-1 METHOD FOR DETECTI NG THE PRESENCE OF DORMANT CRYPTOBI OTI C
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ref.erence. FIELD OF THE I NVENTION This invention relates to a nethod and
apparatus for sensing the presence of spares % sl ] in
I qui ds. BACKEROOIGD CORTOE AN O BRESENGE E}gﬁﬁ %ﬁiéﬂ{@)ﬁ@ﬁ@fﬂ;r i al
endospores by detecting the presendRPOBEANISAE: 2, 6- di carboxylic acid
(dirpicolinic acid) has been used bé ”_EOEE ziﬁ 2% % t for sone tine.
Thi s conmpound conpri 0&5 L f ﬂ PL Aﬁ‘ﬁ)ﬁgres, and is
otherwise rare in nature (R Lundin and L. Sacks, "Hi gh-resal.utio
solid-state I3G pueiceasn rrgRetiroritedonanss. Splenh AFPEFFLR é}%ﬁ@i@“m filed

I dentification of the al pha-carbon signal of dipicolinic acid,” Apple.

21/1r g r alsalegla Q\{%l%g% 2 g?ﬁ;%@&ﬁirécorﬁ@ms 9231hRR8re HOB@pratd/adrondyanEisicEcal net hods

Ipicolinic acid to indicate the presence of spores,
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Determining the presence of bactenal endospores by detecting the presence of pyndine-

2 6-dicarboxylic acid (dipicolinic acid) has been used by those skilled in the art for some time.

ea! 1 1 ' ' n nature
This compound comprises 2 significant portion of viable spores, and 1s otherwise rare 1 n

. . 12 .
(R. Lundin and L. Sacks, “High-resolution sohd-state C nuclear magnetic resonance of

bacteria) spores: Identifications of the alpha-carbon signal of dipicclinic acid,” Appl. Environ.

Microbiol., vol. 54, no. 4, pp. 923-928, 1988). Various analytical methods are used to detect

dipicolinic acid to indicate the presence of spores, including derivative spectroscopy (A. Warth,

“Determination of dipicolinic acid 1n bacterial spores by derivative spectroscopy,” Anal
Biochem.. vol. 130, no. 2, pp. 502-505, 1983}, intrinsic finorescence (A. Alimova, A. Katz, H.E.

Savage, M. Shah, G. Minko, D.V. Will, R.B. Rosen, S. A. McCormick and R.R.A.lfano, “Native

itati i ' ] ilis and Staphylococcus aureus
fluorescence and excitation spectroscopic changes Bacillus subt phy

bacteria subjected to conditions of starvation,” Appl. Opt., vol. 42, no. 19, pp. 4080-4087, 2003);

luminescence following the addition of [anthanide salts (D. L Rosen, C. Sharpless and L. B.

McGown, “Bacterial spore detection and determination by use of t_erbium dipicolinate

photoluminescence,” Anal. Chem:, vol 69, pp. 1082-1085, 1997); mass spectrometry (M. B.

Beverly, K. J. Voorhees and T. L. Hadfield, “Direct mass spectrometric analysis of Bacillus




McGown, " Bacteria] spore detection and determ nation by use of terbium

di pi colinate photolum nescence,,, Anal. Chem, vol 69, pp. 1082-1085,
1997); mass spectronmetry (M B. Beverly, K J. Voorhees and T. L.

Hadfiel d, "Direct mass spectronmetric analysis of Bacillus -?- spores,” Raid
Commun. Mass Spectrom, vol. 13, no. 23, pp. 2320-2326, 1999); Fourier-
transforminfrared spectroscopy (H Y. Cheung, J. Cui and S. Sun,

"Real -tinme rmonitoring of Bacillus subtilis endospore conponents by
attenuated total reflection Fourier-transforminfrared spectroscopy during
germ nation,"” M crobiology, vol. 145, pp. 1043- 1048 1999); Raman

spectroscopy (U. S. Patent No 6 040 19 a4 26Yamashi taurieM
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ei t her e calciumand/or the dipicolinic acid. U S. Patent No. 6,498,041
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fl uorescent cal cium b ndl ity hfadiing, ¥i.Shid enépedhmum
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crypt ob| otic mcroorganisns. (Cryptobiotic describes m crobes capabl e of
achi evi pg a4691 gAYy state). Specifically, dipicolinic acid has been
utilized to détect Oostridiwn spores, (M W Tabor, J.

Detection of endospores through the presence of caleium d1p1001matc has been utilized in

U. S. Patents through detection of either the calcium and/or the dipicolinic acid. U. S. Patent No.

6.498 041 B1 describes capture of spores based upon 2 molecular recognition of spore coat

components followed by detection of Ca?" by way of addition of fluorescent calcium-binding

dyes excited by light in the visible spectrum. U. S. Patent No. 6,599,715 and U. S. Patent

Application No. 10,355,462 teaches detection of dipicolinic acid by way of luminesceqce from

terbium dipicolinate when excited with ultraviolet light.
Furthermore, the presence of dipicolinic acid (or other pyridine dicarboxylic acid analogs

with closely related chemical structures) has been reported for other cryptobiotic

microorganisms. (Cryptobiotic describes microbes capable of achieving a dormant state).

Specifically, dipicolinic acid has been utilized to detect Clostridium spores, (M. W. Taber, I.

MacGee and J. W. Holland, “Rapid determination of dipicolinic acid in the spores of Clostridium

épecies by gas-liquid chromatography,” Appl. Environ, Microbiol., vol. 31, no. 1, pp. 25-28,

1976); Sporosarcina spores (C. A, Loshon and P. Setlow, “Levels of smali molecules in dormant

son with levels in spores of Baczllus and Clostridium

spores of Sporosarcina species and comparl




MacGee and J. W Holland, "Rapid determ nation of dipicolinic acid in the
spores of Clostridium species by gas-liquid chromatography,” AD 1.

