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i ncorporated herein by reference, describes an electro-optical sensing
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located at least partially within a wave guide layer such that light emitted by the source strikes and

causes the indicator molecules to fluoresce. A high-pass filter allows fluorescent light emitted by
the indicator molecules to reach a photosensitive element while filtering out scattered light from the
light source.

[0003]  The fluorescence of the indicator molecules employed in the device described in U.S.
Patent No. 5,517,313 is modulated, i.e., attenuated or enhanced, by the local presence of an analyte.
For example, the orange-red fluorescence of the complex tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium(Il) perchlorate is quenched by the local presence of oxygen. Therefore,
this complex can be used advantageously as the indicator molecule in an oxygen sensor. Indicator
molecules whose fluorescence properties are affected by various other analytes are known as well.
[0004]  In the sensing device described in U.S. Patent No. 5,517,313, the material containing the
indicator molecules is permeable to the analyte. Thus, the analyte can diffuse into the material from
the surrounding test medium, thereby affecting the fluorescence of the indicator molecules. The

light source, indicator molecule-containing material, high-pass filter, and photodetector are
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phot odet ector such that an electrical signal is generated that is

i ndi cative of the concentration of the analyte in the surroundi ng nedi um
[ 0005] In order to make accurate neasurenents based on a single variable,

such as analdé;tue concentration, the design of the sensing device nust
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FIG 1. One can enploy the Stern-Vol ner pP,ot as shown to neasure an

i nt endgsexibing and predptingétsbehamar @tsstimee of oxygen (the anal yte) and then
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al so theategre-Vamer e@pitidhy. To account for the tenperature sensitivity of
Ksv, the Stern-Volner relationship can be represented by a series of
curves, as shown in FIG 2, corresponding to different tenperatures.

[ 0008] Introduction of a second riah as tenperature thus nmakes
measurenent of the first vari ab?{g"(i{:}. ié.gv,ﬁ)g%gl yte concentration) nuch nore
difficult. It is necessary to know the

where I/1, is an intensity ratio, pO, is oxygen concentration, and K, is the Stern-Volmer constant.
If the output from a sensor constructed using this type of indicator were recorded from within an
environment which isolated all variables except oxygen concentration, we should see a plot as
shown in FIG. 1. One can employ the Stern-Volmer plot as shown to measure an intensity in the
presence and absence of oxygen (the analyte) and then find the corresponding oxygen concentration
from the x-axis using the plot as a calibration curve.

[0007]  Inreality, however, Ky is a function of temperature, and in most practical applications,
the temperature of the test medium can be expected to change substantially. The temperature can
also change very rapidly. To account for the temperature sensitivity of Ky, the Stern-Volmer
relationship can be represented by a series of curves, as shown in FIG. 2, corresponding to different
temperatures.

[0008]  Introduction of a second variable such as temperature thus makes measurement of the

first variable (i.e., analyte concentration) much more difficult. It is necessary to know the



- 2 WD 02/090951 PCT/ US02/ 13734 tenperature accurately in order to know
which of the Stern-Volnmer plots to use for finding the correct oxygen
concent r awooR/0p96m a neasured intensity value. [0009] An @xamshz13784 anot her
influential variable is signal drift. Drift is | ess predictable than
tenperature because a nmultitude of known, and often, unknown, factors are
causative. One of many such drift exanples is illustrated by

phot o-oxi dation in the case of the indicator Rutheniumtris-
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becone conpl ex and are highly
[0010]  Yet another example of error that may be introduced is from variable excitation light

levels. Since the excitation light source directly "pumps" the fluorescence detected from the
indicator, any fluctuation or degradation in the source light will directly be introduced as error into
the calibration. Light source drift can be caused by transient changes in the sensor power supply or
due to simple operational life degradation in the light source itself. Some means of correcting for
this drift is necessary to making an accurate analyte measurement from sensor-supplied data.
[0011]  From the above, it will be appreciated that, in order to design an electro-optical sensing
device for the purpose of measuring a single analyte, some means of correcting for kinetic,
molecular stability, and system influences which would otherwise introduce error into the
measurement is required. These influential factors can become complex and are highly
interdependent. For example, an increase in temperature will also tend to increase the rate of

degradation due to photo-oxidation. There are many more known and often unknown influential



i nt erdependent. For exanple, an increase in tenperature will also tend to
increase the rate of degradation due to photo-oxidation. There are many
nore knowwoan@mst en unknown influential - 3 W) 02/ 09095PCPAKRO2E024 13734
factors than the three exanples described. The result is a very conpl ex and
difficult to understand series of interdependent variables that directly
af fect the accuracy of a neasurenent by an el ectro- optical sensing device.

[0012] One_nethod of correcting for the matrix of potential variables is to
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environnment. [0013] Several exanples of using a reference channel in this

mannevarigbles ag thensensing chiumek forexample bykiaking theratip ef thetsensing andeafepéree U. S.
Patent _No, 3 612,.866, .the entire disclosure o ich is. incorporated
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r ef erBRGe:E BRyuletemA9 Bbritant Beertitee sHAR:, IMEY fb @S plehedTiRd feYulpNohlagheB@aur i ng
channel , except that the reference channel is coated with varnish to

r enddine tThisenspres didt eny ohangy drethe outrst rfdiatie due xpistly darnyoehaBge inathe Rimount of
09/ 383 %8 t;‘li | ed Aﬂg%lyst 26,.1999 and entitled "Optical -Based Sensi ng
Devi cRElIT (g FX° IQUMERL. 5 patent No. 6, 330, 464 on December 11, 2001),
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anot her fl uorescent oxygen sensing device having a reference ‘channe
st ar tisovaun thd ath  Féoreexaaupie, baS.&atdnt Mos 862,866, ttheergra disolgswe of il is channel

but i.s further processed to block qxygen diffusion, for exanple by coating
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subst@rt bAkh¥NS] @8R 44 £3EDScIRP 1 i,%O?}, KT i Ssure of which is incorporated herein by
reference, discloses another fluorescent oxygen sensing device having a reference channel that starts
out with the same base chemistry as the sensing or signal channel but is further processed to block
oxygen diffusion, for example by coating the reference channel with a material that is impermeable
to oxygen.
[0014]  This approach, however, may induce other differences between the channels that cannot
be canceled by taking the ratio of the outputs. For example, the output from the reference channel
may be increased or decreased due to reflectivity of the coating material. If the gain stages for each
channel are designed the same, one could be running at substantially higher levels than the other due
to differences in reflectivity. In addition, ambient light that might be present in the external
environment at the same wavelength as the fluorescent emission would probably not be picked-up

by the reference channel and, thus, would probably not be canceled.



to differences in reflectivity. In addition, anbient |light that m ght be
present in the external environnent at the sane wavel ength as the
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of the reference channel whereas the chem cal properties of the indicator
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t he pertornmance C aracteristics re
above, then the fluorescence of the reference channel will be much greater than the signal channel at

sensor baseline because of the inverse relationship between oxygen quenching and fluorescence
intensity. Further, because there is less oxygen in equilibrium with the reference channel on
average in this example, the rate of photo-oxidation (beyond the previously described light scatter
influence) will be reduced by the ratio of oxygen in the coating versus oxygen in air. Any chemical
reaction with alteration of, or inclusion of, the chemical components of the coating material within
the indicator matrix upon initial application will alter the performance characteristics relative to the
signal channel.

[0018]  FIG. 4 illustrates an optical sensing device 10 of the same general type as described in
U.S. Patent No. 6,330,464 having an excitation source 12 in the form of an LED mounted on a
substrate 14 within a housing 16, a pair of indicator membranes 18A and 18B mounted over

openings 20A and 20B formed in the housing, and a pair of photosensitive elements 22A and 22B



signal channel. [0018] FIG 4 illustrates an optical sensing device 10 of
the sane general type as described in U S Patent No. 6,330,464 having an
excitati owogouewsr 12 in the formof an LED nounted on a ®aFgiSoz135344
within a housing 16, a pair of indicator nmenbranes 18A and 18B nounted over
openi ngs 20A and 20B fornmed in the housing, and a pair of photosensitive

el ements 22A and 22B - 5 WO 02/090951 PCT/ US02/ 13734 on opposite sides of
the LED. The indicator nenbranes have the same base chem stry, however,
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5,462,880 and 5,728,422, the entire disclosures of which are also incorporated herein by reference,

describe a radiometric fluorescence oxygen sensing method employing a reference molecule that is
substantially unaffected by oxygen and has a photodecomposition rate similar to the indicator
molecule. Additionally, Muller, B., et al., ANALYST, Vol. 121, pp. 339-343 (March 1996), the
entire disclosure of which is incorporated herein by reference, describes a fluorescence sensor for
dissolved CO,, in which a blue LED light source is directed through a fiber optic coupler to an
indicator channel and to a separate reference photodetector which detects changes in the LED light
intensity.

