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UNI TED STATES PATENT APPLI CATI ON 5 FOR: FLUORESCENCE
DETECTOR BACK¢wG@tddodOF THE | NVENTI ON The present inventi orcrassnes2to a

Wi de variety of chem cal sensors that are 10 based on changes in
fluorescence lifetine. As an exanple, the present invention is applied to
non-i nvasi ve apparatus and nethod for detecting biological activities in a
fluid specinmen, such as blood, urine or sputum where the specinen and a
culture nedium are introduced into seal able containers and exposed to

conditions enabling a vari ehﬁn%ﬁ%%ﬁg%ﬂ#ﬁ.néﬂpona”d chem cal changes
to take place in 15 the pre he sanple. The

bi ol 6gi cal activity being detected by a chenmical sensor based on changes in
fluorescence. lifetine. Usuall .t ] organi sms such as
bacteria ore‘rhycobact eriain ;b tﬁ'&ﬁ% ﬁ%lr#ﬁé)'grt icularly blood, is
determ ned using culture vials. A small 20 quantity of body fluid is

i njected through a sealing rubber septuminto a sterile vial containing a
culture medium The vial is imgﬁmIﬂQMe conduci ve to
bacterial growh, e.g., 37[err]C, and nonitored for bacterial growth. Known

I nstrunental net hods detect changes in the CJerr] content in culture 25
bottles, which is Ehmmmmmbymjatedtmawtﬂe\tatietytmanmii:ailsef@ﬁcwm are

Sﬁgrennf:;?/’ a‘w Orﬁatsecg onbtlzhoa%gescip\ lﬂ;[.sgrascar Scen ebrrn%e. h@/ gn g)?a?nre)led rgge%g m%nh%rb use

is applied to non-invasive apparatus and method for detecting biological activities
in a fluid specimen, such as blood, urine or sputum, where the specimen and a
culture medium are introduced into sealable containers and exposed to conditions
enabling a variety of metabolic, physical, and chemical changes to take place in

15 the presence of microorganisms in the sample. The biological activity being
detected by a chemical sensor based on changes in fluorescence lifetime.

Usually, the presence of microorganisms such as bacteria or mycobacteria in

a patient's body fiuid, particularly bload, is determined using culture vials. A small

20 quantity of body fluid is injected through a sealing rubber septum into a sterile vial

containing a culturs medium. The vial is incubated at a temperature conducive to
bacteriat growth, .g., 37°C, and monitored for bacterial growth.

Known instrumental methods detect changes in the CO2 content in culture
25 Dbottles, which is a metabolic by-product of the bacterial growth. Recently,

automated biood culture systems have been developed which use chemical
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sensors di sposed inside a vial. Such sensors often respond to changes in
the CO err] cWREEWMati on by changing their color or by cReHEPHEEheir
fluorescence intensity (see, e.g., US. Patent No. 4,945,6060). The outputs
fromthese sensors are based upon light intensity rreasurerrents Thi s means
that errors nesgnepse disposed ingide a vigl aﬁhgh sdnseefien géspond tr dwogessibdhe 0 excite

t he sensors, t t [ hi bi t
aging effects O\é%ﬁn&h&&ﬂﬂﬁﬁyﬁ&‘%ﬁghﬁﬁ %lgrdg}r)lg% can \#a'% @gﬁ f{ub'%g ture
syst ens, I ndi Vintelosity (&eeglatg stbar Baem Nan dioab 066y Tm)empmtalfrommneseasenws and

em ssion filters d indi ual. 10 hotodﬁ{iectors re arranged adj acent’
to each vial. %E?FQ 8 pnsity meggyrements. o Hhis,mpans; hat egarsIBagoets, ¢ v

variations §r qsareoRry ifthe ugm%bﬁcéseageu 10 esith I Séhsbr3Chr thd photbBtéardrdown bl ood

cul ture sensor enerate only a noderate contrast ratio in the neasured
phot ocur r ent d@pgwgnwevetena{es@mtmmmmemaﬁd ti me-consum ng
calibration procedures and sophisticated detection algorithnms are required
to 15 operate these systens. Mor eover, light sources, spectral filters,
and phot odet ect or b kawn extomatee noatinvasives biod foultare| systetns| indivitbestightist  be

utilized 1t | GuRhe0 nRRREkP shed UGuioh ool SohSRH iforihd GhailR) o 0des
10 photodetectors are arranged adjacent to each vial. Such arrangements result in
certain station sensitivity variations from one vial to the next. Dus to the fact that
most known blood culture sensors generate only a moderate contrast ratio in the
measured photocurrent during bacterial growth, extensive and time-consuming
calibration procedures and sophisticated detection algorithms are required to
15 operate these systems. Moreover, light sources, spectral filters, and
pholodetectors with extreme narrow specification tolerances must ba utilized. it is
also possible to use so-calied source monitor photodiodes at each light source, but
each of these measures result in increased cost. However, even if it would be
possible to equalize all vial stations, certain lot-to-lot variations in the sensor

20 composition and certain vial-to-vial geometry variations would remain.

The disadvantage of such intensity-based sensor arrangements can be
ovarcome by utilizing fluorescent sensors that change their fiucrescence lifetime,
wherein intensity measurement is reptaced with time parameter measurement and

25 intensity changes have no impact on the sensor output signal. Many chemical

sensor materials are known that change their fluorescence lifetime with changing
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.each of these neasures result in increased cost. HoWwever, even if it would
be possible to equalize all vial stations, certain lot-to-lot variations in
t he sensor 20woo®fdassi tion and certain vial-to-vial geonePCyUSWI2MLi ONs
woul d remai n. The di sadvant age of such intensity-based sensor arrangenents
can be overcone by utilizing fluorescent sensors that change their
fluorescence | biygbh NGdncamiv@fic, NpH, NERBSH tdioxi¥BASSHCBIRIbn,| Br roBtitr a&Rfhical th time
par amet er nmeasurenent and 25 intensity changes have no inpact on the sensor
out put si gnal . pamempters{ses. e GRRatant Nat2132:348)-ar e known that change their
fluorescence lifetine with changing -2 - WO 97/ 10494

PCT/ US96/ 12752 oxygen concentration, pH, carbon dioxide concentration, or
ot heif chemi cal parfachange i sepsoe fluaresrenceGif@limeHa tcommonly moditdr8® bBdpplyingA change

in sensor fluorescence lifet s comonly i tored a ng.5 a

wel | <Known hagaminpetn amen chifraesiod oy, =0 57 Palepl . §p8) eoth)
wherei n the exXget écialibn libleti$ sinGsoidally fidnddy-iddidtb® N ThitymeRel tedlidin aThat
met hod results in a sinusoidally intensity-nodul ated fl uorescence em ssion

that is phase- shpsoidally rigtensiyyroduiatedh Buasescenas: iepyissignadet iphphree-shifted angl e,
[err], is depengaRb 18Mhd Wxcitation phase. Phase shift angle, 8, is dependent on the

fluorescence lifetime, <, according to the equation:

10
tan @ = or 1)
where o = 2xf, is the circular light modulation frequency.
15 From equation (1), the disadvantage of the phase shift method becomes

evident. If the product er is smali, then the resulting phase shift ¢ is also small.
This limits the resolution of the chemical sensor arrangement with regard to the
analyte that has to be measured. To overcoms this resoiution problem, one could
increase the modulation frequency. Doing so results in another limitation, the

20 resulting phase shift angies are compressed because they are approaching the 70-
90 degree range. The maximum possible phase shift angle for a single
exponentially decaying fluorophore is 90 degrees, even for an infinitely long
fiuorescence lifetime. Due to thesa limitations, the dynamic range of a chemical
sensor based on the phase shift method is limited.

