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(57) ABSTRACT 

A capnometer adaptor includes a nanostructure sensor con 
?gured to selectively respond to a gaseous constituent of 
exhaled breath, such as to carbon dioxide. In certain embodi 
ments, the adaptor includes an airWay adaptor having at least 
one channel con?gured for the passage of respiratory gas; at 
least one nanostructure sensor in ?uid communication With 
the passage, the sensor con?gured to selectively respond to at 
least one gaseous constituent of exhaled breath comprising 
carbon dioxide; and electronic hardWare connected to the 
nanostructure sensor and con?gured to provide a signal 
indicative of a response of the sensor to the at least one 
gaseous constituent of exhaled breath. The sensor may be 
provided as a compact and solid-state device, and may be 
adapted for a variety of respiratory monitoring applications. 
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NANOELECTRONIC CAPNOMETER 
ADAPTER INCLUDING A 

NANOELECTRONIC SENSOR SELECTIVELY 
SENSITIVE TO AT LEAST ONE GASEOUS 
CONSITUTENT OF EXHALED BREATH 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of and claims 
priority from US. patent application Ser. No. 11/019,792, 
noW issued as US. Pat. No. 7,547,931, ?led Dec. 20, 2004, 
titled “NANOELECTRONIC CAPNOMETER ADAPTER 
INCLUDING A NANOELECTRONIC SENSOR SELEC 
TIVELY SENSITIVE TO AT LEAST ONE GASEOUS 
CONSTITUTENT OF EXHALED BREATH,” Which is a 
continuation-in-part of US. patent application Ser. No. 
10/ 940,324, ?led Sep. 13, 2004, titled “CARBON DIOXIDE 
NANOELECTRIC SENSOR,” Which claims priority to US. 
Provisional Application No. 60/ 564,248, ?led Apr. 20, 2004, 
titled “REMOTELY COMMUNICATING, BATTERY 
POWERED NANOSTRUCTURE SENSOR DEVICES,” 
and Which also claims priority to US. Provisional Applica 
tion No. 60/531,079, ?led Dec. 18, 2003, titled “NANO 
ELECTRONIC CAPNOMETER ADAPTER,” and Which is 
also a continuation-in-part of US. patent application Ser. No. 
10/656,898, ?led Sep. 5, 2003, titled NANOSTRUCTURE 
SENSOR DEVICE WITH POLYMER RECOGNITION 
LAYER.” All of Which are incorporated herein by these ref 
erences in their entireties for all purposes. 

FIELD OF THE INVENTION 

[0002] The present invention relates to an apparatus and 
method for mainstream patient airWay medical monitoring, 
such as by using a capnometer. 

DESCRIPTION OF RELATED ART 

[0003] The measurement of carbon dioxide levels in respi 
ration is a standard procedure during intensive care and anes 
thesia and is a primary tool in the diagnosis and management 
of respiratory function. A need in this medical monitoring is 
to measure and track CO.sub.2 concentration in the breath, 
sometimes referred to as capnography. 

[0004] To meet the necessary speci?cations of such cap 
nography device, current technology relies on bulky and 
expensive non-dispersive infrared absorption (MAR) sensors 
to determine CO.sub.2 concentration. The high cost and limi 
tations of this technology restrict the use of capnography to 
high value, controlled environments, such as surgical Wards. 
In addition, it has been shoWn that capnography is particu 
larly important in determining the proper placement of endot 
racheal tubes in emergency medical response. 

[0005] There are tWo approaches to implement this detec 
tion method, mainstream and sidestream. Mainstream 
devices make use of a sensor located at the patient airWay by 
means of an airWay adapter. In contrast, sidestream device 
requires connection of a sample line to the airWay, and a 
sensor located aWay from the patient. Notwithstanding the 
advantages of these approaches, each may be subject to cer 
tain limitations that may compromise the effectiveness of 
CO.sub.2 monitoring. 
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[0006] A comparison of exemplary limitations of prior-art 
apparatus and methods are listed beloW: 
[0007] Mainstream Secretions and humidity block the sen 
sor. Aheating element is used to negate condensation. Abulky 
device is at the patient airWay. The sensor must be steriliZed 
and calibrated after each use. The sensor is not usable With 
non-intubated patients. 
[0008] Sidestream Secretions block sample tubing. A 
necessity for a Water trap. A sloWer response for CO.sub.2 
changes. Reduced air ?oW decreases tidal volume. Additional 
sample tubing. A costly pump and suction system. 
[0009] It is desirable, therefore, to provide an apparatus and 
method for monitoring CO.sub.2 or other gases in a patient’s 
airWay, that overcomes the limitations of the prior art. 