[0021]  Inaddition, U.S. Patent No. 4,580,059, the entire disclosure of which is incorporated
herein by reference, describes a fluorescent-based sensor containing a reference light measuring cell
for measuring changes in the intensity of the excitation light source -- see, e.g., column 10, lines 1,

et seq. Furthermore, U.S. Patent No. 4,617,277, the entire disclosure of which is also incorporated



di ssolved C02, in which a blue LED light source is directed through a fiber
optic coupler to an indicator channel and to a separate reference

phot odet ewpar/owsch det ects changes in the LED |ight int@®a3iusg2/1376021] I n
addition, U S. Patent No. 4,580,059, the entire disclosure of which is
incorporated herein by reference, describes a fluorescent-based sensor
containing a reference |ight neasuring cell for neasuring changes in the
intensity of the excitation |ight source -- see, e.g., colum 10, lines 1,
et sebfreiplirisreRse clesgitss apgbsaibanqe-baspdgensop far, carliva meendxide, it whichsur e of

whi chyj | - 6\ 02/ 0909 / US02/ 13731 in b
Fot orehageabahtf RRRLANAE ot slibclE ea e B e C B o e, | n

whi chmaasuriaf eleaithenéedde t@cehrht @ed 6 itrb@diblecoIdr 8haifRdr ce to a reference
photocel | to_determ ne when a neasuring el enent needs repl acement due to
i rrevi®042h| e Thoesemaing agecd ingbe a1t farparadeotioriticsl sensiegdevier Wik aaeferdnoe an

el ect ,0- i ing devi:ce with a reference chanpel at. responds |n
cscent PahdiReoeBBAS IR fhoiShin® w1 ERaniae Shierus] b W RORERED
and syl §ulemid Aot x@PCIOD brdsiveRIT e aRAIPLeRff idtBredNAKNE &i@hall AVREGRENt N the
external environnent. SU RY OF THE | NVENTI ON [ 0023] A first aspect of the

present invention is generally-characterized in an electro-optical sensing
device for detecting the ptBMNARYEQF THREINVENTION of an anal yte in an

mbi | ui i.e., liquid ) | di i ncl udir [ f
i B o1 S Sotss ittt PR D 8o Qerierioeh i oGk omionh
phot ki apee RrRBRchfl e gathie AETPAIABPALEN BBt B A A Enchyid G

mol ecliquéd ohgaseons mediop) irchlditha paic beindisaios elehRapqsitivaed © febavdersanee of
an anal yt.e, however,. one of the indicator elenents is covered by an
anal yieaiafigh fopea mdiition sppse apd i transpifdesilipntraglistipe ta dpaie pephotesensitensi t i ve

. i . I i . h Lt.
R O A e e e A R

af f ecespuosive itmthieqaeencedfaemalyte; Hoaetdashess the Ridesanh lelenitdtds careréBy ¥ €-
cont ai nj fluid in contact with the reference indicator el enent so that

the i %iyggi%?erg]eéhlﬁ Thambeihataenderide indieterriemant insepsitiveo thopigsericons theThe
St L GOER U8B BRSO BT KBS A B
bet wesystentiieartubidsythat affect e iridivdisraledsient. erRthamb@0R¢ferabhenslal 5 sngpecan be
used to conpensate or correct for: changes or drift in the
containing fluid in contact with the reference indicafor element so that the indicator elements
operate under nominally identical conditions. The indicator element used to measure the analyte in
the external medium is preferably also covered, but in a manner that provides direct contact between
the analyte and the indicator element.
[0024]  The reference can be used to compensate or correct for: changes or drift in the
component operation intrinsic to the make-up of the sensing device; environment conditions
external to the sensor; or combinations thereof. For example, the reference can be used to
compensate or correct for internal variables induced by, among other things: aging of the radiation
source; changes affecting the performance or sensitivity of the photosensitive elements;
deterioration of the indicator molecules; changes in the radiation transmissivity of the indicator
elements, etc. In other examples, the reference can be used to compensate or correct for
environmental variables (e.g., variables influenced by factors external to the device, such as

temperature), that could affect the optical characteristics or apparent optical characteristics of the

indicator molecule irrespective of the presence or concentration of the analyte.
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conponent operation intrinsic to the nmake-up of the sensing device;
environment conditions external to the sensor; or conbinations thereof.
For exanpwe,02ohmsr ef erence can be used to conpensate or @EOTIES02/13764
internal variables induced by, anong other things: aging of the radiation
source; changes affecting the performance or sensitivity of the

phot osensitive el enents; deterioration of the indicator nol ecul es; changes
inthe radiation transm ssivity of the indicator elenents, etc. In other
exanpl0833] t hAnplheeaspseto! thmprseeny ywention is gaprsaibacharasterizod ineat eléaro-optical

e R Rl R By sl bR BRSS! o
char agltents borfbo@éd ARSI R adREbh 63d o@Pad A &l kighalqh résEnseitRb©®2 ik and
nol ecul e irrespective of the gresence or concentration of the analyte. -

WO 025eeusbmdicaar clegatsi®piiponed oRsiiveradiation fipspide radistiarhroupeesd e tramsneht i on

is ge | ] h cterized in an electro-optical. sepsi.n evi.ce inclyding
N TR s SR R R T R T ML
el enmedvnti®iap indeHiGtnblRciles &itd an bpfiéA thaRct&idic QbpBHiivaHd @b Brkélcedragi gnal in
response thereto; first and second indicator elenents positioned to

r ecei analyiteiding en gnalyteoimpehacabieichanibencesting et lsad atportiancafghe secondithidiaiorn t o
the fiirst .and second phot osensj.tive.el enents,. .respectively, .the indi.cator

el oo 0Rs TEERHS BF RerORR drlicass eloms i BUtvA P ARCHreigee phfhe analyte ina

char agt@inSdxkindlas PR EVIR; (vRelBe 1RITBECHCAt sihalsFRHh WeSHirsBRd s2bnd

anal yt e-i nper neabl e chanber covering at | east a portion of the second

i ndi ciotrsengitiemelaments cas be vseddn dersurt thequessnck dnddionegntiratied efrtantnalyednshd | ve
to the $rq$eqﬁe of the analyte in a nediumexternal to the device; whereby
the r&YTBHJECLY Ut signals fromthe first and second photosensitive

el emyq'[on%]canm@cmr bPHRARHLISAG BhBe %& gﬁig%g@a@f&%ﬁ&ihﬁg AR

analyte i'n the external nedium [0026] e sefising device
can biuiflichih bela Wigtid (aug.,aveddry bea gam(eai, mimgl Hel anbkyte-ddngainihl fiutd emrbelsf the sangii d

.0.,.alr). Th | - taini fluid be of
e b 5 uloinel pikak e kMt i o e s ie i eken ey e g;eps@ggfthfil ° d

| ! ! ; .
anal yf i & lﬁhsgmﬁmﬂrsé}ql @fsgar@éeramgﬁﬁmm&fagg@sf e@ggk%@&lagpre&ﬁreg %?%er ui

is pref y thin the range expect ed”part essures o
anal yamglyitairt the sswourdlinginedjunedi um [ 0027] An exanpl e of a suitable

Lﬂghgﬂbﬁhor?%g%%égﬁ Zﬁ%%%ﬁ&ﬁéé%ﬁ%ﬁﬂgaé%éﬂgFééggﬂ*ﬁﬁ@ﬂﬂédﬂ@e can include a

housHﬂ&nﬁﬁﬁ%ﬁh&ﬂmhgﬁuﬁkﬁfﬁm@ﬂgnﬁfCO”d i ndi cator elenments, the
[0028]  The device can include a housing mounting the first and second indicator elements, the
first and second photosensitive elements, and the radiation source. An analyte-impermeable cover
can be mounted on the housing to define at least a portion of the chamber covering the second
indicator element. If an opening is formed in the housing, the second indicator element and the
cover can be mounted on opposite sides of the opening to define the chamber therebetween. The
cover can include a plug that extends into the opening. The cover can be formed of any suitable
material but is preferably formed of metal. An analyte-permeable first cover can also be mounted
on the housing over the first indicator element, if desired. The first cover can include a bore formed
therethrough to provide fluid communication between the first optical indicator element and the
external medium. First and second openings can be formed in the housing, with the first indicator
element and the first analyte-permeable cover being mounted on opposite sides of the first opening,

and the second indicator element and the analyte-impermeable second cover being mounted on



first and second photosensitive elenents, and the radiation source. An

anal yt e-i nper neabl e cover can be nounted on the housing to define at | east
a portionwofo2iopmschanber covering the second indicator elPemarsn2/13784 an
opening is fornmed in the housing, the second indicator elenent and the
cover can be nounted on opposite sides of the opening to define the chanber
t herebetween. The cover can include a plug that extends into the opening.
The cover, can be fornmed of any suitable naterial but is preferably forned
of meanpositeridesrfithe secprd apsaingtordefige thewhamberdherabetwedre Hipufseand ssponche
housi over first indi.cator ele t. df desjred. The first cover can

