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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



[ 0007] Ot her major chem cal detection applications for nmass spectroneters

i ncl ude 15contraband and expl osi ves detection; food, beverage, and cosnetic
product quality control; food safety and quality assurance; and ventil ation
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it were not for their poor overall detection efficiency. The problemwth
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of biological information (e.g., genom cs, proteom cs, and netabol om cs).
Mads spece Perads byt sensitive screen, without mtrusion. Mercury has been found in a parcel on-

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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plays a critical and increasing role in the collection of biological

i nformati on. The next 20 generation of high throughput and | ow cost gene
sequenci ng- necessary for the cost effective identification of single

nucl eoti de pol ynorphi sns (SNPs), widespread genotyping for genetic diseases,
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and C. Hcoﬁ@ﬁkﬁh’ / dovipénigatioys 0Pthe copgahandntd objainvideiection. yBesuee t:heDNA
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Thonpso wonfrabrng/is msidesa paskage, OBep 3iiiuktens fo mals@@@t f@‘tdo)gS,cQﬁﬁ?ﬂm%? ng
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fingerprinting and de novo peptide sequencmg 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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301996)), assuming a nom nal. 40 kDa protein. As little as 1 find of
unl abel ed protein is needed for detection (by UV detection) (Beckman .
I nstrunents, "eCAP SDS 200: Fast, reproducible, quantitative protein
anal ysis," BR2511B (Becl anan Instrurrents Fullerton, CA, 1993)) and as

: :itsfalr e| ngfé%ég fi | lior escB ALeg’Oﬁﬁﬁ?Q% nlaﬁ %tﬁ% jgﬂ&é@bi%(pwmm
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with liguid chro ogr aphy..and 20 capi yelect[oph resis fqr ded
di scri ftRERd B the, {pCtigmpny are SERR eaiva!é %rﬂ%tewwf%cwawf @@d@g Boar ge

ey, DS g RS TR a2

of “charge
states dohﬂﬂnaonabc}femmyrah&mghehroughﬂm drugjlﬂbnag} somdnyngﬁ(&ugmab UeHg R)i!tps

The principl e di sadvantage of t L is ion detector saty ion with
rrat rix R qyﬁsmwbﬁaﬁeg%uﬁm@@uwﬂg nw“@rf %qa@aﬁ?élﬁb?ﬂupangz@qtﬁpe% hﬁa pida0220
ce c i Ri
sonl: t OHBrE 20008 SARSOV SR OPAGh ot el B . Tofhetde, CBIBE WBMiked o
effici ehybyld{saudn pesbeaf’i BRI19306{A 15(Byb.NI6, 280@)cVan INesgd.,fFabone,FeCpHobuct of the

i oni zat ef fi CI enc flu, eq ation 2) and .t he_transmi ssi on, efficiency
(rit, é&m‘e% F&l“(l %%@%mppﬂtl@%ﬁw DESENSEVEY iRfenent i s

| unped i, {ogg.érmﬁ%h%gs ggef[jg éﬁ)@zc%d@pt at the detector ild =

lilt - raeo berat’ on omt soutce ron current fromthe
sour ce [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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rate of nolecule liberation fromthe source ion current at the detector -
ion current fromthe source (3) [0017] The overall detection efficiency in
M5 is difficult to measure with good precision. There are a | arge nunber of
factors that may affect ion formation, collection, transm ssion, and

det ecti { OB | e c r d to
M5, and égmﬁ 5 F%M%ﬁ#xé}%\%l{l}?ﬁéﬁ%‘?ﬁ# ?ﬁmﬁﬁ reS’E%]bﬁg%sé%ggc ?%&rr/gt ry
i s that PyRrBankk) $Sutnbnéhelar deteetiorvimitrforsoding dodecyl salfateicapiltany gelt o and

through the mass anal yzer and that ionization efficiency is close to 100%
Thi s assleapeplnresis ugiag adlunrogeiis. spneavatent dye” Eigcropharesisohd @l p92Ai4

¢ h . ; i : q
el vz ol o At oy B et Al PR BN b S riBuhiaf oS
Smi th afforawn ey SplchRGp t108mal of a potdin iFeatired for M8 %8quideihg 2001) )
nmeasured the actual total ion current (TIC) fromESI mcrospray tips to be

about 15014k Arguablyghighiresqlption massspeetremetyy (MS) hps hegreatest potentiahl e matri x

(50:50: 1, net hﬁ ol . wat er. acet Ltc i 6@0 Qgi ng .a simlar.oeasur enent appar at us,
but wi t FRGECarGrorimpenon Cavrelty (Y PGo00T aimmanpssaanes With P aass acctbied, o

Mora angipl Rﬁ@ﬁ'ﬁ:bﬁtﬁﬁg atRe foh dé¥éctor, dnﬁhe%?@hdesﬁpp‘li@ﬁﬁﬁfeﬁ &t ﬁial anlalyrﬁhlli d 'VEC_h- ,
260: 155-134 (1994)) reported ion currents of between 50-280 nA’(at 1 pl/mn

fl ow . chem‘syxyamloln@m é&bwwe?, mtﬁe ssmtlfome}ters generalip nEhibitrr@g'r dete¢tion: veen 0. 3
% i B 04 to 107

323%4'5’ aneEaR e Isa%ﬁp ,s9a@éhﬁstﬁa¥%%‘€al?§&0{}%@%}5§,ﬁe§ 5 t?f@ﬁ@ﬁw Tab :

1 . Mo :

Fon cor Paoit O Sfoq fiete Bl Fof10L HBRTE AR AER R ER P toutiAafe 1

di f f er epfethddandl Radsr-@alyeenesedt ance in the apex region of the jet rather than
to ion convection by droplets crossing the gap. If true, then the actual

nunber 1018haass speetremetsy (y) hmdsmentafconsigls of thrae componatsilion spvressy r ent

data su 0 . SN d ' .| t _al ..