SUMMARY OF THE INVENTION 

[0010] The present invention overcomes the limitations of 
the prior art using a novel capnometer apparatus. A nanoelec 
tronic capnometer system having aspects of the invention 
offers: (i) performance that matches or exceeds that of infra 
red technology, (ii) plug-and-play simplicity in a disposable 
package, (iii) the small siZe and loW poWer consumption 
needed for Wireless integration and (iv) the ability to incor 
porate arrays of sensors on a single chip. This CO.sub.2 
sensing technology offers an order of magnitude reduction in 
the cost of the sensor component. 
[0011] The capnometer comprises a nanoelectronic gas 
sensor integrated into an airWay adapter for mainstream cap 
nometry. The nanoelectronic sensor may comprise a solid 
state nanotube or other nanostructure sensor, for example, as 
described in the parent application Ser. No. 10/940,324. The 
capnometer apparatus may further comprise an appropriate 
adapter ?tting that maximiZes sensor performance. Both the 
adaptor ?tting and the sensor may be incorporated into a 
compact and relatively loW-cost assembly. Instead of steril 
iZing the capnometer after use, the sensing unit may be dis 
carded, thereby avoiding di?iculties and costs associated With 
sterilization. 
[0012] The nanoelectronic gas sensor may be con?gured to 
respond to a chemical of interest, for example, carbon diox 
ide, oxygen or anesthesia gases. It may be integrated into a 
?tting designed to be inserted into an intubated or non-intu 
bated patient airstream, such as, for example, during anesthe 
sia application and/or respiratory monitoring. The nanoelec 
tronic gas sensor (“nanosensor”) itself may comprise a small 
packaged solid-state device incorporating a nanostructure 
sensor that is exposed to air?oW on the inside of the tube and 
electronically connected to the outside of the tube. The ?tting 
together With the enclosed nanosensor may be designed as a 
disposable device. A potentially reusable external electronics 
package that contains signal processing electronics may be 
socketed or snapped into place to make a secure connection 
With the sensor. This electronics module may include a micro 
processor, memory cell, poWer supply (including a battery) 
and a Wired or Wireless connection to a monitor Where the 
sensor output is stored and/or displayed. 
[0013] Being extremely small With a nanometer-scale 
active sensing area, the sensor may readily be protected from 
contamination, and can therefore be located in the more desir 
able mainstream con?guration for faster response times. At 
the same time, the loW cost of the chip-scale sensor can make 
it possible to dispose the sensor and its associated adaptor 
after each use, thereby eliminating the problem of disinfec 
tion. The capnometer adaptor With its sensor may be very 
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compact, cost-effective and convenient to use in a clinical 
setting. Iris anticipated, therefore, that the invention Will 
greatly facilitate and enhance the bene?cial practice of cap 
nography. 
[0014] One exemplary capnometer embodiment having 
aspects of the invention comprises: an airWay adaptor having 
at least one channel con?gured to permit the passage of res 
piratory gas; at least one solid-state nanostructure sensor 
arranged adjacent the airWay adaptor in communication With 
the passage, the sensor having a sensitivity to at least one 
gaseous constituent of exhaled breath; electronic circuitry 
connected to the solid state sensor and con?gured to receive at 
least a signal indicative of the concentration of the at least one 
gaseous constituent of exhaled breath; and an output device 
connected to the electronic circuitry and con?gured to pro 
vide at least one of a qualitative and a quantitative measure of 
the concentration of the at least one gaseous constituent of 
exhaled breath. Preferably, the at least one gaseous constitu 
ent of exhaled breath includes carbon dioxide and the solid 
state sensor incorporates a nanostructure as a sensing element 
responsive to the at least one gaseous constituent. 
[0015] In certain embodiments, the at least solid-state 
nanostructure sensor comprises: a substrate; a ?rst nanostruc 
ture over the substrate; at least tWo conducting elements in 
electrical communication With the ?rst nanostructure; and at 
least one recognition material operatively associated With the 
?rst nanostructure, the at least one recognition material con 
?gured for interacting With carbon dioxide. 
[0016] In alternative embodiments, the airWay adaptor is 
con?gured to be mated so as to transmit at least a portion of 
the exhalation How of at least a one of: a respirator/resusci 
tation system, a endotracheal ventilator system, an sleep 
apnea treatment system, a sleep apnea diagnostic system, an 
anesthesia system, a cardiac function diagnostic system, a 
metabolic function measuring system, an asthma monitoring 
system, and a gastro-intestinal testing system. 
[0017] A more complete understanding of the capnometer 
adaptor Will be afforded to those skilled in the art, as Well as 
a realiZation of additional advantages and objects thereof, by 
a consideration of the folloWing detailed description of the 
preferred embodiment. Reference Will be made to the 
appended sheets of draWings Which Will ?rst be described 