i ncl Ude A %P%Pef%%brlﬁéﬁﬁbl i ugil]%tgltlﬁ'l{?ﬂ Ghorbiegiagon 8‘8&?41% F’&CGBB?M%S Ef’feon bet ween
the fioozd] opsiik ahothdispedt OF 1Rl RERAL inddifioh he gerRidISAdtac B LiN s hkthsd opNd
second openi ngs can be formed'in the housing, with the first indicator

el enedetecting an paalyieris @ fhndmgdmpesingabélecttmorttcabsensigg doviae bavinga dipgosi t e

onar yirgepish eshEwoBElisnte audiedidR b Aot AR e b B S0y
PCT/ UReleli 343 andBROFhPEmSiKIE Shafiber Rfxt SRR IhOREMIBdicat o 8fchidt fn@a;sﬁplageer

therebetween. The first and second covers are preferably substantia

si mi | the presemsef ithpanatyitoim the fluid hedismeeopghat dicantbetused o eferefc®@0@0dncst i | |
anot her . aspect. of. the prese invention_is.generally characterized in a
et hp%qvgf)m%ﬁ%tf‘]e?ﬁdi Hoeane gﬂéﬁ%siftségart ﬁﬁISth oth ’t‘}d%@@’F ﬁﬁpﬁéfsng an el ectro-opti cal
sensipe3eievi §6mb %YtH%Qtd@aﬁth%e%tof b LAt BerfloRRaL th@?ﬂ@f%@irfcﬁldte RSorbdddl d

medi um and a second indicator elenent at least partially covered by an
anal yaceunagpenhasbil mechamts pratéatonrof idendicstheelsmenttease of manufactetiegrent

insensitive t t he, pr.esence of the analyte in the fluid nediumso that it
can PECYRIEgnQLc tf‘@f@l@ﬁg@?‘f@%‘é‘}\’gﬂsml%vi ronmental and systemic variabl es

that gphyfct jadi | , f e
pr st Tvonty o Bas SRk ofioREI0Ares L itlon PRREwAl nd BEB AR ARET ea b
mec hathe falowing tiesctiption of conpectiowl ivith e atelckstedrb®ingsase of manufacturing, and
prevention of contam nation including condensation. [0031] The above and

ot her objects, features' and advantages will be further appreciated based
on the follow ng descrippid ¢ i ifﬁﬂi ﬁ{g%,tnt} attached draw ngs.

BRI EF DESCRI PTI ON OF Tmﬁl@%@g?ﬁ esy an o?’ﬁer obj ects of the

i nverfod32] W Thesbendpfirt ebjectk bOthetiheentieh aiill Bel aplesat ifiphi ®e dofailed H&schpMeNsHE ON

and the follow ng figures, which are given by way of exanple and not
i mi tthe inysntiomend thy f&}qvgﬁg figures, which are given by way of example and not limitation, and
in which:

[0033] FIG. 1 is a graph illustrating the Stern-Volmer relationship between oxygen
concentration and light intensity emitted by a fluorescent oxygen indicator molecule.

[0034]  FIG. 2 is a graph illustrating the effect of temperature on the Stern-Volmer relationship.
[0035] FIG. 3 is a graph illustrating the combined effects of temperature and photodegradation
on the Stern-Volmer relationship over time.

[0036] FIG. 4 is a sectional side view of a related electro-optical sensing device having an
optical reference channel coated to prevent diffusion of an analyte therethrough;

[0037]  FIG. 5 is a graph demonstrating the effects of temperature and photodegradation over
time for the signal and reference channels of the electro-optical sensing device shown in FIG. 4;
[0038] FIG. 6 is a perspective view, partly cutaway, showing an embodiment of an electro-

optical sensing device according to the present invention;



[0033] FIG 1 is a graph illustrating the Stern-Vol ner rel ationship between
oxygen concentration and light intensity emtted by a fluorescent oxygen

i ndi cat orwookeguese. [0034] FIG 2 is a graph illustratingpPchaset/izes of
tenperature on the Stern-Volnmer relationship. [0035] FIG 3 is a graph
illustrating the conbined effects of tenperature and photodegradati on on
the Stern-Volnmer relationship over tinme. [0036] FIG 4 is a sectional side

view of a related electro-optical sensing device having an optical

ref erl@AF chBlindlis esestimat Bdpviewetakentibidugilie 767 indlGaigablyovang huther detailgh;

[ 0037]. FI 5 1s.a,graph denonstrating the effects of tenperature and

phot o(kélbergﬁ‘aﬁ'%uc&l/gﬁnsg’lgf%&c?ﬁndt he signal and reference channels of the
el ectjpo4gIpPt | ERY. 8518 A%rdHh RAVInS@atAIRANE effltitd b iGemperatrd &%ﬁﬂgh&&@gra@aﬁ&l Bver
perspective view, partly cutaway, show ng an enbodi nent of an electro-

opt i dithe ferild signal end eefermuonsidinngs obthe kiecipo-epticd] sensigdavine;shows in WKS. 6

02/ 090 PCT/ US02/ 13734 [0039] FIG 7 is a sectional side view, taken
thro Fine 7-7 in FIG 6, showing further details of the electro-optical
sensing device; and [0040] FIG 8 is a graph denonstrating the effects of

tenperature and phot odegradati on over tine for the signal and reference
channel s of t heDETALER IHSCRIPTIONASF AGHRREFERBEDWMBOIPIMIGNTE and 7.

DETAI DESCRI PTI ON OF . THE . PREFER EVMBODI VE 0041] An. electro-onptical
sensi lhE‘Pldevi g@R eﬁ%@%?@@&ﬂ&%ﬂ& 56%%5%5@@%%&% [rPﬁ?Ht nyentjon j ﬂlﬁl%ﬂré@ﬁilﬁ

FI GS. a : i i L \e: i w th
on i A1ESERand ) BERGHEGe AR ek SRERs g e CHIES AP hERRlealh B N

channk2 Avdrid pliotosedsitied elemehicitdat, a t€fRBnenchaanel phidt asmdiiator ¢kenehe @B ald4 B,
and a radiation source 106 providing excitation_ radiation for both the

si gnathoiaensiiyesslened (OnBnnud aradition Soiyre b proyidingencatatgrpmdigtign forimtia then
i ncl { ndl <) i.nj hHndl 0 S
navi et id R ER Uhanady PTh gD EIBARE 10, 2l 1o B UEALRN BRLRES
pr esdage 0d imetbramadontning fiklitatch mmelearlesteviigesie ok Bdke optiddh eh-aa@eadtics enannel
is exposed to an exterior of the device and is thus responsive to the |ocal
pr esehe affegtedpy thedaga) peeseneetof an analten dibe exlicatermenbrape 1034 pfithe sigpel

i ndi c ] r f ref. . i hus
ot + Bifiel FPCRUORRFoR HRiclor bl LELEE SRER i IRIRGYY Fo SRNERErBRHts 0P b

envi raaein thSenemal bgitahbnaseding. Theindivator Mebra 1038 dfaBPREtence rati o

of the outputs fromthe i )
channel is covered and is thus not responsive to the local presence of an analyte in the external

environment. Since the membranes are similar in all other respects, a ratio of the outputs from the
signal and reference channels will cancel-out changes common to both channels, such as changes in
operation intrinsic to the sensing device and/or environment changes external to the sensing device,
leaving only those changes in the signal channel output due to presence of the analyte. The
foregoing aspects of the sensing device are similar to those used in the dual channel electro-optical
sensing devices described in the aforementioned U.S. Patent No. 6,330,464. In accordance with the
present invention, however, the sensing device 100 is configured to define a hermetically sealed
chamber 108, preferably holding an analyte-containing fluid 110 in direct contact with the indicator
membrane 103B of the reference channel. If the fluid 110 in the chamber 108 contains the same
type of analyte contained in the external environment, such an arrangement ensures that the
response over time of the reference channel to changes in the radiation source, the temperature of
the external environment, and photo-oxidation of the membrane are essentially the same as or

similar to the response of the signal channel thereto. At the same time, the hermetic seal isolates the
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signal and reference channels will cancel -out changes common to both
channel s, such as changes in operation intrinsic to the sensing device
and/ or erwproen®at changes external to the sensing devi cePCTIESaviitgs onl y

t hose changes in the signal channel output due to presence of the anal yte.
The foregoing aspects of the sensing device are simlar to those used in
t he dual channel electro-optical sensing devices described in the

aforenmentioned U S. Patent No. 6,330,464. In accordance with the present
i nverfefessice ghapngbirom: ghanges s thegonesniration ofthe gnalpiefin gherexdernd egeiromment so

her I.C 108 referably holdin anal yt.e- cont ai ni.ng
At G e R p S S R R e L S
r ef ertaasignalnat neferenté clidi@ell duinds dsldesifbddiosdranber 108 contains the sanme
type of analyte contained in the external environment, such an arrangenent