Environ. Mcrobiol., vol. 31, no. 1, pp. 25-28, 1976); Sporosarcina spores
(C. A Loshon and P. Setlow, "Levels of small nolecules in dormant spores
of Sporosarci na species and conparison with levels in spores of Bacillus
and Clostridiumspecies,” Can. J. Mcrobiol., vol. 39, no. 2, pp. 259-262,
1993); Sarcina spores (R S. Thonmpson and E. R Leadbetter, "On the

i sol ation of dipicolinic acid fromendosgores of Sarcilna ure(le," Arch.

M l.crobiol., vol. 45, pp. 27-32, 1963); and Mt abacteriwn spores (S
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m crobes on non:Jlijving. surf ‘ S shNfruvAi teh caanpltesnts vEed
to el eclriowishfiet Eﬂr?ggil%ﬁon 0?%198 PRELRBIPAED 24 ’

ron of nunerous specific energies capabl e of
exciting fluorescence fromvarious. ngtabol it es, of agkhsoladahAevdlubmoand
spor e conpioaent 2nd preefol dﬂm%oh‘ﬁ“‘c?cd‘i?”erlﬁ/f'epeﬂ%fsg&élhd E%ﬁor/es—F_i‘(H'Awrpl ed (and
more specifically the excited netabolites, cof act(gsrs af?ﬁngtige[[m%eglgdjlog{er

viral andper 13pors tporfomidsie digsherylifedt HEFRPHREnE ¥'lorescence t hat
can be neasured. The collected fluorescence signals (associated with the

si gnal s g?lgbti@[;t fspe@rfbheingehladapdnsimal / spore conmponents) are analyzed with
a met hod apabl e of (1) renoving any background and/or reflected and

scattered exﬂéaﬁ.t&ﬂA L9 Radn Nanh/§2),4 160 fipar Jangary 178, 2025 @nd angorpgREd iSHn
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1 1 jat] erous
surfaces and samples in which samples are exposed to electromagnetic radiation of numero

» . . < and
specific energies capable of exciting flnorescence from various metabolites, cofactors

cellular and spore components. Thus, fhe microbial cells and spores to be sampled (and more

specifically the excited metabolites, cofactors and other cellular, viral and/or spore components)

ienals
contained therein emit fluorescence that can be measured. The collected fluorescence sign

(associated with the signals emitted from the cellular/viral/spore components) are analyzed with

a method capable of (1) removing any background and/or reflected and scattered excitation

signal, and (2) comparing the relative fluorescent signals of metabolites, cofactors and spore

components to known physiological ranges. _Speciﬁcally, U.S. Patent Application No.

10/054.419 teaches the detection of spores by excitation of calcium dipicolinic acid with

ﬁltraviolet electromagnetic radiation (}ight) m the 270 nm — 290 nm and 310 nm - 330 nm ranges

(singly or concurrently), with detection of fluorescence energies in the 460 nm — 480 nm and 400

am - 430 nm regions, respectively. The aforementioned application also teaches the detection of

spores by excitation with electromagnetic radiation (light) in the 610 nm — 670 nm range with



ultraviolet electromagnetic radiation (light) in the 270 nm- 290 nun and
310 rim - 330 nmranges (singly or concurrently), with detection of
fluorescence energies in the 460 run - 480 rimand 400 nm- 430 urn

regi ons, respectively. The aforenentioned application also teaches the
detection of spores by excitation with el ectromagnetic radiation (light)
in the 610 TIM- 670 nun range with -4- detection of light energies in the

730 soo rEri region. This novel emnission was obsenled in ~, -nlssion
spectra from aqueous bacterial spore sanples and In a non-vi able Bac, Wis
thuringiensis cell sanple as illustrated in Figure 3F of the

af orenmenti oned application. Utilizin hese novel, . | r / I AN
and eni sisfeotio @figehs cheygies HethgdBE R} 6%()@1{”1%166?0@5 eJ#lgS Bg"\r/lnge ingglggc{ng%%se%(t%'f;\?ﬁel re

is little interference and/or overlap fromother mcrobial fl. OF@EHOFE,SS-
(2) backghauntpeiint eoharence bhctomltspotlesgneisiapd dep PO B QAR S TFT 4868 s
greatly Teduced, and (3) greater excitation penetration depth into the
sanpl e .rc%[f sFrﬁ exReGi8ded TRIFSoGE Tt the pacthitcantonppietons (dne st NPT
beneficiGl ‘Toner ener gy excifation and enission signals arise from cal ci um
di pi colinate and teaches : ks - MShdigtiohegepexeid bdnefniab sutigekertor
the det de¥FOHACHH e%%?téosn. ankgﬁ}lgﬁikﬁf)d\%%t %fl tﬂlrrﬁs)se skilled in the art,

fltuorescenct~ is a formgf |um nescence [ :SSGRRESHBAE. (2) background
phosphoriesitERcEtAFETHEs FHEY é’é’c‘tl%eigo%f O%ﬁ)tﬂ%ﬁlﬁeg@eﬁ%é spec(tgorretry (J.

D. Ingle, Jr. and S. R Crouch, Spectrocherpical Analysi 43
Prent i centtiencd don) Hiologinalpasringy OBEME T BHCE BoEhet fﬁ%agfdés%néhng}e) %ﬁ%ﬁcr

phosphorescence is the em ssion lifetinmes (L Tinooo, Jr., K.  Sauer. ni. J.
C. VNg, cxBintihCatneGanel Slepth: ik ithei phps anrl bRpBrRCEHRd: onldis {GHTCR an’oCrﬁl%a e
-Sci ences, pp. 577, 1995, Prcritice-Hall). (Fluorescence refers to em ssion

lifetimes thati ane #aLtigicH tasasend soitiphont emisamys mphesphBraseént®
refers to emssion lifetimes are typically in the mllisecond or |onger

range.) [Thus. w tho LEShonmkid Slit®s sphes phahedeeim afpores.
f1 uor escqéPfE@irﬁg\éeangx%}écrh??n@%tbg{‘?@%ndils‘fi ngui shabl e using traditional
As is known to those skilled in the art, fluorescence is a form of luminescence.

[Fluorescence and phosphorescence are defined as types of photoluminescence spectrometry (7.

