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APPARATUS AND METHOD FOR 
DETECTING AND IDENTIFYING 

MICROORGANISMS 

INTRODUCTION 

This application claims the bene?t of Us. Provisional 
Application No. 60/829,025 ?led Oct. 11, 2006, which is 
herein incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

Conventional diagnosis of microbial infections generally 
relies on cell culturing to detect and identify the microorgan 
ism responsible for the infection. While cell culturing is inex 
pensive, it can be relatively slow because it relies on visual 
detection of individual bacterial colonies (i.e., ~106 bacteria). 
For example, while colonies of a fast growing bacterium can 
be observed between ~24 to 48 hours, slower growing bacte 
ria require incubation periods of a week or more to detect 
bacterial colonies. As further alternatives, instruments have 
been developed using various principles of detection includ 
ing infrared or ?uorescence spectroscopy, bioluminescence, 
and ?ow cytometry (Basile, et al. (1998) Trends Anal. Chem. 
17:95-109; Bird, et al. (1 989) Rapid Salmonella Detection by 
a Combination of Conductance and Immunological Tech 
niques; Blackwell Sci. Publications: Oxford, Vol. 25; Fense 
lau, Ed. (1994) Mass Spectrometry for the Characterization 
of Microorganisms Washington DC, Vol. 240; Lloyd, Ed. 
(1993) Flow Cytometry in Microbiology; Springer-Verlag 
London Limited: Germany; PereZ, et al. (1998) Anal. Chem. 
70:2380-2386; Wyatt (1995) Food Agri. Immunol. 7:55-65). 
Among these, the primary physical/ chemical methods of bac 
terial detection are those which involve the detection of some 
naturally occurring component of the bacterium. 
BACT/ALERT uses, for example, a colorimetric sensor 

detection system which detects microorganism growth by the 
production ofCOZ. When the CO2 levels reach a certain level, 
the sensor turns yellow giving a positive result for bacteria 
present. This system can be used for a wide variety of micro 
organisms and has a success rate of 95% in 24 hours and 98% 
in 72 hours (Weinstein, et al. (1995) J Clin. Microbiol. 
33:978-981; Wilson, et al. (1995) J. Microbiol. 33:2265 
2270; Wilson, et al. (1992) J. Clin. Microbiol. 30:323-329). 

Other devices and methods for detecting microorganisms 
are provided in Us. Pat. Nos. 5,094,955; 6,777,226; 6,197, 
577; 5,976,827; and 5,912,115. In general, these devices rely 
on the use of a single sensor (e.g., pH or carbon dioxide 
indicator) in a layer adjacent to a layer of growth medium for 
detecting the presence of a bacterium. 

Bacterial identi?cation methods usually include a morpho 
logical evaluation of microorganisms as well as tests for the 
organism’s ability to grow in various media sources under 
various conditions. These techniques allow for the detection 
of single organisms, however, ampli?cation of the signal is 
required through growth of a single cell into a colony and no 
single test provides a de?nitive identi?cation of an unknown 
bacterium. Traditional methods for the identi?cation of bac 
teria involve pre-enrichment, selective enrichment, bio 
chemical screening, and serological con?rmation (Tietj en & 
Fung (1995) Crit. Rev. Microb. 21:53-83; Kaspar & Tartera 
(1990) Methods Microbiol. 22:497-530; Helrich (1990) O?i 
cial Methods ofAnalysis ofAssociation ofO?icialAnalytical 
Chemists; 15 ed.;AOAC: Arlington, Va.,Vol. 2; Hobson, et al. 
(1996) Biosensors & Bioelectronics 11:455-477). 

Alternative methods such as immunoassays and PCR 
based approaches have been pursued with varying degrees of 
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2 
success (Iqbal, et al. (2000) Biosensors & Bioelectronics 
15:549-578; Morse (2000) Detecting Biological Warfare 
Agents; Lynne Rienner Publishers, Inc: Boulder, Colo.). 
However, in the case of PCR, such an approach is expensive 
and requires pure samples, hours of processing, and an exper 
tise in microbiology (Spreveslage, et al. (1996) J. Microbiol. 
Methods 26:219-224; Meng, et al. (1996)Intl. J. FoodMicro 
biol. 32: 103-1 13). An alternative method, gas chromatogra 
phy/mass spectrometry (GC/MS), has been used to produce a 
fatty acid pro?le or “?ngerprint” for the detection and iden 
ti?cation of microorganisms (Swaminathan & Feng (1994) 
Ann. Rev. Microbiol. 48:401-426). 

Array-based vapor sensing is an approach toward the 
detection of chemically diverse analytes. Based on cross 
responsive sensor elements, rather than speci?c receptors for 
speci?c analytes, these systems produce composite responses 
unique to an odorant in a fashion similar to the mammalian 

olfactory system (Stetter & Pensrose, Eds. (2001) Artificial 
Chemical Sensing: Olfaction and the Electronic Nose; Elec 
trochem. Soc.: New Jersey; Gardner & Bartlett (1999) Elec 
tronic Noses: Principles andApplications; Oxford University 
Press: New York; Persuad & Dodd (1982) Nature 299:352; 
Albert, et al. (2000) Chem. Rev. 100:2595-2626; Lewis 
(2004) Acc. Chem. Res. 37:663-672; James, et al. (2005) 
Microchim. Acta 149:1-17; Walt (2005) Anal. Chem. 
77:45A). In such arrays, one receptor responds to many ana 
lytes and many receptors respond to any given analyte. A 
distinct pattern of responses produced by the calorimetric 
sensor array provides a characteristic ?ngerprint for each 
analyte. Using such systems, volatile organic compounds 
have been detected and differentiated (Rakow & Suslick 
(2000) Nature 406:710-713; Suslick & Rakow (2001) Arti? 
cial Chemical Sensing: Olfaction and the Electronic Nose; 
Stetter & Penrose, Eds.; Electrochem. Soc.: Pennington, N.J.: 
pp. 8-14; Suslick, et al. (2004) Tetrahedron 60:11133-11138; 
Suslick (2004) MRS Bulletin 29:720-725; Rakow, et al. 
(2005) Angew. Chem. Int. Ed. 44:4528-4532; Zhang & Sus 
lick (2005) J. Am. Chem. Soc. 127:11548-11549). 

