a9y United States

US 20060040381A1

12 Patent Application Publication o) Pub. No.: US 2006/0040381 Al

Zhao et al.

43) Pub. Date: Feb. 23, 2006

(54) SURFACE-MODIFIED SINGLE-WALLED
CARBON NANOTUBES AND METHODS OF
DETECTING A CHEMICAL COMPOUND
USING SAME

(75) Inventors: Wei Zhao, Little Rock, AR (US);
Chulho Song, Little Rock, AR (US)

Correspondence Address:

MORRIS MANNING & MARTIN LLP
1600 ATLLANTA FINANCIAL CENTER
3343 PEACHTREE ROAD, NE
ATLANTA, GA 30326-1044 (US)

(73) Assignee: Board of Trustees of the University of
Arkansas, Little Rock, AR (US)

(21) Appl. No.: 11/020,024
(22) Filed: Dec. 21, 2004
Related U.S. Application Data

(60) Provisional application No. 60/603,181, filed on Aug.
20, 2004.

Publication Classification

(51) Int. Cl.
DOIF 912 (2006.01)
CI2M  1/34 (2006.01)
(52) US.CL e 435/287.9; 423/447.1; 422/58;
422/68.1
(57) ABSTRACT

A method for surface modification of single walled carbon
nanotubes. In one embodiment, the method includes the
steps of providing a detergent solution, adding a plurality of
single walled carbon nanotubes 1nto the detergent solution,
performing a first sonication to disperse the single walled
carbon nanotubes 1n the detergent solution, and performing
a second sonication after the first sonication to make deter-
gent encased single walled carbon nanotubes. At least one of
the plurality of single walled carbon nanotubes 1s at least
partially wrapped by one or more detergent molecules to
make 1t a detergent encased single walled carbon nanotube.
In one embodiment, the detergent comprises SDS, PSS or a
combination of them.
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SURFACE-MODIFIED SINGLE-WALLED CARBON
NANOTUBES AND METHODS OF DETECTING A
CHEMICAL COMPOUND USING SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

[0001] This application claims the benefit, pursuant to 35
U.S.C. §119(e), of provisional U.S. patent application Ser.
No. 60/603,181, filed Aug. 20, 2004, entitled “Surface-
Modified Single-walled Carbon Nanotube Opiical Biosen-
sors and Methods of Making and/or Using Same,” by We1
Zhao and Chulho Song, which 1s incorporated herein by
reference 1n 1ts entirety.

[0002] Some references, which may include patents,
patent applications and various publications, are cited in a
reference list and discussed 1n the description of this inven-
tion. The citation and/or discussion of such references 1is
provided merely to clarify the description of the present
invention and 1s not an admission that any such reference 1s
“prior art” to the mvention described herein. All references
cited and discussed in this specification are incorporated
herein by reference 1n their entireties and to the same extent
as 1f each reference was 1ndividually incorporated by refer-
ence. In terms of notation, hereinafter, “[n|” represents the
nth reference cited in the reference list. For example, [14]

represents the 14th reference cited in the reference list,
namely, Zhao, W.; Song, C.; Pehrsson, P. J. Am. Chem. Soc.

2002, 124, 12418-12419.

[0003] This invention was made with certain Government
support, and the Government has certain rights in this
invention.

FIELD OF THE INVENTION

[0004] The present invention relates to surface modified
single walled carbon nanotubes and a method of detecting a
chemical compound using same.

BACKGROUND OF THE INVENTION

0005] There 1s great interest in using single-walled car-
bon nanotubes (SWN'Ts) as nanoscale probes and sensors in
biological electronics and optical devices because the elec-
tronic and optical properties of SWNTs are extremely sen-
sitive to the surrounding environmental changes [1-5,14-18,
21-25,30,31,35,42-45,50,51]. To date, most research on
SWNTs has focused on electronic devices, with relatively
little work on optical biosensors. In order to use SWNs as
optic biosensors, some 1mmediate questions needs to be
solved such as how the sensors respond to chemical vari-
ables like pH [5c¢]| and concentration of glucose, ethanol,
various 10ns, or proteins.

[0006] SWNTs are a collection of semiconducting, metal-
lic nanotubes and a mixture of them in different diameters
that can be probed by various spectroscopic methods includ-
ing Raman spectroscopy and UV/vis/NIR absorption spec-
troscopy. Raman spectroscopy can be used to determine
many aspects of an SWNTs sample, including size distri-
bution, disorder from defects or functionalization, and gen-
eral electronic behaviors.

[0007] SWNTs possess unique optical properties as a
result of their one-dimensional nature. Sharp peaks in the
density of states, called van Hove singularities (VHS), arise
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from a quantization of the electronic wave vector 1n the 1-D
system [26]. As a result of these singularities, SWNTs
possess peaks 1n their optical spectra that correspond to
interband transitions from the valence band to the conduc-
tion band. In addition, the transitions are found to be
grouped in spectral space according to nanotube type (metal-
lic vs. semiconducting) and band index, which are respon-

sible for the observed sharp and pronounced optical absorp-
tion peaks in individual HiPco SWNTs |21, 23].

|0008] The side view of an SWNT 100 is illustrated in
FIG. 1a. The SWNT has a first end 110, an opposite, second
end 120 and a body portion defined therebetween the first
end 110 and the second end 120. The body portion contains
a carbon “wall” that 1s formed by a plurality of carbon atoms
in certain arrangements as known to people skilled 1n the art.
As 1llustrated 1n FIG. 15, the SWNT 100 can be considered
to have an exterior surface 130, an interior surface 140, and
a cavity 150, respectively.

