focusing quadrapoles. In a preferred enbodi nent, the ion beamflux may
be fromabout | mcnR to about 17 mA/cnR and the ion beam energy nay be
fromabout 5 to about 50 electron volts, preferably fromabout 5 to about
10 el ectron volts. However, a higher ion flux nmay be used provided the ion

detect or does not bec [ I Q,gh@ < enbodi ment, the

i nvention provides a myﬁcﬁgﬁ @Ns@gﬁﬁ%ﬁ%?ng § anal yte ion source,
an ion [bez8]) Figiks 5. Polaitiat ssurcer st iai 1ds6 (shd@intiatiie) idlah [BSIETOFMS, the

i nvention ér ovi des a mass spectraoscopy. system having an anal yte sanple in
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formati on and contents (inset) at the tip of a Taylor cone. DETAI LED
DESCRI BN OF THE | NVENTI ON 10 [0030] Mass spectronetry (MS) fundamental |y
consi sts of three conponents: ion sources, mass analyzers, and ion
detectors. The three conponents are interrelated; sone ion sources may be
better suited to a MBETAILEBDESORIFTION @RTAREEVENTENN yte. Certain ion

defectors are better sujt specific mass anal yzers. The focus of this
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ESI anchMBLlIhG0 SRUGEESAbR, WillGhiect3ffbohBts bt IS RA it SFurca)1d AT
generally pre?lerre or tﬁe Ionization of non-volatile organic species. ESI
IS W deday b atter switkdate @guasticuldr tgperofiaasseamdlylzyr ooamalytel @etthinl iofjdetéctors are

chromat ogr aphy .and capillary el ectrophoresis_for added discrimnatign
capabi %P‘gv. supiadl B9 specHioTRAABalYASIE. W Rflogus,piibys iagention 1s Ahgjionsoneeards (e. g.

pr ot ei . Aisf Lk C MAE ?&F's] [ 7€ :] he
princi g@é‘e %ﬁ%gﬁﬁgé&%fl%%%nﬂéc%sgé E??}a% nu ér 0 o‘ﬁ%é%ak%%%&g? a def,g;l-t hat
arise brgamidmbseulessandi dré generallyt preferreidtfpr thie ioninaticabdfnay-volatile drgenipr i nci pl e
di sadvant age of the MALDI i,s jon detector saturation with matrix ions bel ow
about SRRS1ESMEST ipwidely practieribrcanse thrary by Teadidy eapledwithdiquidese two i on

Sour ceenBnRs Aubily EXNBifers ERLAraFnorte! £7':60: SROShaYbh LESANE] Matisle T ange
any MStdchnifte areiwidelyfpracticeth en pargd nutleculds (efg.,tpreteinshilmatambe difficelt ency (iii,

equation 2). and_the transm ssion, efficienc ri.t, equation 3
g solubl)lize and volatize 1%1 ESIL. The principle advantglge(of MALDCiuls the smaﬂ

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

Ng=NN, = 1

rate of molecule liberation from the source

N ion current from the source
rate of molecule liberation from the source

T; @

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




For simplicity the efficiency of the detector elenent is lunped into the
transm ssion efficiency, ion current at the detector 30 lid = 7101t rate of
nol ecul e liberation fromthe source ion current fromthe source rate of

nol ecul e liberation fromthe source ion current at the detector i on
current G RN (

mention dd 3(!t%r?atﬂﬂltﬁ?]e O\E/)ge?zlatl Sﬁbléﬁ?gcl?%h&gég?% %n{t&%lggét@&ﬁ@n eﬂg&; e?ll gu% ?figt)%
measur edvﬁ‘xbblt gmmd:ame oiithi good p‘fdamnen alhera ar@a gmgmmmhber mﬁfa&t@c& thatmiap affectay

af f ect formati col | ecti an, sm.ssi on, ctl on, which are

di ffi cu}qn Hom. @ e@one%ae&m;sm%cﬁwl ctign.gubich ue@ ttoCRIQAYES t o | ab.
Thi s may f . In our
Iner | olufotR Bl dio R OIS o8 TFOIR6Y Thie ﬁl?%%%?éﬂaﬁdﬁ%%% ot