Array technologies of the prior art generally rely on mul 
tiple, cross-reactive sensors based primarily on changes in 
properties (e.g., mass, volume, conductivity) of some set of 
polymers or on electrochemical oxidations at a set of heated 
metal oxides. Speci?c examples include conductive polymers 
and polymer composites (GallaZZi, et al. (2003) Sens. Actua 
tors B 88:178-189; Guadarrana, et al. (2002) Anal. Chim. 
Acta 455:41-47; Garcia-Guzman, et al. (2003) Sens. Actua 
tors B 95:232-243; Burl, et al. (2001) Sens. Actuators B 
72:149-159; Wang, et al. (2003) Chem. Mater. 15:375-377; 
Hopkins & Lewis (2001) Anal. Chem. 73:884-892; Feller & 
Grohens (2004) Sens. Actuators B 97:231-242; Ferreira, et al. 
(2003) Anal. Chem. 75:953-955; Riul, et al. (2004) Sens. 
Actuators B 98:77-82; SotZing, et al. (2000) Anal. Chem. 
72:3181-3190; Segal, et al. (2005) Sens. Actuators B 104: 
140-150; Burl, et al. (2002) Sens. Actuators B 87:130-149; 
Severin, et al. (2000) Anal. Chem. 72:658-668; Freund & 
Lewis (1995) Proc. Natl. Acad. Sci. U.S.A. 92:2652-2656; 
Gardner, et al. (1995) Sens. ActuatorsB 26: 135-139; Bartlett, 
et al. (1989) Sens. Actuators B 19:125-140; Shurrner, et al. 
(1990) Sens. Actuators B 1:256-260; Lonergan, et al. (1996) 
Chem. Mater. 8:2298-2312), polymers impregnated with a 
solvatochromic dye or ?uorophore (Chen & Chang (2004) 
Anal. Chem. 76:3727-3734; Hsieh & Zellers (2004) Anal. 
Chem. 76:1885-1895; Li, et al. (2003) Sens. Actuators B 
92:73-80; Albert & Walt (2003) Anal. Chem. 75:4161-4167; 
Epstein, et al. (2002) Anal. Chem. 74:1836-1840; Albert, et 
al. (2001) Anal. Chem. 73:2501-2508; Stitzel, et al. (2001) 
Anal. Chem. 73:5266-5271; Albert & Walt (2000) Anal. 
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Chem. 72:1947-1955; Dickinson, et al. (1996) Nature 382: 
697-700; Dickinson, et al. 1996)Anal. Chem. 68:2192-2198; 
Dickinson, et al. (1999) Anal. Chem. 71 :2192-2198), mixed 
metal oxide sensors (Gardner & Bartlett (1992) Sensors and 
Sensory Systems for an Electronic Nose; Kluwer Academic 
Publishers: Dordrecht; Zampolli, et al. (2004) Sens. Actua 
tors B 101 :39-46; Tomchenko, et al. (2003) Sens. Actuators B 
93:126-134; Nicolas & Romain (2004) Sens. Actuators B 
99:384-392; Marquis & Vetelino (2001) Sens. Actuators B 
77:100-110; Ehrmann, et al. (2000) Sens. Actuators B 
65:247-249; Getino, et al. (1999) Sens. Actuators B 59:249 
254; Heilig, et al. (1997) Sens. Actuators B 43:45-51; Gard 
ner, et al. (1991) Sens. Actuators B 4: 1 17-121; Gardner, et al. 
(1992) Sens. Actuators B 6:71-75; Corcoran, et al. (1993) 
Sens. ActuatorB 15 :32-37; Gardner, et al. (1995) Sens. Actua 
tors B 26:135-139), and polymer coated surface acoustic 
wave (SAW) devices (Grate (2000) Chem. Rev. 100:2627 
2648; Hsieh & Zellers (2004) Anal. Chem. 76:1885-1895; 
Grate, et al. (2003) Anal. Chim. Acta 490:169-184; Penza & 
Cassano (2003) Sens. Actuators B 89:269-284; Levit, et al. 
(2002) Sens. ActutorsB 82:241-249; Grate, et al. (2001)Anal. 
Chem. 73:5247-5259; Hierlemann, et al. (2001) Anal. Chem. 
73:3458-3466; Grate, et al. (2000) Anal. Chem. 72:2861 
2868; Ballantine, et al. (1986) Anal. Chem. 58:3058-3066; 
Rose-Pehrsson, et al. (1988) Anal. Chem. 60:2801-2811; 
Patrash & Zellers (1993) Anal. Chem. 65:2055-2066). How 
ever, the sensors disclosed in these prior art references do not 
provide a diversity of interactions with analytes; interactions 
are limited to the weakest and least speci?c of intermolecular 
interactions, primarily van der Waals and physical adsorption 
interactions between sensor and analyte. As such, both sen 
sitivity for detection of compounds at low concentrations 
relative to their vapor pressures and selectivity for discrimi 
nation between compounds is compromised with these prior 
art sensors. 