D. Ingle, Jr. and 5. R. Crouch, Spectrochemical Analysis, pp. 438, 1988, Prentice-Hall, Inc.).]

The primary difference between flzorescence and phosphorescence is the emission iifetimes (I

Tinoco. Jr. K. Sauer and J. C. Wang, Physical Chemustry: Principles and Applications in

Biological Sciences, pp. 577, 1995, Prentice-Hall}. {Fluorescence refers to emission lifetimes

that are in the microsecond and shorter range; phosphorescence refers to emission lifetimes are

typically in the millisecond or longer range.) Thus, without data of emission lifetimes,

phosphoresbencc and fluorescence are experimentally indistinguishable using traditional

1551 1 ‘ g ’ intrinsic chromophores
emission spectroscopy. In this case, the “apparent fluorescence’ from the mntrn p

(chemical components that absorb excitation energies and emit radiation of lower gnergy) may

arise from either phesphorescence or fluorescence. Detection of apparent fluorescence from

intrinsic microbial components confers the ability to detect dormant cryptobiotic microbes (1}



em ssion spectroscopy. In tl-ds case, the 'apparent fluorescence' fromthe
intrinsic chronmophorts (chem cal conponents that absorb excitation
energies and enmt radiation of |ower energy) nay al"lse fi-omeither
phosphorescence or fluorescence. Detection of apparent fluorescence from
intrinsic rmcrobial conponents confers the ability to detect dormant
cryptoblotic mcrobes (1) without mall.ing physical contact with the
sanple, (2) very rapidly, and (3) w thout the use of any added reagents.
As can be readily appreciated, it would _ be very useful to be able to
determ ne the presence of dormant (cyrptobloti C and/or spore-form ng)

m croorgani snms in hospitals, food preparation_ ar t h®Saf an
UL | G nea bt o b1 8 TR EL B R AR ET g SF Eltn HRE a&Solany
effort to eradicate. This nmethod and apparatus, as an object of the

i nventi edﬁggahg be operated inexpensively and rapidly in, for exanple,
food production facilities. .s MARY OF THE NVENT10N The concepts of .t he

pr esent inveﬂtionk%eégﬂg,gﬁn@mgﬁapgdwamﬁ e paryataesulf or be wbladit SeteryHe
cryptobiotic f&%?nant, pore-form ng) mcr.obes in which sanples are exposed

to electromagnetic radiation,.i 18 foMire) G8Rravmzareghonin dndpides.e&108d
from enbissgren Ll PRt iDWﬁygqgégﬁﬁ%IreSiOS{)The spores to be sanpl ed

(nore specifically the cal cium dipicoli,nat aiedthergdrBleseBtire the
eIectropn@mﬂﬁ@tm@weWgyﬂﬁﬁaﬂﬂﬁahmkgnﬁbﬁgdyég?t%ﬂgﬁcolIegted em ssion signal

emtted fromthe cal cium pyridine dicarboxylic acid _sal 1 I i th
a net hodreseanabiretoafadienoving ragifobakratifd; 2 & ng%te%fttg(}(él:l\tﬁigtﬁ?&gns}%ﬁgr%% es
and/or Scattered light. Thus, the method and appar%&%snof t he present
inventigpmgg %EQEéma@bhmg&@gﬂgﬁmgMandmnHQHEOQByﬁPﬁﬂj Fidf%t0 scan sanpl es
to detect and quantitate the presence of mcrobial contam nation w thout
contact with the sanple. Being able to evaluate m crobial contam nation in
a sanple without contact reduggsmitheyr OEKHE DIVENG#IN ng cont ami nati on.

The cancepts of the present mvention reside in a method and apparatus for the detection

of cryptobiotic (dormant, spore-forming) microbes in which samples are exposed 1o

electromagnetic radiation in the 610 nm — 680 nm region and detected from emussons 10 the 730

am — 860 nm region. The spores to be sampled (more specifically the calcium dipicolinate
_ gion.

' 1$510n
contained therein) emit electromagnetic energy that can be measured. The collected emus

ciemal emitted from the calcium pyndine dicarboxylic acid salts) 1is analyzed with a method

capable of removing any background, reflected excitation energies and/or scatiered light. Thus,

the method and apparatus of the present invention provides an inexpensive and rapid way 1n

which to scan samples to detect and quantitate the presence of microbial contamination without

contact with the sample. Being able to evaluate microbial contamination in a sample without

contact reduces the risk of introducing contamination.

It is an object of the invention 1o provide a method and apparatus for use in the detection

inat] 1 ] 1851 i 1Si calcium
of cryptobiotic microbial contamination on foods in which emission signals arising from

pyridine dicarboxylic acid compounds are detected in the 730 nm — 860 nm region when excited



It is an object of tie invention to provide a nethod and apparatus for use
in the detection of cryptobiotic mcrobial contam nation on foods in which
em ssion signals arising fromcal cium pyridine dicarboxylic acid conpounds
are detected in the 730 run - 860 nmregi on when excited -6 mcrobial by
el ectromagnetic radiation in the 610 urn - 690 umregion, allow ng donriant
contam nation on foods to be determned quantitatively w thout contact with
said food. It is another object of the invention to provide a nethod and
apparatus that can be used in the deteckion of cryptobiotic mcrobial
contam nation on non-living surfaces, in liquids and air. As a specific

object of the invention, the neth and a rat us,: can ke, iHs &b entf hetobial
cryptobbpt&ﬂmUHMgnﬁEE§ﬂéﬁ@Hchﬂ@b$g1“Ebﬁt@ﬁfﬁ%ig%ﬁﬁ?n%xpéniiver and
rapidly in, for exanple, health-care faciljties, research | tories,
wat er t pgahABAtioRbd fdeistd bgdatmlhm@}ﬂﬂ@@ﬂtqvﬁ]iyﬁ*@éh%ﬁHo%ﬁ&tvﬁ ! Sag&a)ﬁoﬁefi eld. It
is yet another object of the invention to provide a nethod and a aratgs
for use int qsa%ﬁhgqﬂﬁ&ﬁopﬁmﬂﬁﬁmﬁbhaipmmhhanhﬁh@@éwj@mﬁ%%HSﬂW%F$£F%E§3éEes
and in liquid and air Sanples in which the em ssion of calcyuq)pXJLS%ne