si grl fi effivi envyloften goepueeportddl. eInmwmpm'ldnbaHﬁ'fams iwithih an ofdh@&ﬁ}mél'g‘nﬁude
critical question in M5 is where do al]. the nolecules go? Using a
el ect r o3§sragperallynet signifjgaghynl G%Sppm@ﬁlb}?@"&%nﬁwlﬁﬂéh@?ré“?ﬁﬁgur e 1) itis

obvi ous g t [ I ail
fo'1 on 19% (1R GielalRltn iSRS A6 R Uk fle 207 (BB Bty T
entr ai nﬁﬁhec t (EBISTOF) NES&Y anddxiafiplé (Fi bl? KehadtveousRhat tBef¥aé mabpect rom ,
35:804-817 (20 12 or thro%?h coupl ed volatilization of the anal yte sal t
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M o /na ospr ay  techni es en roved efficiency
TR S LSt BTRRPRY Sb el T U A SR EBACE 1 REF surt aces
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fields that both contain the ions while th emre separated from neutral gas

mol ecul ¥ABRd Hmsanay fafidoieotes theoietmrdmf@@t rcv!nmpxay tegdmaquesy be | ost to
el ectro tat| nt er act S .1_nner ces the MS. The
det oot ofremeBosEnaved i egliesbo il i MRS i RPEe DR he | ons

to the ﬂ%h?@écﬂaﬁol%?”ﬁﬂ& irkrfer km&esepﬁﬁmm%mtahﬁmhemat difRIE hetantiBRends only
on the i'ntrinsic mass to charge of "'the ion itself. Therefore, sonme ions 20

mayldhe ematexilentric finlds izt botlt canitain Hwdonpwhilg theyrave ecparated tﬁ@nvaclmm;pu mp. An

ort hoqoﬁa%&ec'u?e@ and direct the ions to the detection element. Ions may be lost to electrostatic

ﬂ

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
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detector, is shown in Figure 1 which results in additional ion | osses due to
the intrinsic duty cycle of the detector. [0034] Conventional w sdom for

el ectrospray mass spectronetry is that virtually all the |osses occur
during ion transm ssion into and through the nass anal yzer and that
ionization 25 efficiency is close to 100io. This a n&} on is based on two
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di fl0er esnpdodes due ol Conkomslc repulsien.apex region of the jet rather than to ion 5
convection by droplets crossing the gap. If true, then the actual nunber of
charges per drop may be nuch lower than the total ion current data
suggests. Further evidence that the Tpfye fEasurenments are in error is that
they translate to a nunber of charges per drop that are far |arger than the

Rayleigh lii-nit (TathEChargesioa d:ELelcangirabrlmdpsuﬁ DifferembSizesm nunber of
t he drop

unbal anced char ges_t hat p.in a vacuum bef gre
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Specifijc lon Currents (Figure ﬁﬁﬁn{)e}éﬁ? %ﬁiﬂées eg%%]{:l?gacp per Drop Dropp

Esti matled Maxi mrum firom Esti nated from

Estimated ' Maximum at

Drop From PEO | Maximum from Estimated from the Raleigh

Size (um) Data Coulomb's Law | TIC Measurements 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 19.04% 1010 27,000,000

[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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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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15 ESI-M5 and 2) non-ionized anal yte that remains undetected. Thus, although
charge is limted, droplet heterogeneity, particularly during the
fissioning and breakup process, nmay explain the absence of detected species
with intermedi ate nunbers of charges in between these two popul ations.