[0009] Because current techniques produce SWNT5s in a
mixture form with about one third of metallic nanotubes and
two thirds of semiconducting nanotubes [46], separations of
semiconducting SWNTs from metallic SWNTSs are required
for practical applications [ 6,47]. The study of SWNT sepa-
rations is a subject of intense exploration [18-20]. The
discovery of surfactant-assisted dissolution of SWNTs 1in
aqueous sodium dodecyl sulfate (SDS) solution [23] has
oreatly stimulated the progress in this exciting area [ 18-20].

[0010] Water-soluble SWNTs (ws-SWN'Ts) with undis-

rupted characteristic optical absorption features have been
obtained by surface modifications such as functionalization
with carboxylate groups [14]| and surface coatings with
surfactants [21, 23] or single stranded DNA [ 18, 19]. FIG.
1c¢ illustrates an SWNT encased 1n polymeric material 170.
It has been observed that the optical characteristics of
surface modified SWNTs are pH sensitive [14, 18, 23-25],
which suggests new opportunities for SWN'Is based optical
biosensor applications yet to be explored. Nanotubes may
even be combined with recently developed nanolasers [ 33],
nano waveguides [53] and nano optical fibers [34], to make
optical nanosensors in the near future.

[0011] Therefore, a heretofore unaddressed need exists in
the art to address the aforementioned deficiencies and 1nad-
equacies.

SUMMARY OF THE INVENTION

[0012] The present invention, in one aspect, relates to a
method for surface modification of single walled carbon
nanotubes. The method includes the steps of providing a
detergent solution, adding a plurality of single walled carbon
nanotubes into the detergent solution, performing a first
sonication to disperse the single walled carbon nanotubes 1n
the detergent solution, and performing a second sonication
after the first sonication to make detergent encased single
walled carbon nanotubes. At least one of the plurality of
single walled carbon nanotubes 1s at least partially wrapped
by one or more detergent molecules to make it a detergent
encased single walled carbon nanotube. In one embodiment,
the detergent comprises SDS, PSS or a combination of them.
The first sonication process 1s performed at a frequency in
the range of from O to 20 kHz for a time period of from 0
to 5 minutes. The second sonication process 1s performed at
a frequency 1n the range of from 20 to 200 kHz for a time
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period of from 0 to 15 minutes. Each of the first and second
sonication processes 1s performed at a frequency for a time
period such that no significant amount of defects that may
alfect the optical properties of the single walled carbon
nanotubes 1s mtroduced.

[0013] Inone embodiment, at least one optical property of
the detergent encased single walled carbon nanotubes
responds to a chemical property change in the solution of the
detergent encased single walled carbon nanotubes. The
single walled carbon nanotubes comprise semiconducting
nanotubes, metallic nanotubes or a combination of them.
The response of the at least one optical property of the
detergent encased single walled carbon nanotubes to the
chemical property change of the solution of the detergent
encased single walled carbon nanotubes 1s more sensitively
related to the semiconducting nanotubes than the metallic
nanotubes 1n the solution of the detergent encased single
walled carbon nanotubes. The response of the at least one
optical property of the detergent encased single walled
carbon nanotubes to the chemical property change of the
solution of the detergent encased single walled carbon
nanotubes 1s reversible.

[0014] In another aspect, the present invention relates to a
biosensor responsive to a chemical property in an environ-
ment. The biosensor has a plurality of single walled carbon
nanotubes forming an array and showing a dependence of
the chemical property. The biosensor also has a processor
coupled to the array of the plurality of single walled carbon
nanotubes for processing the response of the plurality of
single walled carbon nanotubes to the chemical property. At
least one of the plurality of single walled carbon nanotubes
1s at least partially wrapped by one or more detergent
molecules to make 1t a detergent encased single walled
carbon nanotube. In one embodiment, the detergent com-
prises SDS, PSS or a combination of them.

[0015] In one embodiment, the chemical property is a
hydrogen peroxide concentration 1n an environment, and the
detergent encased single walled carbon nanotube 1s optically
responsive to the hydrogen peroxide concentration in the
environment.

[0016] In another embodiment, the at least one detergent
encased single walled carbon nanotubes 1s further wrapped
by one or more enzyme molecules to form a solution of
detergent encased single walled carbon nanotubes with the
enzyme. The hydrogen peroxide may be produced by an
enzyme as one of the turnover products from a correspond-
ing substrate.