di car boxyl at e .conpounds_.ar X Gh L EhYmirgliee bh epadiveld surfad, anilgnids Feat -
610 um DB é?%ﬁ§ﬁﬁ%gggtggkedlin the 730 um- 860 urn region,

all ow ng m crobial contamnation in_s Jdetrerdnidae do Windhouptobiotic
contactAM&$W%éﬁdﬁ3%éﬁﬁﬁ@ﬂﬂYﬂ“§8c%¥&%%g@!aﬁ%ﬁ&Fﬁﬁg formof the invention

it is frequently desirable to utilize light squrc Ll ERGle. health-care
eIectromﬁgnﬁtéanda@b@$ﬁ@ﬁoﬂﬁ@@ﬁ@OBSGmﬁFﬁgV@HEQ@S% @%ié%e@%f% tgg’ﬁfesent
formof the invention, the light emtted by the Jight.sourc% H?ssﬁﬁﬁbﬁiﬁmto
or filtgsaaidso rBasakh ldberedrtesougher elrermenimaih SR SAPEE: ! S i g0es
specific to excite cal ciumdi picolinate.

battlefield.

Tt is yet another object of the invention to provide a method and apparatus for use in the

detection of microbial contamunation on non-living surfaces and in liquid and air samples 1

which the emission of calcium pyndine dicarboxylate compounds are excited by

electromagnetic radiation in the 610 nm — 680 nm region and detected in the 730 nm — 860 nm

recion, allowing microbial contamination in samples to be determined without contact with said
o ?

sample.

In accordance with this form of the invention, it is frequently desirable to utilize light

source(s) emitting electromagnetic radiation around 630 nm. In accordance with the present

form of the invention, the light emitted by the light source is specific to or filtered to pass

therethrough electromagnetic radiation of energies specific to excite caleium dipicolinate.

In accordance with another embodiment of the invention, it is possible, and sometimes

desirable. to direct electromagnetic radiation around 580 nm at the sample. The 580 nm light

L. N ) i
excites flavins and heme compounds in microbes, some of whose emission 18 self-absorbed by

jon in the 610 nm — 680 nm

the sample sequentially exciting calcium dipicolinate with emiss




I n accordance with another enbodi ment of the invention, it is possible, and
sonetines desirable, to direct el ectromagnetic radiation around 580 urn at
the sanple. The 580 rimlight excites flavins and herne conpounds in
m crobes, sone of whose emi ssion is self-absorbed by the sanple
sequentially exciting calciumdipicolinate with em ssion in the 610 um -
680 run -7- range. The apparent fluorescent em ssions of the sanple are
coll ected and anal yzed as described previously. In accordance with another
enbodi nent of the invention, it is possible, and sonetines desirable, to
direct electromagnetic radiation of energies capable of exciting cal cium
di picolinate and also energies that do not interact w r Hdaus,
i N accofgancehanipharanhlsoresspcimesiens Grihe REPIRGEN Oﬁigﬁtfa H\I![a{:@ m&%&ﬁ#ﬁg&%mg&a
fluorescent signal emanating fromthe sanple (both fromthe m crobial
conpone §m§gglthose sinply reflected and/or scattered fromthe sanple) can
be neaSured and the presence of m crobes determ ned by conparing the.
rati os of the em 14 S%: wiih glﬁ@‘!h%l’ fremitaget & tedhesiticonpas gdssilget s agmetmes

r

reflected/ scAti€red 1rom the sanple. In accordance with the practice of the

invention, a sensor is used to dat 0k YadabR ofeniissk ealcgeneimeahaby
t he i nt AesHable. OHIGRLPROTFEEEBELC rglﬁlsagg{l 89 et ect %ﬁﬁe background, reflected

and/ or scattered el ectromagnetic radi ation. i Qi PRt hBeditteat
si gnal amtlalsoepegisathat dg ppt lvngEicaY“?tgﬂ ¢ ﬁpﬁf%shgﬁg?’éﬂgﬁwﬁﬁ}&mlgﬁt ot herwi se be
caused by the use of varying distances between the d tector. dut he sappl e
bei ng sgametvamby ahé adsubing betorser HERF TR ML 0P ™ ilirfaces. It has
al so been found that by rapidly changing the el ectromagnetic radiﬁ%ion .
di rected ta ..t hersanpheadt thdseqiteplyi edledif fadiontscalfraet 6THRE 2P Wt RSt s
of anbi ent Flght and particularly fluorescent |light) can be substantially

mnimzed. The nodyl %és%eogf theoBCidtatiiard eperogypaahgahe ratios of the emitted

measure
sienals from the microbes compared to those reflected/scattered from the sampie.
o

In accordance with the practice of the invention, a sensor is used to detect not only the

emission generated by the intrinsic chromophores but also to detect the background, reflected

and/or scattered electromagnetic radiation. This serves to normelize the signal and compensate

for variations in the signal that might otherwise be caused by the use of varymng distances

between the detector and the sample being scanned and varjations between different samples or

surfaces.