brie?y. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIGS. 1A and 1B are schematic diagrams shoWing a 
Wired capnometer sensor and adapter system from side and 
tube vieWs, respectively. 
[0019] FIG. 2 is a schematic diagram shoWing a Wireless 
capnometer sensor and adapter system from an end vieW 
relative to the tube ?tting. 
[0020] FIG. 3 is a schematic diagram shoWing a Wired 
capnometer sensor and adapter system With all electronics 
remote from the sensor, from an end vieW relative to the tube 
?tting. 
[0021] FIG. 4 is a schematic diagram shoWing a capnom 
eter sensor and adaptor With remote electronics, Wherein the 
sensor is disposed directly in the airstream of the adaptor 
?tting. 
[0022] FIG. 5 is a schematic shoWing an exemplary alter 
native structure for an adaptor and sensor of the type shoWn in 
FIG. 4, Wherein the sensor is disposed in the airstream. 
[0023] FIG. 6 is a schematic diagram shoWing a side vieW 
of a capnometer sensor and adapter generally similar to that 
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shoWn in FIGS. 1A and 1B, but having a sensor arranged 
adjacent a secondary parallel lumen in communication With 
the airWay passage. 
[0024] FIG. 7 is a schematic diagram shoWing a side vieW 
of a capnometer sensor and adapter generally similar to that 
shoWn in FIG. 6, but having inlet and outlet ends of the 
secondary parallel lumen projecting into airWay passage into 
the exhalation ?oW path. 
[0025] FIG. 8 is a schematic diagram shoWing an exem 
plary nanostructure sensor for use With the invention. 
[0026] FIG. 9 is a plot shoWing the response of an exem 
plary nano-electronic carbon dioxide sensor to a range of loW 
concentrations of carbon dioxide in air. 
[0027] FIG. 10 is a plot shoWing the response of an exem 
plary nano-electronic carbon dioxide sensor to a Wide range 
concentrations of carbon dioxide in air. 
[0028] FIG. 11 is a plot shoWing the response of an exem 
plary capnometer having aspects of the invention to simulated 
human breathing. 
[0029] FIGS. 12A, 12B and 12C depict exemplary con?gu 
rations of a capnometer adaptor, in Which the output device is 
mounted to the adapter housing and displays a quantitative 
bar graph. 
[0030] FIG. 13 depicts an exemplary con?guration of a 
capnometer adaptor, in Which the output device is mounted to 
the adapter housing and displays a both a digital reading and 
a quantitative bar graph. 
[0031] FIG. 14 depicts an exemplary capnometer adaptor 
con?gured to mate With a nasal canula, and to communicate 
With external data logging circuitry (not shoWn). 
[0032] FIGS. 15A and 15B depict exemplary con?gura 
tions of a capnometer adaptor, in Which either one or both of 
the sensor and the electronic circuitry is separately detachable 
from the airWay adaptor housing. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0033] The embodiment of the invention incorporates a 
nanoelectronic capnometer into an adapter for patient airWay 
monitoring. The resulting device seamlessly integrates into a 
mainstream capnography setup and delivers performance 
advantages over that of today’s mainstream and sidestream 
NDIR capnometers. 
[0034] FIGS. 1-7 depict a number of different embodi 
ments, in Which the same or generally similar elements are 
identi?ed by numbers, in Which the last digit corresponds to 
the equivalent or corresponding element, as much as possible, 
in each ?gure, With the digits preceding the last digit corre 
sponding to the ?gure number of each example embodiment. 
[0035] Referring to FIGS. 1A and 1B, in an exemplary 
embodiment having aspects of the invention, the unit may be 
con?gured like conventional airWay adapters, With an input 
and output for connecting tubing to an air channel 19 running 
through a housing 14. One opening of housing 14 may be fed 
by the patient’s respiration and the other opening may be 
connected to the breathing or anesthesia circuit. The adapter 
10 may be connected to a poWer and signal cable 15. Cable 15 
may be used to relay gas monitoring data to the display unit, 
as Well as poWering the sensor. The cable may be directly 
connected to an electronics module 11. This module may be 
con?gured for signal processing, analysis, and delivery of 
data values/Waveforms to users. Module 11 contain a micro 
processor With embedded softWare and backup battery poWer. 
The electronics module may be located above and connected 
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by connector 17 to a solid-state sensor 12 (e.g., a nanoelec 
tronic capnometer sensor such as is disclosed in application 
Ser. No. l0/940,324). Module 11 may be con?gured to 
readily detach and reattach, facilitating replacement of the 
sensor-containing adapter 14. Electronics module 11 and sen 
sor 12 may be provided on a single unitary semiconductor 
device, for example, a silicon chip, if desired. 
[0036] The nanoelectronic sensor 12 may be disposed in 
?uid communication With respired air passing through chan 
nel 19. In order to provide a sample volume to the capnom 
eter, a small WindoW or opening 13 may be provided betWeen 
the sensor 12 and channel 19. The sample WindoW may be 
provided With membranes and/or ?lters 18 to reduce conden 
sation, block patient secretions, and overall maintain stability 
of the sensor. For example a gas-permeable hydrophobic 
membrane, e. g. a PFC membrane, may be used. 

