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ABSTRACT

La'eF'nduced breakdown 'Decrrosco'v rr'rRs, has made uemendou. progress 'n becomine a vrabre lechnorog) for'apid bacrenar pathogen directron ani iaenrincarron.' , . . ig' i f i .- ' ' "d;;gi, l i i i i i t  '*r"a. speed (. I  seranalvsis), porrabirilv. robusrness. rack of consum€bles, rinr"-,. ". ".J-r-"*-"pr"'0i"p".",.., rack of eenelicamplirrcation' and ihe abilitv ro idenrifv alr bacreriar p"r'"g*' *i h;"t ll;ri"ir,,il"I"p.,"*-r""", *d viabre bur non_cultumble specimens). In this manuscriDt. we present ihe lalest advances actrieveo-iri t-tgs,tasea bacrenat sensinginclud'ne rhe abrr,r! to uniou€rv 'denri^, specres from more than t*" r".i"""igi"# with high-sensitiviry andspec'fic'r). Bactennl idenrificarrons are cm"ieray,,,,n""t.a ry .",;,."'';;';;.i;;0". ". "tate of sro*h andaccurare diasnoses can be maae on auroclaiea or uv-inadiare; specimens. i'n r""i ai..i.,""t,." oi bacteria ar the
::T].1"] 1T 

b* demonstrared. 
I r?id ur.,nary o,"t inr""tion. aiugn*i"-i*'o*" ",-,,""a with no sarnpreprepamrron and a one second diacnosis ofa pafiog* "u..ogut h* l"oidemonsuated using aovanced chemometric

Tlrl 
*q a sinlle. ' stoplishr" user inGrface: st-a-";r u"t"'rJ'ia""ri*,ti"i-,i" ,u-, distance has r,€endemonsrraled on a field-porrable insrrument- This technology could ue imptementeJ in Joctors' omces, ctinics, orhospiral.laboratories for poinrof-care medicar sp€cim*--arv"rs; ,no*t"a on'n,inrrf ."aiiur .outi" pruao.,n" ro, in-lhe-tield diagnostics; or used in stand-offconfiguation for remote sensins and a"*t;in. 
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Xelaords: laser induced breakdown sDecl
idenrincarion, inrectious do""""., "n",.""';niliTil",("li"".lr1'"[T|.""" 

rnedicar diasnostics, rapid pathoaen

I. INTRODUCTION
since 2003, mnsiderable efTort and resources have been devored to developing the analvrical rechmque of laser-induced
l'..3** :ry":**ol 

(LTBSJ for ihe rapid po,nr_of-care diagnosis of ia"-ten,r ".J'";."i p"',.g* infecrion.,: rhenumerous advanrages of a LIBS ide ificalion (based on a parr-per-million etemenut assag, *tricrr incrud€: pmrocorsinvolving no consumabtes and linle or no sample preparation, tesring times of seconds, ano the abiliry ro anatyzemicrograms to nanosrams ofa specimen in sorid liq'la r". "*a'r. *-i.iiJ, - p"*a-.i i"..., n*. re€n descnbedm numefous publicarions and papers.r 5 rn addition, the recent ;dair". .r "".p,!rc.r-J.isnar-process,ng rechniquesfthemomerric arBonfim\"r to. rhe auronornous crassificarjon,"o g."p..;*;ii; p,.;iadded the rbilitv io make '*; ;;;,-;;;;-vdiagnoses on rhe basis or use...",* ",',ii:l fir??:i'T"inffi
predictions can be simplv and unambiguously conveyid ro non-experr fi."r-resp.rJ"r" - r,""rt--" providers in near