Chem - 89Skt 284 s U B TR Shibabil e ileriqte ofhedon gtes

ef figi enpy velbetfePiieldng atpagtichids tid dfich g analeéesidnalytd! Eeraiblios Geteatbrsvaé i OUS
positions along the ion path in the mass anal yzer. They concl uded t hat

t r ansni beftasisuiééd tocipepidie mass@nalyserss Blectraepren SEShwapd matyix @sisted lasersinduced

cul m nating i ection efficiency., The existence of | tiple charge

ot at s agphaePel BEATIZh Gt o R BRGHdeN FreB o SRS s Ehel ol O

cent er egioalAstulds Aidge Sefdiall PreSdrfddefor the ibMiRatt@fONtbrPolalieedrait Species.

supporti gg conplete ionization. If there were a pauméf/ of charge, then few
is

char ge EShisawidslypraeticsd beeause itipobeireadily goupled) with liqiid chsomateetaphziendpt ed

| 2k of iy HechaphisSE b d Do abliml bR R NP erhSguds b widery "

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 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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| arge nunber of readily ionizable sites. For exanple, in positive ion node,
proteins generally ionize to generate species with +1 or +2 charges only,
even though there are generally many nore basic residues (i.e., Arg, Lys,
and His). Levis (Levis, R 1, Annu. Rev. Phys. Chem, 45:483-518 (1994))
has clearly denonstrated, by.c i nal yzing all the materi al
Sliberated fromthe target- " fitcfif ot 0 Q&mal as¢B) that MALDI ionization
efficiencies are very | ow apicument feom thegourpgount of neutralized naterial is
abl at ed the MAL urface.by the |ass .desorption process. .This.

assert i (Wlf}r ﬁ?&@?ﬁﬁ?ﬁﬁéw%%efﬁf%&%’ E":Mgt@ dy C%F B?ﬂ?e ‘ﬂﬁe &d%%@rfge‘ilﬁf”ﬂme, D.
C. et afhereRshPirgP h2BEE §Of8ors et ﬁﬂ'gﬁffethﬁn fofRgiorPEstecBon Alhsmidsfn,
Chicago, IL (May 27-30, 2001)) who report the optim zation of negative ion
MALDI 1éndré¢tedtioes whateate dnffichl tgasprphes exbabi fromydayfto day, MiSttoilvS naiddstutoe.

They, i nvopked a gas phase proton transfer argument to explain why higher
anal tel fficiencies were seen with nore basic nmatrices in MALDI. SUMVARY OF

THE | NVigHtk 5&!% tfot?xi] Js i j

spect ro@;[ P EN i%tﬁ{lvggtt%%%arllmrr%t od’in ?%Eﬁ eéﬁ ec %Q}slg@wg?‘%ﬁre@g{hg?é%sgﬁ ?%%
sanpl e dming PatrakeisigOstdaidthasughthe hasardivies byd thae igrzdition dfficienvytial anced
charge of the analyte,. In another enbodi nent, this_invention provides a

ass speless kil This asanmptiomisthased %Wlama&iﬁn%d})@tgﬁal oo ‘T‘W‘s anple is
Cont ai ntsgeenriabSE ol ook o BRTHacfus ke S AP BRRRABAN R o e

andloyt emokO4haBited ék}@lbit)hiwﬁplasznﬁtg‘e,stdtése i nvention further provides for
di rectilra%ét he charged anal yte through the interface of the nass spectroneter

i n syncl03R} \Sneith endbeqweniersy(dpg.df. otk Al Ghenee 73116581663 620019 messprase

deposi t u i.Scret } f I urface, Th .he

bt or 1 08 RN tAGh ShapRRiEE 6B ESIRRRTRES B B ahel Y ORTR £1 IR o
25i ons, flgwirgiesof astypidarisiomdldcatar @impRShatrix ¢50:502GhéthBRol: Whter: sc¥iBlaidyey be
injected directly 1nto the focusing quadrapoles. In a preferred enbodi nent,

t he i onUbiagm simniiar megsupementappatstis; but with ectanql doppd wiithisplisnic e asdbe t he i on

be ener may .be, fir about: 5 to.a t el ggtr ts referabl,y from
abant el BRI T IR LBt R B P RO LS AP0 s
provi depfeth 260551988 ¢1994) YiRporto@ioReRiR oTdktethed-2§PhAYRH nliminsfle her
enbodi ment, the invention provides a nass, spect ro'scggﬁzmsgst em havi ng an

anal yt erateshthabypded with thesulBetergcidicongeriration (holsieen § Yoorespeatvehydr . Stil |
further, the invention provides a masg spez;t roscopy. system having an, anal yte