[0017] In yet another embodiment, the chemical property
1s glucose concentration 1n an environment, the detergent
encased single walled carbon nanotube 1s further wrapped
by one or more glucose oxidase that may covert the glucose
to hydrogen peroxide and gluconic acid, and the at least one
detergent encased single walled carbon nanotube with glu-
cose oxidase 1s optically responsive to hydrogen peroxide
that 1s produced from the glucose by glucose oxidase 1n the
environment.

|0018] In yet another aspect, the present invention relates
to a surface modified single walled carbon nanotube that has
a layer of carbon atoms forming a wall defining a cavity
therein. The wall as formed has an outer surface and an inner
surface, and a first end and an opposite, second end and at
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least one molecule non-covalently attached at least to one of
the inner surface and the outer surface of the single walled
carbon nanotube. The single walled carbon nanotube 1s at
least partially surface modified with the at least one mol-
ecule to show an optical dependence of a chemical property
of an environment. The at least one molecule comprises one
of SDS, glucose oxidase, single stranded DNA, double-
stranded DNA and PSS. The chemical property 1s one of pH
value, hydrogen peroxide concentration, glucose concentra-
tion and ethanol concentration of the environment.

[0019] In a further aspect, the present invention relates to
a method of detecting a chemical compound. The method
includes the steps of providing a solution of surface modi-
fied single walled carbon nanotubes, associating the solution
of surface modified single walled carbon nanotubes with the
chemical compound, and detecting optically a chemical
property change of the solution of surface modified single
walled carbon nanotubes corresponding to the chemical
compound so as to detect the chemical compound. In one
embodiment, the detergent comprises SDS, PSS or a com-
bination of them. The associating step comprises a step of
forming a solution of the surface modified single walled
carbon nanotubes and the chemical compound.

[0020] In one embodiment, the chemical compound com-
prises at least one of a base and acid, and the corresponding
chemical property 1s pH of the solution of the surface
modified single walled carbon nanotubes.

[0021] In another embodiment, the chemical compound is
hydrogen peroxide, and the corresponding chemical prop-
erty 1s hydrogen peroxide concentration 1n the solution of
the surface modified single walled carbon nanotubes.

[0022] In yet another embodiment, the method further
comprises the step of adding an amount of glucose oxidase
to the solution of the surface modified single walled carbon
nanotubes before the associating step so that at least one of
the plurality of surface modified single walled carbon nano-
tubes 1s further wrapped by one or more glucose oxidase
molecules. The chemical compound i1s glucose, and the
corresponding chemical property 1s glucose concentration in
the solution of the surface modified single walled carbon
nanotubes with glucose oxidase. The glucose oxidase may
convert glucose to hydrogen peroxide and gluconic acid, and
the optically detecting step comprises a step of measuring
the optical properties of the solution of the surface modified
single walled carbon nanotubes with glucose oxidase
responsive to the concentration of the hydrogen peroxide
that 1s produced from glucose by glucose oxidase in the
solution of the surface modified single walled carbon nano-
tubes with glucose oxidase.

[10023] In one embodiment, the method further comprises
the step of adding an amount of enzyme to the solution of the
surface modified single walled carbon nanotubes before the
assocliating step so that at least one of the plurality of surface
modified single walled carbon nanotubes 1s further wrapped
by one or more of the enzyme molecules. The chemical
compound 1s a substrate of the enzyme that 1s convertable to
hydrogen peroxide as one of its turnover products by the
enzyme, and the corresponding chemical property i1s the
substrate concentration in the solution of the surface modi-
fied single walled carbon nanotubes with the enzyme.

10024] In another embodiment, the chemical compound is
iodine, and the corresponding chemical property 1s the
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1odine concentration in the solution of the surface modified
single walled carbon nanotubes. In yet another embodiment,
the chemical compound 1s oxidant, and the corresponding
chemical property 1s the oxidant concentration 1n the solu-
tion of the surface modified single walled carbon nanotubes.
In one embodiment, before the associating step, the method
further comprises the steps of adding an amount of glucose
ox1idase to the solution of the surface modified single walled
carbon nanotubes so that at least one of the surface modified
single walled carbon nanotubes 1s further wrapped by one or
more glucose oxidase molecules and adding an amount of
1odide to the solution of the surface modified single walled
carbon nanotubes with glucose oxidase. In one embodiment,
the chemical compound 1s 10dine that 1s produced 1n situ
from the reaction of 1odide with hydrogen peroxide, which
1s produced from glucose by the glucose oxidase, and the
chemical property 1s the 10dine concentration 1n the solution
of the surface modified single walled carbon nanotubes.

[0025] In one aspect, the present invention relates to a
method of optically detecting a chemical property change in
a solution of surface modified single walled carbon nano-
tubes induced by sonication. The method includes the steps
of providing a solution of surface modified single walled
carbon nanotubes, performing a sonication on the solution of
surface modified single walled carbon nanotubes, and
detecting optically the response of the solution of surface
modified single walled carbon nanotubes to a chemical
property change of the solution of the solution of surface
modified single walled carbon nanotubes induced by the
sonication. In one embodiment, the detergent comprises
SDS, PSS or a combination of them. The sonication 1s
performed at a frequency in the range of from 20 to 200 kHz
for a time period of from O to 200 minutes at a temperature
in the range of from 0 to 100° C. The chemical property is
pH 1n the solution of surface modified single walled carbon
nanotubes. The chemical property change 1s corresponding
to nitrous acid and nitric acid concentrations induced by
sonication 1n the solution of surface modified single walled
carbon nanotubes.