while.eadv investigations ofthe eficacv ofLIB-. for bacterial identification utitized very conc€ntmted pure tyophitizedbaclerial sanples and focused mainlv on troof-of{oncept dem-'r"r." .'"ir. ai"i.*ination amongst biotypes,,idenrificarion or singre cets/spores i; bioaerosars,'"'' *i *" ^" "t ..r"""i;;;;; ;;n. ,,"s "pectrum,,, morerecenl investigarions conduct€d in the rasr four vears have atlempted t" i'**gri" ,i. "tirirv of rhe technique foridenti$/ing live palhogens of high m€dical interest in "real-wortd" sarnples/specinens. In rhese experimenls, carefi,lconsideration has b€en siven to the microbiorosv invorved (state "i e"",i.l, ""iiir.""r medium, and chemicarenvircnment) as well as variations amongsl the various raxonomic classifici'ti... .t,i" i""t""" r"r ,r,e spe€ies or srrainl€vel). This anicte arlernpts 10 summarize the findins of lhose experimenls to;;;;ih" ;*"*" und accwacy of aLIBS-based bacterial idenrifi carion.
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2. METHODOLOGY
2.1 LIBS apprratus

The majoril] ofexperiments summanzcd in this papcr utitize an experimenht procedure and appa.arus very similar to
thal utilized in our laboralories. These are shown schematicaltv in Fi,r. t.

I

T
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t
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Figure l. A schefratic of how a lascFi.duced breakdown spdro{opr appararus would be used tb.
bactenologicrl applicarions. (iop ten) A bactcria-containing specime, is atomi; br- a focused (100 micftrn
diameret high-ener$/ pulsed ta*r Nd:yAG laseB !re t_lpical. Lighr emitred fron , hish_bhpera,ue sparr rs
collected md dispesed. Ibe aroms presenl in the speciden arc atl idendficd by peaks in the aromrc em,sson
specLun (top righr). $hich in lhis ce was obleined liom appioximarctr. 7500 ba.te.ial cclls. The r.rios ofthe
irlosiries ofthese peaks fom a spectral fingerprint'. uniquc to the bacb.ium. Nhich cd acr tikc a barcod€ ro
idetui$ the bacre um i. lhe spccimen. Adlanccd conputerizcd classification algorilhms analrze thc LIBS
specrtuD, and ba*d on the sp<ihen s uhiqDe spectral chancrerinics. asiCn the mkno$ specinen to a class
according ro a precompiled rc&ence libnD- (bonon .ighl). No Nr inpd i, rcquned, althougr co,lprenen6^
diagnostic infonation may b€ inctuded b assist in specl.@ jnterDElariodclassification. ,I.he .esutls of rhe
diagnostic anallsis are con\er-ed in real-1ime to lhe operator (phr-sicid, lcchnicid. etc.) unambiguouslt (botbm
left). Because the lingerp.ini is ohained easilr-� and quickll,. in under one *cond. jl can ale be used to qunti&
cho€es In rhe. !et im<n s h r imc

2.2 Brcterielcomposition

As noted' a bact€rial LIBS ide ification is based on a sensilive etemenral assay of rhe bacrerial ceu oRen rines
discriminating between bacteria on rhe basis oflrace inorganic €lements and mer.ts in the cell.r+ while the composition
ofa bacterial cell varies liom species to species, the approximate or average composition is kno*. This is sho*r in
Table l. AIso sho'vn in column four of rabre r is the percenlage of rhe Liss rotat spectrat po*er (which is $e rotat
inlegrated area mder the emission curve in the LlBs speclr't attribured ro ihat elemenr as measured in a rvoical
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bact€rial specinen lt is irnporlant to nole that the iiaction ol lotal specrral pow€r obs€rved in the LIBS sDectrum is nor a
neasuremenl ofthe total elemental conentmrion in the bacterial c€ll, because rh€ relative emission sk;ng$ oI a ervenelemental emission line depends nor only on rhe concenrrarion of rhat analye in the cell, but also on the reiarive
transition oscillator strength ofthe alomic/ionic transition. Theretore the obs€rved emission lines in rhe LIBS soectrm
give a qualiblive-knowledge of the ete'nents present (and changes in the peak inrensilies can be retared ro changes in rhe
conc€ntmtions ofthose elements) bur ihey are nol currently used to qurntiry absotute conc€irrmtions in the cell.'Akq rhe
r€lalive inrensities obserr'ed are highly dep€ndent on rhe atmosphenc envimnment in which the LIBS ptasma *"s
crearcd. Th€ dara shown are ftom sp€ctra acquircd in argon. which has been sho'in in numerous srudies ro provide an
increased signal-to-noise ratio in the LIBS speclrum. The LIBS data are averaged retative emissron nrensities ftom 669
bacrerial spectra acquired from bacreria with 13 different raxonomic ctassifications.ri Approximarety 32 ditrerent
s?€ciinens (different cultules, tested over many months) are reDresented.