Cross-responsive sensor technologies have also been 
applied to the identi?cation of bacteria (Lai, et al. (2002) 
Laryngoscope 112:975-979; McEntegart, et al. (2000) Sen 
sors andActuators B 70:170-176; Gibson, et al. (1997) Sen 
sors andActuators B 44:413-422; Ivnitski, et al. (1999) Bio 
sensors & Bioelectronics 14:599-624). These cross 
responsive sensor technologies have employed a variety of 
chemical interaction strategies, including the use of conduc 
tive polymers (Freund & Lewis (1995) Proc. Natl. Acad. Sci. 
USA FIELD Publication Date 92:2652-2656), conductive 
polymer/carbon black composites (Lonergan, et al. (1996) 
Chem. Mater. 8:2298-2312), ?uorescent dye/polymer sys 
tems (Walt (1998) Acc. Chem. Res. 31:267-278), tin oxide 
sensors (Heilig, et al. (1997) Sensors and Actuators, B: 
Chemical B43:45-51), and polymer-coated surface acoustic 
wave (SAW) devices (Grate (2000) Chem. Rev. 100:2627 
2647). For example, an array of four metal oxide sensors has 
been used to detect and identify six pathogenic bacteria by 
sampling the headspace over the growing microorganisms, 
wherein the sensor correctly identi?ed/classi?ed 62% of the 
pathogens (Craven, et al. (1 994) Neural Networks and Expert 
Systems in Medicine and Healthcare; University of Ply 
mouth: Plymouth). The use of such technologies for medical 
application has been described (Thaler, et al. (2001) Am. J. 
Rhinology 15:291-295); however, these systems employ the 
detection of chemically non-coordinating organic vapors 
without exploring the detection of the most toxic and odifer 
ous compounds (e. g., phosphines and thiols). In general, most 
cross-responsive sensor devices of the prior art have limited 
detection sensitivity and remain quite non-selective (O’Hara 
(2005) Clin. Microbiol. Rev. 18:147-162). 
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Additional devices for detecting microorganisms are dis 

closed in US. Pat. Nos. 6,030,828; 4,297,173; 4,264,728; 
5,795,773; 5,856,175; 6,855,514; 7,183,073; and US. Patent 
Application No. 2005/0170497. 
Needed is a cost-e?icient, non-invasive, sensitive and 

selective sensor which can detect, quantify and discriminate 
between microorganisms. The present invention meets this 
long-felt need. 

SUMMARY OF THE INVENTION 

The present invention is an apparatus for detecting and 
identifying microorganisms. In one embodiment, the appara 
tus is composed of a medium for supporting growth of a 
microorganism and at least one calorimetric sensing element 
placed in or proximate to the medium, wherein said sensing 
element is composed of an array which has a plurality of 
chemoresponsive dyes deposited thereon in a predetermined 
pattern combination, wherein the combination of the dyes 
have a distinct and direct spectroscopic, transmission, or 
re?ectance response to distinct analytes produced by the 
microorganism which is indicative of the presence and iden 
tity of the microorganism. In accordance with this embodi 
ment, the apparatus further contains an air ?ow means, or is 
part of a system which includes a visual imaging means, with 
some embodiments including an aerating means. 

In another embodiment, the apparatus of the invention is 
composed of a ?rst chamber for culturing a cell, and a second 
chamber with a sensing element disposed therein, wherein the 
?rst chamber and second chamber are separated by a gas 
impermeable barrier produced from a material selected for 
being permeabilized. In accordance with this embodiment, 
the apparatus can further include a medium for supporting 
growth of a microorganism. 

Kits and methods for detecting, quantifying or identifying 
a microorganism using the apparatus of the invention are also 
provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A-1C are illustrations of an apparatus of the inven 
tion. FIG. 1A is an exploded side view ofthe apparatus. FIG. 
1B shows a side view of the assembled apparatus. FIG. 1C 
shows a perspective view of the assembled apparatus with the 
colorimetric sensing element placed print side down in the 
bottom of a Petri dish container (i.e., surface of array with 
chemoresponsive dye is visible from the outside). 

FIGS. 2A-2H show illustrations of an apparatus of the 
invention in the form of a liquid/blood culture bottle. In the 
embodiment depicted in FIG. 2A, the medium is in the bottom 
of the bottle and the colorimetric sensing element is in the 
headspace above the medium. In the embodiment depicted in 
FIG. 2B, the colorimetric sensing element is placed in the 
bottom of the bottle and the medium is separated from the 
colorimetric sensing element by a gas-permeable membrane. 
In the embodiment depicted in FIG. 2C, the colorimetric 
sensing element is composed of dyes suspended in a gas 
permeable matrix at the bottom of the bottle and the medium 
is in the main body of the bottle. FIG. 2D depicts embodi 
ments wherein the culture medium is separated from the 
growth medium by a gas impermeable barrier produced from 
a material selected for being capable of being permeabilized. 
FIGS. 2E and 2E depict the apparatus of FIG. 2D, wherein the 
gas impermeable barrier has been ruptured (FIG. 2E) or made 
gas permeable (FIG. 2F). FIG. 2G illustrates an overlapping 
radial seal while FIG. 2H illustrates a capping seal at the 
bottom of the container. 
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FIG. 3 depicts a calorimetric sensing element in a petri dish 
container con?gured for recirculating ?ow ofheadspace. The 
arrows indicate direction of gas ?ow. 

FIGS. 4A-4B show an apparatus of the invention employ 
ing a liquid or semi-liquid medium, wherein the colorimetric 
sensing element is positioned proximate to the medium (FIG. 
4A) as compared to being placed in the medium (FIG. 4B). 

FIG. 5 depicts intermolecular interactions on a semi-quan 
titative energy scale. 

FIGS. 6A-6B show an integrated system for detecting and 
identifying microorganisms, wherein the apparatus is placed 
in a growth chamber equipped with an imaging system. 
Image and data analysis are performed by a computer. The 
integrated system can be stationary (FIG. 6A) or provide an 
aerating means for moving the apparatus thereby aerating and 
homogenizing the microorganisms in culture (FIG. 6B). 