Tt has also been found that by rapidly changing the electromagnetic radiation directed to
the sample at frequencies different than 60 Hertz, the effects of ambient light (and particularly

fluorescent light) can be substantially minimized. The modulation of the excitation energy also

permits the sensor to be moved to direct the electromagnetic radiation to various parts of a

i i ' g the microbial conient.
sample without substantially affecting the accuracy of the measurement of th

The microbial detection method and apparatus described herein is able to determine the

iologl 1ot ' : I same time
presence and physiological status of cryptobiotic microorgansms while at the

. €
' 15 1 ' eal-
requiring no reagents, no contact with the sample, 15 Inexpensive to perform and delivers 1




permts the sensor to be noved to direct the el ectromagnetic radiation to
various parts of a sanple w thout substantially affecting the accuracy of
t he measurement of the mcrobial content. The mcrobial detection nethod
and apparatus described herein is able to determ ne the presence and

physi ol ogi cal status of cryptobiotic m croorganisns while at the sane tine
requiring no reagents, no contact with the sanple, is inexpensive to
performand delivers "real -8 time' results. These, and other objects,
features and advantages of the present i.pvention will becone apparent upon
review of the follow ng detailed descriptions of the disclosed enbodi rrglnts
and t he appended cl ai ns. = R, R L O 0 iz cDRAVINGS eF g unge i ongw

bl ock di”&@r%ﬁsﬁql gheﬁené?dr gﬁn%ﬁt{)b ha’?@ggn be used to practice the nost basic
features of the invention.. Fiqure 2 ot 1 G &intRing Uet uhes datlosed

di pi col beroricaPRRTEPy MPef n@ylf’,w6%gi ﬁgr g@i@‘}l&\lﬁ& ggag&?%e% and chel i dai ni ¢ aci d
(4- hydroxypyridi ne-2, 6-di carboxylic acid, B). Figure 3 shows the emni ssion
spect r ac@bo@MentMasdthet dppeledfclee®@b.ci um di pi col i nate (-) when excited at 630
nm and cal ci um chel i darnate (------ ) when excited at 67 m Figure 4 shows
the em ssion spectra of SOIWMW&—%MM col i nate when
excited with radiation of 630 run. The solid |ine shows the em ssian
spectra of fhe g%hacg &alhm andn theundashercd ienssh ongraghies BATBET BASIS At Fh

of the géf’t urated solution. Figure 5 shows the enission spectra of aqueous
cal cium di pi.col i.nate when excited at 315 run ( )and630nn{ Figure 6 shows
the em §§i1’8r‘\11"§ﬁ88?'ra (270 nmexcitation) of a pure calciumdipicolin-ic

?ﬁ Iu ? in gs:] I%Lﬂuu;‘ Iﬁ g’-n%h(yéj\fs)er’éle Eclqgmgzglu Sruttures LF Ichlf:}rlrc]zoqfnri)d ChiPai @&t dedrbb A Bedi k) us

and chelidamic acid (4-hydroxypyridinea2,6-dicarboxylic acid, B).

Fieure 3 shows the emission spectra of 20 mM solutions of calcium dipicolinate ( } when
=3

excited at 630 nm and calcium chelidamate (------ y when excited at 670 nm.

Figure 4 shows the emission spectra of solid and a solution of calcium dipicolinate when excited

with radiation of 630 nm. The solid line shows the emission spectra of the solid salt and the
dashed line shows the emission spectra of the saturated solution.

Figure 5 shows the emission spectra of agueous calcium dipicolinate when excited at 315 nm
(~—) and 630 nm (—).

Figure 6 shows the emission spectra (270 nm excitation) of a pure calcium dipicolinic acid
sclution (———), the aqueous calcium dipicolinate extract from Bacillus thuringiensis spores (—

— ' ipicoli ron reVISE es (------), and
qate extract from Saccharomyces cerevisiae SpoT ,
}, the agueous calcium dipicolinat

the aqueous calcium -dipicolinate extract from Cryptosporidium parvum oocysts (—rere -) to

which Tb*" had been added.

Fioure 7 shows the derivative optical density specira of a pure calcium dipicolinic acid solution
=]

(——), the aqueous calcium dipicolinate extract from Bacillus thuringiensis spores ( ), and

the aqueous calcium dipicolinate extract from Saccharomyces cerevisiae Spores (------).




-), the aqueous cal cium di picolinate extract from Saccharonzyces cerevi si ae
spores (------ ), and the aqueous cal ciumdipicolinate extract from

Crypt ospori di um parvum oocysts (---) to which Th3+ had been added. Fi gure
7 shows the derivative optical density spectra of a pure cal cium

di picolinic acid solution (-- ), the aqueous cal ciumdipicolinate extract
fromBacillus thuringiensis spores ( ), and the aqueous cal ci um

di pi colinate extract from Saccharonyces cerevisiae spores (----- -9 Figure
8 shows the em ssion spectra (630 nm excptation) of bacterial spore
solutions of Bacillus anthracis ( ), Bacillus negaterium thuringiensis (-

-)- ( Bacillus subtilis (-----: 9 s5d10wslutibes efBssilion
spectrafﬁﬁsesﬁhﬁwéﬁ%?W%¥$%%fm%rzé@@f@?ﬁﬁ? gM%)E?Qﬁ&gggsﬁ?___P__) spor e

sol utions. DETAI LED DESCRI PTI ON OF TH E Th ie_el et sphariud he
appar at usiftriat Ean-beBasBes t BEEUFTY o Et yﬁ B% Chtlﬁ%ﬁ)ﬂ§ t:the? met hod

described by this invention are shown as a block diagramin Figure 1. The

appar at g, oansis $t6-0f a light source, excitation filters, focusing optics,
collection optics, emssion filters and detectors. Electronagnetlc

radi at i qp S Fieat@d hhmt fecki g0 Sounceattcohal dsctend (sampl #1d Y7as &ing)

t hr ough the ‘excitation filters and focusing optics if necessary, to excite
the intrinsic _.chronophores in the sanple. The scattered and reflected
exci t at iBHEEYHI S on, along with the emtted radiation, are collected with

the coll ection optics q,q' eeLe tAsorhgrdetoetonen Emssion filters
ensure that only the e neasur ed.
The basic elements for the apparatus that can be used to carry out one embodiment of the

method described by this invention are shown as a block diagram in Figure 1. The apparatus

consists of 2 light source, excitation filters, focusing optics, collection optics, €IM1SSI0T filters and

detectors. Electromagnetic radiation 1s directed from the light source towards the sample,
passing tlrough the excitation filters and focusing optics if necessary, to excite the intnnsic

chromophores in the sample. The scattered and reflected excitation radiation, along with the

emitted radiation, are collected with the collection optics and directed towards the detectors.

Emission filters ensure that only the energies of interest are measured.