Table I Relalive fractions of inorgeic elemenls neasu.cd in ba.r.ialcelh dd ftei. comribudon to ihe LrBS spect.u.

Element % of fixed salt fraclion
% ofobserved emission

intensity in LIBS
sp€ctnrm (see lext)

% dry wt.
basis

GNnelu and S1anier'o

Zinc

12.9

9 . 1

5.9

45_8

NO

2.6

1 . 8

1.4

NO

NO

NO

50

0.5-1.0

r.0{.5

0 . 0 1 - l . l

0.1-0_5

2.0-3.0

0.2-1.0

0.02-0.2

0.001-0.01

0.01-0.02

NO

35.0

3-6

NO*

r9.5

32.2

9.8

NO

NO.

NO

NO

NO*

N(): no1 obsmed o. not rcponed
NO,:nor obsc^ed by Rehse e1al.r5 but elemor has b.enobsned by olhm in baderiat

3. SUMMARY OF RESULTS
A condensed labulated summary ofr€sults as reported in peer-revi€wed litemture in the tasl five vears is Dresenled in
Table 2 and diccu\$d belo

Table2. S@mary ofrecenexperime aladlanes in LtBs-based bacl.rial diaqbsis.

r/2r07, A rapid discrimination oflive bacteria on the basrs ofLlBS s,gnature alone rs possibte, as
$el l  as discnmrnarion hom orher biorype, \uch as )easr or motd. ' r

/2012 Discriminalion ofrhe parhoSenic enrerohemmorhagic E. coti Ol5j.H1 slrain from orner

(2007-2012) The bacteial L|BS sp€ctrum
tine (experinents conducred on rhe same t

for a given species is stable and does not change wirh
. coll strain ov€r the cours€ ofmulript€ years).

)
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non-pathogenic t coli samins has been sho*n.'

(2007&2011) Bacterial identification appean to be independent of the groMh condition and
culture mediurn-in which the bacteria were grown (a nutrient rich rrtptic soy agar, broth, or blood
agar mediurn).'" This resull has been confimed by Marcos-Martinez et al. on rhee sirnilar gowth
media (20t t).''

/2rr8l Detection and discrinination of the biological warfare agent anthra\ sunogate Bdci?6
12rl,/|J var. niger and ricin surrogate ovalbumin has been deinonstrated with 0% false negahves
and I % false posilives at 20 rneters using a standoff system."

(2009.) Bacren^ can be discrimimted in air, argon, or helium environments, ahhough argon and
heliuin offer distinct advantages."

f20r9) Bacterial LIBS signatures are corr€lated with bacteriai membrane composition (for crain-
negative bacteria).'"

/1010) Discnmination is possible betwe€n three clonal methicillin-rcsisranr Slaphrlococcus aure s
(MRSA) s!'ains and one unrelated MRSA srrair -

f2r10./ Int€nsity ofthe LIBS spectrum is linearly dep€ndent on cell numb€r. but the specificiry s
nor dependenl on cellnurnber. 1500 cells provides adequate signal.lo-noise.-'

f2011) Bacterial LIBS spectra do not change with lime as the bacterial culture ages on an abiotic
surface (necessary for accurate id€ntificatiolvdelection of surface contamination wirh swipes)-r6

/:r11) Bacterial LIBS spectra can b€ obtained ftom killed (via auroclaving) or inactivated (via UV
light) specimens, and such treatment (which renders lhe s?ecimen c.mpletely sale for handling)
does nol decrease identification specificit and do€s not decrease LIBS spectral intensity.'�6