[0037] When using a nanotube electronic sensor, it is not 
necessary to maintain a clear optical path betWeen a transmit 
ter and receiver, unlike prior-art NDIR sensors for carbon 
dioxide sensing. Furthermore, the active sensing area of a 
nanotube sensor is extremely small, so one may readily pro 
tect the sensor from contamination in the patient airstream. 
For example, very little poWer is required to heat the sensor to 
a stable temperature at Which condensation is prevented. And 
the sensor may be protected from non-volatile contaminants 
by a simple mechanical ?lter and/or gas permeable mem 
brane, Which need only be large enough to minimiZe the 
likelihood of excessive ?lter blockage during the anticipated 
life of the sensor. For reusable sensors, ?lter units may be 
removed and disposed betWeen use, and then replaced With a 
neW ?lter unit. For most applications, hoWever, it may be 
desirable to dispose and replace the entire unit 10, including 
any associated ?lters. 

[0038] The unit 10 may be comprised primarily of a 
mechanically stable housing 14. Housing 14 may be com 
prised of any suitable plastic or other material With similar 
chemical and physical properties for use in medical tube 
?ttings, as knoWn in the art. 

[0039] The capnometer sensor 12 may be based on nanos 
cale components as described in the parent patent application 
Ser. No. l0/940,323 and herein, for selectively sensing car 
bon dioxide. Sensing of other gases may also be achieved 
using a suitably con?gured nanotube sensor, for example, a 
sensor as described in US. provisional application Ser. No. 
60/457,697 ?led March 2003 and Ser. No. 60/468,621 ?led 
May 2003, and US. non-provisional application Ser. No. 
l0/177,929 ?led June, 2002, Ser. No. 10/656,898 ?led Sep. 5, 
2003, Ser. No. l0/655,529 ?led Sep. 4, 2003, Ser. No. 10/388, 
701 ?led Mar. 14,2003, and Ser. No. l0/345,783 ?led Jan. 16, 
2003; each of Which is incorporated herein by reference. 
[0040] Sensing for tWo or more gases, for example, carbon 
dioxide and oxygen, may be accomplished using one or more 
sensors like sensor 12.A single sensor may include a plurality 
of nanotube sensors, each con?gured to sense a different gas. 
In addition, or in the alternative, a plurality of nanotube sen 
sors may be each con?gured to sense the same gas, for pur 
poses of redundancy. It should be appreciated that the 
extremely small scale of a nanotube sensor makes it possible 
to cost-effectively incorporate numerous nanometer-scale 
sensors in a single gas sensing unit 12, Which may essentially 
consist of a very compact silicon chip or other device. In the 
alternative, one or more nanotube sensing devices may be 
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assembled together into a sensing unit With multiple sensors. 
Since each device may be quite small, space and/or cost need 
not be limiting concerns. 
[0041] A capnometer according to the invention may 
readily be con?gured to operate Wirelessly. FIG. 2 shoWs a 
Wireless unit 20 Without a need for a poWer or signal cable. To 
compensate for this alteration, one can implement Wireless 
communication capabilities into the electronics module 21 
for Wireless communication to a base station 26. Since the 
capnometer 22 uses little poWer, an on-board miniature bat 
tery 23 may provide su?icient poWer for its lifetime. Housing 
24 and channel 29 may be con?gured similarly as in capnom 
eter 10. 

[0042] In the alternative, a capnometer 30 may be designed 
to function With all electronics 31 separate from the sensor 32, 
as shoWn in FIG. 3. Here the sensor 32 has a cable that 
connects it to the electronics module 31, Which is located 
remotely. For example, module 31 may be incorporated into 
a display and base station 36, Which may be reused With 
different capnometer units 30. Base station 36 may then 
incorporate more complex hardWare and softWare for cap 
nography, for example, display or analysis systems. Signal 
and poWer cord 35 to the sensor may be removably connected 
to unit 30, alloWing only the sensor unit 30 to be discarded and 
replaced. 
[0043] It also is desirable to provide disposable capnometer 
sensing adaptors, Wherein the sensing package is installed 
directly in the main air channel of the respiratory stream. 
FIGS. 4 and 5 shoW exemplary embodiments of this type. 
FIG. 4 shoWs a capnometer sensing and air?oW adaptor unit 
40, comprising a tubular adaptor 44 With internal air channel 
49. Nanoelectric unit 42 may be mounted to the Wall of 
channel 49, and connected to a cable connector 47 mounted 
on the outside of adaptor 44 by a Wire. It is possible, for 
example, to integrate sensing unit 42 and its connecting Wires 
into the adaptor 44 during a plastic molding process, thereby 
minimiZing the possibility for leakage into or out of channel 
49 adjacent to the sensor 42. Sensor 42 may comprise a 
nanotube device as described above. It may be protected from 
contamination by a suitable ?lter and/ or gas-permeable mem 
brane (not shoWn) disposed around or over the sensor. For 
example, one may encapsulate sensor 12 in a gas-permeable 
membrane material, and/ or a suitable ?lter and/ or membrane 
may be separately mounted in channel 49. 
[0044] Alternatively, one may dispose the sensing unit 
more directly in the airstream. For example, FIG. 5 shoWs a 
capnometer sensor and adaptor 50, Wherein a nanoelectric 
sensor 52 is mounted in the center of channel 59 using a 
plurality of ribs 58. Ribs 58 may be molded integrally With 
sensor 52 and/or adaptor housing 54, With a molded-in con 
nection to cable 55. In the alternative, ribs 58 and sensor 52 
may comprise a sub-assembly that is later assembled in hous 
ing 54. Such a sub-assembly may attach to a molded-in elec 
trical connector (not shoWn) passing through the Wall of hous 
ing 54. It shouldbe apparent that either design Wouldvirtually 
eliminate the possibility for inaccurate sensor readings from 
outside air leakage. Ribs 58 or any other suitable mounting 
structures for sensor 52 may also be used to hold protective 
?lters and membranes around sensor 52. Such a design may 
be particularly suitable for monitoring respiration from a 
subject in bloW-testing equipment such as used for blood 
alcohol testing and the like. 
[0045] FIG. 6 is a schematic diagram shoWing a side vieW 
of a capnometer sensor and adapter 30 generally similar to 
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that shown in FIGS. 1A and 1B, but having a sensor 62 
arranged adjacent a secondary parallel lumen 66 in commu 
nication With the airWay passage 69. Window or opening 63 
communicates to parallel lumen 66 directly, and is in only 
indirect communication With passage 69. 