[0026] These and other aspects of the present invention
will become apparent from the following description of the
preferred embodiment taken 1n conjunction with the follow-
ing drawings, although variations and modifications therein
may be atfected without departing from the spirit and scope
of the novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1. shows (a) a side view of a single walled
carbon nanotube; (b) a perspective view of a single walled

carbon nanotube; (¢) SWNT encased in polymeric material;
and (d) SWNT encased in SDS.

10028] FIG. 2. illustrates schematically a process to syn-
thesize SDS encased SWNTs.

10029] FIG. 3. shows the pH dependence of SDS encased
SWNTs.
10030] FIG. 4. shows the pH dependence of pristine

SWNTs with coating of Triton X-100 and PVP.

10031] FIG. 5. shows the pH dependence of pristine
SWN's with coating of poly(sodium 4-styrenesulfonate
(PSS).
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[10032] FIG. 6. illustrates the chemical structure of the
polymers used as models for pH sensing according to one

embodiment of the present invention.

10033] FIG. 7. shows a possible mechanism of the for-

mation of nitrous acid and nitric acid 1n aerated water under
sonication.

10034] FIG. 8. is a flowchart for a process to measure the
optical response of SDS-SWN'Is to pH change induced by
sonication according to one embodiment of the present
invention.

[0035] FIG. 9. shows the absorption spectra of (a) a 5 mL
HiPco SWNT solution; and (b) a 0.5 mL HiPco SWNT

solution after different sonication times according to one
embodiment of the present invention.

[0036] FIG. 10. shows the changes in pH of an SDS

solution as a function of sonication time according to one
embodiment of the present invention.

[0037] FIG. 11. shows (a) an enlarged absorption spectra
showing the details 1n the S, region with corresponding pH

changes induced by sonication of FIG. 9a and (b) absor-
bance dependence of two S,, peaks of the HiPco SWNT

solution on different pHs induced by sonication.

10038] FIG. 12. shows the absorption spectra of a 0.5 mL
HiPco SWNT solution sonicated for 0.5 minutes, 65.5
minutes, and the recovery of the S,, peaks after the pH 1s
adjusted to 10.

[0039] FIG. 13. shows the absorption spectra of a 0.5 mL
SDS-encased HiPco SWNT solution in a pH 6.0 phosphate
buffer (0.05M) before and after an extensive sonication.

10040] FIG. 14. is a flowchart for a process to measure the
optical response of SDS-SWNTs to H,O,, at different con-
centrations according to one embodiment of the present
invention.

10041] FIG. 15. 1s a flowchart for a process to measure the
optical response of SDS-SWNTs to H,O,, at different time
points.

10042] FIG. 16. shows time-dependent vis/NIR absorp-
tion spectra of SDS-SWN'Ts in pH 6.0 buifer solution after
addition of 30 ppm H,O..

[0043] FIG. 17. shows (a) concentration-dependent vis/

NIR absorption spectra of SDS-SWN'Ts 1n pH 6.0 butfer
solutions under different H,O., concentrations from 1 ppm to
200 ppm; (b) the absorbance of the S;; band of a SDS-

SWNTs sample at peaks 1245 nm and 1322 nm normalized
by the absorbance of the S, ., band of the same sample at peak
659 nm, Ag /Ag , responding to H,O, concentration
changes exponentially.

10044] FIG. 18. shows the reversible optical response of a
H,O, mteracted SDS-SWN'Ts sample after removal of H,O,

by MnO., catalyzed decomposition.

10045] FIG. 19. shows the spectral changes of an SDS-
encased HiPco SWNTT solution at different catalase concen-

trations.

10046] FIG. 20. shows the recoverable optical absorption

of an H,O,-interacted SDS-HiPco SWNT solution in pH 6.0
buffer after decomposing the H,O, into H,O and O, with

catalase (140 units/ml).
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[0047] FIG. 21. shows (a) absorption spectra of an SDS-
encased HiPco SWNT solution containing 100 ppm H,O,, at

various pHs; (b) the ratio As,,/As,, of the absorbances of the
S,; (1322 nm) and the S,, (659 nm) peaks reversibly

responds to the pH changes.

10048] FIG. 22. is a flowchart for a process to measure the
optical response of SDS-SWN'Ts to pH 1n the presence of a
fixed amount of H,O..

10049] FIG. 23. shows the absorption spectra of a SDS-
encased HiPco SWNT solution m a pH 6.0 buffer in

response to I,. The suppressed spectral features are restored
by ftitrating the solution to pH 10.6.

[0050] FIG. 24. 1s a flowchart for a process to measure the
optical response of GOXx-SDS-SWNTs to glucose at different
fime points.

10051] FIG. 25. is a flowchart for a process to measure the
optical response of GOx-SDS-SWNTs to glucose at different
glucose concentrations.

10052] FIG. 26. is a flowchart for a process to measure the
optical response of GOx-SDS-SWNTs with a fixed amount

of glucose to pH changes.

[0053] FIG. 27. shows (a) absorption spectra of SDS-
encased HiPco nanotubes 1n a pH 6.0 buifer solution before
and after addition of 40 units/mL GO_; (b) absorption
spectra of GO_-SDS-SWNTs (HiPco) in a pH 6.0 buffer

solution change with time after addition of 0.5 mM glucose.