[ 0038] € t ress.these e uestions.,about, i.oni zati an .
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the |i 00, yihpchiis QFNXH@C@&WCQbUWYWS@@Q/dW%l%@%i ve root of equation 4

15 [0041] Using the data of Figure 3, we can estimate the parameters a, C¢, and Ct if we

assume a transmission efficiency (1)t). Applied Biosystems, the manufacturer of the mass
spectrometer used for these studies, has .suggested that the transmission efficiency is

' theoretically about 0.1%. If we assume that the ionization efficiency of the § MDa PEQ 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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is valid. Since we assune that the ionization efficiency of the nononer
(11m is constant, independent of the polyner chain |length, then we can
condense the polynmer detection 10 efficiency data presented in Figure 2 by
dividing the polynmer efficiency (il) by the average nunber of nononer units
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ef f bgi engyItipfexPRriments 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 shortest 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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tested by the use of a |l ow pressure ESI head (Figure 4), sinplified from
that described by Karger. (Felton, C, et al., Anal. Chem, 73:1449-1454
(2000)). Because the ESI source and nozzle are sealed fromthe atnosphere,
all gas phase ions created at the spray tip nmust enter 10 the nmass anal yzer.
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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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5 source before being released to the ion detector. In applications where
mass accuracy is not critical, axial TOF detectors may be used, which
intrinsically count all the ions reaching the sensor elenent. ABI

i ndependent|y estinmates the overall transm ssion efficiency of their
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magm t By gyell befallapiongq field. At 10,000 Vicm dielectric breakdown occurs
inair, ct a gi ns,
and t nel0SPE° AR L Ml RiPs Mok BRE oYK (Rpd 16, M Wil B1DRY,
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maximum number of unbalanced charges that can be carried per drop and that this maximum

-

20  number is determined by charge separation at the spray tip, not the Rayleigh (Kebarle, P., J.
Mass Spectrom., 35:804-817 (2000)) limit for droplet breakup.
[0050] Obviously, once desolvation has occurred or salt clusters are otherwise formed in
the gas phase (e.g., MALDI ionization), the field strength required to separate the contact ion
pairs becomes prohibitive (Rq —> 10-9 m and W—>17,000 kV/cm, which is more than 3

25  orders-of-magnitude greater than the dielectric breakdown of air). Space limitations prevent
.a similarly full analysis of MALDI ionization, however, 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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ions per 1 gin drop and 17,400 unbal anced ions per 10gmdrop (Table 1).
These estimates are about 2 orders-of-magnitude higher than that estinmated
fromthe PEO data (Table 1) and 5 2 orders-of-nmagnitude | ower than the
Rayleigh limt in the 1-10 gmdrop di amster range. The. shape of the
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the ions inside the mass spectrometer, is the root cause of the 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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generally many nore basic:residues (i.e., Arg, Lys, and Hs). Levis (Levis,
R J. , AnnX Rev. Phys. Chent., 45:483-518 (1994)) has clearly
denonstrated, by collecting and analyzing all the material |iberated from
the target by the ionization |aser, that MALDI ionization 5 efficiencies are
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t andem amidsbhéﬂ&and%mrm iReal kiaeatingld particle analysis has been done usmg 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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.10054) lon beans al so have other benefits in addition to greatly increasing
M5 detection efficiency of organic nolecules. Instead of using the ion or
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and directly ionize proteins and other biomarkers 1 n bacteria 25 and
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fi0ds wpanng saikingthevwutfacawith arenbagimoniensure o vausatbktioaton spineeringed gaftor a
phot on absorbi ng matrix and the assocjiated matrix, [npurity %eak_s that Ijmt
nor mal ahesuE{pcs, Jibprating newal ptaras and ipns fegethe collision surface. FAB is often used

as the initial sputtering source for secondary neutral mass spectrometry (SNMS) methods.
(Mathieu, H.J. and D. Léonard, High Temp Mater and Processes, 17:29-44 (1998)). It 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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17 [0056] This new enpirical evidence and theoretical argunent clearly
points to ionization efficiency being the hiniting factor in M5
sensitivity. Thus, since poor detection efficiency in M is caused
primarily by poor ionization, the addition of excess unbal anced charge woul d
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[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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AnalL Chem, 72:52-60 (2000).) reduces the nunber of nultiple charge states
on proteins and 18 DNA. In these cases, the bath ions are able to penetrate
the ion cluster, neutralizing or stripping unbalanced protons and el ectrons
fromthe ionized residues on the proteins. Inductively coupled plasm M