[0046] FIG. 7 is a schematic diagram shoWing a side vieW 
of a capnometer sensor and adapter generally similar to that 
shoWn in FIG. 6, but having inlet and outlet ends 6611 and 76b 
of the secondary parallel lumen 76 projecting into airWay 
passage 79 into the exhalation ?oW path. 
[0047] Note that the examples of FIGS. 6 and 7 shoW the 
parallel lumen arranged close to the adaptor housing and 
primary passage. Alternatively, the parallel lumen may be 
extended, so that sensor, electronic circuitry, displays, and/or 
data memory are located remotely from the airWay. 
[0048] Embodiments of this invention include a neW sens 
ing technology for carbon dioxide (CO.sub.2) that uses nano 
electronic components. A tiny, loW-cost nanosensor chip can 
offer: (i) performance that matches or exceeds that of infrared 
technology, (ii) plug-and-play simplicity With both digital 
and analog control systems, and (ii) the small siZe and loW 
poWer consumption needed for Wireless integration. 
[0049] Field effect transistors made from semiconducting 
single-Walled carbon nanotubes (NTFETs) have been used as 
the platform for sensitive chemical sensors. FIG. 8 shoWs an 
electronic system 800 for detecting carbon dioxide 801, com 
prising a nanostructure sensing device 802. Device 802 com 
prises a substrate 804, and a nanostructure 806 disposed over 
the substrate. The nanostructure may contact the substrate as 
shoWn, or in the alternative, may be spaced a distance aWay 
from the substrate, With or Without a layer of intervening 
material. In an embodiment of the invention, nanostructure 
806 may comprises a carbon nanotube. Any other suitable 
nanostructure, such as a nanoWire, nano?ber, or nanorod, 
may also be used. In addition, or in the alternative, nanostruc 
ture 806 may comprise boron, boron nitride, and carbon 
boron nitride, silicon, germanium, gallium nitride, Zinc 
oxide, indium phosphide, molybdenum disulphide, silver, or 
any other suitable material. In an alternative embodiment, 
nanostructure 806 comprises an interconnected netWork of 
smaller nanostructures. For example, nanostructure 806 may 
comprise a plurality of nanotubes forming a mesh. 

[0050] TWo conductive elements 808, 810 may be disposed 
over the substrate and electrically connected to nanostructure 
806. Elements 808, 810 may comprise metal electrodes in 
direct contact With nanostructure 806. In the alternative, a 
conductive or semi-conducting material (not shoWn) may be 
interposed betWeen elements 808, 810 and nanostructure 806. 
A functionaliZation material 815 reactive With carbon dioxide 
is disposed on nanostructure sensing device 802 and in par 
ticular, on nanostructure 806. Material 815 may be deposited 
in a continuous layer, or in a discontinuous layer. Material 
815 may comprise more than one material and/ or more than 
one layer of material. 

[0051] Device 802 may further comprise a gate 812. Device 
802 may further comprise a layer of inhibiting material 814 
covering regions adjacent to the connections betWeen the 
conductive elements 808, 810 and the ?rst nanostructure 806. 
The inhibiting material may be impermeable to at least one 
chemical species, such as carbon dioxide. The inhibiting 
material may comprise a passivation material as knoWn in the 
art, such as silicon dioxide. Further details concerning the use 
of inhibiting materials in a NTFET are described in prior 
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application Ser. No. 10/280,265, ?led Oct. 26, 2002, Which is 
incorporated by reference herein. 
[0052] In addition, system 800 may further comprise a 
second nanostructure sensing device (not shoWn) like device 
802. It may be advantageous to provide the second device 
With a functionaliZation layer that incorporates a material 
different from that incorporated into layer 815. 
[0053] System 800 may further include a nanostructure 
sensing device circuit 816. Circuit 816 may include one or 
more electrical supplies 818, a meter 820 in electrical com 
munication With the electrical supply or supplies 818, and 
electrical connections 822 betWeen the ?rst nanostructure 
sensing device 802 and both the electrical supply and the 
meter. System may further comprise a signal control and 
processing unit (not shoWn) as knoWn in the art, in commu 
nication With the ?rst nanostructure sensing device circuit. 
[0054] The carbon nanotube acts not as the sensing element 
itself but as a sensitive transducer. There are various designs 
for the basic platform; these include devices With one or only 
a feW nanotubes and devices With a netWork of nanotubes. A 
useful nanotube netWork device architecture has been 
described in commonly-oWned application Ser. No. 10/177, 
929, ?led on Jun. 21, 2002, Which is included by reference 
herein. The nanotube transducers can be chemically function 
aliZed to provide desired sensitivity and selectivity. They can 
even be made sensitive to a variety of inert gases. The func 
tionaliZation approach relies on the ability of basic inorganic 
compounds and organic polymers as Well as aromatic com 
pounds With electron-donating functionalities to provide 
electrons to nanotubes, thus resulting in n-doping of 
NTFETs. 