10054] FIG. 28. shows the recovery of the optical absorp-
tion of glucose-interacted GO_-SDS-SWNTs (HiPco)
samples mm pH 6.0 buffers with 40 units/mL. GO_ by the
addition of (a) catalase; (b) adjusting the pH to 10.0.

[0055] FIG. 29. shows (a) changes in the absorption
spectra of GO_-SDS-SWN'Ts (HiPco) suspended in 1 wt %
SDS solution versus glucose concentration; (b) glucose
concentration-dependent absorbances; (¢) mechanistic illus-
tration of the process of detecting glucose with GOx-SDS-

SWNs.

[0056] FIG. 30. shows (a) changes in the absorption
spectra of GO_-SDS-SWN'Ts 1 a 1 wt % SDS solution as a

function of time after addition of 1.0 mM glucose; (b) as a
function of time at various glucose concentrations.

[0057] FIG. 31. shows (a) the aqueous solutions of DNA
and DNA-SWN'Ts; (b) Raman spectra of a pristine HiPco
mat sample and a DNA-SWN'Is sample drop-dried on a Si
substrate.

[0058] FIG. 32. shows (a) UV/vis/NIR absorption spectra
of a DNA-SWN'Is solution titrated from pH 7.0 to 10.0; (b)
the pH dependence of the absorbance of the (8,7) nanotube
S,, band at 1280 nm of a DNA-SWN'Ts sample normalized

by the absorbance of the S,, band at 730 nm of the same
sample, Ag (1280)/Ag (730).

[0059] FIG. 33. shows UV/vis/NIR absorption spectra of
the DNA-SWNTs solution shown in FIG. 32 titrated (a)
from pH 10.0 down to 5.5; (b) from pH 6.0 up to 9.0.

DETAILED DESCRIPTION OF THE
INVENTION

[0060] The present invention 1s more particularly
described 1n the following examples that are intended as
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illustrative only since numerous modifications and varia-
tions therein will be apparent to those skilled in the art.
Various embodiments of the 1nvention are now described 1n
detail. Referring to the drawings, like numbers indicate like
parts throughout the views. As used 1n the description herein
and throughout the claims that follow, the meaning of
“a,”“an,” and “the” includes plural reference unless the
context clearly dictates otherwise. Also, as used in the
description herein and throughout the claims that follow, the
meaning of “in” includes “mn” and “on” unless the context

clearly dictates otherwise.

DEFINITIONS

[0061] The terms used in this specification generally have
their ordinary meanings in the art, within the context of the
invention, and 1 the specific context where each term 1s
used. Certain terms that are used to describe the invention
are discussed below, or elsewhere 1n the specification, to
provide additional guidance to the practitioner regarding the
description of the invention. For convenience, certain terms
may be highlighted, for example using italics and/or quota-
tion marks. The use of highlighting has no influence on the
scope and meaning of a term; the scope and meaning of a
term 1S the same, 1n the same context, whether or not 1t 18
highlighted. It will be appreciated that the same thing can be
said 1n more than one way. Consequently, alternative lan-
cguage and synonyms may be used for any one or more of the
terms discussed herein, nor 1s any special significance to be
placed upon whether or not a term 1s elaborated or discussed
herein. Synonyms for certain terms are provided. A recital of
onc or more synonyms does not exclude the use of other
synonyms. The use of examples anywhere 1n this specifica-
tion, mcluding examples of any terms discussed herein, 1s
illustrative only, and 1n no way limits the scope and meaning
of the mvention or of any exemplified term. Likewise, the
invention 1s not limited to various embodiments given in this
specification.

[0062] As used herein, “around”, “about” or “approxi-
mately” shall generally mean within 20 percent, preferably
within 10 percent, and more preferably within 5 percent of
a given value or range. Numerical quantities given herein are
approximate, meaning that the term “around”, “about” or
“approximately” can be inferred if not expressly stated.

[0063] As used herein, the term “SDS” refers to sodium
dodecyl sulfate.

[0064] As used herein, the term “PSS” refers to poly(so-
dium 4-styrenesulfonate).

[0065] As used herein, the term “PVP” refers to poly(vi-
nylpyrrolidone).

[0066] As used herein, the term ”GOx” refers to glucose
oxidase.

[0067] As used herein, the term “SWN'Ts” refers to single
walled carbon nanotubes.

[0068] As used herein, the term “ws-SWNTs” refers to
water soluble single walled carbon nanotubes.

[0069] As used herein, the term “SDS-SWN'IS” refers to
SDS encased single walled carbon nanotubes.

[0070] As used herein, the term “GOx-SDS-SWNTs”
refers to SDS encased single walled carbon nanotubes with
glucose oxidase.
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[0071] As used herein, the term “GOx-SDS-HiPco” refers
to SDS encased HiPco single walled carbon nanotubes with
glucose oxidase.

[0072] As used herein, the term “DNA-SWNT” refers to

double stranded DNA encased single walled carbon nano-
tubes.

[0073] As used herein, the term “UV/vis/NIR” refers to
ultra violate-visible-near infra red.