genor al Fo e S Uit flopll &85 SRt by pbBTRAAL in AR E ol an
H. -J. Sechhattceergdieimidation) Anal Chein, 367:407-413 (2000)). However, in all

these cases_the ion bath through which the droplets passed contai ned both
posi ti v&0Rl nERaNE{eprotpibeagswilbonly psovide suffisieationgisrent belowel (BteRani sm of
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el ectron beams in M5, Elec n beans (ranging from 20 to 1000 eV) have been
used prbeadoiagyretd). i oni ze neutral inorganic gases in M5 (e.g., COx and

NOX. ) . B, K.. Beder.ski .. d, L. j ci k i Q7ned Envi Kk
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sufficient energy that they fragnent organic 15 nolecules In the gas phase.
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electro eans (e.0.,.,0.025tq,30 eV) .(Laranee J. A, C A Kocher, and ML.
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negative organic ions in electrqn capture negative_ion_nmass . spectronetry.
Ode oY:
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(i on-on-dena conjunction wmth ablating | aser or electrospray

t echni qggsvers/$ phAYe cBRER0T109A tl'Bbeath @fnedRioR \ereNseétih ¢MNAuP0BN cm?2 for a

El ectrostatics” Corporation (NEQ w |l penetrate water to a depth of about |
i m  whplotoraflBx ©YabstionAWih?, dsees trifininug tleRtlicrequirehfer@d. NAnThe fi r st

| Or]’ZIOZ at Ll(t)er;native 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

25 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

30  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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potential of Cis greater.than 11 eV; therefore, a 5-10 eV proton should not
strip electrons fromorganic nol ecul es but should serve to add unbal anced
protons to the ESI droplet or ion 19 cluster. Such protons should act to
neutralize any anions present in the salt or droplet and enhance organic
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ol ecul génesicrfpntentation 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

ATTETN

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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Fortunately, nost bioactive conmpounds contain such heteroatons; therefore,
this approach renains wdely applicable. 20 100641 A conplicating issue in
MALDI is the interaction of the ionization matrix with the ion beam MNALDI
matricies (Table 2) have been optim zed over the years for maxi num
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Al t er n&PPIATA PLATHCE e ation of a wide variety of atom c or mol ecul ar

ani oni c beans of specific energies is viable. For exanple, Mtchell et al.
descri be the generation of nethide (CH3) beans of various energies.
(Mtchell, S.E., et al., poster presented at the American Physical Society
DAMOP Mg., Santa Fe, NM (May 27-30,1998)). Usingnethaneasa 30 precursor,
the resulting nethide beamis very weak; however, an intense beam can be
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produced usi ng di azonet hane as the precursor. Methide anions of any energy,
however, are nost likely not suitable for bionolecular sensitivity
enhancenent, based on its very high gas- phase proton affinity relative to
exenplary acidic protein and nucleic acid residues (Table 3). A nethide ion
beam woul d nost |ikely renove protons indiscrimnately, |eading to possible
21 fragnentation or unwanted side reacti obabkuxrh as P-elim nations.

Sel ection of an anion with aéﬁ‘(?)meroﬂMf;s&!gf Et‘ll}é&éngg% be nore

appropriate. For exanple a be ropriate choice

(Tabl e 3) becauseyihsBrsuhys §obdiiiriiry. haBhPirakc, stbe, ,g@ejun@vm to
and Towe 0

be the source of excess proton f et hi (suggesting
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fenilic acidUV caffeic aciduUv Aigonucl eotides 2,4,6-trihydroxyacet ophenone
3-hydroxypicolinic acid anthranilic acid salicylam de nicotinic acid Organic
Mol ecul es 2, 5-di hyroxybenzoi ¢ acidlR i sovanillin Carbohydrates