FIG. 7 shows the classi?cation of several species of bacte 
ria (Staphylococcus aureus, Pseudomonas aeruginosa, and 
Escherichia coli) using hierarchical cluster analysis. 

FIG. 8 shows results of linear discriminant analysis for 
multiple strains of E. coli. 

FIG. 9 shows the response of select color channels during 
the growth of 1020 cfu ofE. coli. 

FIG. 10 shows the detection times for representative load 
ings ofE. coli. 

FIG. 11 shows growth curves obtained with calorimetric 
sensing elements for E. coli, P. aeruginosa, S. pyogenes, S. 
aureus, and M. calarrhalis on solid tryptic soy agar with 5% 
sheep blood. 

FIG. 12 shows a sample of data collected from blood cul 
ture experiments, wherein each line represents a different 
color channel. 

FIG. 13 shows the second derivative of color channel B28, 
as a function of time, from colorimetric sensing element 
signal arising from low loadings of E. coli (i.e., initial cell 
concentrations of 500 cfu/mL to 4000 cfu/mL). 

FIG. 14 depicts colorimetric sensing element response pat 
terns for E. coli, S. aureus, E. faecal is, and P. aeruginosa 
grown in blood culture. 

DETAILED DESCRIPTION OF THE INVENTION 

An apparatus and method for using the same are provided 
which can be advantageously used to detect and identify 
microorganisms in various applications, including but not 
limited to disease diagnosis, quality control, and environmen 
tal contamination. In particular embodiments, the invention 
relates the use of chemoresponsive dyes, such as Lewis acid/ 
base dyes (e.g., metalloporphyrin), Bmsted acidic or basic 
dyes (e.g., pH indicators) and dyes with large permanent 
dipoles (e.g., zwitterionic solvatochromic dyes), for detecting 
and identifying microorganisms based upon analytes pro 
duced by the microorganisms. 
As depicted in FIG. 1, the instant apparatus 10 is a con 

tainer in the form of, e.g., a petri dish, with at least one interior 
side 20 (e.g., the top side) containing a medium 30 for sup 
porting growth of at least one microorganism in a sample, and 
the opposite interior side 22 (e.g., the bottom side) having 
a?ixed thereto a sensing element 40, which when in use is 
placed in or proximate to medium 30. In particular embodi 
ments, the sensing element is not in contact with the surface 
of the medium. 

Additional features of the instant apparatus can include a 
support means 50 and retaining means 60 (FIG. 1) for posi 
tioning sensing element 40 in the headspace of microorgan 
isms growing on or in medium 30. It is contemplated that the 
bottom 22 of the interior side of apparatus 10 can be modi?ed 
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6 
to provide support means 50 for holding sensing element 40. 
Support means 50 can be integral with apparatus 10, wherein 
in use sensing element 40 is placed on support means 50 and 
retainer means 60 holds sensing element 40 in place on sup 
port means 50 and prevents it from moving. Retainer means 
60 can snap in place, be chemically or ultrasonically welded 
in place, glued in place, etc. While some embodiments 
embrace a removable sensing element 40, other embodiments 
provide that sensing element 40 is permanently ?xed to sup 
port means 50, thereby obviating the need of retainer means 
60. 

For the purpose of disclosing the instant apparatus, the 
terms “top” and “bottom” are used herein to describe two 
opposing sides and are not to be construed as limiting the 
instant apparatus to any particular orientation or con?gura 
tion. In this regard, other con?gurations such as bottles or 
vials are also embraced by the present invention. By way of 
illustration, the con?guration depicted in FIG. 2A shows the 
instant apparatus in the form of a bottle, wherein medium 30 
(e.g., a blood culture medium) is in the bottom 22 of apparatus 
10 with sensing element 40 positioned at the top 20 of appa 
ratus 10 via support means 50 attached to a cap or lid 55. In the 
bottle con?guration depicted in FIG. 2B, medium 30 is in a 
?rst chamber 70 of apparatus 10 with sensing element 40 
located in a second chamber 72 (and optionally af?xed to the 
bottom 22 of apparatus 10), wherein the ?rst chamber 70 and 
second chamber 72 are separated by a gas-permeable barrier 
8011. Alternatively, the embodiment shown in FIG. 2C pro 
vides for the direct application of sensing element 40 to the 
bottom 22 of apparatus 10 in the form of sensing dyes sus 
pended in gas-permeable matrix 42. Thus, while sensing ele 
ment 40 depicted in FIG. 2A can be monitored from the side 
of apparatus 10, sensing element 40 depicted in FIGS. 2B and 
2C can be monitored from the bottom 22 of apparatus 10. 

In yet another embodiment of the invention, a dual-cham 
ber apparatus 10 is provided, wherein the chambers are sepa 
rated by a gas impermeable barrier. As illustrated in FIG. 2D, 
the ?rst chamber 70 of apparatus 10 holds media 30, whereas 
the second chamber 72 contains the sensing element 40 inter 
faced to a transparent area such that the sensing element 40 
can be viewed from outside apparatus 10. First chamber 70 
and second chamber 72 are separated by gas impermeable 
barrier 80b so that sensing element 40 is not exposed to media 
30 or other components within the ?rst chamber 70 until a 
user-designated time point. At that point, the baseline value of 
the sensing element 40 can be measured (e. g., color, pressure, 
?uorescence or other signal), barrier 80b can be ruptured or 
otherwise made permeable, and changes in sensor element 40 
characteristics can be monitored, e.g., at regular time points 
thereafter. In accordance with this con?guration of the instant 
apparatus, gas impermeable barrier 80b can be permeabilized 
by rupturing or breaking barrier 80b (e. g., via mechanical 
puncturing using a device equivalent to a needle or nail that is 
inserted through the top 20 of apparatus 10) to expose sensing 
element 40 to the media 30 or headspace above the media. In 
this regard, FIG. 2E depicts the inversion of apparatus 10 so 
that sensing element 40 is in the headspace above medium 30 
after per'meabilization of gas impermeable barrier 80b. Alter 
natively, gas impermeable barrier 80b can be permeabilized 
to gases (and therefore structurally intact) at a user-desig 
nated time point and the container maintained in an upright 
posture (see FIG. 2F). For example, it is contemplated that gas 
permeability of a gas impermeable barrier 80b can be modi 
?ed by exposure to ultrasound; applied electric ?eld; a change 
in temperature, pH, humidity, etc. By way of illustration, Ito, 
et al. ((1997) Die Angewadndle Makromolekulare Chemie 
248185-94), teach that chitosan membrane has a low perme 
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ability for gases in its dry state; however, permeability to 
gases such as carbon dioxide increases upon exposure to 
water vapor. Similarly, Kulshrestha, et al. ((2005) Bull. Mater. 
Sci. 28:643-646) teach that the permeability of polyethersul 
phone membranes to H2 and CO2 increased with increasing 
temperature. 
As can be appreciated by the skilled artisan, the con?gu 