(2011) LIBS can dilTerentiale and dissriminat€ arnong bacteria in the un-min€d and reclaimed
chronosequence of bauxite soils, uselirl for the evalualion of soil quality and soil chemical

f2r.11) Bacteriaf LIBS sI'€ctracan identiff Salnonela errer,?d serovar Typhimuriumin at va.ious
concentrations in various liquids such as milk, chicken broth, and brain heart infusion. Tilers of
I0' and l0! cfiyml- provide adequate sensilivity for such testing.r3

QAI l) Raci us atrophaas spores and Escherichia colt are identifiable on a variery of tesrrng
backgrowds within a variety ofresjdue mixtures ofsimilar biological contusant material.T

(2011&2012) Bacleria in mixed sanples arc idenlifiable. The dominant or majority bacrenal
component ofa two-component bacterial mixture is reliably identified provrded ir compnses 70%
of lhe mirrure or more. Trac€ mixrure or contamnation is insignificanr. 1''

(2012) Bacteria can be identifiod with high sensitivity and specificity when specimeos are
obtained from clinical sampl€s (e.g. sterile urine containing organic and inorganic solutet withoul
the need to remove other compounds present in the sample.15

(2012) B^crenal classification of a "spectral library" composed of spectra frorn five baclerial
gen€ra and 13 distinct taxonomic groups showed s€nsitivities of apFoximatety 85% and
sp€€ificities above 95% when classified in a five-genus model. Positive predicrive values (PPV) of
95%, 6ff/o, 92%. and 96% were shown for the genem. Es.herichio, Staph!@occtus,
3t ept o c occu s, e!.td Wcoba ct e r i u n.t 5

(2012) Live palhogd,nc Bacilus anthracis Steme strain nd hancisela tularcnsis c^rr E
differentiated rEgardless of mounting protocol (as lawlr and/or colonies on agar, dilutions on agar,
ald dilutions on glass slides.t'�

Prcc. ofSPlE Vol.8371 837106-/t



I
I
i

:

4. DISCUSSION
At present lhe experimental approaches utilized in obtaining the resulrs describ€d in Table 2 are varied, and no srandard
appa'atus or sample preparation protocol has been described or is recommended. Diflerent laser sources are stil used
duoughout t}'e communi5r. Alrhough the tundamenrat (1064 nm) of rhe nanosecond Nd:yAc laser is very common,
od*r harmonics. as well as near-infiared ri:sapphire femrosecond putses are atso utilized. power fluences vary by
exFriment and_bv research group, diferenr prasma emission cortectio; geometries are used, diferent gu" **on,n"nr"
ate pesent, and no standard prolocol for bacterial specimen prepararion yet exists. As such, lhere rs srill no standard
agreement on whal the "twical" LIBS spectrum is for a given organism (e.g. there is stifl no *stanclard" MRSA LIBS'tpe.ral f'neerprinf' useable bv labs wortd-wide.) This is arso the siruati;n through a large segment of the LIBS-
cmlnunitv, allhough elTorts to standardize assays are increasing. To dale, no efion lo standardiz€ the idenrification of
bacie.ia has be€n initiated. This situation is rmderstandable give; how recent thes€ results are and grven rhar ejtbns in
multipleLIBS laboratories working on microbiological specimens are nor yet well-coordinated. sti , there is recogrition
lh"t LIBS research into microbiological identific€lion and biologicaltuionedical analysis needs ro move ro rhe next srep
ofslanda.diztion. This willoccur as funding allows.