[0055] Sensitivity to CO.sub.2 can be achieved through 
functionaliZation also. The functionaliZation layer has tWo 
main functions: 1) it selectively recogniZes carbon dioxide 
molecules and 2) upon the binding of CO.sub.2 it generates an 
ampli?ed signal that is transferred to the carbon nanotube 
transducer. In the presence of Water, carbon dioxide forms 
carbonic acid Which dissociates and alters the pH of the 
functionaliZation layer, thus protonating the electron donat 
ing groups and making the NTFET more p-type. Basic inor 
ganic compounds (e.g., sodium carbonate), pH-sensitive 
polymers, such as polyaniline, poly(ethyleneimine), poly(o 
phenylenediamine), poly(3-methylthiophene), and polypyr 
role, as Well as aromatic compounds (benZylamine, naphtha 
lenemethylamine, antracene amine, pyrene amine, etc.) can 
be used to functionaliZe NTFETs for CO.sub.2 sensing. The 
functionaliZation layer can be constructed using certain poly 
meric materials such as polyethylene glycol, poly(vinyl alco 
hol) and polysaccharides, including various starches as Well 
as their components amylose and amylopectin. 
[0056] Materials in the functionaliZation layer may be 
deposited on the NTFET using various different methods, 
depending on the material to be deposited. For example, 
inorganic materials, such as sodium carbonate, may be depos 
ited by drop casting from 1 mM solution in light alcohols. The 
functionaliZed sensor may then be dried by bloWing With 
nitrogen or other suitable drying agent. Polymeric materials 
may be deposited by dip coating. A typical procedure may 
involve soaking of the chip With the carbon nanotube device 
in 10% polymeric solution in Water for 24 hours, rinsing With 
Water several times, and bloWing the chip dry With nitrogen. 
Polymers Which are not soluble in aqueous solutions may be 
spin coated on the chip from their solutions in organic sol 
vents. Values of polymer concentrations and the spin coater’s 
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rotation speeds may be optimized for each polymer. Further 
details pertaining to polymer recognition layers may be 
described in commonly-oWned parent application Ser. No. 
10/658,898, ?led Sep. 5, 2003, Which is also incorporated by 
reference herein. 
[0057] FIG. 9 is a plot showing the response of an exem 
plary nano-electronic carbon dioxide sensor to a range of loW 
concentrations of carbon dioxide in air. The response to 
CO.sub.2 gas is fast and reproducible at different concentra 
tions. 
[0058] FIG. 10 is a plot shoWing the response of an exem 
plary nano-electronic carbon dioxide sensor to a Wide range 
concentrations of carbon dioxide in air. The sensor shoWs 
Wide dynamic range in the concentration range of 500-100, 
000 ppm (0.5%-10%). Suitable recognition chemistry and 
speci?city permit the sensor to operate at different relative 
humidities and shoWs loW cross-sensitivity to anesthesia 
gases (oxygen and nitrous oxide). 
[0059] FIG. 11 is a capnogram plot shoWing the response of 
an exemplary capnometer having aspects of the invention to 
simulated human breathing. The performance of the sensor at 
this clinically relevant condition shoWs the great potential for 
these sensors in capnography and anesthesia medical appli 
cations. 
[0060] Capnometers having aspect of the invention may be 
included in many different sorts of medically useful system, 
both as permanent, semi-disposable, or completely dispos 
able components. Likewise, a variety of different arrange 
ments of the sensors, signal and poWer circuitry and data 
display and recordation subsystems are practical. 
[0061] FIGS. 12A, 12B and 12C depict exemplary con?gu 
rations of capnometer adaptors 120, 121, and 122 having 
aspects of the invention, in Which the output device is 
mounted to the adapter housing and displays a quantitative 
bar graph. 
[0062] FIG. 13 depicts exemplary con?gurations of a cap 
nometer adaptor 13 0 having aspects of the invention, in Which 
the output device is mounted to the adapter housing and 
displays a both a digital reading and a quantitative bar graph. 
[0063] FIG. 14 depicts exemplary con?gurations of a cap 
nometer adaptor 140 having aspects of the invention, in Which 
capnometer adaptor is con?gured to mate With a nasal canula, 
and to communicate With external data logging circuitry (not 
shoWn). 
[0064] FIGS. 15A and 15B depict exemplary con?gura 
tions of capnometer adaptors 150, 151 having aspects of the 
invention. In adaptor 150, both of the sensor and the elec 
tronic circuitry are separately detachable from the airWay 
adaptor housing. In adaptor 151, the electronic circuitry is 
separately detachable from the airWay adaptor housing With 
out removing the sensor. 
[0065] Note that capnometers having aspects of the inven 
tion may include a Wide variety of data acquisition, storage, 
processing and output devices. For example, the capnometer 
signal may be used to determine respiration rate, and inhaled 
gas composition, in addition to exhaled breath composition, 
such as end-tidal CO2 values. In addition to discrete point 
values, a real-time and continuous pro?le of breath compo 
sition may be determined and displayed, eg as a plot of CO2 
concentration versus time. 