ration shown in FIG. 1 may be more suitable for solid or 
certain semi-solid media whereas the con?gurations shown in 
FIG. 2 may be more suitable for liquid or semi-liquid media. 

In some embodiments, all or a portion of the container is 
transparent or translucent such that changes in the sensing 
element 40 can be detected. In particular embodiments, the 
portion of apparatus 10 containing sensing element 40 is 
preferably transparent for viewing/imaging changes in sens 
ing element 40 due to microorganism growth and production 
of analytes. 
Though the apparatus can be open such that the interior air 

is exchanged with the exterior air, it is desirable that the 
apparatus be a sealed or sealable container. The container 
may be sealed by snapping or screwing the top and bottom 
sides together or by using a permeable or semi-permeable 
sealing ?lm (e.g., PARAFILM) or any combination thereof 
(or any other sealing device). Alternatively, a plug or stopper 
can be employed, e.g., in con?gurations employing bottle 
shaped containers. The container itself can be composed of 
either a gas-permeable or a gas-impermeable material, 
depending on the growth requirements of the microorganism. 
Different container composition materials can include lami 
nates (gas impermeable and/or hydrophobic gas-permeable 
membranes) or other suitable materials well-known in the art 
(e.g., glass) for producing culture plates, vials or bottles. 
Moreover, the container can be modi?ed with vents (e.g., a 
gas permeable membrane in an opening of the container 
wall). 

In accordance with embodiments pertaining to a dual 
chambered apparatus, it is contemplated that apparatus 10 can 
be produced by an overlapping radial seal (see FIG. 2G) or by 
employing a capping seal at the bottom of the apparatus 10 
(FIG. 2H) to generate the second chamber 72 housing sensing 
element 40. 
As illustrated in FIG. 1, FIG. 2A and FIG. 2E, sensing 

element 40 is positioned in the headspace above medium 30 
in such a manner that the volatile analytes generated by the 
microorganisms reach sensing element 40 by simple diffu 
sion. However, an alternative embodiment shown in FIG. 3 
provides an integrated, recirculating gas (air) pump 70 to 
establish a dynamic ?ow of headspace across sensing element 
40 such that the response time of the sensing element 40 to the 
analytes can be reduced. 

Furthermore, some embodiments embrace sensing ele 
ment 40 positioned in the headspace (see, e.g., FIGS. 2A, 2E 
and 4A), while other embodiments embrace a colorimetric 
sensing element in contact with or placed in the medium. By 
way of illustration, FIG. 4B shows medium 30 in the bottom 
22 of apparatus 10 with colorimetric sensing element 40 
a?ixed via support means 50 to the top 20 of apparatus 10 and 
positioned in medium 30 when in use. 
As the skilled artisan can appreciate, a variety of different 

media can be employed in the instant invention. The growth 
medium of the instant apparatus can be a solid, semi-solid, or 
liquid formulation that contains nutrients for supporting 
growth of one or more microorganisms. As used herein, a 
solid medium is de?ned as any formulation that holds its own 
form or shape, at least for a few minutes, and hence includes 
gelatin growth medium. In one embodiment, the growth 
medium is preformed and the sample subsequently applied to 
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the medium. For example, a liquid sample could be applied 
onto an already gelled medium or onto a dehydrated or par 
tially dehydrated gel medium so as to immobilize the micro 
organisms on the surface of the medium. Alternatively, the 
sample itself can be a liquid, semi-solid or semi-liquid (e.g., 
paste or gel) and used in the preparation of the medium or a 
layer of the medium. For example, a liquid sample can be 
mixed with a dry powdered gelling agent to form a solid or 
semi-solid matrix which is applied to the surface of a pre 
formed growth medium before gelling has occurred. As a 
further alternative, the sample is applied to the surface of the 
growth medium on a non-gel absorbent material, such as a 
sponge material, cellulose, glass ?ber, ?lter paper, etc. 

Semi-solid or solid media can be prepared using any suit 
able gelling agent or combination of gelling agents including 
natural and synthetic hydrogel powders, gums, agars, agar 
oses, carageenans, bentonite, alginates, collagens, gelatins, 
fused silicates, water soluble starches, polyacrylates, cellulo 
ses, cellulose derivatives, polyethylene glycols, polyethylene 
oxides, polyvinyl alcohols, dextrans, polyacrylamides, 
polysaccharides or any other gelling or viscosity enhancing 
agents. 
The nutritional components that make up a complex micro 