ensurl8@42]hat Intthe illystraisd ssdbodipesnt.ithergigudl anthecfershes dhaneels hfthe e¢nsing ddvineges i n

th iati . the.. t ur.e ,of e ext.er nal nvi.ronnent, and
phot o DR ERPRRTE B g Aheefr B8 48s 118 PR DB OGPl [ 1o
the rRsRESEhalY, elch@o shdBAfroRBO@licd MBieall@strafdd ffat!@a B udds EieviRQubafapet i €
seal isolates the - 10 WO 02/090951 PCT/US02/ 13734 reference channel from
changdld4 i the feemed ﬁ@?ﬁmgﬂﬂ&rmnﬁﬂ Oulhﬁlt éﬂaﬂytllv@ sowstofiecadx 1 E2 dnalbosethalottljlgnrrent Isod
t hat i t 0 r t nal yte cgoncentratjon ca e capcel e
out BPPHEIGeEne the gt ah e hayimal | aufef of SRRt p ity
descrieqrd 128 p¥Ferrd PAABIdimBnt BR subitkisd 1 Bf 8 ForalHaQHal B Mmink BSasid Qﬁsctgﬂ:d

reference channels of the sensing device 100 are incorporated in
chi p-doimpengiats kagke electhichlaeandded wxthe sudistrates foe epdmplausing cpmmontyi agilablewer |,

si gnal etc., to.and/or fromthe.device. The |l rat ed ck i ncl udes
o Souller B o cedBOfiEorny P Pohegre, ARLERGNTE B4 Borp RSt erronibar o,
two rayerigk. | eads 112 di sposed along opposite edges of the substrate, and

a housing 116 nounted on the substrate between the rows of leads. In a
pr ef 0043 enboukimeibtq irchelesa pateratyerediddgiila tbp watid 18 andbwakideiwals ¢20AEhd .

O SeriohB oo san sl Bon SomestesiBon Gemroel e ot as,
for epoanpl 126BLEBONR Rded {o bR Stbs Surkc8 6F sutrGie 1VBLEE &) Rainf-90430
e § Tg° € haipsat (e op

Housi ng 116 i1 ncludes a gener rectangul ar top wall
wal | swalPDIS iandrtichH Bpabed e¢laiiorgtodhesubatratey The houshppds dod tedo@sedodf dnkie t op
sidewal I s .  120A_and 120B are configured to nmount

: f. . A N
on & ry%%r‘@%ﬁ%%ﬁ% Fopruse u{)@? CEYEonRpt ebingerest uirgipeeiaiahly fremedpf a wkatively mieidl n
vert hg%ltik%r 3ReA Aht&iel 3 iRl @adcifics B9 HdiRthfRing RS (SIS Bk bS58 h P&ubaryred

spaced, parallel planes. The entire region R between the housing 116 and the substrate 114 can be

empty but preferably contains a waveguide material such as, for example, Epoxy Technologies
301™ which has good optical characteristics, although other suitable materials can be used. The
complete optical path (i.e., between the radiation source, the indicator membranes, and the
photosensitive elements) is preferably refractive index matched so that maximum light capture with
minimal internal reflection losses occur.

[0044]  First and second openings 122A and 122B are formed through the top wall 118 of the
housing 116 at spaced locations to communicate with the indicator membranes 103A and 103B.
The openings 122A and 122B are preferably arranged symmetrically on the top wall 118 so that the
indicator membranes 103A and 103B are subjected to similar conditions. In the illustrated
embodiment, for example, the openings 122A and 122B are both arranged along a longitudinal axis

of the housing 116 equidistant from opposite edges of the top wall 118. The openings 122A and

- 11 -



material suitable for use in the environment of interest but is preferably
formed of a relatively rigid plastic or netal nmaterial to inprove accuracy
by mai nt awpia@9mhe top wall and substrate in vertically ®paasdy13asall el

pl anes. The entire region R between the housing 116 and the substrate 114
can be enpty but preferably contains a wavegui de material such as, for
exanpl e, Epoxy Technol ogi es 301 which has good optical characteristics,

al though other suitable materials can be used. The corTEI ete optical path
(i . e.122Beareleorn peidentitad cirgdardwlgsdeat areomavdiat smalier teantthaindicatoretbnidngs

hot |t t [ f bl f ti i.nd t ched hat
Pt mhTE Fh R BP T oo R e F CRBbey Frodf e BLERe Rt
[ 0044iffEienstypader slesenms openi ngs 122A and 122B are formed through the top

wal | 118 of the housing 116 at Efaced | ocations to conmmunicate with the
i ndi d404%] melndicatarslenogis HRZA asBH)2B arp disppsediwigsn tirdausing 116 2djacend the

Phai Bt R AR 2 e S Sheste P R g Setoar e sndiusr b men A and 1
the i10285dh6nad thi BROEHARRE includk r&4AYR1 8 sullshBteO RESA AAS 1@%@%@3&1&&%%@ e

both arranged along a |ongitudinal axis of the housing 116 ul di'st ant
f r om avp ponéwhatdatgesthar thetopeniogs W23 A aridi B22BTévethefyeniphers! dfidnsanfdhe subbtraté®

02/ 090951 /1 US02/.13734 22B.are sho s identical. circul ar_hol es that
ar e SOHERAGE SR PR AT N R BNEo] A PRGy | 16 RGH, G° OPGREHRAoT? BTHO TR
t he shapRn@RLaUbose, 38di8tol d1EMORE NI SnE PP RIsY HMchRE ibAcASCABIRERL gazvéngar .

different types of ‘el enents. [0045] Indicator elenents 102A and 1
di spomedrwidrhiopti¢tdl ehdrectsiistips b6 amdiffected by telocalpessenggsof b2 2Aalgted TH22B f or med

i s AORT oMol GrL R LY BRG] BMeLDRS H{ET TSheth (0 FoBare B AGERTYol
t hat &(ﬁlﬁﬁf SR vE kGt TBA 46 03BGR Bﬁgn-ﬁ%ér& %ﬁgﬂﬂiégﬁngg B)S0 ahf#42B. The
era can be affixe

peri portions of the substrates o an interior

sur f anembfant kebstrates i1OHA hh6 1858 aredprefeeabiypfominnd of the sme matertab amdetvith tisesime  As
nmenti pned above, .indicator. elenents.102A and 102B al so j ncl ude i ndi cat or
mol e 0§§e~°ﬁ§9 it thespdicator ﬁlarr@nﬁﬁtf@&wlleﬂ%rrtg proppities-t Mg SeRPIY ect ed by

the | . lendi eferably
bar 1 P RERC R arbrafiadR ] fro KMo JIREERLAN RMGRU MBI RIS OO Y
r es pdutrosibcaseiplaty atdethd GfeAband id€lbdesian indrpgiicpolymar tlppopanatrig seriied AoRgels
122B. The nenbrane substrates 105A and 105B zcalre preferably formed of the
same FRBPFL, A IV e dnficatenfpoleyls tidpwarbilizgsdion stranped Abgse amasprials abnt s

exhi Bbdhd bk b whil RhERh (ReOPE" M Sonali e, SXATNG X Sol-Gel Films for Optical

Sensing of Oxygen in Gas and Aqueous Phase", Analytical Chemistry, Vol. 70, No. 1, Jan. 1, 1998,
pp- 45-50; Lev. O. "Organically Modified Sol-Gel Sensors", Analytical Chemistry, Vol. 67, No. 1,

Jan. 1, 1995; MacCraith et al., "Development of a LED-based Fibre Optic Oxygen Sensor Using a
Sol-Gel-Derived Coating", SPIE, Vol. 2293, pp. 110-120 ('94); Shahriari et al., "Ormosil Thin
Films for Chemical Sensing Platforms", SPIE, Vol. 3105, pp. 50-51 ('97); Krihak et al., "Fiber Optic
Oxygen Sensors Based on the Sol-Gel Coating Technique", SPIE, Vol. 2836, pp. 105-115 ('96), the
entire disclosures of which are each incorporated herein by reference). These types of materials can
be applied to the appropriate indicator element substrate by a number of techniques that are well
known in the art, such as dipping, swabbing, squeegeeing, silk screening, pad printing, vapor
deposition, ink-jet printing, etc. In an alternative embodiment, one or both of the indicator elements
can be formed without a dedicated substrate, for example by mounting an indicator membrane

directly on a cover, an encapsulant, or some other part of the device.