Additional Medical Applications 

[0066] Capnometers having aspects of the invention can be 
embedded into standard embodiments for breath monitoring 
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commonly found in emergency medicine, ex: airWay adapt 
ers, masks, ambubags, and laryngeal masks etc. The construc 
tion of the sensor assembly is ?exible to address most airWay 
monitoring environments. The sensor may be used in hospi 
tal, prehospital, and out-of-hospital settings, so as to provide 
highly valuable monitoring information to all health care 
providers Whether they are doctors, nurses, respiratory tech 
nicians or EMTs. 

[0067] Among the applications Where the capnometers 
having aspects of the invention could provide signi?cant 
healthcare bene?ts are: Endotracheal Tube Veri?cation 
Breathing Quality As sessment Intra and Inter-Ho spital Trans 
port Adequacy of CPR 
[0068] Table 1 shoWs example speci?cations of a dispos 
able capnometer adapter having aspects of the invention, 
con?gured to provide a typical Emergency Medical Services/ 
Emergency Department With a small, noninvasive, and dis 
posable in-line sensor that continuously monitors varying 
CO2 levels and delivers accurate measurement of end tidal 
carbon dioxide concentrations. For example, the device may 
have a bar graph to continuously track CO2 concentration. 
The operating lifetime of the sensor, 6 hours, is more than 
suf?cient to accommodate long transport times. 
[0069] TABLE-US-00001 TABLE 1 Speci?cation: 
Example: Technology Nanotube Sensor Display Bar Graph 
Range 0-6% (0-48 mm Hg) Resolution 1% mm Hg) Response 
Time 500 ms Shelf Life 1 Year Use Life 6 Hours 

[0070] Additional applications include: Anesthesia-Cap 
nographyiused to monitor adequacy of ventilation, veri? 
cation of proper intubation and quality of respiration during 
surgical procedures requiring anesthesia. It also applies to 
post-op, intensive care and critical care monitoring. Emer 
gency Medical Services/ Emergency DepartmentiAn end 
tidal CO2 value is a predictor of cardiac output and an indi 
cator of adequate respiration. Many situations in the EMS 
could bene?t from reporting of this value: cardiac arrest, 
respiratory arrest, trauma, seiZures, shock, diabetic ketoaci 
dosis, asthma, intra/inter hospital transport and most impor 
tantly, endotracheal tube placement. Procedural Sedationi 
The Joint Commission on Accreditation of Healthcare 
Organizations (JCAHO) has supported the continuous moni 
toring of respiration during sedation. Patients receiving care 
at of?ces should be given equal care as in the operating room 
Whether intubated or nonintubated, including tracking 
expired CO2 values for patents. AsthmaiMonitoring of 
CO2 can assess the severity of a bronchospasm and notify 
successful medication or treatment. Sleep ApneaiThe 
monitoring of CO2 levels can be used to screen for apnea, the 
stoppage of breathing. In addition to diagnostic applications, 
CO2 monitoring can shoW ef?cacy of therapeutic machines. 
Metabolic TestingiVarious types of metabolic testing track 
expired CO2 levels and volumes as a means to garner a 
metabolic assessment, including one’s resting metabolic rate. 
Gastro-Intestinal TestingiCO2 measurement is needed to 
monitor and capture alveolar respiratory gas as part of sam 
pling for various breath testing: lactose/fructose intolerance, 
bacterial overgroWth, and H. Pylori (peptic ulcers). 
[0071] Having thus described a preferred embodiment of 
the nanoelectronic capnometer sensor, it should be apparent 
to those skilled in the art that certain advantages of the Within 
system have been achieved. It should also be appreciated that 
various modi?cations, adaptations, and alternative embodi 
ments thereof may be made Within the scope and spirit of the 
present invention. A Wide variety of support structure and/or 
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adaptor geometries may be suitable, and the invention is not 
limited to the particular shapes depicted in the schematic 
diagrams. 
What is claimed is: 
1. A capnometer; comprising: an airWay adaptor having at 

least one channel con?gured for the passage of respiratory 
gas; at least one nanostructure sensor in ?uid communication 
With the passage, the sensor con?gured to selectively respond 
to at least one gaseous constituent of exhaled breath; elec 
tronic hardWare connected to the nanostructure sensor and 
con?gured to provide a signal indicative of a response of the 
sensor to the at least one gaseous constituent of exhaled 
breath. 

2. A capnometer as in claim 1, further comprising an output 
device connected to the electronic hardWare and con?gured to 
provide an output indicative of a concentration of the at least 
one gaseous constituent of exhaled breath. 

3. The capnometer of claim 1, Wherein the sensor is con 
?gured to selectively respond to the at least one gaseous 
constituent of exhaled breath comprising carbon dioxide. 