bial medium in?uence the metabolic pathways used by 
microorganisms. Organic acids, bases and various analytes 
are produced in proportions dependent on the nutrients avail 
able. These metabolic products also vary from species to 
species of microorganism and can advantageously be 
detected and used in the identi?cation of one or more micro 
organisms in a sample. The amount of metabolites produced 
by microorganisms increases with increased growth time and 
increased initial concentration. The amount of microorgan 
ism present depends on the type of microorganism, its growth 
rate, the medium, and the growth environment. The type and 
amount of metabolites produced by microorganisms depend 
on all of the above factors as well as the growth phase of the 
microorganism. Accordingly, the medium of the instant 
invention is added to provide nutrients for the growth of 
microorganisms so that colorimetric sensing element-detect 
able analytes are produced. Many types of media are well 
known in the art for different types of microorganisms. For 
example, for supporting the growth of an aerobic organism, 
the media can include, e.g., tryptone, soytone, proteose pep 
tone, malt extract, dextrose and MOPS. If the microorganism 
is an anaerobic organism, the media can further include the 
media listed above for aerobic organisms, as well as Hemin, 
L-cystine and Menadione. For coliforrns, the media can 
include, e.g., Lactose, bile salts #3, K2HPO4, KHZPO4, 
(NH4)2SO4), MgSO4, Na-bisul?de and SDS. For yeast, mold 
and other acid tolerant microorganisms, the media can 
include, e.g., dextrose, yeast extract, (NH4) citrate and tartaric 
acid to a pH of 5.5. Liquid culture media, including blood 
culture media, is also encompassed within the scope of the 
invention. 
The medium can also contain conditioning components, 

such as lytic agents, lytic enzymes, antibiotic neutralizers, 
surfactants or other materials helpful for improving microor 
ganism detection capabilities. Alternatively, conditioning 
components can be combined with the sample or in a separate 
layer of medium. 

Lytic agents for conditioning can be added for lysing blood 
cells in the sample, for allowing for a smoother gel, and/ or for 
better rehydration of the gel. Examples of possible lytic 
agents include saponin, digitonin, TWEEN, polysorbitan 
monolaurate, and other surfactants. Lytic enzymes, typically 
though not necessarily proteolytic enzymes, can be added for 
digesting cellular material in a blood sample, for making a 
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smoother gel, and/or for better rehydration of the gel. The 
lytic enzymes for conditioning can include one or more pro 
teases, for example an enzyme mixture derived from 
Aspergillus oryzae, or the like. 

Antibiotic neutralizers can be added for conditioning, in 
particular for faster and/ or better recovery of microorganisms 
in the sample. One or more of such neutralizers could be 
selected from resins, gums, and carbon-based materials (e.g., 
activated charcoal or ECOSORB), or one of a variety of 
enzymes to speci?cally degrade various antibiotics (e.g., beta 
lactamase). 
A variety of different sensor types can also be used in this 

invention. While some embodiments embrace the use of con 
ventional pressure, pH, or temperature sensing elements, par 
ticular embodiments of the present invention embrace the 
detection of at least one analyte via a sensing element com 
posed of an array of chemoresponsive dye spots that change 
color upon contact with various gases or vapors, i.e., a calo 
rimetric sensing element. In this regard, the sensing element 
can be preselected to sense one analyte or alternatively sense 
a plurality of analytes. 
A calorimetric sensing element of the present invention is 

a substrate with a plurality of chemoresponsive dyes depos 
ited thereon in a predetermined pattern combination. The 
substrate for retaining the chemoresponsive dyes can be the 
apparatus itself or be composed of any suitable material or 
materials, including but not limited to, chromatography 
plates, paper, ?lter papers, porous membranes, or properly 
machined polymers, glasses, or metals. However, particular 
embodiments embrace the use of a hydrophobic substrate. 
Dyes can be covalently or non-covalently a?ixed in or on a 
calorimetric sensing element substrate by direct deposition, 
including, but not limited to, airbrushing, ink-jet printing, 
screen printing, stamping, micropipette spotting, or nanoliter 
dispensing. In embodiments drawn to the apparatus itself for 
use a substrate, the chemoresponsive dye can be dispersed in 
a liquid polymer solution, similar to silicon caulking prior to 
curing. Individual polymer-dye solutions are thenplaced onto 
the surface of the apparatus to form an array of chemorespon 
sive dyes on the surface of the apparatus. See, for example 
FIG. 2C. 
When the sensing element is provided on a substrate which 

is not the apparatus itself, the sensing element is preferably 
a?ixed (e.g., by an adhesive or retaining means) inside a 
transparent portion of the apparatus so that it is visible from 
the outside of the apparatus. It is contemplated that the sens 
ing element can also be placed outside the apparatus, as long 
as a method is provided that allows the metabolic changes due 
to the microorganisms to affect the sensor. 

In the illustrative embodiments disclosed in FIGS. 1, 2 and 
4, sensing element 40 is positioned in apparatus 10 with the 
printed dye surface facing to the outside. Sensing element 40 
is exposed to analytes in medium 30 (FIG. 4B) or to analytes 
present in the headspace above medium 3 0 via support means 
50, which can be vented to allow analytes produced by the 
microorganisms to ?ow over sensing element 40 (see FIGS. 1, 
2A, 2E and 4A). As such, sensing element 40 may or may not 
be ?ush against the inside surface of the apparatus. In 
embodiments wherein medium 30 is in the background of 
sensing element 40 when sensing element 40 is being viewed 
from the outside of container 20, it is desirable that the sens 
ing element substrate is opaque. By “opaque”, it is meant that 
the substrate suf?ciently blocks the viewing or detecting (in 
any relevant electromagnetic region) of the sample and/or 
actual microorganism colonies in or on the medium from the 
opposite side of the sensing element (e.g., semi-opaque, sub 
stantially opaque, or fully opaque). Though it is possible to 
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have a transparent or relatively transparent colorimetric sens 
ing element substrate if the sample is also substantially trans 
parent, it is generally desired that the calorimetric sensing 
element substrate not be transparent. 