OVERVIEW OF THE INVENTION

[0074] Among other things, applicants have invented a
method of detecting hydrogen peroxide with SDS encased
single walled carbon nanotubes and corresponding biosen-
sor(s). In one aspect, the present invention relates to near IR
optical absorption (or reflection) methods for any forms of
SWNTs, which can be 1solated nanotubes, aggregated nano-
tubes or bundles. The SWNTs can be any SWNTs made by
various techniques including HiPco and SWN'Ts made by a
laser oven technique and by an arc discharge technique.
Charge groups of modification species on the sidewall of
SWNTs are required for pH sensing in aqueous solution.
Without the charge groups’ presence, SWNTs will not work
for sensing pH changes.

[0075] In one embodiment, the present invention utilizes
near IR optical absorption (or reflection) methods that use
the imtensity ratio S,,/S,, of the first and second opftical
interband transitions of semiconducting SWN'Ts for sensing
[ 14]. The S,, band is less sensitive to environment changes
so 1t can be used to serve as an internal reference. In
applications, two wavelengths near the peak absorption of
S and S,, coming from two near IR laser beams or from
filtered light generated from a white light source can be
adopted. No visible light 1s requested for excitation, which
could be harmful for biological applications. From this
discovery, a wide range of sensors can be designed by using
a wide range of materials with charge groups such as amines,
protemns and DNA. The negatively charged sulfonate groups
of PSS and phosphate groups of DNA serve as sensing
groups for pH. A device can be built by combining indi-

vidual or bundled SWNTs with nanolasers [32, 33] or nano
optical fibers [34] so the whole device can be a nanodevice.

METHODS AND IMPLEMENTAITTONS

[0076] Without intent to limit the scope of the invention,
additional exemplary methods and their related results
according to the embodiments of the present invention are
ogrven below. Note that titles or subfitles may be used in the
examples for convenience of a reader, which 1n no way
should limit the scope of the invention. Moreover, certain
theories maybe proposed and disclosed herein; however, 1n
no way they, whether they are right or wrong, should limait
the scope of the mvention so long as the present mvention
1s practiced without regard for any particular theory or
scheme of action.

EXAMPLES

Example 1

SDS Encased SWN's and Their Properties
Preparation of SDS Encased SWN'Ts

[0077] In one embodiment, about 2.4 mg pristine SWN'Ts
(such as HiPco or Tube@Rice) were weighed on a TGA
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microgram balance and placed 1n a 10 mL test tube with 5
mL 1 wt % SDS aqueous solution. In an ultrasonic bath
(Branson Model 1510, 42 kHz), a mild (first) sonication was
applied for 1-3 minutes to disperse HiPco nanotubes and
then the mixture was vigorously sonicated (a second soni-
cation) for about 1 minute. Short sonication time was
applied because the optical properties of HIPco SWNTs are
very sensitive to sonication. The resulting mixture was
centrifuged (Sargent-Welch Scientific Co.) for about 1 hour.
0.8 mL of the top portion of the centrifuged sample was
decanted and diluted with the SDS solution to make a
solution of SDS encased SWNTs (SDS-SWNTs) for subse-
quent analysis. FIG. 14 illustrates the outer surface 130 of
an SDS-SWNT 1wrapped with SDS molecules 160.

[0078] A process to synthesize SDS-SWNTs 1s schemati-
cally 1llustrated 1n FIG. 2. At step 210, an SDS solution 1s
provided. At step 220, SWNTs are added mto the SDS
solution. At step 230, a first sonication 1s performed to
disperse SWNTs to the SDS solution at a frequency 1n the
range from O to 20 kHz for a time period from O to 5 minutes.
At step 240, a second sonication 1s performed to make an
SDS encased SWNTs solution mixture at a frequency in the
range from 20 to 200 kHz for a time period from O to 15
minutes. At step 250, the solution mixture 1s centrifuged and
only the supernatant that contains SDS-SWN'Ts 1s collected.
At step 260, the supernatant 1s diluted to make a solution of
SDS-SWN'Is suitable for subsequent optical measurements.

SDS Encased SWNTs Response to pH Change

[0079] According to one embodiment of the present inven-
tion, the optical properties of SDS encased SWNTs are
responsive to pH change 1n their environment. As 1llustrated
in FIG. 3a, at pH 11, the UV/vis/NIR absorption of SDS
encased pristine Tube@Rice SWNTs has a prominent peak
310 with wavelength range from 1400 nm to 2000 nm. The
intensity of the peak 320 corresponding to the pH in the
solution at 3 1s significantly lower than the intensity of the
peak 310 at pH 11. Similar results were observed for SDS
encased pristine HiPco SWN'Ts as 1llustrated in FI1G. 3b.
The UV/vis/NIR absorption of SDS encased pristine HiPco
SWNTs has a prominent peak 330 with wavelength range
from 1000 nm to 1600 nm. The intensity of the peak 340

corresponding to the pH 1n the solution at 3 1s significantly
lower than the mtensity of the peak 330 at pH 11.