25
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fluorescence lifetine, [err], according to the equation: 10 tan [err] =

[err] (D) Wnere[err] = 2[err], is the ciJf ght

nodul ati on fr"gﬁ?]@m%/ 15 From equation (1), the di spféwg %Jbsé of the
phase shift method beconmes evident. |f the product [err] is small, then the
resul ting phase shift [err] is also s imts the resolutlon of
the chem cal sensBr® YrEyage 4f the ﬁrsﬂ'ﬂt"if"iqqéséﬂ%fﬂ/f%‘h?ﬁ%ﬁ“ﬁ&s to be

measured. To OweeRAIMRMNd dibitry Mredutet 8R aldifdHaPlas® S, GHidnbepBidsa3fe t he
modul ation frequency. Doing so results in another I'imtation, the 20

resul ting phasight moflatigngireasensye dfowpﬂ@m @emsera@theymaw@ amﬂﬂoachl ng
he 70- 90 d f
the egt{uﬁ%sfé?\'i‘%% a}ﬁbﬁa Qé aétQJm 9§l§ctr°dﬂlc pthaétpﬂlﬂf aIu?r

si ngl e exponen uorop ore rees, even
infinitely $ong s&bhactemﬂemel frorat theeoni)udud:h) i$ hmsavéd nattilat monitoring he
dynam c range f a chem sen or a‘sed on the phase shift nethod is
limted 25 07escence, @ the electronic phase shift can change over time.

PCT/ US96/ 12752Therefora, the scatter measuremem has to be repeated, or the system swilches
periodically between fluorescence and scatter measurement. This, however,
results in a higher complexity of the sensor arrangement.

10
Another disadvantage of the phase shift method is caused by the fact that the
phase of the excitation light may show a drift relative to the phase of the
modulation driving signal. This artifact is known for intemally modulated lasers,
and also for light-emitting diodes, acousto-optic modutators and for electrooptic
15 modulators. The consequence is that the phase information for the excitation
moduiation can not be derived from the electronic driving signal, but has to be
measured via an auxiliary photodetector. Again, this represents an increasa in the

complexily of the sensor arrangement.

20 Still another disadvantage of the phase shift method results, if fluorophores
are utilized that react via lifetime quenching. In this case, the relationship between
the measured phase shift and the analyte concentration is a non-finear one. In
other words, the sensor resolution for a low analyte concentration is high, but it
decreases with increasing analyte concentration. This limits the dynamic range of

25 the sensor, and is not acceptable for many practical applications.
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A second di sadvant age of the phase shift nmethod is related to the fact that
the electronic circuitry introduces an additional phase shift, which

depends on t hgoorgdabs nodul ati on frequency. It is therefor ecsaspenarspr actice
to use a non- fluorescent scattering nediumin order to determ ne the
el ectroni c phase shift, and 5 to subtract this value fromthe one which is

observed while rmnnmwrulsofw Biblettd GRunitbiNthe fiLibresteRte) lifelimé bg InRekuragi ¢ phase
shift can change over tinme. Therefore, the scatter neasurenent has to be

repeated, or t W‘@Wﬁﬁﬂﬂe& GEthe fupresreneswhish iseemiltesipyrthe, Buqrerherre dnand

scatter neasur T % egul e gp! of the
sensor arrangeﬁ"en?&fa no?ﬁ;@ |§éahév§ant§§g%5ﬂ3%%ﬁe p g‘sfa" gﬁ tn%ﬁ"glt%%gd i's
caused by the fsambmd#tyt This rpsultsein af sinuisoidatly ichaulated ﬂuogﬂsbenmyemlbmma drift
relative to eof e dul ation_ driyvyi This artifact is
known for i "ﬁ%ﬁ J‘enﬂﬁﬂﬁ‘]%f"é'gg?gé?er'gﬁ ‘\éﬁ gtf'% “i"arﬁw%'mnpt% di odes,
acoust o-opti Cc rayglalont ors and for electrooptic 15 nodulators. The
consequence is that the phase information for the excitation nodul ati on can
not be derived fromthe electronic driving signal, but has to be neasured
via an auxiliary photodetector. md is represents an increasg)in the

conpl exity of the sensor arrangemenfi+(@@ Still another disadvantage
of the phase shift matrbgd res lts, if fluorophores are ut|I|zed t hat react

via lifetime qUBRBYARYNMEX (i %efes%am?ﬂ%o% 1be excitatiop lightsawes
10

The modulation degree, m, of a sinusoidally modulated signal is defined as

AC
2= am— 3
m=Dc 3

16 where AC means half of the peak+o-peak amplitude of the time-varying
component, and DC means the component obtained by averaging over at least
one sinusoidal period. In practice, the two components are separated by splitting
the photodetector signal into two channels. One channe! comprises a high pass
filter and measures the AC component. The other channet comprises a low pass

20 filter and measures only the DC component. A ratioc device is employed to

generate a sensor output signal AC/DC =m.

Such a modulation method has not found practical application in fluorescence
sensor apparatus, since any change in the photodetector dark current or any
25 daylight leaking info the sensing apparatus, would cause a change in the

measured DC component. This, of course, would generate an error in the sensor
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t he neasured phase shift and the anal yte concentrati‘on is a non-linear one.
In other words, the sensor resolution for a | ow anal yte concentration is

hi gh, but it WeeTtM¥es with increasing anal yte concentrat PEHUSYM™E | inits
the dynam c range of 25 the sensor, and is not acceptable for many
practical applications. -4 - WO 97/ 10494

PCT/ US96/ 1275 2output wignald itzhas detre propesedisireadydo pwercerne thishrrotiiem by duiemic e

lifeti b i on. f the.f ich i
e £t ed byt nelPi veiieh i RiHerblrBBeAOb Bnfon, 4 subBlcRy Sl 10 [ 7
t he phase shi f DCagi, vith isoeabunédahitel the Sourdellid off, froin the Isigaall G whithals

si nusoi dal | y nodul ated.fl uorescence em ssion, 5 ere t nmodul at i on
degr ee, n{er_r]’f‘e?fé‘ﬁg e(SrP?T“_HE”I'?F‘é'ttf’r?ﬁlsc%'_@cﬁm@&%&‘@ﬁlégkgﬁﬂé%'%s[_err]
(2) I'n equagi Offeh %bed tH &didulaté thel e AREUAIN GUdrdlC OTRIE cBfredtib® pRacedrat i ON
| i ght source. 10 The nodul ati on degree, m of a sinusoidally nodul ated
signal is def ifeauregadditional electronic modules such as a lock-in amplifier, and results in an

increasad complexity of the apparatus.