- 12 -



enbodi ment, the nmenbrane substrates are forned of an optically transparent
materi al such as borosilicate glass and the nenbrane includes an inorganic
pol ynmer swppefpodsatri x termed sol-gels or ornosils, intoPalriush2i3tes

i ndi cator nolecule is immbilized or entrapped. These materials and

techni ques are well known (See, e.g.: MDonagh et al., "Tailoring of
Sol-Gel Filnms for Optical Sensing of Oxygen in Gas and Agueous Phase",
Anal ytical Chem str Vol . 70, No. 1, Jan. 1, 1998, . 45-50; Lev. O.
"Or gdfifde ||yArm@fﬁnﬁémdS@rar@mlee@m%|s@nmmg9m rsdas(4da@nhmvw 10vol . 67,

J 5 th ment of.a L Fi thl o
Gy gttt AR B} SedboBle mojectit it Ga on e (ajne? 3545, 01138,
110- 12%8erdt N4 5,513aBI Tk cotbmplated th@rtmwnbﬂﬁwcanﬁh&me a%né%a efb@at Sensing
Pl at f or ns" SPIE Vol . 3105, pp. 50-51 ('97); Krihak et al "Fi ber Optic
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102B, respectively. Silicon photo-diodes, such as for example part no. 150-20-002 from Advanced

Photonics, Inc., are preferably provided as the photosensitive elements, and are preferably flip chip
mounted using ball bonds and conductive epoxy. Optical filters 124A and 124B are preferably
provided for each of the photosensitive elements. In an exemplary embodiment, each optical filter
is formed using a high-pass filter epoxy, such as LP-595 filter resin available from CVI Laser
Corporation, with, for example, a 600nm cutoff corresponding to the ruthenium molecule
fluorescent emission. In another exemplary embodiment, each optical filter is fabricated from
commercially available filter sheet stock. The optical filters preferably separate fluorescent
emission from the indicator membranes from the excitation energy of the radiation source. In an
alternative embodiment, each optical filter can be formed using a bandpass filter that rejects
wavelengths outside a predetermined range. Bandpass filters are commercially available from

numerous vendors and allow the device to operate in environments with ambient light.
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viol et bands, for exanple at 460nm While the radiation source 106 is shown
centrally | ocated between the photosensitive elenents 104A and 104B and

t he i ndi capor/ogi9enent s 102A and 102B, the radi ati on sour @ETITENY2/3T34

ot herwi se | ocated, as |long as adequate excitation is provided to the

signal and reference channel nmenbranes. [0048] Photosensitive el enents 104A
and 104B are nounted on the device substrate 114 on opposite sides of the

radi ati on source 106 in general alignment with indicator elenents 102A and
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150- 2Q-0 f.rom Ady d otgni.cs. lnc. ar refe rovided as the
ohot odiedadieo TenHENEE o deliRd MR S notchliioo e pnier 0 tnbr Rolatps 65 weiteted
bonds ciamdelcosd ¢aiies il RREBnccRhiisipdf thé hﬁﬁ}&% id BfbAxash] bAMR &t RSk ehaking
provided for each of the photosensitive elements. In an exenplary
enbodthebthe releeanhe elannekilesiands Bke thesigngl ¢hadnel$o nthenemviphmsatchangés exteragdry
such ﬁ% LP-595 f.i I¢?er i esin ae\éai I a@l e Lrom CVl Laser . Cor.ﬁ]?qrﬁtpi on, vmc'it h,
for eXRmBIU0e JvitohrR EPBFFIES P HaR hgse B ROl ALHPtiRHbe seting dovice
f1 uor ese epiot6d¥osmialn ahdIARRAINAS iEme FBlveF Youbdl Ot e RllustBRaRnRHIkal:, di! ter
Is fabricated from commercially available filter sheet stock. The optical
fil t erederpncsf chanidl goveapgaoBtinclhdasereytiodntal phgi 198Baenfigard th&t withinahé opening

nb f t ' ' . t i ati .
o ter R gt & i Eriee a0k Rt Haiglly dulfaiEiof e Alpda GEin e hgpass
filtensthbatse&Lingssy, tl.i?ﬁlﬁéqm? hgs QMEH/ iﬁ%@ouﬂkﬁﬁ%efﬁmﬁ%ténaggﬁg Fﬁgaﬂ?ﬁ%ﬁ

filters are commercially avail able from nunerous vendors an
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PCT/ US02/ 13734 . [ 0049] A cover 126B is nt ed .over_.the reference channel
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signal cha ne%{rto cﬁher, envi ronment changes external to th&lpsensi ng device
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and a ciycular flange 130B extending.radially outward from an upper or top
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reflectivity. Examples of suitable materials for the cover include, but are not limited to, metals such

as brass, aluminum, and steel. It is also contemplated that insulating and semi-insulating materials
such as plastics and ceramics can be used. When the external environment includes background
radiation coinciding with the wavelength of interest, it may be desirable for the cover to be formed
of a transparent material so that such background radiation can be canceled. The cover 126B can be
affixed to the housing 116 using any technique capable of producing an hermetic seal, but is
preferably bonded using an adhesive suitable for the particular housing and cover materials.

[0050] It will be appreciated that the presence of the sealed chamber 108 above the reference
indicator element 102B can result in the channels being unbalanced due to the enhanced thermal
insulation provided by the fluid-filled gap and the additional light reflected by the cover 126B. To
compensate for these effects, the sensing device 100 is shown with an optional signal channel cover

126A mounted over the signal channel opening 122A. The signal channel cover 126A is identical
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and the indicator nenbrane. The circular flange 130B extending radially
outward fromthe top of the plug 128B defines a | ower annul ar cont act
surface awempRegsop contact an upper or outer surface of troa/usousi’ayg 116
conpl etely around the circunference of the opening 122B so that an hernetic
seal can be fornmed that wll prevent mgration of anal yte-containing fluids
fromthe external envi rom1ent into the chanber. The reference channel
cover 126B can be forned of SUI table material but is preferably forned
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gr ooves may be fornmed across the annular contact surf ace I n communi cati on
wi t h bbudedsifoecessam] togwmplete the circuit connections. Silicon photo-diodes, such as, for

example, part no. 150-20-002 from Advanced Photonics, Inc., can be used as the photosensitive
elements 104A and 104B, and are preferably flip chip mounted onto the substrate using ball bonds
and conductive epoxy. Filters 124A and 124B can be formed using optical filter material, such as,
for example, LP-595 from CVI Laser Corporation or commercially available sheet stock. The filters
124 A and 124B can be formed separately and bonded to the photosensitive elements 104A and
104B, or the filters can be formed directly on the photosensitive elements. As mentioned above, the
radiation source 106 is preferably mounted on the substrate 114 between the photosensitive
elements 104A and 104B in symmetrical relation to the indicator elements 102A and 102B.

[0052]  The indicator elements 102A and 102B and covers 126A and 126B can be attached to the
housing 116 in any suitable manner but are preferably bonded using adhesives suitable for the

respective materials. A preferred method of fabricating the housing assembly includes bonding the
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formed in the plug to provide fluid conmmunicati on between the indicator

el enrent 102A of the signal channel and the external environnment. [0051]
Wi | e t hewoan®peegl devi ce 100 can be fabricated in a vari etrgTafSomasrs4 by
those skilled in the art based on this disclosure, one exenplary nethod of
maki ng the device shown in FIGS. 6 and 7 is as follows. The circuit
substrate 114 can be custom manufactured but is preferably of a type

(e.g., alumna ceramic or fiberglass) that can be obtained commercially
f r om &ndieatefeclemeniel 024 and, gl tosan igterion buréace o€ thedionsing d b swndthat theiiridicaor
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appr opflfg for the environment in which neasurenents are to be taken.
Alternatively, the chanber can be filled with a
[0054]  An exemplary operation of the electro-optical sensing device 100 shown in FIGS. 6 and 7

is as follows. The sensing device 100 is positioned in an environment or medium of interest to
measure the concentration of an analyte in the medium. In an exemplary embodiment, the
environment is air within a respiratory circuit and the analyte is oxygen. When a measurement is
desired, power is supplied to the radiation source 106 to cause the source to emit radiation in the
sensing device. In the illustrated embodiment, power is drawn from an external source via the leads
112. It will be appreciated, however, that power can be provided from an internal power source
such as a battery or from an external source via an induction circuit formed in the sensing device as
described in the aforementioned U.S. Patent No. 6,330,464, incorporated herein by reference.
[0055]  The radiation emitted by the radiation source 106 propagates within the sensing device
(as shown generally by arrows in FIG. 7) and reaches both the signal membrane 103 A and the

reference membrane 103B. Indicator molecules contained by these respective membranes are
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fluid that is different fromthe external nedium (so long as, in the case
of a gaseous analyte, the partial pressure of the analyte in the chanber
fluid is wotpiopooshe range of expected partial pressures @CTIUSe2/837ad yte in
the external nmedium. For exanple, it has been found that a device with an
air- filled reference chanber can be used effectively to detect dissolved
oxygen over a w de range of partial pressures in a |iquid nmediumsuch as
wat er or bl ood. éc$*0053 The housing 116 can be attached to the substrate 114
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radiation"and, in turn, radiate |ight back into the sensing device (as al so
S hownAltlgmghrtbd $opsing davmgm}lsurmrﬂlal phassuragthistietbaily torevertad iccainoentratiohy dnes
103A %038 LS m)g ﬁt ed (i.e., attenuated or enhanced) by the | ocal
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device to a correspondmg photosensitive element 104A or 104B via a filter 124A or 124B. Filters