sanpl e Bothiafghese results dranglatesiarbetwieen 107 tp dQunbalanced chiarge; PSF dropgassAming,

det ect K i tial
Sour ceql 19 1CRITropE bty di (FiIE bl el K25 NGRS LospirBh&D 21
dep@ct i dbzepleclithatahe sheasured ionoeiBrdlE@ap 9 tivites itheit thebSiticdIPhaximum 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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[0027] Figure 3. PEO nononer detection efficiency as a function of weight
fraction. 5[0023] Figure 4. Low pressure head experinental setup. [0029]
Figure 5. Schematic of droplet formation and contents (inset) at the tip of
a Tayl or cone. DETAILED DESCRI PTI ON OF THE EVENTI ON 10 [ 0030] Mass

t tadly. i th . - ,
mass. anireotuabEot MRS ERb eSS S P, W BFTIFE RGP ol B SPYREE
SONEe | ORnFARUbGRMheribY/speeich flither]1 sitH2 Elthrid chlpaiveh Sdugh thetBrd berBrsily MBRY yZer
or analyte. Certain ion detectors are better suited to specific nass

anal yzemere sc festdvss Gfe. tAvigs Lysnaoditlioh Leyis QeevisoR. outron. Re, Phyise €hem.,
ifically, i pnj zati | _and .MALDL iqn . . i del
coeq 1 o sITes AlRECED Bt ke fiene ot el Sl ER pfial 5t ) on

of BoN- NHrafel! fPorB PRI &t B B i0RizaliSh 1dsr, Yall REN DI ffifizARM THERHERSs bfe vedp be
readily coupled with I'iquid chromatography and capillary el ectrophoresis for

added dioscandribadslage empuiti dfineytralisdmnatenaltisablated feome the MALDpsurtadebydhon
a0 Sl B om0
90char B‘rﬁﬁ’% I fr bt NI G OhnhoWtzabl e
gr oups. iﬁel%%)fr%is%m D ’?‘lé??gavé’%?iéegg}egg‘?{%ﬁgt t&«f&‘l&f %'gg%cfes;ﬁeégygfkgg?g%’ti on
wi t h meChicagoe,dis(Me} 27362001 ))90ko seport thié dptimiratien vEnegatifve ive MABPHo- ESI

soyrces these two i on sources generally exhibit sim]ar detection
sendi t i Mptricss bawrorhthwga%phaaﬁggmelﬁy eF @amasnm@?%?-sﬁfme eqh 8RNt i on

effici i f?’%l i . L LR AGH; & : 250f
the i Oﬁ}gg%nl(%%ase fi @%ﬁg;&g@gguaﬁ %hgz)sargaﬁégf }flﬂelt ré‘%’s‘?népgtsssag%%@ |€l|£ency
(it, echsidmatrdes iFMALDhplicity the efficiency of the detector elenment is

| unped into the transm ssion efficiency. ion current at the detector id =
11,11t - rate of noblecule liberation fromthe source ion current fromthe

source - rate of nplecule Rﬁm&k 9t ion current at the
detector 30- ion current f?gm e g)tt)JirTce I| Ogggliéﬁrther nore, it should be
menti on@d22halniohe epbodidtdnt, dkisénvdntion prdvidéscammyss spedfborhetrdiddizationtméthod
nmeasure W th good precision. There are a |l arge nunber  of factors that my

af f ect ipovhichelfgtoenay dupleeor wiid emplemetices Ale Rasydeaaips beamthearblr e

117 CUbbach ok SR QS EEBELEY o BUTHRNe. ) iBlher Yirob B, A Inbalici® | 20
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.



5 efficiency often goes unreported. In our experience differences within an
order-of -magni tude are generally not significant unless reproduci bl e over
mul ti ple experinents. [0033] The critical question in M5is where do all the
nol ecul es go? Using an el ectrospray tinme-of-flight (ESI-TOF) M5 as an

exanple (Figure 1), ity | t r sibilities for ion
| oss. Mol ecul es may fa‘ﬂ‘f@@?’:ﬁ%ﬁﬁé?h@ﬁ@w r they could form 10
net neybozs] SRiguse W Rdleil E@iroetbfdon Idse (sHoham arnleedn lad BSIOPOFMES! (Kebarl e,

P., J.Mass Spectrom, 35:804-817 (2000)) or through coupled volatilization
of the [8¥f]yt Bigszes 2. Tha detsetipn effpgiency) ofvarigas PES) polymesindiSIt FeFdet ect or

ifi i d Y d.t |l ecti
o 1 oi SR T FIERY e n-B P yPASERort SRR Y o R 88 The T e
sur§ ac ¢60xd] tp&u{\@._e[r,&,,?ﬁgﬁ&@heﬁﬂe@eﬁg{eﬁ@g&%_ potentials to 15create

electric fields that both contain the ions while they are separated from
neut r a0 nibigeaub.Schamaticlpf droplet ermatins and contengdinset)iad theetipofaTayloons may
be lost to electrostatic interactions with the inner surfaces of the Ms. The
M det &8%%r nust operate at high vacuum so that the nmean free path of the
ions to the detector element is |ong enough that the ion trajectory depends
only on the intrinsic nmass to charge of the ion itself Therefore, sone ions
20 may be entrai ned BETARBEPESSRIFIISN OF THE EFvENTIONt he vacuum punp.