A second disadvantage of a possible moduiation method is the fact that

10  equation (2) is highly non-linear. Optimum sensor resoiution is only obtained in a
relatively narrow range for the so-called frequency lifetime product, wr. It has
already been proposed to overcome this limitation by automatically tuning @ in

such a way that the frequency lifetime product wr is kept constant while r is
changing. This, however, would also result in a significant increase in complexity.

15 Therefore, a need exists to overcome the disadvantages of the known sensing

methods.
SUNMMARY OF THE INVENTION

20 it is an objective of the present invention to overcome the above problems of
the prior art by providing an arrangement and the operational principle for a
fluorescence detector that is based on changes in fluorescence fifetime, where a
high dynamic range with regard {o the analyte is achieved, where the sensor
resolution is almost independent of the analyte concentration, where changes in

25 the photodetector dark current or changes in the intensity of light leaking into the
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15 where AC neans half of the peak-to-peak anplitude of the tine-varying
conponent, and DC neans the conponent obtai ned by averagi ng over at |east
one sinusoi dayopgiossad. I n practice, the two conponents ar @Cougasnzsed by
splitting the photodetector signal into two channels. One channel conprises
a high pass filter and neasures the AC conponent. The ot her channel

conprises a | ypphafs hile nblimb8dt chfle EBASHH loBfpuOHbYall A1 Whicl anmimpenib. A ratio
device is enployed to generate a sensor output signal ACDC = m Such a
nmodul ati on net9eBRiTusHEn spbatitean de produeadt lowg9st i cation in fl uorescence
sensor apparatus, since any change in the photodetector dark current or any
25 daylight leaking into the sensing apparatus, would cause a change in the
measur ed DC conpoAenutdingltu the ppésenbinveantion,tbel labiovipeshjective iscachieved by ian t he
sensor - 5- WO 97/ 10494 luminati . <l with, excitation

PCT/ US96/ 175 2PRRIEH g ad fof fluminating 2, ghemich) sensgr Arfeialdy! 8P cone thi s
probl em by t urjghf\ghiéH e tpied dridridBi¥ periaditally @bdofding 10 al syfhivietiicisyusre wave] of f, and
subtracting the signal DCJerr], which is neasured while the source is off,

Sl g .
from the signailiting thenmessured thiorasceace RipfacaTen dnte dwe AC PAMRARENE dh&ta cul at e
a corrected sighalentfiréfeht hathorids df the square-wave signal, measuring the amplitudes

of the two components, generating the ratio of the two components, and using this

10 ratio as the sensor output signal.

By using chemical sensors that are based on changes in fluorescence
lifetime, production-related lot-to-lot variations in the sensor composition, small
changes in the sensor position, changes in the light source intensity, changes in

15 optfical filter characteristics, and sensitivity changes in the photodetector have no
impact on the sensor output signal. Therefore, the present invention aliows for
simplified sensing algorithms and for an excelient long-time stability of the
instrument. Finaily, the number of optical and electronic parts that are required to
operate the sensor is reduced to a minimum, which has a cost reduction effect

20 compared to known sensor apparatus based on fluorescence lifetime.

These and other features, objects, benefits and advantages of the present
invention will become more apparent upon reading the following detailed
description of the preferred embodiments, along with the appended claims in

25 conjunction with the drawings, wherein reference numerals identify corresponding

components.
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5 then used to calculate the true nodul ati on' degree. This correction
procedure reg,lgﬁﬁg€dd|t|onal el ectroni c nodul es such asparhekirk
anplifier, results in an increased conplexity of the apparatus. A
-second di sadvant age of a possi ble nodul ation nethod is the fact that 10
equation (2) is highly non-linear, Optimm sensor resolution is only
obtained in a relatively narrow range for the so-called frequency lifetine
product, [err]. It has alr eAepUnCiON O T RIRe @arcome this limtation by
automatically tuning [err] in such a way that the frequency lifetine
product [err] is kept constant while r is changing. This, however, would

al so result in aFfg. grshbws ariuonescence detector arampémerit tagcordifg Ehae@fesem, a need
exists to gvercoqe the di sadvant ages of the known sensing net hods. SUMVARY
OF THE | NVENT It is an objective of the present invention to
overcome the above problens of the prior art by providing an arrangenent
and the operational principle for a fluorescence detector that is based on

changes in fl uor &i&&niea piptishowving mq/mpef therthigth aod) thafirgt hammc W‘Q‘ﬁ regard to
the analyte ig ex;@ﬁ#'cﬂr‘(&ﬂka%’ﬂ%reatfﬂ Qhat' i@%ﬂlngrgdtﬂ"vﬁtﬁ LR vadependent

of the anal yt ncentration re changes in 0 et ector dark
current or cheaaddated light intensityt andsjuenched atdogding tb a@temg'oirm‘r eelatibashiph -
10

Fig. 3 is a plot showing the relative amplitudes of the first, third and fifth
harmonic for a 100-kHz square wave and possible band pass filter transmission

curves;

15 Fig. 4 is a piot showing the ratio of the fifth and the first harmonic versus

oxygen concentration;

Fig. 5 is plot showing the ratio of the first and the fifth harmonic versus
oxygen concentration; and

Fig. € is a plot showing the ratio of the first and the fifth harmonic versus
fluorescence lifetime for a fluorophore that is illuminated with a square-wave
modulated light intensity and has a fluorescence lifetime that depends on any
sensor input.