124 A and 124B are configured to allow the light emitted by the indicator molecules to reach the
photosensitive elements 104A and 104B while filtering out scattered light from the radiation source
(and, depending upon circumstances, ambient light that may interfere with the signal).
Photosensitive elements 104A and 104B generate electrical outputs in response to the light received
from the indicator elements 102A and 102B, respectively. These outputs can be transmitted directly
to an external device via the leads 112 for processing and/or processed internally using circuits
formed in the sensing device 100 before transmission. An output proportional only to analyte
concentration in the external en{/ironment can be obtained by taking the ratio of the signal and
reference channel outputs since factors other than analyte concentration will tend to affect both the

signal and reference channels in equal measure and, thus, be canceled.
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perchlorate is quenched by the | ocal presence of oxygen. As nentioned
above, the sealed chanber 108 in the sensing device holds a fluid 110 with
a suitablwooesnemst rati on of analyte in direct contact w tPRTIUSe2/1¥BL£r ence
menbrane 103B whereas the signal channel is exposed to the external

envi ronment or nedium Thus, nodul ation of the light radiated fromthe
signal nmenbrane 103A should be due in part to changes in the anount of
anal yt géﬁr esent in the external environnent whereas nodul ation of the
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commonality between the signal and reference channels. Slmllarly, the indicator elements can be

rectangular as shown, circular, or have any other configuration. The indicator membranes can be
carried on a substrate or mounted on other parts of the device such as the covers. When a separate
membrane substrate is used it can be a plate-like member as shown, a waveguide material filling the
space between the internal components of the device, or have any other suitable configuration. In
addition, the indicator elements can be disposed above or below the top wall of the housing, within
an opening formed in the top wall of the housing, or in pockets formed in the encapsulant. Also, a
baffle or partition can be positioned between the indicator elements to inhibit "cross-talk" of light
radiated from the signal and reference channel membranes. Such a baffle would preferably be
impervious to radiation that could affect the photosensitive elements.

[0061]  The housing can have any configuration to support the various components of the device.

For example, the housing can include one or more walls that extend from the substrate to support
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FIG 4. As can be seen, the reference and signal channel outputs A and B
for device 100 respond in |ike nanner over tinme to environnental and
system c wbhange®sso that the ratio of the outputs C will Pemsyyidyes a fl at
| i ne absent changes in analyte concentration in the external nedium The
ratio can thus be used to provide an output proportional only to anal yte
change. [0059] It is contenplated that the sensing device 100 illustrated
in FIGS. 6 and 7 can be dified in a varjety of ways, For exanple, the

si ze ST LeBEES BrsPerrel TSkERB Y g Phatesesitivs graicats. Rrefesably. thanage etween
appl 1 oRld@Sion 8RR HAS i HifodcRRAT: BBmBRRYARL RN 2R LRGHSTRANS
or ext ou

establ i shing connections wt ernal devices includi ng, w
|i mi t &rived of wiwastegside amsradt ifanencastlaty i sield thesinogpsudi @mfseB@us tigy/hduishg
transmtters and receivers. The device can be powered by an internal
sour c& $ppartike epegatianal sorpponshts yrithowt e mss okWallsce via | eads, induction, or

hani i i t .of, th .
R S T
openi sigsuld Be Uhderitopd wat bthef typbeofindisatogmerBulee akd Editbiasitichs tER€Man be used

rectangul ar, or_ have any other configuration. The openings can be arranged
anywhéerending aiethe partisplag apalyte of interestt Epnerampledight-phsoshing indicataigeelesudésat i ve

h i.at] i t.v .b i | .
o or SIS AL SRS 1RIRENG, s SEETRE R dorBRh PNl S BBl rin,
as showisfefents; Chdbe usdd tb avRs@8 YoBhheloxiodbinduhéd dueh as Jiird, AR Slucose.

menbranes can be carried on a substrate or nounted on other parts of the

devi (l; én ?,lliﬁhﬁr%amh]f, neicates modpedesasusdgaithose dei’@igﬁi arld.Ss Bbtlgtlt][}é‘lt’leﬁi‘%‘hl@e V.8t
cpace Paleba iR SN 0RBodted Dep R AR s S0 U Phkers vplifishria

sui t abog10/008,89LfHbd DReerhBer 280201 21d,U. 5 Merok REInGPP Abni el yieich Safal e,
di sposed above or below the top wall of the housing, within an opening

f or me@03A3:888, filed Muarh 14b200Rathh digslopwres of whigh peckeqrgorfatedrhecein hy réference,
encapsul ant. Al so, a baffll e, or réiti on_can (?e posi ti oned 2&#\/\/{9 n the
ndi oATbC Biegia Rices ity Vit A pePRldiopf Shitghnds kb 3 puggametncimgalieons

si gnally sdifle tieduiseiiess & MRl podEiBRtaNaEze Buibscentiadibhter ol iEhY slthy be
i npervious to radiation that could affect the photosensitive el enents.

[ 0061 mentwanes wdiilegisngrightrabsaabing duhdaterumele¢wdes indhsothpoefithe membpeanesub most
conponent§ of the device. . Eor exanpl e, the . .hgusi can i nclude one or nore
el |3 Cgtoeytan her Tt Fd reitbuct AR gtesotfut e e iEherBombisGuEs. such of

PCT/ Uge4ib37B&einl Ndi cator el enents in spaced relation to the photosensitive

el ements. Preferably, the space between
[0063]  Preferably, both the reference channel and the signal channel include a cover mounted

over a corresponding opening formed in the sensing device housing. The signal channel cover is
preferably similar to the reference channel cover but can be of significantly different design so long
as adequate commonality is achieved. The signal channel can also be operated without a cover if
desired. The reference and signal channel covers can include planar members that sit flush against a
surface of the housing, convex members that define a space adjacent a surface of the housing, plugs
that fit within openings in the housing, or any combination of the foregoing. The covers can also be
formed as an integral part of the housing.

[0064]  In another embodiment, the device can be provided with multiple radiation sources (e.g.,
LEDs) disposed within the same housing or in different housings mounted on the same substrate. In
yet another embodiment, the device can be modified so as to include a plurality of signal

membranes (e.g., to measure the same or different analytes) and/or a plurality of reference
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the excitation source, indicator elenments, and photosensitive elenents is
filled wth an encapsulant fornmed of a waveguide material. |If an
encapsul awD o99sed, the encapsul ant can serve as the hou®cCm@sSor/es7suppor t
t he operational conmponents w thout the use of walls. [0062] Wile the use
of fluorescent indicator nolecules to neasure oxygen is described above, it
shoul d be understood that other types of indicator nol ecules and
conbi natl ons thereof can be used dependi ngl on the particul ar anal yte of

q
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Pat ent | i catdion. Seri 10/ 028, 8 filed Dece 28, 2001 and
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caniBRoRs g o B o s BEE TG T B D Whie Herli s Sndlicds presvalyaned can
be of fopihddseRMehy ofjéiyfg@ﬂi SR scASBb QQVl@@Ca{JP&QIy BS nfoARRHA QBRI ht%a)fyt’ei

d
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desi rfedexa‘mﬂeb}ehsﬁfezhﬂnﬁfemntimdwgtwlrneﬂﬂnmeel covers can include planar nenbers

t hat flu ainst a rface of the ho ng, caqonvex nenbers that
defi n@bé\ﬂs pa éNl é@@%laﬁdéﬂqtftg%%enﬁflg@ﬁ\é‘%%ﬂ@‘? ngsefﬁllﬁwuo’ﬂ Rl bg igedyp apy n
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sposed within the sanme hgusing or in different housings

. g. LEDs) dj
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nmeasure the sane rent ana yte erence -
19  sealed reference chamber filled with air can be used to measure oxygen concentration in a liquid

environment. In some cases, it may be desirable to create a vacuum in the chamber.

[0067]  While the sensing device has been described above as measuring intensity, it is also
possible to detect the presence and concentration of an analyte by measuring fluorescence decay
time with the device.