2, 5-di hydr oxybenzoi ¢ aci dl R a-cyano-4- hydroxyci nnam ¢ aci dIR

3-am noqui nol i neW 1-i soqui nol i nol Wv Zﬁ ?# ri hydr oxyacet ophenoneTJV Li pi ds
dithranol | F 23 Tabl e 3 Gas-Phase Proton Rﬁ‘ nities of Selected Anions

(Val ues conpil ed from t hgadlPhEs<Peston ATfinY B ETSelecBidABdnis Ref er ence

Dat abase No. 69, July 2001) AnionProton Affinity (14/nol) CH31710 NH21660

Of f 1607 (¥eives seupiled SorsheNSTHEEMiLy)V eiERcoSianti2gl RefereggoDatabase No. 69, July 2001)

Proton Affinity
Anion (kd/mol)
CH5 1710
NHy 1660
OH" 1607
CH;0O 1569
H;Si 1525
CeHsO 1430
CHsCOO" 1429
Cr 1360
(CH30).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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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
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
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.
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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may thensél ves ionize and contam nate the resulting spectrum Silicate and

alum nate ceram cs nmay be substituted as well as insulating backings with
nmetal (gold and stainless steel) targets. Furthernore, non-planar geonetries
of 5 the -MALDI surface may al so be used such as those needed for field
desorption ionization where maxi mumionization occurs at the tips of a

spi ked surface. [0073] In lieu of an aerosolizing system intact sanples of
a bacterial and viral test system naybe deposited on a MALDH target and
ionized fromthe target to obtain a unique fingerprint fromeach species.
26 WHAT IS CLAIMED IS: | . A nmass spectronetry ionization nethod conpri sing:
directing an ion beamat a solid sanple matri x containi ng anal yte thereby
addi ng unbal anced charge to the anal yte and sanple matri x; and
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desorbing the charged analyte with a desorption laser. 2. The method of
claiml wherein the ion beam consists of protons whereby the analyte is
protonated. 3. The nmethod of claim| wherein the i on beam consists of anions
or electrons whereby the analyte is deprotonated. 4. The nethod of claim 2
wherein the anal yte conpri ses organi ¢ conpounds having nitrogen, oxygen, or
sul fur heteroatons. 5. The nethod of one of clainms | to 4 wherein the ion
beam flux is fromabout I mA/cM to about 17 mA/ CM2. 6. The met hod of one
of cl ai s WHIAT fs @hARI®IED I$te i on beam energy is fromabout 5 to about 50

el ectron volts. 7. The method of claim6 wherein the ion beamenergy is from
about S to aboyt 104 RAGSHEABMERY ichizaflon %&o%&ﬁﬁﬂsiﬁ%: one of claims 2 or 4
to 7 wherein the positive ions conprise protons, |ithiumions, or cesium
ions. 9. The ndir¢ntidgeh igl kram B awnbli¢ sampfiemaiixeestagongenatye tiegeby @ddipgsSi - 10.

The et hod of Ll L. WIRL Sl i SRR Ral@! flgx COMPri ses a material of

desorbing the charged analyte with a desorption laser.

2. The method of claim 1 wherein the ion beam consists of protons whereby the

analyte is protonated.

3. The method of claim 1 wherein the ion beam consists of anions or electrons

whereby the analyte is deprotonated.

4, The method of claim 2 wherein the analyte comprises organic compounds having

nitrogen, oxygen, or sulfur heteroatoms.

5. The method of one of claims 1 to 4 wherein the ion beam flux is from about 1

mA/cm? to about 17 mA/cm?.

6. The method of one of claims 1 to 5 wherein the ion beam energy is from about 5

to about 50 electron volts.

7. The method of claim 6 wherein the ion beam energy is from about 5 to about 10

electron volts.

8. The method of one of claims 2 or 4 to 7 wherein the positive ions comprise

protons, lithium ions, or cesium ions.

9. The method of claim 3 where the anions comprise NH;™ or H;Si".
10.  The method of claim 1 wherein the sample matrix comprises a material of Table
2.
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