25
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appar atus have no i npact on the sensor output signal, and which is sinple

i n construct ivpeesmadahat it can be produced at | ow cost. Aecoushemzysz o t he
present invention, the above objective is achieved by an 5 apparatus and
method for illumnating a chem cal sensor material with excitation |ight
which is turned on and of f peri GREGALED DESCRIRTION to0 a synmetric square
wave, splitting the neasured fluorescence photocurrent into two AC
conmponents that represent different harnonics of the square-wave signal,
measuri ng the anplA fustksserae dbhetotmrmentpnﬁmﬂoﬂyingthaeprimiplagammncwéo of the

t t d t t yt put
usi ng Chem cal PLBABAEenbar s cd ssheriienie PR 1 in VL BRRIGBROR { o1 v,

product i on- el getgdetiMbn bt & Q&ltuvahb&hﬂnﬂﬂérel iftrddlEadSA0 SAlophENp @ahdparit SMEl |
changes in the sensor E05|t|on changes in the |light source intensity,

changes in 15 copeinerd|t ?tl'ﬁ ie@fedandwmﬁ A fiuosescant gherpipalisenspr matedighges i n
the phot odet ec{Oe, §l§% ?twa(ﬂnortfb Fﬁegﬁgf bMUP Y cOMERE! 1, Wff ore,

t he present invent or Si npli sensing algorithns and for an
excel l ent | ongilhmn'atedtbybad exc;tatuh ltghbwursa Sumfarably:bylalmqq ot greemligter of

optical and el ect C ar e 0 _op te t.he sensor is
reduced to a meﬁ‘ftéﬂ?rd %%Eﬁ?s’n i\ @f’ nic signal source
10 6 that provides a symmetric squara-wave sxgnal that is switching between the
states off ("ZERO") and on ("HIGH").

Fluorescence light reemerging from sensor material 3 is detected by means

of a photodetector 8 such as a photomuitiplier. An emission filter 7 is arranged

15 between sensor material 3 and photodetector 8 in order to reject back-scattered
excitation light. The signal output of photodetector 8 is fed to a power splitter 9.

One output of power spilitter 9 is connected to the input of a first band pass filter

10. The output of filter 10 is connected via a first high-frequency volimeter 11 to

the B-input of an A/B ratic unit 12. The first band pass filter 10 is tuned to one

20 harmonic of the square-wave frequency sent by signal source 6. The other output
of power splitter 9 is connected to the input of a secand band pass fiiter 13. The
output of filter 13 is connected via a second high-frequency voltmeter 14 with the
A-input of the A/B ratio unit 12. The second band pass filter 13 is tuned to another
harmonic of the square-wave frequency sent by signal source 6. Finally, the

25 output channe! of ratio unit 12 is connected to a signal recorder 15,
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20 conpared to known sensor apparatus based on fluorescence lifetine.
These and ot her features, objects, benefits and advantages of the present

i nvention wi | WOS&4UME nore apparent upon reading the fol | BIHYO L | ed
description of the preferred enbodi nents, along with the appended clains in

25 conjunction W toPerbfih, GaRVsdlede 5\HPRiIREs CREMER NSeRssHUMBRERI 3 Wilent i fy
correspondi ng conponents. -7- WO 97/ 10494

PCT/ US96/ 127 55auBresvaxe pydojqtedrexpitgtiopyiishty hadng @ §me-gerandod excitationpligd cence

det ect or arramﬁgsgﬁngﬁg?é?wg to the present 5 invention; Fig. 2 is a

pl ot show ng t e third and the first harnonic versus oxygen
concentration for a fluorophore that is illumnated with a square-wave

modul ated Light intensity and guerafed 2cigkdgi ng to a Stern-Vol per
relationshPp; 10 Fig. 3is a &%r;‘\'@g &ﬁe@&“ﬁﬁi ve arrplitudﬁ of the
first, third and fifth harnonic for a 100-kHz square wave and possi bl e band
pass filter transm ssion

where t is time, a is the square-wave amplitude, ¢ is describing the duty cycle, and
 is the square-wave frequency, If we use a symmetrical square wave, ¢=#/2,
all even harmonics are equal to zero and equation (4) reads

10

E(I)=a{%+%cos(at)-—%—rcos(3ax)+sixcos(Sux)—...] ()

The re-emitted fluorescence intensity, F(t), has a rather complex course in the

time domain. However, by {uning the first and the second band pass filters to

15 different harmonics of the square-wave signal, two AC photocurrent components
are generated that are sinusoidally modutated and do not contain a DC bias. if the

first band pass filter is tuned to the first haqmonic, and the second band pass filter

is tuned to the third harmonic, the output signal, R, of ratio unit 12 is given by the

following equation (6)
20
1 | 1+(a9)?
O N (6)
3Y1+Gan
As an example, we assume a fluorophore with a lifetime, z, that depends on the
concentration of oxygen, O, according to the Stern-Volmer law
To
= 7
25 7(0) 1740 {7}
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curves; 15 - Fig. 4is a plot showwng the ratio*of the fifth and the
first harnonic versus oxygen concentration; Fig. 5 is plot show ng the
rati o of the +vioreshessnd the fifth harnonic versus oxygen cegt®ssshdiston; and
20 Fig. 6 is a plot showing the ratio of the first and the fifth harnonic

versus fluorescence lifetime for a fluorophore that is illumnated with a
squar e-wave nowberatadsialauepshinggenstant.t y and has a fl uorescence lifetinme that
depends on any sensor input. 25 -8 - WO 97/ 10494

PCT/ US96/ 12752 DETAI LED DESCRI PTI ON A fl uorescence detector arrangenent
enbodyi ng the pri 1Fy. 2l depictsrtne catia ®3p o the fthitdandhe irethiharmonie vérisaiotygerdepi ct ed

o Gm 4 ar e i FREBTAYED" 1 HRRBITF At y or e PR §-02o/oR. nd” 11 LU
§£ fluorophore being illuminated with a square-wave modulated fight intensity and
quenched according to the Stem-Volmer relationship. The three curves
correspond to square-wave frequencies of 30, 100, and 300 kHz, respectively. As
can be seen from this figure, an almost linear relationship between R31 and O can
be established by selecting an optimum &.
10
Fig. 3 illustrates the relative amplitudes of the first, third and fifth harmonics
for a 100 kHz symmetrical square wave signal. The figure shows that even the
fifth harmonic has a sufficiently high amplitude. The figure also shows that the
band pass filters are not required to have a high Q value, because the second and
15 forth harmonics are missing.

Fig. 4 depicts the ratic R51 of the fifth and the first harmonic versus oxygen
concentration for the same fluorophore as in Fig. 2. The three curves correspond
to square-wave frequencies of 20, 80 and 240 kHz, respectively. As in Fig. 2, an

20 aimost linear relationship between R51 and O can be established by selecting an
optimum . Using the fifth and the first harmonic resuits in a higher contrast
betwsen low and high oxygen concentration.