[0068]  While the invention has been described in detail above, the invention is not intended to
be limited to the specific embodiments as described. It is evident that those skilled in the art may
now make numerous uses and modifications of and departures from the specific embodiments

described herein without departing from the inventive concepts.
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WO 02/ 090951 PCT/ US02/13734 nenbranes (e.g., to nmeasure the sane or
different optical properties). In addition, while the enbodi nent shown
her ei n hawoanlogosswo channels (i.e., a signal channel and &Crafser/e316e
channel ), other enbodi nents could contain nultiple signal channels and/or
mul tiple reference channels. [0065] The ability of this device to neasure
oxygen levels frominhal ed and exhal ed respiratory gases has significant
medical utility. For exanple, the device can be utilized in conjunction

wi t h Weickimor vol une measuring devices to determ ne the uptake and rel ease
of respiratory gases, enabling the neasurenent of critical nedical
paraneters such as netabolic rate (calorie expenditure), indirect cardiac
out put basedi.on the Knelechbioptitsllsensidg devicedBsstbding thé oS08 ¥r BY adiak B
Fick in_ 1870), pulnmonary function, and onset of shock. Many of these

medi dR¢divmasidsuisIgHeViee #PALFBES require the neasurenent of the parti al

pressure respira ases .at. the very end of an exhalation (known as
end-tidal pO 8rra&e)1%1téqr?‘°io&éﬁet Wl\%égcg?ti(}nﬁ While the illustrated exanple is

preferably used fifmdtdiRcsmRASHAERERMiveldlerRHOEshTiduRA 1690 aligNbE Endfan
easily be nodified to nmeasure other anal ytes, or exanple by use of

di f f et an glecktabyignad ibrespense tev®e6] 1t will be appreciated that the
can.be used in a vi ronment

sensi ng devi ce t he present ..inventio . e

havi ng one of ﬁ?}rg aé‘ﬁé'llsﬁ?o 1’9‘#_8? Olégf:?nﬁ%sBgﬂg%llfd%%?ceb‘ﬁ?éﬁ‘ﬁ%%?n ﬁ'ﬂ@ tg‘énsi ng
devi Ggdigfch sdiceedhdl 16 YR Hsrh rdMRA oA saTB¢Rst'4Rd 9con ?hgtoséﬂsﬂﬂ/'e M end2S8A YR st

medi uns or conbi nations thereof. The reference chanber 1s preferably filled

wi t h 2adeefindrindioatprelpaaats nach eontaigng itdivatximotedilesrwitiuin optinal Eearddtéristid wi t h
any trége of rreg:eum For exanﬁ‘%@ t(fsts have shown that a sensing device |
wi t h THPOBUYP &y @f??’é‘f?coéagﬁ_ﬁ €r®G1led with air can be used to measure
oxygen concegphddin il fifdt MdlchY bRmeRMY ek PSR S an e &Vr%t e dnli igBY Dbe

desirable to create a vacuumin the chanber. [0067 i ie tae sensi ng
devi gespoasive temprbesee ol anl azdlyte én amedpms extemgl torthedsiitey and whersiradasdbsecond
possi.bl.e to detect t@gst%r@gs nce and concentration of an an

. lLyte by .
heas dRTRYOT FErECE ah  CPYSTEA gk 1A HEBSIER, 0dbe Plestsa Pt (iiapalvias the

i nvenhiinRasrRgesudercickbed in detail above, the invention is not intended
to be limted to the specific enbodi nents as described. It is evident that

those skilled in the art may now make nunerous uses and nodifications of
and departures fromthe specifi.c ephodi pents ., descri bed herein w thout

departing from the i hYETFDE EYfc ehtlam L, copmpringe s Aaalytrsimnsenpeably ohambes 4

covering said second indicator element so as to render said second indicator element insensitive to

the presence of the analyte in the medium external to the device.

3. The sensing device of claim 2, wherein said analyte-impermeable chamber is

a hermetically sealed chamber.

4. The sensing device of claim 2, wherein said chamber contains a fluid in

contact with said second indicator element.

5. The sensing device of claim 4, wherein said fluid is an analyte-containing

fluid in contact with said second indicator element.
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W claim 1. An electro-optical sensing device for detecting the presence
of an analyte in a nedium said sensing device conprising: a. a radiation
source thaDoeemp®siradi ation; b. a first and a second phot @€Ens02/13784

el ements configured to receive radiation and output an electrical signal
in response thereto; c. a first and a second indicator elenents positioned
to receive radiation fromthe radiation source and to transmt radiation
to said first and second photosensitive elenents, said first and second

i ndi cator el @nents edbhsasigsienicngt ¢lamm & avbereinsrisianalyte-opntaining fhpd iscal

char istic responsive to the presence of an analyte; and wherein said
first tndicator elenent is exposed to an exterior of the device and is
responsive to a presence of an analyte in a nediumexternal to the device,
and wherein said second indicator elenent is at |east partially covered
and is insenditive t&h¢prasipgdstise ef elping fewherainysaisl annlyttmonta»inhmgd{qiéia@gasa|
to the device. 2. The sensing device of claim1, conprising an

anal yt e-i nper neabl e’ chanber covering said second indicator elenent so as

to render sagd seconthé ghisingldevice beolaith 5] WEGBHI dni ABlytedin shilinBlyRSE5RSnRg t he
analyte in the nediumexternal to the device. 3. The sensing device of

cl ai Awd isthe sane tapgiod apdsteyie be defpetedrintbe exicmahineditins  a hernetical |y seal ed
chanber. 4. The sensing device of claim2, wherein said chanber contains a
fluid in contact with said second indicator elenent. 5. The sensing device

of claim4, gherein ¥hésenkingiddvics ofBlam 3] Mﬁ&eﬁ%tﬁhgitenﬁ safd dthBtd-BorgRRiRCt
with said second indicator elenent. - 21 WD 02/090951 PCT/ US02/ 13734 6.

The d&ndismdidiewint &psfof ehaliinthan thaenayte te he detastad jit e entetmi niednil uid is a
liquid. 7. The sensing device of claimb5, wherein said anal yte-containing
fluid is a gas. 8. The sensing device of claim5, wherein an analyte in

sai d anal yt etgont ai NTRGsenkingidevics of H18in® A Hhdr¥iR&afll indioatoY hiS1doAlefs AR bpGiLEd
in the external nedium

characteristic responsive to the presence of oxygen.

11. The sensing device of claim 10, wherein said indicator molecule is tris(4,7-

diphenyl-1,10-phenanthroline)ruthenium(II) perchlorate.

12. The sensing device of claim 2, further comprising a housing, wherein said
first and second indicator elements, said first and second photosensitive elements, and said radiation

source are mounted in said housing.

13. The sensing device of claim 12, further comprising an analyte-impermeable
cover mounted on the housing which defines at least a portion of the chamber covering the second

indicator element.

14. The sensing device of claim 13, wherein said housing has a first opening, and
further wherein said analyte-impermeable cover and said second indicator element are mounted on

opposite sides of said first opening to define the chamber therebetween.
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9. The sensing device of claim5, wherein an analyte in said

anal yte-containing fluid is a different type of analyte than the anal yte
to be detwotoemoioni t he external medium 10. The sensi ng dewcaasot/13vBai m 1,
wherein said indicator nolecule has an optical characteristic responsive
to the presence of oxygen. 11. The sensing device of claim 10, wherein said
i ndicator nolecule is tris(4,7- diphenyl-1,10-phenanthroline)rutheniun(ll)
perchlorate. 12. The_sensing device of claim2, further conprising a

housi ng, whetin sai dhe sensiig derige obeleind 1 hereinsaidanalyimimpernedbde ¢avest and

seco IARY and ide.radiatio source.ape nogynted in
cai d FoaRke? Ry e ChEIR kg BBk s BT R 1 s Bl SiEEhealeR e
anal ydodtdctRer e &6 enta NS in (B3R kRGOS R JUSHMSE IaRindRbhidkestiid dib%ﬁin%tanheaSt a
portion of the chanber covering the second indicator elenent. 14. The
sensifagnipe\d hesmetic sahiaprewent wigietipm ofaalyte eenspinimerfhidsfrém ke exsprmal meduinnd
furt t}g{o tgggﬁae&@ersai d anal yte-i nperneabl e cover and said second i ndi cator

el enent” areé nounted on opposite sides of said first opening to define the
chanmber therebetween. - 22 WD 02/090951 PCT/US02/13734 15. The sensing
device of claim 14, wherein said anal yte inperneable cover conprises a plug
having a fl ahye ext edb¢ prpsingtdgaicd of eleim f hevhespinshidianalyps-impermeatde £oanje
defi nf_lﬂg K ag:on{)a ct surface for contacting an upper surface of the housing
ar oung salgfsgf id opening and formng a hernetic seal to prevent

m gration of analyte containing fluids fromthe external meduim into the
chanber. 16. The sensing device of claim 13, wherein said

anal yt e-i npetfreabl e dbyegnsing devise wEdlaimh 13, figher conpFisinghe aselyss-pgmdeblece of

laim13, furt | Si | yt e- bl t ed th
Pous MR LPEHH R Bn i Rt e B8 £ o PSBE e sansng devi ce of clai m

17, wherein said anal yte-perneable cover includes a bore forned
t heret hrough to provide fluid conmuni cati on between the first indicator
el enent and the ext efhabensiagidemice 0fclaifnéd7 selngeingaidemblyee-pdrmehlde woez,

wher ej ai d housi ng has_.a second openi.ng, o .o
inludés & bote Tormed tﬁerethroug% to pI'OV?CPC fluid %ommumcatlon between the first indicator

element and the external medium.

19. The sensing device of claim 17, wherein said housing has a second opening,
and further wherein said analyte-permeable cover and said first indicator element are mounted on

opposite sides of said second opening.

20. The sensing device of claim 18, wherein said analyte permeable cover and
said analyte-impermeable cover are substantially similar in configuration with the exception of the

bore.