Varions embodiments of the invention, including different configurations and utilizing

diverse components, are possible. The fundamental components for this microbial detection

method permit: (1) the excitation of calcium pyridine dicarboxylate salts in the 610 nm to 680
o Tegion, (2) collectioﬂ and detection of emitted electromagnetic radiation in the 710 nm to 860
nm region, background (arnbient) light, reflected excitation light and scattered light energies, and

(3) analysis of the detected signals with a method that is able to correct for background

interferences. The configuration and components employed in any apparatus using this method

should be matched with the application requirements and expected interferences.




Xﬁgiﬁgflsgbodingpts of the invention, including different configurations
for this n;ng b_lverse conponents, are possible. The fundamental conponents
- i crobial detection nethod permit: (1) the excitation of calci
gg[:eLPﬁoglcaangylate salts in the 610 m to 680 rimregion, (2) ul

_ an etection of emtted el ectromagnetic di ation i
nri to 860 run region, background (anbient ?' radiation In Fhe 710
i ght and scattered Iiéht ener gi enty lignt, reflected excitation
I _ gies, and (3) analysis of the d
signals with a nethod that is able to co e detect ed
\ _ _ect for background
The configuration and conponents e [g-ec g i nterferences.
npl oyed i n any apparatu i i
nmet hod shoul d be nmat i i i PP s using this
interferenceﬁJSP%ﬁﬂﬂ%gﬂggﬁggégF%fgﬁggﬁgbggk%€?E%@qﬁgﬁﬁqﬁﬁﬁﬁoaﬂds£mﬁe¢bmﬂi
| i ght source that provides a broad b i ' desirable, to utilize a
Lhat pr _ and il lumr . Ki.nd: '
fggir ;tei glmmﬁi?m?ﬂl. i sThenkindent éi@ghbyopcs eélEi?lP-‘r’fid;?gt gn %egcgei?cgpeg :aa@g }tg];rtglg&rj\g{aihge
n o he wavel ength required to excite the intrinsi 1 i
componeni S fhakBtier attaioAdd Fanaidglengih FeTsehet Mo UL HPESE o HIagL!
_ source allow ng neasurenent of the
during the off c o n ~environnment al backgr ound
; et | 8eredtNealii@BhaisQUI e Sométimads camatde toswsd S g 'ce
with varFBi %dﬁ%s ?e.g., nercur?? tungsten, deuterium XJL§E§9@é1r§ﬁ?§

em tting_di odes (LEDs nd _dj i fid .
. 3 ) of 1§
el B i v e o

intensity of excitation radiation need i B [
exci t at itbat cande awpd FichKlerlpmpe Pt E%Hmfﬁgpﬁgg&SE%gﬁgygﬁ%gg?ﬂgﬁ?gﬁgfhFﬁgonﬂhe

invention include interference filter i i
cut of f fligt emtingeiodes CLEDIL evbdiodhREEITPERRY g&gﬁ‘é 3@%& %‘%‘EZW?%LB?EY%Q %Sr fors

and the li1ke. The light cutoff characteristi i
istics of the [ '
used dengpsl, R aULTVGdcietie ippatbemensand! PerFeR ediEtereaitiand A dion,
gnhal can be tolerated by the analysis nmethod or what detection limt is "

; . .
equir edl’lmft];eqluirgtﬁ].t sources

The excitation and emission filters used in the various embodiments of the invention

include interference filters, impregnated glass, series of cutoff filters, gelatin filters,

monochrometers, gratings, rugate filters and the like. The light cutoff characteristics of the

emission filters used depend on how much of the scattered and reflected excitation radiation

signal can be tolerated by the analysis method or what detection limit is required. If ight sources

having only the energies of interest are employed, the excitation filters may not be necessary; if

the light source 1s collimated (such as a laser) then the focusing optic may nat be required. (The

purpose of the focusing optic 1s to direct the excitation radiation to the sampling area or volume.)

It is important to note that with multi-photon excitation it 1s possible to use light sources with

energies less than the excitation energies of the chromophores of interest.

The purpose of the collection optics is to deliver the light emitted from the excited

microbial chromophores and that scattered and teflected from the sample to the detectors. If

‘aterference filters are utilized to discriminate these emission energies, then the collected light

needs to be collimated for these filters to work optimally. Fiber-optic cables can also be used to




having only the energies of interest are enployed, the excitation filters
may not be necessary; if the |ight source is collinmated (such as a | aser)
then the focusing optic may not be required. (The purpose of the focusing
optic is to direct the excitation radiation to the sanpling area or
volume.) It is inportant to note that with nmulti-photon excitation it is
possible to use light sources with energies less than the excitation
energi es of the chronmophores of interest. The purpose of the collection
optics is to deliver the light emtted fyamthe excited m crobi al
chronmophores and that scattered and reflected fromthe sanple to the
detectors. If interference filters are utilized to,discrlm t

emi ssi orbotiniztigitale cxdiaiion msism @dheaTRIGARd hEEHFE! 5 eﬂlel{i%:o i r‘rigotne %fS%FeCt
these filters to work optimally. Fiber-optic cables can also be %g to
-11- bothHetdsvee ddietexci latiprsibhdioad i sometioes HEsEap @ BREE 80@1 B4 he
emtted radiation and direct it towards the detectors. It is possible, and
sonet | nqgﬂgg?g rﬁ%@% ﬁgeygihiki,@aﬁ@,l lishednivet GhF, opicheotmpeentapphime pfeded
silica, quart?, , and/ or F2 optical conponents as many opti cal
conmponents exhi bi t.fluore €l Ligleghn@nd vi si bl e range. The
detectoﬁ@”ﬁ?@mﬁ§%ﬁﬂ¥%ﬁ%)ﬁééﬁgqﬁﬁgﬂgﬁgfggg&g?éigronagnetic radi ation into an
el ectrical signal that can be nmeasured. Nunerous detectors, with different

sensitivities, can be utilized in he._ e [ fic R adi by 816 a@Rlectrical
photonultipIﬂ@?dﬁﬁﬁégg?PNW?%?’%V%F%%% %gb ggg@?@@%%QIEK%DSJ, pinadi6§gg,