An_ort onal_jon detector, jis .shown in Figure whi ch results in additional
i off | oiﬁ@qdﬂa%w@wm oSy @ﬂmﬁmﬁn@}mcegaﬁtstq}émaspmewtf@eséfurces.-
Convent| 1 f: r I ngge# LS. s Vi ly all
the | ogﬂs%g%%%l%%g’ urd il%di&%ﬁsﬁsf Zﬁ%ﬁ@g irég?{&’i()ﬁ?‘gggfrl t r%%tg% %Oﬂgé lr?éss{s)ﬁrgﬁgal yzer
and t haiayi srbetter switedb effartidudarcaypé of mbhssamalyaerl O0malytal €erationtdeteotorsarbased
on two_ obseryations: 1) total ion current neasurenents fromthe spray tip
and at bolier ited fpspecifisiaassaaalygensn el hefosuselghisiayentignds shye jopsouEseangs s

hi bi | . ' 0 . i k
(Tang, more specttCulfy Rcbnipgeiirooss B8t aAENORI BF B iFecs I baADBeatll (P03
t hi5 acbiganid ®odculesanduire gererdltyoprefetiedrforthedpmiaytidd indmevlatilorghgut 150 nA

at a1l pl/mn_flow.rate of a typical bionolecular _sanple matrix (50:50:1
met han8Pecigs: dSlde atidely practised Recapsy 1hea by Teadily el wathdigwd ar at us, but with

s cor Ft SRRl pabily e Capilars RO beqs for 3881 EisFEhiabion SSoy @l AT, . o,
(1994) jechhimmes eqeovidelypracticed enllarge imdletubesdn. g5 prat8ihsh that asn be diffionlntd | ow

rates) that. varied with the sulfuric ac¢id concentrati.on (between 0.3 and 9
3% redqjubilizgang yolagge m Byl {Fheprmeiniep ngeehMALDIGS the vealhmmben el 107

1T e SAREURE 0 ol SRR M hultRuty SEIGHART, floBpEThi gk’ ©

ra an oscertal es se asur

cur r endlisadeardagel ofthe MALD] isliew detectonbatamKonwithamnetrixt iohs beloadatiout 900lahbier ence
to conductance in the apex resgliI on of the jet rather than_to ign 5 convection

by dr opVigh theadyeas; ofgnicrrinanarES] sourges éhese Rup Iqmiousees espemilyisehitdt sielar ges per
drop ”Eé(te{?ﬁio 3 “jiér%vﬁp fovE%&e'}%n{;%P&gh&@ LAt data suggests. Further

evi dence a measurenents ar€ rn-error is that they translate to a

nunber [0881§ harlgadetetion @ffigericydh gaeanation 1) of gsr MShisdeteh@indyfreinghe produét
(Table 1). The Rayleigh Iimt is the maxi nrum nunber of unbal anced charges
t B3t nefthexosization effidienpy (173, equation A)raidkthetmnsihessibneffisiency GRe equstipn 3).
10expl odes due to Coul onbic repul sion. Table 1

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




Total Charges on a Electrospray Drops of Different Sizes Estimated from
Total and Specific lon Currents (Figure 5) Drop Size (gm Nunber of Charges
Expected per Drop Estimated From PEO Data Maxi nmum from Coul onb' s Law
Estimated from TI C Measurenents Maxi mum at the Raleigh Limt 1 1.36 174

18, 800- %32}}0 lilﬁ'tlﬁ:%oﬂe? 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
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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 15 [0036] Smth and coworkers (Smth, R D., et al., Anal.
Chenz., 62:882-899(1990)) also attenpted to directly neasure the

transm ssion efficiency inside the mass anal yzer by neasuring the total ion
current _striking a_detection plate gl aced at variou os.}tions al.ong the ion

p
pat h i n3%heespecyelinaBeth of these jesalinbanstpteita briween 4051 5Q1 wnbadanced chargss
account e 20 vas j Q5] ' | H1 ing_ i or.qdet ection
o 1 of chehyirOh dsSinig LRELo R @bt oot Rl (P B b RBber e 1 MBANACE B0t 0
t he t ot bbsciettales bbseanéd thaethetmeavereddoms byrreit ¥ R4 finves theirthedrotice? $nakir@uino
transm ssjon _effjciency. Mass anal yzers are usually tuned to elimnate very

snal | i exkatiribued thy diffsrencs te conductnre i the apgx feginn elibeigrather hamto I9Roul d

o 1 voi oy Eor 6 Bioeis bRSe TR ! JBb.Ifih % ARt ket HEhLE IR RRN "
det er m qay beanedi 15WeLthagfthé fta16Y cin@ént AR sHp8&H. | Furtieh e9fdehsd Baefk TIC. €. |