4. The capnometer as in of claim 3, Wherein the at least one 
nanostructure sensor comprises: a substrate; a ?rst nanostruc 
ture over the substrate; at least tWo conducting elements in 
electrical communication With the ?rst nanostructure; and at 
least one recognition material operatively associated With the 
?rst nanostructure, the at least one recognition material con 
?gured for interacting With carbon dioxide. 

5. The capnometer of claim 4, Wherein the ?rst nano struc 
ture is selected from the group consisting of nanotubes, 
nanoWires, nano?bers, and nanorods. 

6. The capnometer of claim 4, Wherein the ?rst nano struc 
ture comprises at least one element selected from the group 
consisting of carbon, boron, boron nitride, and carbon boron 
nitride, silicon, germanium, gallium nitride, Zinc oxide, 
indium phosphide, molybdenum disulphide, and silver. 

7. The capnometer of claim 4, Wherein the ?rst nano struc 
ture comprises a single-Wall carbon nanotube. 

8. The capnometer of claim 4, Wherein the conducting 
elements comprise metal electrodes. 

9. The capnometer of claim 4, Wherein the conducting 
elements are in direct physical contact With the ?rst nano 
structure. 

10. The capnometer of claim 4, Wherein the at least one 
recognition material comprises a metallic carbonate. 

11. The capnometer of claim 4, Wherein the at least one 
recognition material is selected from the group consisting of 
lithium carbonate, sodium carbonate, potassium carbonate, 
cesium carbonate, barium carbonate, calcium carbonate, and 
silver carbonate. 

12. The capnometer of claim 4, Wherein the at least one 
recognition material comprises a pH-sensitive polymer. 

13. The capnometer of claim 4, Wherein the at least one 
recognition material is selected from the group consisting of 
polyaniline, poly(ethyleneimine), poly(o-phenylenedi 
amine), poly(3-methylthiophene), and polypyrrole. 

14. The capnometer of claim 4, Wherein the at least one 
recognition material comprises an aromatic compound. 

15. The capnometer of claim 4, Wherein the at least one 
recognition material is selected from the group consisting 
benZylamine, naphthalenemethylamine, antracene amine, 
and pyrene amine. 
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16. The capnometer of claim 4, Wherein the at least one 
recognition material comprises a polymeric material. 

17. The capnometer of claim 4, Wherein the at least one 
recognition material is selected from the group consisting of 
polyethylene glycol, poly(vinyl alcohol), polysaccharides, 
and starches. 

18. The capnometer of claim 4, Wherein the at least one 
recognition material comprises a substantially continuous 
layer over the nanostructure. 

19. The capnometer of claim 4, Wherein the at least one 
recognition material comprises a plurality of different mate 
rials. 

20. The capnometer of claim 4, further comprising a gate 
electrode in proximity to the nanostructure. 

21. The capnometer of claim 4, further comprising a layer 
of inhibiting material covering regions of the sensor adjacent 
to the connections betWeen the conductive elements. 

22. The capnometer of claim 4, Wherein at least one rec 
ognition material is selected from the group consisting of a 
metal, a metal oxide, and a metal hydroxide. 

23. The capnometer of claim 4, Wherein at least one rec 
ognition material comprises a layer of metal disposed adja 
cent the ?rst nanostructure. 

24. The capnometer of claim 23, Wherein the recognition 
material includes a layer of polymeric material disposed adja 
cent the layer of metal. 

25. The capnometer of claim 18, Wherein the at least one 
recognition material comprises a layer of metal disposed 
adjacent the gate electrode. 

26. The capnometer of claim 25, Wherein the recognition 
material includes a layer of polymeric material disposed adja 
cent the layer of metal. 

27. The capnometer of claim 4, Wherein the recognition 
material comprises poly(ethylene imine) in mixture With a 
starch. 

28. The capnometer of claim 27, Wherein the starch com 
prises at least one of amylose and amylopectin. 

29. The capnometer of claim 3, Wherein the airWay adaptor 
is con?gured to receive exhalation ?oW from at least a one of: 
a respirator system, a endotracheal ventilator system, an sleep 
apnea treatment system, a sleep apnea diagnostic system, an 
anesthesia system, a cardiac function diagnostic system, a 
metabolic function measuring system, an asthma monitoring 
system, and a gastro-intestinal testing system. 

30. The capnometer of claim 29, Wherein the airWay adap 
tor is con?gured to operate externally to a patient’s body. 

31. The capnometer of claim 30; Wherein the airWay adap 
tor is con?gured to operate internally to a patients body. 

32. The capnometer of claim 3; Wherein the airWay adaptor 
is con?gured to receive a portion of exhalation ?oW from at 
least a one of: a respirator system, a endotracheal ventilator 
system, an sleep apnea treatment system, a sleep apnea diag 
nostic system, an anesthesia system, a cardiac function diag 
nostic system, a metabolic function measuring system, an 
asthma monitoring system, and a gastro-intestinal testing sys 
tem. 

33. The capnometer of claim 3, Wherein the capnometer is 
con?gured to mate With one of a respirator mask, an 
ambubag, and laryngeal mask. 

34. The capnometer of claim 3, Wherein at least a portion of 
the capnometer is con?gured to be disposable. 

* * * * * 