CCDs, and the |like. The detector chosen woul d depend upgn.the r.ay: :
t he radi@drabthat anbe metserede dYUIDHELS ti?téﬁEﬁghWHg d.ﬁ%e qrﬁeggﬁ\élﬁlteg’i Cgaﬁarhee, nghzgﬁtlﬂe

required detection limt of the apparatus. The col | ected e 'éfioT od
ener gi eSye haoRGndIee b cavanverchrt opletphiltipber arsetEMER): aé’?]glﬁ & phgpqgiodes
anal yzed with a nethod capabl e of renoving any background em ssion,

ref | ect ed ey Gt AN dimn@aw 0. STiat deene chusintetilddepingnion the energy of
contributions. Figure 2 shows the chemical structures of dipicolinic acid

(pyridi e ?a’d?a_tigh & BQ %é?é!;ée&, the strength of the emission signal, and the required detection limit

of the apparatus. The collected emission energies, having been converted to amplified electrical

signals, are anzlyzed with a method capable of removing any background emission, reflected

excitation light and/or scattered excitation signal contributions.

Figure 2 shows the chemical structures of dipicoliic acid (pyridine-2,6-dicarboxylic

acid) and chelidamic acid (4-hydroxypyridine-2,6-dicarboxylic acid). Figure 3 shows the
emission spectra of calcium dipicolinate (excited at 630 nm) and calcium chelidamate (excited at
670 nm). Emission of energy in the 710 nm to 860 nm region when excited with electromagnetic
energy in the 610-680 nm region 1s a property of alkali earth metal pyridine dicarboxylic acid
strating the utility of this emission from calcium dipicolinate (or other intrinsic

salts, demon

pyridine dicarboxylic acid znalogs with closely related chemical structures resulting from either

alternate biosynthetic pathways or subsequent imate reactions of dipicolinate) for the detection

of dormant cryptobiotic microorgarsms.



acid) and chelidam c acid (4 hydroxypyridi ne-2, 6-di carboxylic acid). Figure
3 shows the em ssion spectra of calciumdipicolinate (excited at 630 nrn)
and cal cium chelidamate (excited at 670 nm. Enm ssion of energy in the 710
nmto 860 nmregion when excited with el ectromagnetic energy in the
610-680 rimregion is a property of alkali earth netal pyridine

di carboxylic acid salts, denonstrating the utility of this em ssion from
cal.ciumdipicolinate (or other intrinsic pyridine dicarboxylic acid

anal ogs with closely related chem cal structures resulting fromeither

al t-ernat e bi osynt hetic pat hways or subsequent imrate reactions of

di picolinate) for the detection of dormant cryptobiotic m i

-12- Figure &ighewssithe eressison Spee £ 404 s8198 aggﬁpﬁa}e‘” 10 S5 EEEH B T
solution of cal ciumdipicolinate when excited with radiation of .630 um Fhe
solid li &\}gicélm%whaee@m sii@raspeat 62636 t Kee sdid inesipws disrPRECY S8HEE ©
line sho the em ssion spectra of the saturated solution. The spectra_of

both sol jd ap i Y. dinBive Ghé RALEIcheceios shomtatatedr wlingo7gd he
nni , thd@§ﬁ°ﬂ$ﬁ%ggg§c rg%%gf the solid sanple is depressed relative to the

solution. (The em ssion of the lid s:c I brandidrgiebibnat &ospeesd um, neyughe
quenchedsR§HEr ?fbb%]ﬁ)ﬁ@éinﬂdaztcﬁ“%qs)csa%f%%rdéﬁ§ls Jows the enission spectra of
aqueous cal ci um di pi col i nate _whep exciited .at. 3 - 1B} 830 of kB sclid} .
i I'l ust r athe npectiim @fghﬁﬁﬁ?hﬁeﬂéﬂ%%ﬂ &%E‘EGF%EHQVF%U\(S? % %lg Sﬁ%\%ﬁ, (—‘?how énergy enissi on
signal relative to the known cal ciumdipicolinate fluorescence 1,SS). O

(R Nudetqianm dpickbadre spddtrubi msghve grenchet ig ‘%ﬁ&“@.ﬂ"%}‘%i, F"gﬁfeugp}‘e@?’esn@é?
of Dipicolinic Acid as a Possible Conponent of the OCbserved W niﬁséqp
Spectra %&isﬁaﬁtsﬁéd'tﬁlomeéaﬁ"camrE dugitoliBE38herpprcitEd oL 3151@5&7@585“. 7P
6 shows the emSsion spectra (270 rimexcitation) of a pure calcium _
dipicol nic, aelda50l ?&%'r%néé siohil & RBEB A SheNd Vel abwl eergyBaTiskibusignal relative
t huri ngi ensi’s 'spores” (), the agueous extract from Saccharornyces

cerevisi t%ethg Raown cgl_ci_u_m_ Elfpldoli%gtg 136 sAGHE QS (R Gt ucel:04n, N. Feay, M. Hirsch, S.

Efrima and B. Bronk, “Fluorescence of Dipicolinic Acid as a Possible Component of the

Observed UV Emission Spectra of Bacterial Spores” SPIE vol. 3533, pp. 190 - 195, 1998).

Figure 6 shows the emission spectra (270 nm excitation) of a pure calcium dipicolinic

}, the aqueous

acid solution ( ), the aqueous extract from Bacillus thuringiensis spores (

extract from Saccharomyces cerevisiag Spores (------ ), and the aqueous extract fro

Cryptosporidium parvum 00Cysts 1o which Tb"* had been added (according to the method

described iri Anal. Chem., vol 69, pp. 1082-1085, 1997). Figure 7 shows the derivative optical

density spectra of a pure calcium dipicolinic acid sotution ( ); this figure also shows the

aqueous extracts from Bacillus thuringiensis spores ( ), and Saccharomyces cerevisiae

spores (------ ) to which Ca?* had been added (according to the method described in Anal

Biochem., vol. 130, no. 2, pp.502-505, 1983). These figures clearly show the presence of

periodic table Group I (alkali earth metals, including Mg®*, Ca*’, and the like) pyridine

dicarboxylic acid compounds 1 a variety of dormant cryptobiotic Microorganisms: yeast spores,

Figure 8 shows the emission spectra (630 nm

bacterial spores and paramecium 0OCYSts.