In general, the detection and identi?cation of compounds 
using a colorimetric sensing element is fundamentally based 
upon supramolecular chemistry and intrinsically relies on the 
interactions between molecules, atoms, and ions. The classi 
?cation of inter-molecular interactions is well-established 
(FIG. 5) and involves bond formation and coordination, acid 
base interactions, hydrogen-bonding, charge-transfer and pi 
pi molecular complexation, dipolar and multipolar interac 
tions, as well as weak interactions such as van der Waals 
interaction and physical adsorption. In contrast to the prior 
art, the instant invention advantageously employs chemore 
sponsive dyes have strong interactions, e.g., greater than 10 
kJ/mol or preferably greater than 25 kJ/mol, with analytes 
produced by microorganisms. 

To achieve such strong interactions and further provide a 
means for detection, the chemically responsive or chemore 
sponsive dyes employed in the instant calorimetric sensing 
element each contain a center to interact strongly with ana 
lytes, and each interaction center is strongly coupled to an 
intense chromophore. As used herein, chemoresponsive dyes 
are dyes that change color, in either re?ected or absorbed 
light, upon changes in their chemical environment. 

Chemoresponsive dye classes which provide the desired 
interactions and chromophores include Lewis acid/base dyes 
(i.e., metal ion containing dyes), Brnsted acidic or basic dyes 
(i.e., pH indicators), and dyes with large permanent dipoles 
(i.e., zwitterionic solvatochromic dyes). The importance of 
strong sensor-analyte interactions is highlighted by indica 
tions that the mammalian olfactory receptors are, in many 
cases, metalloproteins and that odorant ligation to the metal 
center is intrinsic to the mechanism of action (Wang, et al. 
(2003) Proc. Natl. Acad. Sci. USA. 10013035-3039). 

To detect and distinguish a multitude of analytes, the 
instant apparatus can employ a plurality of chemoresponsive 
dyes. In accordance with the present invention, the plurality 
of dyes is deposited on the array substrate in a predetermined 
pattern combination. Alternatively stated, the dyes are 
arranged in a two-dimensional spatially-resolved con?gura 
tion so that upon interaction with one or more analytes, a 
distinct color and intensity response of each dye creates a 
signature indicative of the one or more analytes.A plurality of 
chemoresponsive dyes encompasses 2, 3, 4, 5, 6, 7, 8, 9, 10, 
15, 20, 25, 30, 35, 40, or 50 individual dyes. In particular 
embodiments, a plurality of chemoresponsive dyes is 2 or 
more, 5 or more, 10 or more, 15 or more, 20 or more, 25 or 
more, or 30 or more dyes. The chemoresponsive dyes can be 
deposited in predetermined pattern combinations of rows, 
columns, spirals, etc., and one or more chemoresponsive dye 
arrays can be used in a container. 

For recognition of analytes with Lewis acid/base capabili 
ties, the use of porphyrins and their metal complexes is desir 
able. Metalloporphyrins are ideal for the detection of metal 
ligating vapors because of their open coordination sites for 
axial ligation, their large spectroscopic shifts upon ligand 
binding, their intense coloration, and their ability to provide 
ligand differentiation based on metal-selective coordination. 
Furthermore, metalloporphyrins are cross-responsive dyes, 
showing responses to a large variety of different analytes to 
different degrees and by different color changes. 
A Lewis acid/base dye is de?ned as a dye which has been 

identi?ed for its ability to interact with analytes by acceptor 
donor sharing of a pair of electrons from the analyte. This 
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results in a change in color and/or intensity of color that 
indicates the presence of the analyte. 

Lewis acid/base dyes include metal ion-containing or 
three-coordinate boron-containing dyes. Exemplary Lewis 
acids include, but are not limited to, metal ion-containing 
porphyrins (i.e., metalloporphyrins), salen complexes, chlo 
rins, bispocket porphyrins, and phthalocyanines. Particularly 
suitable metal ions complexed with dyes for detecting ammo 
nia include Zn(II) and Co(III) metals. In particular embodi 
ments of the present invention, the Lewis acid dye is a met 
alloporphyrin. For example, diversity within the 
metalloporphyrins can be obtained by variation of the parent 
porphyrin, the porphyrin metal center, or the peripheral por 
phyrin substituents. The parent porphyrin is also referred to as 
a free base porphyrin, which has two central nitrogen atoms 
protonated (i.e., hydrogen cations bonded to two of the cen 
tral pyrrole nitrogen atoms). A particularly suitable parent 
porphyrin is 5,10,15,20-tetraphenylporphyrinate(—2) (TPP 
dianion), its metalated complexes, its so-called free base form 
(H2TPP) and its acid forms (H3TPP+ and H4TPP+2). Suitable 
metal ion-containing metalloporphyrin dyes for use in the 
apparatus and method of the present invention include, but are 
not limited to, 

2,3,7,8,12,13,17,18-octa?uoro-5,10,15,20-tetrakis-(pen 
ta?uorophenyl)porphyrinatocobalt(II) [Co(F28TPP)]; 

2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetraphe 
nylporphyrinatoZinc(II) [Zn(Br8TPP)]; 

5, 10,1 5 ,20-tetraphenylporphyrinatoZinc(II) [ZnTPP]; 
5(phenyl)-10,15,20-trikis(2',6'-bis(dimethyl-t-butylsi 

loxyl)phenyl) porphyrinatozinc(II) [Zn(Si6PP)]; 
5,10,15,20-tetrakis(2',6'-bis(dimethyl-t-butylsiloxyl)phe 

nyl)porphyrinatozinc(II) [Zn (SiSPP]; 
5,10,15,20-Tetraphenyl-porphyrinatocobalt (II) [CoTPP]; 
5,10,15,20-Tetrakis(2,6-di?uorophenyl)porphyrinatozinc 