using the specific ion current). [0037] The existence of nultiple charge
st at es, measurementp aretingamtogis that they tnaneatdits amumbier ofichargespsrglorsthat ers firs not
center about I ngl. har t.qt s ih ecand observation.used to
S ust i dtief Revtbishy St ARbR Gr dhnlcloh ARE0) HeERait FImbET oL ey o
were a pHatidcéd BhargBPfhdemal ReINt BAY At VLTSt BfopsipBhRsichiRlEeen?
However, it can alSo be argued that the ESI process produces asynmetric
fi 49i onexpledassiuetto Ooatagehic dempsien.s duri ng desol vation. (Kebarle, P. and L.
Tang, Anal. Chem, 65:972A-986A (1993)). Charged anal yte at the surface of
the drop may continue to pick up additional charge due to cooperativity as
it noves 10into the gas phase. This agggLjion is supported by evidence that
the fissioning droplets appear to carry away the bul k of the charge during
desol vati on and dr djotdr €hlixges oneekleotyosprtaly| Rropsaf Jrffepersti Sizesg on t he parent

drop. (Kebarle, P._and L. Tan al . _Che 65: 972A- 986A (1993)). In
essence, this mul@ﬁ%ﬁﬁ@c@°@%ﬁéﬂ?‘-‘%§ﬂ%§}1ﬂP§quﬁ‘Eﬁsi(€?g“6F Swo’ possi bl e

popul aItJi ons of anatfyte: 1) hi grﬁﬂmﬁ@?ﬁfféﬂaﬁﬁ‘?%ﬁﬁcm&&ﬁ}éﬁ? rise to the

envel ope of peaks i|n

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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1551- M5 and 2) non-ionized anal yte that remains undetected. Thus, although
charge is limted, droplet heterogeneity, particularly during the fissioning
and breakup process, nay explain the absence of detected species with
internedi ate nunbers of charges in between these two popul ations. [0038] One

t hod t to 20
Teasur o Tha SHaRer; APEiORTR HALALE dRind SIS pRIaki R ' ° 1O

honopol wpevific isusflintsesp Gl e/ oisiyd ﬂl&&paxﬁdmn(d?ﬁa)nt) of varying chain length at
t he same_wej ght fraction of nmonomer gure 2). Ap {?éfer chai n c;ont ai.ni ng

mor e i odPBAI elhesnsiguce %ﬁfﬁl&]’“@lﬁ%h?égeaﬂ%tﬁﬁtoif quEEF‘Wu that th SitRbtondB npet e
for the ?%ﬁ% Sf?ipésqs E%fe%?ﬁr% abdifi 2 f&ﬁer fy%gﬁgg&ﬁaf nWﬁE 9o Ero%géxjvgﬁ PheedRgOMer .

When solu Ners o engths are su ected to 25
el ecy r ogustidy thPCUiblrrZ}ﬂétb @mntﬁtlcﬁibrgﬁheﬁﬂfl‘w&ramﬁeﬁﬁgﬂﬁl ﬁahéne wéiata ﬁalneny‘icﬁ ection

efficiency scales proportionally with the chai n | ength (Figure 2). W al so
find t haharge, thee whavadd neHtple q%ér&gtstatqssbel\agen? v lm%ﬁcp be m‘gugc} thape

e ot e BT B RR oo Senedi SR bR e et F e BB BESLLER, (o
t he Mar i(Rebary, Phgid BBite, Ul -Croni) C65:9 710 -986 8 ¢1999)). e@ﬁaxf‘gb@aﬁMy&fat&Kbe hi ghest

nol ecul ar 30 weight PEOtested is at or near the feported transm ssion
ef fi ci esusfadenf thedroprisay cemshtue t picksipadditionnheharghdud towmopasitiviylasit mesieght

e 5 B A A i P
fe19 [ o engyaty BUpPHRIHIOGE el chfb g Bkl AR B BroERiE lepfipa WA 211 o
el e e o i 0,
Caoom | ATSDhtngeSends dhry o shodhse Supsloimodl BonBRtoR of 30 BOMEn he
total ?B?@lg ﬁdf‘ﬁﬁ%d{lﬁqﬁéﬂyjcﬁ é@ibﬂéﬁ%’% vﬁﬁcl??@ (rge)to ttl?}é\ﬁw% @loglpeaksm

concent etT cal I'es conpet e avai l e charge

(CIp, &SHMSendad)adn-tbropddeanatyte thpt ren@ins ul(dbtected) (thus; ald@hgh-chargedCT( 1-

2 et T ihlited, @Bl heerbs e w P iRt FoeiorinEhg TR P oo Y val | o
SiNCe_ WexASFANE sblfbe b\elsB8h SRR f1hRARY: Flmb LIS SFEHATE! il crs

constant,” i ndependent of the polynmer chain I'ength, then we~“can condense the
pol ymer tltbseempopulmoxsffl ci ency data pr esent ed i n Fi gure 2 by dividing the

I by .th f j t h
oy A0S | G el et BESE GG bl ol ety eRiaienc i 1 nat os he
di f3er eﬁfe%&n@?ﬁé"i‘&&ﬁ%%ﬁ 'Eﬁfrént‘ﬁro@thd‘eﬁ%&%%néé"@f 1'Bniz‘§'913;tﬁb§no pbNmierd] §ifth 84199€st s

that the trans sion efficiency is constant for mass to charge rati os of
bet ween p@lyethytehe ixidy, (PREO)C bf varyingehaiar gegth etthesdmisywei plat fravtionwd niRBOMEhai n

0 A W i S PaB b HEe BeGR E
Bi 0syst gger ch%ms@tu{ey@%wfo? hedvailable CRSSe ﬁpmetsgxgg%ﬁfmyéﬁaeigm ﬁ-&&?o?leo

studi es, has sugge that the transm Ssion efficiency 1Is eoretically
about Omfddondef. Weheaselutions bﬁPEOTpolymemsmﬁvanmsedlfalmleagﬂry apd sutthect& ’wDa PEO i s
close to unity, then the aC_yal ,ua%sm ssion effici en(;é{ccan be esti ma{ ed to

be 2 ouBi§CHOSPEasonization n an ESTTOR MY, 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

p..