21. The sensing device of claim 1, wherein said first indicator element and said
first photosensitive comprise a signal channel, and wherein said second indicator element and said

second photosensitive element comprise a reference channel.

22. The sensing device of claim 21, wherein said signal channel and said

reference channel are incorporated into a chip-like structure with leads extending therefrom.
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and further wherein said anal yte-perneable cover and said first indicator

el enent are nounted on opposite sides of said second opening. 20. The
sensi ng dwoiemmsl cl ai m 18, wherein said anal yte perneabl ecraser/1zsd said
anal yt e-i nper neabl e cover are substantially simlar in configuration with

t he exception of the bore. 21. The sensing device of claim1, wherein said
first indicadr el endhe sensthgsigivige of Clasn 1pheharsiansidtliousing oompiiss aaop ingiial
channe d,wher.ein sai d,seco i.ndi cat el ement and said . second

phot osé(i%ggﬁlﬁ Jrpends grgl??trn% i %Eaalﬁé}d%r‘@ﬁ%@a@ﬁgﬁﬁ@?m ges Vhigh arjapigedii ce
of ¢l ploPsadfacaMra RibSsisdlasiodhahtat BB vt SRitlaly géa%é&fb@ﬁioméegi | are
incorporated into a chip-like structurewth | eads extendi ng therefrom -
23 WOb§IPgt®90951 PCT/ US02/ 13734 23. The sensing device of claim 12, wherein
sai d housing conprises a top wall, side walls depending fromsaid top
wal |, said side walls having bottom edges which are nmounted on a top
surface of apgubstra =¥ i e I ey . aced
relation to %fii d sugg% ?égltsgl.% %E{C%Eg%@%%%’ﬁ%ggggﬁg%ﬁgk eﬂ(‘:x{ég];{%ﬁg??%\}\#%?%?n a
r egi onidwbekan ceathihs hoveseggdanslterishi d substrate contains a wavegui de
material. 25. The sensing device of claiml1l, wherein said radiation source
is alight emtting diode. 26. The sensing device of claim 13, wherein

sai d anal yt es4¢ nper ne j i, : t ekl i t her mal
conduct Vi ty S0 that Taney e brcee® of VREE: ilee AR flitn WAL 1308

t enpegmaittingediofanges simlar to tenperature changes in the external nedium
27. The sensing device of claim 13, wherein said anal yte-inperneabl e cover
is fornmed of a transparent material. 28. The sensing device of claim?7,
wherein saidygas i s & ' e 'y%ﬁ% ' ower
to the sensi%% devicgh§gﬂgggé%gﬁ??gﬂggﬂgégﬁé#ﬁgfggggggg r88§%$i§?§f eads.
30. Tioemskoti mgtetial/hadnggood thermmal conshietiwitynsopbaen iheribhef the obdmigerddlli ce i s

provi ded . froman internal power source. ) )
experience temperature changes similar to temperature changes in the external medium.

27. The sensing device of claim 13, wherein said analyte-impermeable cover is

formed of a transparent material.

28. The sensing device of claim 7, wherein said gas is air.

29. The sensing device of claim 21, wherein power to the sensing device is

drawn from an external source through said leads.

30. The sensing device of claim 1, wherein power to the sensing device is

provided from an internal power source.

31. The sensing device of claim 30, wherein said internal power source is a

battery.

32. The sensing device of claim 1, wherein power to the sensing device is

provided from an external source through an induction circuit formed in the sensing device.
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31. The sensing device of claim30, wherein said internal power source is a
battery. 32. The sensing device of claim1, wherein power to the sensing
devi ce i swoprovisded from an external source through an i n@a@isSon1¥B4 cui t
formed in the sensing device. 24 WD 02/090951 PCT/ US02/ 13734 33. The
sensing device of claim1, wherein said indicator nolecule has an opti cal
characteri st3% respohb¢ sansing dewige pf elgiom ¢ ewhbdreigl saiclasdicatermofigule has an optical

el ect;0-9 etrii tcal sensi ! tlgee\/i ce for detecting the presence of an analyte in
a  medri éé‘fﬁesg%rﬁé‘feng RFERE Ot ¥Png: a. a radiation source that enits
radiation; b. a first and a second photosensitive el enents configured to
receive radiation and output an electrical signal in response thereto; c.
a first and 3-secondAnmstictatoptical|semang devieesiot dgesingtthe preswaicy of amealiayte dma
from_the radiation source and to transmt radiation to said first and
second® Hl&%%‘iﬁ%‘}sﬂ VECSTRTP'E ™ 8said  first and second indicator el enents

each contai nyng i ndi gadddtionRbeehigs eith badddtionpt i cal characteristic
responsive to the presence of an analyte; and d. a hernetically seal ed

chanmber covebi ng sai afisseodhd s¢qeddl photosensitiverelements asafigued teredeive saligicecond
i ndi cat,or_ el eme ensitive to ihrée t@_r esence of the analyte in a nedium

t.in
extgr%OuHB“?ﬂSﬁa‘aWﬁségnmlﬁé?%S% t¢hanber contains an anal yt e- cont ai ni ng
fluid in congact withfigahdlaS&SANshdiRMEAREnt &ﬁﬁﬂfedt@ﬁecei-'v_g?aéﬁﬁ][bﬂﬁ&n
device of claim 34, further conprising a housing, whereln sai Irst and
secorttie radihitoatsonrce lapdemtransnstiadiafion st sachfirss esbsedophpliciesensitite slemehisnsaind s,
and said radiatj.on. source are nounted in_.said housing, 36. The sensing
devi c&SARdSeeq) i {c?tpaglpﬂaéptsge%?qn@%g anflicaton r?&é‘-"ﬁﬁﬁ)@ﬂh@%ﬁpféca?c over
mount §drRRrikiSrdip iﬁ&o‘fﬁ@ﬁr@seﬂ@é?f’ﬁ?arﬁfyté‘%ﬁ&t a portion of the chamber
covering the secon indicator elenent.” 37. The sensing device of claim 34,
further conpdi si ng aahemasdtigtlly eledehinber covsrdng salistcend tididatee eleptsit Bgapver

the first. indicato .enment. 38. The,sensLng devi c?[ of claim 37, wherein

r.e .
sai d 9 ﬁgﬂc&;{ éey% 8550R4 dicaton glyment insensitive to the presence of the analyte in a medium

external to the device, wherein said chamber contains an analyte-containing fluid in contact with

said second indicator element.

35. The sensing device of claim 34, further comprising a housing, wherein said
first and second indicator elements, said first and second photosensitive elements, and said radiation

source are mounted in said housing.

36. The sensing device of claim 34, further comprising an analyte-impermeable
cover mounted on the housing which defines at least a portion of the chamber covering the second

indicator element.

37. The sensing device of claim 34, further comprising an analyte-permeable

cover mounted on the housing over the first indicator element.
38. The sensing device of claim 37, wherein said analyte-permeable cover

includes a bore formed therethrough to provide fluid communication between the first indicator

element and the external medium.
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i ncludes a bore fornmed therethrough to provide fluid conmuni cati on between
the first indicator elenent and the external nedium - 25 WD 02/090951
PCT/ US02/WwB0249BS1 The sensing device of claim 34, wherei RCIAiISd2/13Bs6t

i ndi cator element and said first photosensitive conprise a signal channel,
and wherein said second indicator elenent and said second photosensitive
el ement conprise a reference channel. 40. A nethod for detecting an anal yte
of interest in a nmedium said nethod conprising: a. providing an

el ectro-opti 8l sensThysasingslevisonf elaim A, wheréinsniddfirst indisatoneldmienidandasaist

el ement s .each containing indicator nolecul es having an .optical X
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r ecei ygorR¥tidtd¥ehffivé @dinghi @inpifs® Ardefentd o). source and to transmt
resultant radiation to a pair of photosensitive el enents, and wherein said

second indicator elenents is covered by an anal yte-i nperneabl e chanber

that renders, the indicator. el enen insensitive to.the presence o he
analyte in the nedi uﬁ]rg%?‘gﬁi ﬁoil 668&1?31@1 tﬁgb ‘?resﬁﬂf%?ﬁ}}f@&nh&alél Pdmto
cont agimp¥aigh: fi rst indicator el ement; c. activating said radiation source

to emt radiati on to said first and second indicator elenents, d.
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i ndi ctansmiteesrient sdiatio? €0 a pair of photosensitive elements, and wherein said second indicator
elements is covered by an analyte-impermeable chamber that renders the indicator element
insensitive to the presence of the analyte in the medium external to the device;
b. introducing a medium to contact said first indicator element;
c. activating said radiation source to emit radiation to said first and second
indicator elements,
d. optically detecting an optical response of said first and second indicator
elements; and
e. evaluating said response to determine the presence or concentration of at
least one analyte of interest in the sample, wherein said response detected from said second
indicator element is used as a reference to cancel variables that affect both said first and second

indicator elements.
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