(II) [Zn-F2PP]; and 
5, 10,1 5 ,20-Tetrakis(2,4, 6-trimethylphenyl)porphyrina 

toZinc(II) [ZnTMP]. 
The synthesis of such porphyrins is well-established in the 

art and is described in US. patent application Ser. No. 10/279, 
788. 
A Brnsted acid dye of the present invention is a pH indi 

cator dye which changes color in response to changes in the 
proton (Brnsted) acidity or basicity of the environment. For 
example, Brnsted acid dyes are, in general, non-metalated 
dyes that are proton donors which can change color by donat 
ing a proton to a Brnsted base (i.e., a proton acceptor). Bm 
sted acid dyes include, but are not limited to, protonated, but 
non-metalated, porphyrins, chlorins, bispocket porphyrins, 
phthalocyanines, and related polypyrrolic dyes. Polypyrrolic 
dyes, when protonated, are in general pH-sensitive dyes (i.e., 
pH indicator or acid-base indicator dyes that change color 
upon exposure to acids or bases) 

In one embodiment, a Brnsted acid dye is a non-metalated 
porphyrin such as 5,10,15,20-tetrakis(2',6'-bis(dimethyl-t 
butylsiloxyl)phenyl)porphyrin dication [H4Si8PP]+2; 5,10, 
15,20-Tetraphenyl-21H,23H-porphine [H2TPP]; or 5,10,15, 
20-Tetraphenylporphine dication [H4TPP]+2. In another 
embodiment of the instant invention, a selected Brnsted dye is 
an indicator dye including, but not limited to, Bromocresol 
Purple, Cresol Red, Congo Red, Thymol Blue, Bromocresol 
Green, Nile Red, Bromothymol Blue, Methyl Red, NitraZine 
Yellow, Phenol Red, Bromophenol Red, Disperse Orange 25, 
and Bromophenol Blue. As will be appreciated by the skilled 
artisan, the Brnsted acids disclosed herein may also be con 
sidered Brnsted bases under particular pH conditions. Like 
wise, a non-metalated, non-protonated, free base form of a 
bispocket porphyrin may also be considered a Brnsted base. 
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However, these dye forms are also expressly considered to be 
within the scope of the dyes disclosed herein. 

Solvatochromic dyes change color in response to changes 
in the general polarity of their environment, primarily 
through strong dipole-dipole and dispersion interactions. To 
some extent, all dyes inherently are solvatochromic, with 
some being more responsive than others. Particular examples 
of suitable solvatochromic dyes include, but are not limited to 
Reichardt’s dyes, 4-hydroxystyryl-pyridinium dye, 4-meth 
oxycarbonyl-1-ethylpyridinium iodide, and 2,6-diphenyl-4 
(2,4, 6-triphenyl- 1 -pyridinio)-phenolate. 
The addition of at least one Brnsted acid dye to an array 

containing at least one metal ion-containing Lewis acid dye 
can improve the sensitivity of the array for particular analytes 
and increase the ability to discriminate between analytes. For 
example, a calorimetric sensing element similar to that of the 
present invention has been shown to detect volatile organic 
compounds and complex mixtures down to ppb levels (Ra 
kow, et al. (2005) Angew. Chem. Int. Ed. 44:4528-4532). 
Further, the use of one or more metal ion-containing dyes in 
combination with one or more Brnsted acid dyes can advan 
tageously create a signature indicative of the presence of a 
particular analyte. Thus, while some embodiments embrace 
the use of at least one Lewis acid and/or base dye, one Brnsted 
acidic and/or basic dye, or one zwitterionic solvatochromic 
dye, other embodiments of this invention embrace the use at 
least two different classes of dyes on the instant arrays. In one 
embodiment, the calorimetric sensing element contains at 
least one Lewis acid and/or base dye, one Brnsted acidic 
and/or basic dye, or one zwitterionic solvatochromic dye. In 
another embodiment, the calorimetric sensing element con 
tains at least one Lewis acid and/ or base dye and one Brnsted 
acidic and/ or basic dye. In a further embodiment, the colori 
metric sensing element contains at least one Lewis acid and/ 
or base dye and one zwitterionic solvatochromic dye. In yet a 
further embodiment, the calorimetric sensing element con 
tains at least one Brnsted acidic and/or basic dye and one 
zwitterionic solvatochromic dye. Still further embodiments 
embrace the use at least three different classes of dyes on the 
instant arrays, i.e., at least one Lewis acid and/or base dye, 
one Brnsted acidic and/or basic dye, and one zwitterionic 
solvatochromic dye. 
The interference of atmospheric humidity on sensor per 

formance is a problem with cross-responsive sensors of the 
prior art. The high concentration of water vapor in the envi 
ronment and its large and changeable range makes the accu 
rate detection of analytes at low concentration dif?cult with 
the prior art sensors. Water vapor ranges in the environment 
from <2000 to >20,000 ppmv. Thus, when detecting a few 
ppmv of an analyte, or even a few ppb, even a very low level 
of interference from water is intolerable. Physisorption of 
molecules on surfaces is dominated by the relative hydropho 
bicity of the adsorbate and adsorbent. Therefore, a disadvan 
tage of the cross-responsive sensor technology of the prior art 
is sensitivity to changes in humidity. 

In contrast, the dyes of the instant calorimetric sensing 
element are selected from hydrophobic, water-insoluble dyes 
which are contact-printed as non-aqueous, hydrophobic solu 
tions onto hydrophobic substrates. As such, the instant colo 
rimetric sensing element is essentially impervious to changes 
in relative humidity (RH). For example, a colorimetric sens 
ing element exposed to water vapor from pure water (RH 
100%) or to saturated salt solutions whose water vapor pres 
sures ranged from 1 1% to 94% RH shows that the dyes in the 
colorimetric sensing element are unresponsive to water vapor. 
Similarly, the response to other analytes is not affected by the 
presence or absence of RH over this range. As such, particular 
