SWNTs Encased with Other Detergents

[0080] Charge groups are crucial for pH sensing of
SWNTs. Three different kinds of detergents, sodium dodecyl
sulfate (SDS) with charge groups, Triton X-100 and poly-
(vinylpyrrolidone) (PVP) without charge groups are chosen
as coating materials for SWN'Ts. As 1llustrated in FI1G. 4a-d,
respectively, the pristine Tube(@Rice and HiPco SWNTs are
insensitive to pH changes under the coating of Triton X-100
and PVP polymer because the spectra obtained at pH 3 or 11
are nearly super imposable to each other. However, as shown
in FI1G. 3a and 3b, respectively, the pristine Tube(@Rice and
HiPco SWNTs show pH-dependence after encased with
SDS. The importance of charge group in SWNTs pH sensing
has been confirmed by using other materials with charge
groups such as poly(sodium 4-styrenesulfonate (PSS, MW
~70,000). As illustrated in FIG. 5a, at pH 11, the UV/vis/
NIR absorption of SDS encased pristine Tube(@Rice
SWNTs has a prominent peak 510 with wavelength range
from 1400 nm to 2000 nm. The intensity of the peak 520
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corresponding to the pH 1n the solution at 3 1s significantly
lower than the intensity of the peak 510 at pH 11. Similar
results were observed for SDS encased pristine HiPco
SWNTs as 1llustrated 1n FIG. 5b. The UV/vis/NIR absorp-
tion of SDS encased pristine HiPco SWNTs has a prominent
peak 530 with wavelength range from 1000 nm to 1600 nm.
The 1ntensity of the peak 540 corresponding to the pH 1n the

solution at 3 1s significantly lower than the intensity of the
peak 530 at pH 11.

[0081] FIG. 6 listed the chemical structure of some poly-
mers used as models for pH sensing according to the present
mvention. SDS and PSS have negatively charged sulfate 610
and sulfonate 620 group, respectively.

|0082] The results indicate that the negatively charged
groups on the coating materials are necessary for SWNT-
based pH sensing [ 14, 30, 48]. The pH range for observation
of the optical changes of SWNTs may differ depending on
the encasing material used and its 1soelectric point or
equilibrium constants, which changes the pH range for
protonation and deprotonation. To achieve the optimal pH
sensing range, other detergents that are analogs of or struc-
turally stmilar to SDS or PSS can be used. Detergents with
negative charge may also be used together as a mixture.

[0083] Pristine SWNTs do not respond to pH changes

when they are dispersed in water by using a neutral polymer
surfactant Triton X-100 wrapping. The observation of no
changes 1n the electronic band structure S,, of pristine
SWNTs when they are exposed 1n neutral polymer surfactant
environments suggests an important application for using
those polymers as protecting regents when no perturbation
for pristine SWN'Ts 1s required 1n aqueous solution.

SDS Encased SWNTs Response to Sonication in Aerated
Water

|0084] Vigorous ultrasonication is often employed to
enhance the dissolution of SWN'Ts 1n SDS aqueous solution,
by encasing individual nanotubes in SDS. Such isolated
nanotubes are crucial for separating metallic and semicon-
ducting nanotube [20]. However, the sonication of aerated
water 1s a quite complex process that generates various
reactive intermediates [36-41]. As illustrated in FIG. 7,
nitrous acid 710 (HNO,) and nitric acid 720 (HNO;) are
formed 1n aerated water under sonication. The effects of
sonication on the optical properties of SWNTs are further
studied.

Experimental Examples

|0085] Pristine HiPco SWNTs, with tube diameters
between 0.7 and 1.1 nm and a length distribution from
several hundred nanometers to a few micrometers, were
purchased from Carbon Nanotechnology, Inc [23]. SDS was
purchased from Sigma-Aldrich with purity >99%. HiPco
solutions 1In 1 wt % SDS i H,O were prepared using
methods known to people skilled in the art [23]. Briefly,
about 2.4 mg pristine HiPco SWNTs were weighed on a
microgram-scaled balance 1n a TGA and placed in a 10 mL
test tube with 5 mL 1 wt % SDS aqueous solution. An
ultrasonic bath (Branson Model 1510R-MT, 42 kHz with
rated power output of 70 W) was used to disperse HiPco
SWNTs 1n SDS solutions. The starting ultrasonic bath
temperature was room temperature and it may increase up to
40° C. under prolonged sonication. The mixture in the test
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tube was sonicated for about 4 minutes and then was
centrifuged (Sargent-Welch Scientific Co.) for 15 minutes.
About 2 mL of the top portion of the centrifuged sample was
decanted and diluted with 6 mL SDS solution. Two SWNT
solution samples with volumes of 0.5 and 5 mL were
transterred mto two 10 mL test tubes for further sonication
studies. 0.5 mL 1s the minimum volume that could be used
for optical absorption measurements and 5 mL 1s suitable for
pH measurements. It was observed that the etfects of soni-
cation on SWNT solutions were related to the solution
volume. The 0.5 mL solution required much longer sonica-
tion time (up to 65.5 minutes) to exhibit optical property
changes similar to those in the 5 mL solution (0-5 minutes).
For the sake of clarity, the results reported here are mainly
for the 5 mL SWNT solution, only some results of 0.5 mL
SWNT solutions were 1ncluded. UV/vis/NIR absorption
spectra were measured by using a Perkin-Elmer UV/Vis/
NIR spectrometer. A quartz cell of 1 mm path length was
used for holding solutions. The absorption spectra of the
samples after different sonication times were recorded and
the SDS solution was used as a reference for background
subtraction. An Orion Model 420 pH meter with a Ag/AgCl
referenced Orion pH glass electrode was used to measure the
pH of 5 mL samples of SDS solution after sonication for
various times. All measurements were conducted at room
temperature.