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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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 total concentration of
conpeting species (C) is estimated to be about 4.4 x 10-9 Mand n to be
about 1.3 x 10-6. The best nodel fit to the data is also shown as the solid

cuggest ©rfp 452 (0T kor gy ShinEed SRS TLS R eslh B 5 cpbiraRt pollion

amount  gfr 18 b RMER WefdBbs %ffR:"'eﬂcSW{ngj RAEMISHf Fe1ATVRRhaRERPSratibh cONEARSt S
that anal yte al so conpetes with itself for this charge, such that i1ncreasing

t he ana(qy)eetwean éretotd cancentratioredf ioaizable residuasadfiREO éﬂf;) cthenetg] cqreettrationar | y
for species that do not conpete well for the available charge. Finally, with
an est i pfhebypothetiealspecits emapaiingdonthe availabloohargT{ Cyk avd thevwital droplelst i mat e
of the tot al nunber of unbal anced charges on a 30drop (Table 1). Because we
| unp al Fhei88 &5 ble char ge- conpeti ng speC| es into a single species and we

don't have a fumestimte of the_actua E-S
possi bl e that the tot@l-%)%-g@%on@éd:hl‘hl@d&—@)Gmnh[(édob)ﬁrcuaﬁg,-fC to the
model may under estnmm—rﬁ—amm——wmon {He
drop [0043] A great deal of effort has al aa“) gone into the optim zation

ion m CIK t ng
achi ovell B8 TR 1SS (o e 15¢ Ll prole B, b BBSBNE K4 I o

Chem , 17s2va21217 Jslﬁe?&&e @&Qﬁ;@ﬂlat thB h&nfﬁtﬁ)!ﬂ &ﬁ@i@ﬁ@ &5the mdoezi(§9Ys béi:sfaﬁﬁdl ly
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[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

12



previous results, further testing revealed that this difference was entirely
attributable to analyte adsorption to the inner walls of the long (up to 250
cn) uncoated capillaries used for 30 sanple introduction. [0046] Detector
duty cycle in orthogonal TOF detectors is fundamentally limted by flight
time of {hg cheipe c%geedusaﬁaﬂeéihn&@%y@ﬁﬁ@rfﬂ'ta%éﬁo&aﬁha}ean&reﬂﬁate@ﬁe 4chB) .
t he manufacturer of our current MarinerTM (ESI-TOF) system Axial TOP and
FT- | CR symshadmreedreliarige coseedirationi owtheakep.t he detection efficiency since all
t he ions[(@%g] col | ectgd and_re| eased at once to the . sensor. el enent.. , However,
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ansor ey et it kst £ R TE e B Bhitiod 5 BUGERIQEY
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15el ect [ it trai L f 1sit, the.i f | et
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el ect r ongihbfifehtay eﬁ@f‘éftlhﬁti 1BlfindlP8bservé fn%rﬁﬁﬁﬁﬂaﬁsp}ta}(r epgﬁ{ieg }(lsisg rﬁgbﬁ! d,

every cation nust be balanced by a neighboring anion (i-e., ani c ions
nmusflSbe Thersfordt, thsmiabinanosptdyeidllestdw efficiepep appeasito bamdand00%qui d phase).

When th lectric field is applied, charge.separation.in the.ljqujd_begins
o occurOtdl s ThewyaTuttarg et Sy sehmsvs, weraaroons srbshAbhr i o
sur f ace. indifin@R%yARe HaneHighidds RANALELMAAEd Hvai) il Feekly forig the
magni tude of the applied tield. At 10,000 V/cm dielectric breakdown occurs

in air, cenduttedovéd Dyears ohopenaiogr dthedietection efftadenay afmyaglobin (ailg Mixgi ns, and
th i ti. f .dropl et f tion.. Th this field st th
Fepr oseFeeaT AR Bt FHEACER the SahE P Eq 2 g §ouBhar ot on.
25[ Q@48]mrﬁﬁBIé3é%:|%HHQn§s%n8ﬁ&5& SVer HharS A6 S8 s.S TReVeGEiMS dehiRsizate! tRE BerferdiAy

the electrical potential (111) required to acconplish separation of a drop
of unit oflthe wpaiZatipnfeffonerncyeprelemy tip is given by: gi 1 v treo(e Rd(5)

where Rd.is..the effectiive drop radi.us, ep and,e are the rmttivit f
e Ja03sy, " By Thevine lieGermit btz iy so e sapple gh et o
separati : 1 : | LyeCR# i I i

ot ant i Sty ifto O Rcbyity GfaRipdilh, wehiph i erolhStnzlcBlighte [RAMGRE | 1 os
to fi el dastumpynipsordfindreshivieess dfthedetediol Ik ¢mtlfearozzlezand ift@rfane 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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drops, respectively. The electrical field strength of ESI is ultimtely
limted by the dielectric breakdown of air (10,000 V/cn); therefore, we
expect a maxi mum of about 174 unbal anced ions per 1 gmdrop and 17, 400
unbal anced i ons per 10 gmdrop (Table 1). These estinmates are about 2
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45 483-518
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t he t argedp ﬂnédtfbechgge g@;akgi@nl aser, that MALDI ionization 5efficiencies are
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where Ry is the effective drop radius, €, and € are the permittivity of vacuum