As has been mentioned already, mast known bload culture systems detect
25 changes in the carbon dioxide content of the culture bottles, which is a metabolic

by-product of the bacterial growth. For historical reasons, growth curves are
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container 1 that.is sealed up by a cap 2. A fluorescent chem cal sensor
‘material 3 is disposed to the inner wall or to the inner bottom of

cont ai ner 1, WO¥¥194%4 i | | uni nated by an excitation |ight s8GFEA2"5hof erably
-by a blue or green light- emtting diode ("LED'). Light source 5 is
connected to an electronic signal source 10 6 that provides a symetric
squar e- wave sPEfRiredithat show a signal iichgngeasre overtime. Hisp pampgPhisticatsdo’ ) and on

("HGH). F ug%ﬁgt&gggsﬂmmvw&mlwﬁ £ WeXFRNRY 1WRFR Podlivedyding det ect ed

by neans of a ector 8 such as 'a photonultiplier. An emssion filter
7 i s arrangedgt®th guveseen sensor naterial 3 and photodetector 8 in order to
reject back-scattered excitation |ight. The signal output of photodetector

8 is fed to a power splitter 9. One output of power splitter 9 is connected

to the inpst of afdddenicohsunptionis uséd loldetectltie prebénce bt Mictoofdansimk itken 10 is
connected via a first hi'g'h-fre uency voltnmeter 11 to the B-input of an A/B

rati o unit 12Hherfstic RSt i Fig4wo 3§?"‘f§‘lﬁ'@9h iggel; and woild) thep dger@aseyto a5y noni ¢
of the square @Y fevbil SFHeRIGHY, iFRIY bl Ynord PradicaPoWalkchiafe the RtioGtf2Skmi@ut put  of

power splitter 9 is connected to the input of a second band pass filter 13.
The out put of shows am incgeaise overnliree ae ccopsequencecaf cnageni caAnstimpligneniog Svol t net er

13 1's tuned ¢ SOBRRRS o el ve HeParkte ot 26, 1905 FRE R ABPLBRR" ) f G
source 6. 10 nalssuming the sathe fludrdsperit sensanasih Fifs. 28ddf unit 12 is connected to
a signal recorder 15. -9-

It should be appreciated that the scope of the present invention is not limited

to fluorophores that are quenched by an analyte according to the Stern-Volmer law

shown in Equation (7). Fig. 6 depicts the ratio R15 of the first and the fifth

16  harmonic versus fluorescence lifetime for a fluoraphore that is illuminated with a

square-wave modulated light intensity and has a fluorescence lifetime that

depends on any sensor input. The three curves comrespond to square-wave

frequencies of 10, 40 and 200 kHz, respectively. Howsver, the same curves would

still apply if the flucrescence lifetime was in the nanosecond range. In that case,

20 the indicated square-wave frequencies would be in the MHz range. As in Figs. 2

and 4, an aimost linear relationship can be established between the sensor output

signal and the input. In Fig. 6, we assume that the fluorescence lifetime is linearly

dependent on the analyte.

25 A fluorescence detector according to the present invention has some

important advantages over conventional apparatus in the prior art. n measuring
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WO 97/ 10494. ' : PCT/ US96/ 12752 | n
‘operation, light source 5 illum nates chenical sensor material 3 with
squar e-wave mygdshadsegl excitation |light having a tine-deperrdemsssazstt ati on
light intensity, E(t), in the formJ[err] 5 wheret is tinme, ais the
square-wave anplitude, c is describing the duty cycle, and [err] is the
squar e- wave f riaguiffecent ACfcomponehts, instegdobrmedsarig 30AG companest arjdthe DCal | even

har moni cs are equal to zero and equation, (4) rea 1 er The .re-em tted
f1 uor escence i ?’i‘g}f‘eﬁé‘ﬁ?f ghange ‘Pé'ﬁ%?gk wepl %ihec%cgg{%.mgm e
domai n. Howevegfrecht dE*l@mﬂaﬁiﬁgﬂntB hesdpparflstdielmfsated MeresvePdyselettiiger s to 15

different harnonics of the square-wave signal, two AC photocurrent
conponent s ar earyeplisn sqparerwavefraguengyy the; ralationshipdetyaendbe senotieuRWt cont ai n

a DC bias. Lf i ' R?PP RS i | S fl noni c,

and the sec%nd&@%éﬁ%‘%g ter ﬁ‘gé ’tb htr.\%élb% 'ga:{uwgeﬁﬁe?ag% Eggra r‘r'oh%?tco,ng't c’e out put

signal, R of watthesensortreddlution bgcones ifddepérident of the analyte concentration. This
linearization can be achieved for sensor materials that follow a typical Stem-

Volmer quenching relationship, but aiso for other sensor materials.

10 A fluorescence detector according to the present invention is not effected by
changes in the excitation light source intensity, small changes in the sample
container position, changes in the emission filter characteristics, or changes in the
photodetector sensitivity. This is because all these artifacts have the same
influence on the two harmonics that are selected and are, therefore, canceled out

15 Dby ratio unit 12.

it is well-known that lot-to-iot variations in the fluorescence sensor production

process can have a major impact on the fluorescence intensity. One major reason

are the variations in dye concentration within the sensor material. However, this is

20 not the case with regard to fluorescence fifetime since lifetime is much less
sensitive to concentration variations. Consequently, an optical sensor according

to the present invention provides an exceflent opportunity for high reliability,
absolute calibration, and long-time stability. This is especially important if the
sensor is used to monitor tuberculosis {"TB"} samples that require extraordinary

25 long observation periods covering many days. It would even be possible to

arrange a very large number of sample containers on a few portable racks.

-13-
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follow ng equation (6) 20 [err] ‘ * (6) As an exanple, we
assune a fluorophore with a lifetinme, r, that depends on the concentration
of oxygen, O, WaeYWYi ng to the Stern-Vol ner |aw 25 PCT/US96/12752

[err] -10 - WO 97/ 10494

PCT/ US96/ 12752_wher IS a quenchin onstant, Fig. 2 depicts the ratio
R31 of the thi Pa'“a‘ﬁﬁa'?#@sbﬁ?‘rg?‘ ’ﬁ?ﬂ%% @e%p%%'“&(ﬁlg‘é?fe JRE9%MN Bn for a
f 1 uorophore W §iignfiyedifdrant pddlichwaoid ridhcausk bignal vaditigndd the S5 fluorophore

being illumnated with a square-wave nodulated |ight intensity and quenched
according to the Stern-Vol nmer rel ationship. The three curves correspond to

squar e-wave frequ k h oRtNh i . ' . i %ﬁ can be
seen fromthis fi gﬂge@gﬁ;gﬁ%ess%gﬁ?vneér 'ggggﬁm{?ﬁgg%ﬁﬁw and O can
be est abl i shedwiawe sigriabc Othegasymmetric squanefweaved witll @ smaller or larger than /2,

and periodic non-square-wave signals could also be applied. However, a

symmetric square-wave signal is a preferred option because it offers the following

advantages:

10 First, a square-wave signal can be generated most easily with high precision,

and with a minimum of electronic circuitry.

Secondly, for a symmetric square wave, afl even harmonics are equal to zero.
This resuits in a large frequency difference between neighboring harmonics and
15 allows use of band pass filters of low Q values, which are more stable over

extended periods of time.