Quite possiblv the rnost sigificanr variarion exists in lbe merhods of dara anatysis. Even if common prorocors were
adapred' the-natur-e of the chemo'netric algorithms used could greatly afect the technique,s ultimare iensitivity and
specifrcity- One of us (Rehse) has successfully implenented a dis;riminanr function analy;is (DFA) approach using rhe
individual atomjc/ionic emission tines observed in the LIBS specrrum as indep€ndent prejido; variables, white fie;ther
rcssrclt effon (ARL LIBS group) has had great success urilizing partiat leasl squar;s-discnminanl analysis (PLS_DA)
approach utilizing not only the alomic emission lines, bur also ratios oI the observed tines and molecular ernission as
$ell. Both lechniques have shown success. The process of utilizing the inrensiries of knoM emission tines as predicror
vadables is kno* as variable "down s€lecrion." Many groups, however, utilize the entire LIBS specrrum (t)"ica y on
the oJder of200-900 nm) with €verv spectrometer channel serving as an ind?endent predictor variable. At p.".*r, it "r"
is slill no standard of analysis. Ir has t'een obs€rved by cotrfri;d er al. rhat use oi rhe entire mS speitrurn can be
comPutationallv inlensive on spectra wilh many charmels and this rnay also provide a discnmination bas;d (inconecrty)
on matrix €ffects, atmospheric lines, or background. convenely, use ofthe down-selecred emission intensities and mtio
combinalions can reduce the effects ofshot-ro-shot variabitiq, while a owing the user to construct modets conraining the
no6l usetul ratios and combinations-7 we are .r present resting the performinc! of DFA vs. pLs-DA using our 5-genus
and ll classification bacterial libraryr5 as welt as cornparing the predictive abitity of utitizing only emission-peak
intensities versus utilizing combinalions ofralios ofthose peaks in both chemo-"t ii t""t'"tqu"t. c,-intty. the siie of
our LIBS sp€crrum (>50,000 channels) precludes its use without variable down-setection. The use of other chemometric
algorilhms' including principal comF,onent anarysis (pcA)'�? and neurar network (NN):r anarysis is also stirr reponed in
the liletature-

4.1 Hrrdwrre dev€lopmetrt

Th€ ARL researchers have considerably advanced rhe srandotr LIBS rechnolog/ by ctosely working wirh a LtBs
conpanv 

.1A 
pplied Phoronics, Lrd.. sk'pron. North yorkshire, UK) which has desiened and iuirt fiv;generations of

lanagjr LrlJs devrces. Lrne ot the many possibte applications of a standolr system felevant to bactenological
idedification would be the analvsis of apparent casualties from a shon distance, e.g. l-3 merers, using u I-ras "y"r"o,
mounted on a robot. This application, which can be broadly ctassified as .tetemedicine..' could inrenogate open wounas
and other bodily fluids that are in the line-oFsighr ofrhe LIBS system.

lrnportanrro hospilals, clinics, and emergency rooms, ARL researchers in conjunction with a signar processmg company
(N€w Folder consulring, Durham. NC, usA) have devetoped and demonsrraled advancea signai-processing soffware for
the real'time (one second) LIBS analvsis and PLS-DA ctassification of anthrax sunogre;? T-his benchtop system is
conlrolled bv a common laprop compurer and convevs resurts to rh€ operator in a ;impte, intuitive *"y. rirur."gr,
developed primarilv for rapid CBRNE thrcar anarysis, rhis hardwarei;ftware package co! d easity u aaaptea 6r
clinical medical applications for poinl-of-care pathogen diagnosis.

I
rl
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5. CONCLUSION
Allhough cunently a purpose-builr commerciat instrument ibr the real-rnne LtBs-analvsis ot. bionedic.tthedical
specrmens does not exisl, il is clear iiom the expcnmenrs summdriTed here rhdr rhe aurhoA a;d ohers have sho$n lhai al
p.esenr rhe hardware and softtl'are exist ro make such an inslrunrenl possibtc. As \\e11. ihe necessNry nricrobbtogical
e\periments have been conducled to sho* rhal a LtBs-based analysis is nor onh sensnive and sp"";n.. tur i.,oou.r
against manv sources ol cror and uncenaint) conmon 10 other methods: sample conmmjnatjon. mixcd samplcs. lo\\ cell
count' etc \Vhal is now required is the inveslrnenl ot resources 1o de!€lop a purpose-buitr cornmerciat insrrument. rhe
developmenl ofproto.ols for slandardiz€d bac(crial preparation and mounring. and cxperinenralion teadins ro ctinicdl
t.ials of rhe instrument (analysrs of bacreria in or oblai,'cd from clinical ip..,n".9. ut welt as its prcrocols anrl
chemometric classificalion algorilhns in a ctinicat rnicrobiokryr taboratory. These resuhs can rhen be compared to rhe"culture and count" gold standard m€rhod.
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