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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fingerprint of these types of sanples w thout tinme-consum ng accunul ation
and sanpl e preparation nethods. [0055] In MALDI, the proposed ion or
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11. 2. 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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5D etze, Fresenius J Anal :Chem 367:407-413 (2000)). However, in all these
cases the ion bath through which the droplets passed contai ned both positive
and negative ions, as well as free electrons, so the mechani sm of charge
reduction is unclear. Furthernore, the effects on detection efficiency were
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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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Anal. Chem., 72:52-60 (2000).) reduces the number of multiple charge states on proteins and

18



[0067] Alternatively, the generation of a wide variety of atom c or

nol ecul ar ani oni ¢ beans of specific energies is viable. For exanple,
Mtchell et al. describe the generation of methide (CH3-) beans of various
energies. (Mtchell, S.E, et al., poster presented at the Anmerican Physical

Soci et y hRNOAnh@e caSANR tath iohiVhfeMbe %@e%@hat@%ﬂgf:clﬁﬁéﬂﬁe@@ﬂmoﬁs a 30

precursor, the resulting net, hide beamis very weak; however, an intense
beam carstiippipg vohalawed protgnsianidestdinsfona the lopizpd sesiduss on the piotedims.ani ons of

any ener. hoypever re no. kel yv.not suitagble for bj.onol ecul ar

sensi ti ﬁ%‘%@ﬁ&%’@@%@% b@h%% liﬁé%mrﬁigﬁf E‘ﬁg‘s é@%?@ﬂﬁ‘i‘%&f finity
relativ {, Gk I i CHSdib&Fd I 9 er3). A
ot hi e o R SR Gl Bl S T I BB PPIL 0 ng
t o phssilbikeze, FragnenatnabGhen, 36M@0R-418 €006))r drmvévensnslithesescases the ion

13-elimnati . Selecti f ion . Wih | o - ph ffini
e mor o CARpAepHaharaich fos Gpleisasel st OolpipoSHNG 2BAnSEHDEICRn g BTIEA o
(Dol | ov e HAEHbhe 8B Bkt L BB AP o el Pttt B BEcts on 1 e

( suggesidetegtibheffidiéncyiweére mot reposiéd.i p al i phati c hydrogens). Thus, the NH2
beam woul d be expected to adequately deprotonate_and .ionize the analyte
wi t hout [0@3%ot Bridenesthata lomeensrgy protombeapnmay be aklejaancigasmiosizstive be easily

ootd 11 e A R R Y S o e BRI PREoRE Bl Bty brl ° 11

appr opr i2atte 1000 VY hive b&nastd prevsiisBnoliesiae hewtrdt Shorghiiie @abdicin NS l{apl €0,0f
ionization lies at 10 the interface of liquid- and gas-phase chenmi stries. As
an ar guardiNOg). @AdeheykiB)K.Bedarskiranddi. ViekyBioned Emsirén Masy enhancenment
in lvlIALDL "soft" negative ion node ionization may be obtainable for nucleic
aci d andpeeroeejl6:416A7 GOSBYN Thesshighenengy eddctrans geneyatewi mhltiplioity o positive ni ty

et BRGEp ol ot o L300 KL ond corbonl Ak (Laag el ). but
17bhe) Selofign e g IR, Lo TP Iosop KOOl g’ 1525,
nass- seleetr arrgypdectsqnibdaetsi (ag.,f0r@25 tar0adpr(bpraneded. Ai, CsAr Kacker, addllle 2
Cormon Y L B U L2005 LT NS et ol A 1
Pept i deAfs 8 B MazuAGEW R 2ad MY IDEHYE RAFDP Coftflif Md3s 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

5  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
10  ESIsystem (<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
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 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

20  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

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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[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
5  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

10  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

15  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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Tabl e 3 Gas-Phase Proton Affinities of Selected Anions (Values conpiled from
the NI ST Chem stry WebBook, Standard Reference Database No. 69, July 2001)
Anion Proton Affinity (kJ/mol) CH3 1710 NH2- 1660 01-1- 1607 CH30- 1569
I13Si- 1525 C6HSO- 1430 CH3C00- 1429 C 1360

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| 3| G| Bl B

2,5.6-trihydroxyacetophenone

Lipids

dithranol

H
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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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(+) ion node ESI Novel ionization nethodology (ion beans) (-)-ion node ESI
Novel ionization nmethodol ogy (el ectron or anion "proton-scavengi ng" beans)
(+)-ion MALDI sane as above (-)-ion MALDI sane as above |on-on-Demand

Li qui d- phase Direct ionization with ion beanms Solid-phase 1) Direct
ionization with ion beanms 2) Articul apgfegurface Particulate fingerprinting