Thirdly, the modulation degree of the excitation light is well-defined and

stable over
20 time. Therefore, no source monitor is required to make sure that the excitation
light source is still well modulated. This second aspect would have even more
importance for a conventional modulation sensor arrangement with AC and DC
measurement, where the actual source modulation has a direct impact on the
sensor output sighal. If a biased sinusoidal signal is utilized to modulate the iight

25 source, any drift in the AC/DC ratio will cause an efror in the sensor output
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Fig. 3illustrates the relative anplitudes of the fi‘'rst, third and fifth
harnoni cs for a 100 kHz symmetrical square wave signal. The figure shows

t hat even t hewbidghadwohar moni ¢ has a sufficiently high anpl ircosseithe fi gure
al so shows that the band pass filters are not required to have a high Q
val ue, because the second and 15 forth harnonics are mssing. Fig. 4

depi cts the ratinfornidtidn. OA fiudresdendd detedist dcbtdihy (Sthe PprssERtimvention), Aokever y gen
concentration for the sanme fluorophore as in Fig. 2. The three curves
correspond to d%{RRASHERROPIPBHuenci es of 20, 80 and 240 kHz, respectively.
As in Fig. 2, an 20 alnost linear relationship between R51 and O can be
establ i shed by selecting an optinmum|[err]. Using the fifth and the first
harmonic results |M1M4gmm@mmmwa@tmdesl dreasondblei rglic batyesnthe

cyetoms et bt B BREAROTR AR Wl Bofeb8ithn AR an R B ofitnd 1 ¢
bottl es, whi ch #f énedwduii amémnermuls@sqduempmﬁdé fatio bawkeen theltwge Gadnbnickor

hi stori caI reasons, %P curves are WO 97/ 10494
PCT/ US96/ 12752 Hidiba Pritey %P%l’Fe% HaRwveyet P GRIP2SINA IR SAYAtPR KA ERsulls B lower e

Al so, many sophjghbi mpliRidesRl BiFthk RBrmInES! Thé\dderdiRY f stfp@lariitRleB@d bt hat are

oriented towards positive-going
compensated by pulsing an LED to much higher forward currents, i.e., by

10 increasing the quantity a in equation (4). By doing so, the danger of damaging the
LED increases rapidly and has a negative effect on the life expectancy for the

whole detector arrangement.

Finally, the scope of the present invention is not limited to the use of LED's.
15 The invention can aiso be applied while using diode lasers, internally or externally

modulated lasers or other light sources.

A madification of the present invention is given, if a chemical sensor material
is illuminated with excitation light which is turned on and off periadically according
20 to a symmetric square wave, and the measured fluorescence photocurrent is
analyzed within a computer, which separates digitally the received signal into two
AC components that are representing different harmonics of the square-wave
signal, calculates the amplitudes of the two components, and generates the ratio of
the two components, whereby this ratio is utilized as the sensor output signal.
25
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grom h curves. 5 - | f oxygen consunption is used to detect the presence
of mcroorgansins, then the ratio R51 in Fig. 4 would start at a high

| evel , and woWP@"AU¥h decrease to a | ower |evel. Theref or BEVPR96/12352 be mor e
practical to calculate the ratio R15 which shows an increase over tine as

requancios of goX 59y daoratrreee et thep mievbpRpSpbet GmbGuabh RGTTHE cane
fluorescent sejssrativSofian appatatus amaw}.r@ thé }:m%w #hdBnEpRY ¥ Gherprasbnt Nat the

scope of the present invention is not limt fl uorophores that are
quenched by arnimnieyt Of seurss. dithey suiiable waristiensnandomadificatieny %MSQHeEquatl on
(7). Fig. 6 degigd 3 I arnoni c
versus fl uores‘gence Ilaéa?atrlr&eso? tﬁﬁ %%ﬁn)%ﬁoa?'gs l‘lmtanﬁmﬁr{ él%rlbte&g with a
squar e- wav es nottia pessent iriviention. |ntenS| ty and has a fluorescence |ifetine that
depends on any sensor input. The three curves correspond to square-wave
frequencies of 10, 40 and 200 kHz, respectively. However, the sanme curves
woul d still apply if the fluorescence lifetine was in the nanosecond range.
In that case, 20 the indicated square-wave frequencies would be in the Miz
range. As in Figs. 2 and 4, an alnost linear relationship can be

est abl i shed between the sensor output signal and the input. In Fig. 6, we
assunme that the fluorescence lifetinme is linearly dependent on the anal yte.
25 A fluorescence detector according to the present invention has
sone
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i nmportant advantages over conventional apparatus in‘the prior art. In
nmeasuring - 12 - WO 97/ 10494

PCT/ US96/ 1275%otonmessld T f er ent AC conponents, instead of neacamnsysgzzn AC
conponent and the DC conponent, the effect of a change in the dark current
of the photodetector, and the effect of daylight |eaking into the apparatus
are el i m nat edvhavisraaroedis: by sel ecting an opti mum squar e-wave frequency,
the rel ationship between the sensor output 5 signal and the anal yte
concentration can be "tailored" to be alnost a linear one, so that the

sensor resol uti om.becanappdratie perdretiting fmitrbérganisth \grawts RPN Icahteiger. Thi s

| i nearization can be achieved for sensor materials that follow a typical
Stem Vol mer GBYRZ B Sureanedivg R APgeimen, and pseremisally, sensitive atesial. Baider i o) .
10 A Tl uQpesstsesngigingct or according to the present invention is not
effected by changes in the excitation |ight source intensity, small changes
in the sanpl e conaaixedatiopdighttsoune for ifeminating the chemicatly sensitive malerigt with

Char et e St P SR o RS Rl 500 e e TP 5 o
that are sel ecZEROGRAd 2HHGHT heraalsy ahe Cehamdalyl sensitived maltyialr a iemitiai t 12,
fluorescence in response to a gas being generated or consumed by microorganism
growth in the blood specimen;
means for detecting the fluorescence emerging from the chemically sensitive
material;
means for generating an electrical output signal representative of the
fluorescence detected by said detecting means;
a first band pass filter tuned to one harmonic of the intensity-modulated light
for filtering the output signal into a first filtered signal, B;
a second band pass fiter tuned to another harmonic of the intensity-
modulated light for filtering the output signal into a second filtered signal, A;
means for calculating an A/B ratio value by dividing of the second filtered
signal, A, by the first filtered signal, B; and
means for generating a sensor output signal representative of the calculated

AJB ratio value.