Cryptosporidiurn parvurn oocysts to which Tbh3+ had been added (according to
the method described it Anal. Chem, vol 69, pp. 1082-1085, 1997). Figure
7 shows the derivative optical density spectra of a pure cal cium
dipicolinic acid solution (-); this figure also shows the aqueous extracts
fromBacillus thuringiensis spores (-), and Saccharornyces cerevisiae

spores (------ ) to which Ca2+ had been added (according to the nethod
described in Anal. Biochem, vol. 130, no. 2, pp.502-505, 1983). These
figures clearly show the presence of periodic table Goup Il (alkali earth

metals, including Mgt+, Cat+, and the like) pyridine dicarboxylic acid

conpounds in a variety of dormant crypiobhjotic.mcroor | OB 4838 B acillus
spores, exbagtoa) icdl basisoale PEAGOPRATEL | f%ﬁb?@???”ﬁ?%ﬁ?gﬂsﬁgﬁﬁﬁk the "
em ssion spectra (630 mn -13- excitation) of bacteria: sFo.e.soL t&%@ioﬁf
Baci | | us,@RLhGAE BcilBaakltinsemniiegaier preasncBatd Meuicisib IS N 4% Bad o108
tJusringi ensis. The presence of the calciumdipicolin-fic acid emssio

bet ween 710, r.un 0afd 8680 MR sBEQWShel equitiug pidsous grekeme élp@cfd@é}eclp@nﬁmm e
di picolinate in a nunber of bacterial spores. Figure 9 shows the EHISS[?H
spectra (630 run excitation) hacherdnibsiod Ba&dlal (630 spp. gxcamibnjeals bactena
( Sacchardi PRFEER! SBy: 3%6@% %% at?ons, ilfustrating the utility of using

the 710 nm- 860 rimeni ssion, for detect.i 0 g al1udga el theagilibpel eksina]
spores. @hrﬂMiﬁﬁ@)?W%Yﬁﬁ%zin@ﬁgpwgﬁé¥ﬁyE%ﬁ?%%ﬂ%ﬁﬂbT f%tr?ﬁ%ic al kali earth

nmetal pyridine dicarboxylic acid salts nmalces i 0SSl ) ui ck
det ect diemadhmer §4dt whicon ISt ABBEENEL N 25 YA, 3*‘?3%%?15T%r?p°g§§;qaddedy
reagents, sanple processing, or contact with the sanple. The enbodi nents
of the present invention described above are intended to. .be mprehﬁ' dine
exenpl ary, Wi thitiziat hiee monf ilgurathoes, evianPatdio SN i FRURTPERE Py
utilizing the aforenentioned basic ideas available to those skilled in the
art wi t hgut depardi gt ramed hoosible 'tctqulyrdetei:mcemamcmyptqrwéﬂéé@ﬁ@b%fwgﬂ?‘s
met hod to detect dornmant cryptobiotic mcrobes includes utilization of the

em ssi Cmth%f need for any added reagents, sample processing, or contact with the sample. The

embodiments of the present invention described ahove are intended to be merely exemplary, with

other configurations, variations and modifications utilizing the aforementioned basic 1deas
available to those skilled in the art without departing from the spirit of the invention. The scope
of this method to detect dormant cryptobiotic microbes includes utilization of the emission of

light from intrinsic alkali earth metal pyridine dicarboxylic acid salts in the 710 nm to 860 nm

region when excited with electromagnetic energy in the 610 nm to 680 nm region. An important

embodiment includes excitation of this intrinsic chromophore with subsequent analysis of the

detected emission with methods that concurrently account for background signals, scattered

excitation signal and reflected excitation signal. All variations, modifications and configurations

tended to be within the scope of the present invention as defined in the appended claims.

are 1y




light fromintrinsic alkali earth netal pyridine dicarboxylic acid salts in
the 710 nmto 860 nm region when excited with electromagnetic energy in
the 610 nmto 680 nmregion. An inportant enbodi ment includes excitation
of this intrinsic chronmophore with subsequent analysis of the detected

em ssion with nmethods that concurrently account for background signals,
scattered excitation signal and reflected excitation signal. Al

vari ations, nodifications and configurations are intended to be within the
scope of the present invention as definegyin the appended clains. -14 WHAT
| S-CLAIMED: A nethod for the detection of dormant cryptobiotic mcrobes
conprising, a. exciting the intrinsic dor t _cryptoblotic m crobial
chronmophore with a specific range\HﬁfgiEgﬁﬁéﬁggﬁgtic radi ati on wavel ength
bet ween 610 nm and 680 nm whereby said mcrobes containing intrinsic
chronophores art excited to emt electromagnetic. radiatian; and b.
detecting the sRiH/GE: @k eatsamagriethant cagilat P ST eRfAI8™PHEMEt he excited

m crobial chronophores in the 710 nmto 860 run range. 2. A nethod as set
forth in daim g, qlgn%thng?‘@ag?%p@n biokic emomhor esromopheevedt @8PT iin

t he, goroup consistihg of alkali earth nmetal -pyridine dicarboxylic acid

salts. 3. The netho f O ai.m |- whereindd 8, $9% BaNd 1 Cairy phdbdtine whetrtobes
to be detectéﬁpﬂ%ébékf om %3%%%%%¥Q%ndospo?es, fungal spores, and protozoa

cocysts. B said microbes containing intrinsic chromophores are excited to emit electromagnetic
radiation; and

b. detecting the emitted electromagnetic Tadiation signals from the excited microbial

chromophores in the 710 nm to 860 nm range.

2 A method as set forth in Claim 1, wherein said microbe chromophores are selected from

the group consisting of alkall earth metal-pyridine dicarboxylic acid salts.

3 The method of Claim 1 wherein the dormant cryptobiotic microbes to be detected include

bacterial endospores, fungal spores, and protozoa oocysts.