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 particulate charging and fissioning with ion beans [0070] The

opti mal el ectron beamwould be of sufficient energy to neutralize labile
protons of the analyte (i.e., carboxylate protons) w thout renoval of
protons of much higher pKa or 5 induction of unwanted side reactions such as

el imna rearra alternative a on SC i ng"
peam | TR oot i ﬂ\fo@m@ i pepp st AT RSB E cReh § o
renove of oA anERk n wth
organlcgg na ytg i @?IFO epen gﬁfsﬁkyany %@ﬁ%¥§§5?5§§e ancen%ﬂ? provi ded
in eithessuliiig s@lecwhDISﬂi@tam] dloainade)seramius xbgammbatimt&dms well esfinsalating

produce igns-on:denmand. The key to su cess in is application is the
abilityb %@G%de mstel (gpld hagRlessster i aracts. IRUHira s BOP U GeamFics of

m" %‘C“' Va3t Qata 5%?%%%501?% 088 ad ’s'é ﬁé[e‘aB ﬂ»ﬁ%}d s ox?xd?ﬁuanoﬂh

mt). di scusse 'S approa |a
eI ect r oghers makinganpdnigaionwrsms aethe tipseif@cstpimrsuﬂﬁce oni zation and the
photochenlcal conpllcatlons seen in NALDI appllcatlons 151 on beans may thus
be usedlM¥3] hdndisueofiaprieraseolizing ﬁﬁtﬁadmtacasm»leag ahaféap@lra@fl vixal teshepstanal

opul o1 B OAePORI ot MALEE hoti 858 0B CR e et BRER aBRie ROy e

sur f acefng@yrihP FORFEAR SpéieY. ze and contanlnate t he resultlng spectrum
Silicate and al um nate ceram cs may be substituted as well as insulating
backings with netal (gold and stainless steel) targets. Furthernore,
non- pl anar geonetries of 5 the MALDI surface nay al so be used such as those
needed for field desorption ionization where maxi mumionization occurs at
the tips of a spiked surface. [0073] In lieu of an aerosolizing system
intact sanples of a bacterial and viral test system nmay be deposited on a
MALDI  target and ionized fromthe target to obtain a unique fingerprint from
each species. WHAT IS CLAIMED I S: 1. A mass spectronetry ionization
met hod conpri sing: directing an ion beamat a solid sanple matrix
cont ai ni ng anal yte thereby addi ng unbal anced charge to the anal yte and
sanple matri x; and desorbing the charged analyte with a desorption | aser.

2. The nethod of claim1 wherein the ion beam consists of protons whereby
the anal yte is protonated. 3. The method of claim1l wherein the ion
beam consi sts of anions or electrons whereby the anal yte i s deprotonated.

4. The nmethod of claim2 wherein the anal yte conpri ses organi c conpounds

havi ng ni trogen, oxygen, or sulfur heteroatons. 5. The net-hod of one
of clains Ito 4 wherein the ion beamflux is fromabout | mN¥cn2 to about 17
my/ cn?. 6. The nethod of one of clains 1 to 5 wherein the ion beam

energy is fromabout 5
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to about 50 el ectron volts. 7. The nethod of claim6 wherein
the ion beamenergy is fromabout 5 to about 10 el ectron volts.

8. The fiéc‘i[‘ Epcli ms 2 or 4 to 7 wherein the positive ions
conpri se Pro :E..o, PP o ons, or cesiumions. 9. The net hod
of claim 3 where the anions conprise NH2- or H3Si-. 10. The

method of clailm 1 vhEIEs PeelRmeBnonigativ metiodenmprisng a material
sel ected fromdihemgf éﬁy%n%g&ﬁ'a%krf]gi Pe'rﬁé‘cﬁg%rﬂé@}/n%ra(ﬁégffé ﬂgr%ﬂ%:gd iy d,
sinapi ¢ acid, 2-(4-" hydroxyphenyl azo)benzoi ¢ acid, "succini'c atid,
2, 6, - di hyunbeleyeedahenghén theanalytr andisempleinthiricahi ei ¢ ap:jd, i
2,4,6-trihydro none, 3-hydroxypicolinic acid, anthranilic
acid, salicyl acfr%%gﬁtg%?%% alr%ei%canglgp%é’lﬂb? é‘%a VBI5%benzoi ¢ aci d,
i sovani |l lin, 3-am noquinoline, 1- isoqui nf)l i nol ,

-tri h d dithranol.
2,5, 6-trihydr OZ%yaCe[th%eneet}ngnoef c?eﬂm 1 \Imherein 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 I to 4 wherein the ion beam flux is from about |

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 selected
from the group consisting of a-cyano-4-hydroxycinnamic acid, Sinapic acid, 2-(4-
hydroxyphenylazo)benzoic acid, succinic acid, 2,6,-dihydroxyacetophenone, ferulic acid,
caffeic acid, 2,4,6-trihydroxyacetophenone, 3-hydroxypicolinic acid, anthranilic acid,
salicylamide, nicotinic acid, 2,5-dihydroxybenzoic acid, isovanillin, 3-aminoquinoline, 1-
isoquinelinol, 2,5,6-trihydroxyacetophenone and dithranol.
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