2, An apparatus according to Claim 1, wherein said fluorescence light
detecting means is a photodetector.
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Jdt is well-known that lot-to-lot variations in the fluorescence sensor
production process can have a major inpact on the fluorescence |ntenS|ty
One maj or reQH148 the variations in dye concentration BFiff#* e sensor
‘material. However, this is 20 not the case with regard to fluorescence

[ifetime smcellfetl ch | nsit o con entr varlatlons
Consequently, an Opt I%Ea}ppgrgﬁ.]é&;ooﬁg%p %h""ﬁﬁf“ﬂ}"gg‘ " Ttﬁ'% nSﬁ provi des
an excel | ent gpdged baiwegn kg chérﬁibauyeﬂehaﬁuel inktdrial odIOsaid Budtedceiidedlighon, and

Iong time stability. This is especially ortant if the sensor |s used to

moni tor t uber EHPRIEE MeBN fyr KEjesk AR @?"?‘WW"P i ljght being BagkFratiersd foom | ong
observation pgei-gisin&Overi ng many days. It would even be possible to
arrange a very Iarge nunber of sanple containers on a few portable racks.
-13- WD 97/ 10494

PCT/ US96/ 12752 Renov | a '
fl uorescence readeér %%W?@%?e@gﬁ\ p%%??%'f'osﬁﬁ\?%"ﬁ%ﬁ%%} w@éﬁse si gnal
vari ati ons. dedﬁcemd(ﬁsﬁimrfsrwnt aifirst Barinbnit of the drit@rsity»mbdibiatad tightl to a
symetric squar e- waye S|gnal Q her asynmmetric square-waves with c

smal l er or | aF'@ﬂa‘P’f‘ﬂ'&??"{cé??”]" h said spepnd bandenss filtenis waedisa thisd arepaifial s coul d
al so be appli gfine iARASHhodufated light.

g, An apparatus accarding to Claim 1, wherein said harmonic to which
said first band pass filter is tuned is a first harmonic of the intensity-modulated light
and said harmonic to which said second band pass filter is tuned is a fifth harmonic
of the intensity-modulated light.

6. An apparatus according to Claim 1, wherein said harmonic to which
said first band pass filter is tuned is a third harmonic of the intensity-modulated light
and the harmonic to which said second band pass filter is tuned is a first harmonic
of the intensity-modulated light.

7. An apparatus according to Claim 1, wherein said harmonic to which
said first band pass filter is tuned is a fifth harmonic of the intensity-modulated light

and said harmonic to which said second band pass filter is tuned is a first harmonic
of the intensity-modutated light.
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sy-n?retri Cc square-wave signal is a preferred option because it offers the
foll ow ng advant ages: 10 First, a square-wave signhal can be generated

most easily Walobrid@d Precision, and with a mninmum of el agrhRbdgrs:
tircuitry. Secondly, for a symmetric square wave, all even harnonics are

equal to zero. This results in a | arge frequency difference between

nei ghbori ng har npgi cs apnsppafatid! AR¥RingSt8 RhinPANIh&aiRSsald baké wabe oy Q

val ues, which are nore stable over extended periods of tine. Thirdly, the
modul ati on degieuneyic sauare wave vilh respect fodime. i s wel | - defi ned and stabl e over
20 time. Therefore, no source nonitor is required to nmake sure that the
excitation light source is still well nodulated. This second aspect woul d
have "even nore i nport dm@Eppéraius aceopdingtotGlaimal, whendin said spareovayeis amanangenent
wi th AC and DC neasurenent. where tt&fz %ctual source nodul ati on has a direct
i npact on the %VEW?%FSBHTFB&JFV%W@N&” Pume, ased sinusoidal signal is
utilized to nodulate the |ight 25 source, any drift in the ACDC ratio wll

cause an error in the sensor output -14-
10. A method for detecting microorganism growth within a container having

a culture medium, a specimen and a chemically sensitive material, said method
comprising the steps of:

iluminating a chemical sensitive material in a container with a light that is
intensity-modulated according to a square wave between the states “ZERO" and
"HIGH" to cause the chemically sensitive material to emit a fluorescencs in
response to a gas being generated or consumed by microorganism growth in the
blood specimen;

measuring the fluorescence from the chemical sensitive material in response
to the excitation light;

generating a photocurrent based on the measured fluorescence;

splitting the photocurrent into a first AC component and a second AC
component that represent different harmonics of the intensity-modulated light;

measuring a first amplitude from the first AC component and a second
amplitude from the second AC component; and

generating a sensor output signal representative of a ratio of the first and

second amplitude components.
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MO 97/ 10494 - - PCT/ US96/ 12752
I nformation. A fluorescence detector according to the present invention,
however, is fwesmio#s4such probl ens. Fourthly, a symmetric RHIPEI2HRAEYe
provides a reasonable ratio between the 5 fifth, third and first harnonic,
whi |l e representing a non-dangerous node of driving. If one would use
shorter pul ses, the Arfpsthadatcording taCleim R dvrihen corprising thiasterefi fltsringoul d be

Det o1 oqual | e huolsbbiRkF fron e TASh anbinle"mSRHAL L ORidcanf SRbbag. 1. | Over

signal anplitudes he "harnonr cs. ecrease’ 1 n signal anplitude
coul d be conpmoduitesidightbejnglbackisratteret Ebmitiee comtdinehi gher forward currents,

I.e., by 10 increasing the quantity a in equation (4). By doing so, the
danger of danmaging the LED increases rapidly and has a negative effect on

the life expectangy hArapbiausRESRdiAS S Tidih 10 WRESANRRY qulﬁ'tmeeyasathe scope
of the present inventionis not limted to the use of LED s. 15 The

i nvention carsymmslsicisquarpwayesmth/msnestladimeg di ode | asers, internally or
externally nodul ated | asers or other light sources. A nodification of the
present invention is given, if a chem cal sensor material is illumnated
W th excitation h3.ghtAnvdpparatus sactarding do @isimnid, ehéreinesaidostiuasd Wyveaisaor di ng 20
to a symmetric square wave, and the negsured fluorescence photocurrent is
anal yzed wit h‘?%'sg'"ﬂﬁ?ﬁﬁ?'ﬁé,wmv@ d ?ﬁ&‘rgkl@g' digitally the received signal
into two AC conponents that are representing different harnonics of the

squar e- wave . ) . .
14. An apparatus for detecting microorganism growth within a container

having a culture medium, a specimen and a chemically sensitive material, said
apparatus comprising;

an excitation light source for illuminating the chemically sensitive material with
a light that is periodically intensity-modulated to cause the chemically sensitive
material to emit a fluorescence in response to a gas being generated or consumed
by microorganism growth in the blood specimen;

means for detecting the fluorescence emerging from the chemically sensitive
material;

means for generating an electrical output signal representative of the
fluorescence detected by said detecting means;

a first band pass filter tuned to one harmonic of the intensity-modutated light
for filtering the output signal into a first filtered signal, B;

a second band pass filter tuned to another harmonic of the intensity-

modulated fight for filtering the output signal into a second filtered signal, A;
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signal, calculates the anplitudes of the two conponents, and generates the
ratio of the two conponents, whereby this ratio is utilized as the sensor
out put si gnal .w@b1eida- WO 97/ 10494 [US96/127

PCT/ US96/ 12752 1t shoul d be understood that the above- descrmb 3 n%zodl ment
is sinply illustrative of an apparatus enbodying the principles and
concepts of the prxmeﬂﬂ‘orlﬁldaﬁmg)an@ r&RUa R bPElibﬁfnngf'tﬁéll%@o ikl ons and
nodi ficati ons coulld %so e made to the apparatus and hod descri bed and
still remain wEBRRH 8%@%%&6‘!5‘@3‘-%6“% esent |nvent| on - 16 -

97/ 10494 means for generating a 9 %2752
What is clainmed is: 1. gAn apSar?t"S%' ?““’“’8'8{"“” ;Iarﬁsgentn%tnéer 8'5?%%@'?‘ row h
wi thin a cont af\fogtio value.
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having a culture medium a specinen and a chemcally sensitive materi al
sai d apparatus conprising; an excitation light source for illumnating the
chemcally semaxsie@d naterial with a light that is intensiPcyaussdetsat ed
according to a square wave between the states "ZERO' and "H GH' to cause
the chemcally sensitive material to emt a fluorescence in response to a
gas being generated or consunmed by m croorganismgrowh in the bl ood

speci nen; neans for detecting the fluorescence energing fromthe chemcally
sensitive material; neans for generating an el ectrical output signal
representative of the fluorescence detected by said detecting neans; a
first band pass filter tuned to one harmonic of the intensity-nodul ated
Ilght for fllte the output signal into a first filtered signal, B, a
second band pa Ei}i ined to anot her harnmonic of the intensity-
nodul-ated |i ght? f iltefing the output signal into a second filtered
signal, A, neans for calculating an A/B ratio val ue by dividing of the
second filtered signal, A by the first filtered signal, B; and nmeans for
generating a sensor output signal representative of the calculated A/'B
rati o val ue. 2. An apparatus according to daim1l, wherein said

fl uorescence |ight

10

l
S
—ik. 11

[
% —~13
:
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detecting neans is a photodetector. -17- WO- 97/ 10494

PCT/ US96/ 12752 3. An apparatus according to Caim1l, further conprising
an em ssi on fWa®noesranged between the chem cal ly sensitirormssdnerseal and
Said fluorescence light detecting neans to reject any intensity-nodul ated

| i ght bei ng back-scattered fromthe container. 4. An appar atus accordi ng
to daim1l, wherein said harnonic to which said first band pass filter is
tuned is a first harnonic of the intensity-nodulated |ight and the harnonic
to which said second band pass filter is tuned is a third harnonic of the

i nt ensi ty-nodul d_light 5. An apparatus according to Caim1l, wherein
sai d har nonic jEIEﬁE;h.sa' first band pass filter is tuned is a first

har moni ¢ of theée i nsi t dul ated light and said harnonic to which said
second band pass filter is tuned is a fifth harnonic of the

i ntensity-nmodul ated |ight 8. An apparatus according to Caim1l, wherein
said harnonic to which sai @39/ T 5 a third
harnoni ¢ of the intensity-nodul af 30 Ik

0.3 —

0.25 —
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| i I o
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and the harnmonic to which said second band pass filter is tuned is a first
harnoni ¢ of the intensity-nodul ated |ight 7. An apparatus according to
Claim 1, wher svowrgedsd harnonic to which said first band patsmusbdmee is
funed is a fifth harnonic of the intensity-nodulated |ight and said
harmoni ¢ to which said second band pass filter is tuned is a first harnonic

of the intensity-nodulated light. - 18 - WO 97/ 10494
PCT/ US96/ 12752 8. An apparatus according to aim1l, wherein said square
wave is a symmetric square wave with respect to tinme. 9. An appar at us

according to Claim1l, wherein said square wave iS a non- symretric square
wave W th respect to tine. 10. A nethod for detecting m croorgani smgrowh
within a container having a culture nmedium a specinmen and a chemcally
sensitive material, said nethod conprising the steps of: illumnating a
chem-cal sensitive material in a container with a light that is

i ntensity-nodul ated according to a square wave between the states "ZERO'
and

FIG—4

002
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"“H GHd' to cause the chemcally sensitive materi-al to-emt a fluorescence in
response to a gas being generated or consuned by m croorganismgrowth in

t he bl ood specwWasHisdeasuri ng the fluorescence fromthe cheorussknzsnsitive
material in response to the excitation light; generating a photocurrent
based on the nmeasured fluorescence; splitting the photocurrent into a first
AC conponent and a second AC conponent that represent different harnonics
of the intensity-nodulated Iight; neasuring a first anplitude fromthe
first AC conponent and a second anplitude fromthe second AC conponent; and
generating a sensor output signal representative of a ratio of the first
and second anplitude conponents. - 19- WO 97/ 10494

PCT/ US96/ 12752 11. A nethod according to Caim 10, further conprising the
step of filtering the fluorescence fromthe chem cal sensitive material to
reject any intensity- nodul ated |ight being back-scattered fromthe
cont ai ner.

FIG—3
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Jd2. An apparatus-according to Caim 10, wherein sai'd square wave is a
symmetric square wave with respect to tine. 13. An apparatus according to
Claim 10, wheweisviesgd d square wave IS a non-symetric SqQURCEUSEIZISN t h
respect to tine. 14.  An apparatus for detecting m croorgani smgrowh
within a container having a culture nmedium a specinmen and a chemcally
sensitive material, said apparatus conprising; an excitation |ight source
for illumnating the chemcally sensitive material with a light that is
periodically intensity-nodul ated to cause the chemcally sensitive materi al
to emt a fluorescence in response to a gas being generated or consuned by
m crQorganismgrow h in the bl ood specinen; neans for detecting the

fl uorescence enmerging fromthe chemcally sensitive naterial; nmeans for
generating an electrical output signal representative of the fluorescence
detected by said detecting neans; a first band pass filter tuned to one
harnonic of the intensity-nodulated |ight for filtering the output signal
into a first filtered signal, B; a second band pass filter tuned to anot her
harmoni ¢ of the intensity- nodulated light for filtering the output signal
into a second filtered signal, A -20 -

FIG—6
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means for calculating an A/B ratio value by dividing of the /8 :‘:\4 filgered

signal, A by th {[(st fil tered signal , B  and means for goEMist i nGrer
sensor output si represe “'%&ﬁﬁﬁ‘ﬁm CRUNREY A/ B r al$e va*%mg&--,
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{57) Abstract

A fluorescence detector method and apparatus for
detecting biological activities in 2 fuid specimen, such as
blood, urine or sputun, where the specimen and a culture
medium are introduced into sealable containers and exposed
to conditions enabling a variety of metabolic, physical,
andchenncalchangestoukeplacemmep:mneeof
microorganisms in the sample. In operation, the detector
method and apparatus illuminate a chemical sensor material
in the scalable container with excitation light which is
tumed on and off periodically according to a symmetric B
square wave, split the measured fluorescence photocurrent
into two components that represent different harmonics of 9
the symmetric square wave signal, measure the amplitudes -
of the two components, generate the ratio of the two
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components, and use that ratio as the sensor output signal 1} 10
to indicate biological activity, } l
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