[0086] The processes to measure the optical response of
SDS-SWN'Is to pH change induced by ultrasonication 1is
schematically illustrated 1n FIG. 8. At step 810, a solution
of SDS-SWNTs 1s provided. At step 820, the UV/vis/NIR
absorption and pH value of the solution are measured as base
values. A first sonication 1s performed at step 830 on the
SDS-SWNTs solution at a frequency 1n the range of from 20
to 200 kHz for a time period of from 0 to 200 minutes at a
temperature in the range of from 0 to 100° C. The UV/vis/
NIR absorption and pH value of the solution 1s measured at
step 840 to find out the changes 1n absorption of SDS-
SWNTs and in pH induced by the first sonication. A second
sonication 1s performed at step 850 on the SDS-SWNTs
solution at a frequency 1n the range of from 20 to 200 kHz
for a time period of from 0 to 200 minutes at a temperature
in the range of from 0 to 100° C. The UV/vis/NIR absorption
and pH value of the solution 1s measured at step 860 to find
out the changes 1n absorption of SDS-SWNTs and m pH
induced by the second sonication. The sonication and mea-
surement steps may be repeated unftil all desired data 1s
collected.

Results and Discussion

[0087] FIG. 9a shows the absorption spectra of the 5 mL
SWNT solution after sonication for times ranging from 0 to

3.5 minutes, with 0.5 minutes increments. Spectra 905, 910,
915, 920, 925, 930, 935, and 940 correspond to sonication

time points 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 minutes,
respectively. The absorption bands at >830 nm come from
the S, transitions of semiconducting SWN'Is with different
diameters while the bands at <830 nm belong to the inter-
band transitions of the first pair (M, ) of metallic nanotubes

and the second pair (S,,) of semiconducting nanotubes
[5a,14,21,23-25,29,45]. The intensity of the S,; bands

decreases with sonication time while sonication has less

impact on the M,, and S,, bands. Similar results were
observed with 0.5 mL SWNT solution as illustrated 1n FIG.

9b. Spectra 9485, 950, 95§, 960, 965, 970, 975, 980, and 985
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correspond to sonication time points 0, 0.5, 5.5, 10.5, 15.5,
20.5, 25.5, 35.5, and 45.5 minutes, respectively. Hardly any
change 1n the spectra was observed after 0.5 minutes soni-
cation as 1t 1s shown that spectrum 945 from 0 minute
measurement, 1.€., no sonication, superimposed with spec-
trum 950 from 0.5 minutes measurement. The 0.5 mL
solution required much longer sonication time (up to 65.5
minutes) to exhibit optical property changes similar to those
in the 5 mL solution (0-5 minutes). The observed changes in
the spectra after the sonication are very similar to pH
induced spectral changes observed 1n Refs. 14, 18, and 24,
an 1ndication that the pH of the SWNT solution may drift
into a more acidic range with sonication due to the formation
of nitric and nitrous acids by sonication [36-41].

[0088] To confirm that sonication induces changes in pH
of the SWNT solution, a control experiment was conducted
for direct pH measurements under the same sonication
conditions used for the SWNT solution 1n FIG. 9a. The
measured pH values are shown 1n FIG. 10, where a sub-
stantially linear relationship 1s observed between sonication-
induced pH and sonication time. Based on the result in FIG.
10, the S,, region in FIG. 9a 1s enlarged as shown 1n FIG.
11a, with corresponding sonication-induced pH changes.
Spectra 905 (0 minute sonication), 910 (0.5 minute sonica-
tion), 915 (1.0 minute sonication), 920 (1.5 minute sonica-
tion), 925 (2.0 minute sonication), 930 (2.5 minute sonica-
tion), 935 (3.0 minute sonication), and 940 (3.5 minute
sonication) correspond to pH values of 6.1, 6.0,5.9, 5.8, 5.6,
5.5,5.3, and 5.2, respectively. The sonication reduces the pH
by only about 1 unit while significant spectral changes in the
S,; bands simultaneously occur, suggesting that SDS-en-
cased SWN'Ts may be used as a sensor for detection of
sonolysis-induced pH changes with high sensitivity [ 30, 14].
To further check the sonication-induced pH decrease, pure
water and SDS solutions in 1, 3, 5, 7, and 9 wt % were also
examined with 5 min sonication. A pH decrease in all
solution samples was observed, indicating that 1t 1s a general
phenomenon for aerated water [36-41]. In addition, after
mixing an SWNT solution (the top portion of the centrifuged
SWN'T sample with well-reserved S;,; band intensities) with
a 1 wt % SDS solution whose pH decreased to 5.0 after
sonication, a decrease 1 S,; band intensities was also
observed. This result further indicates that the sonication-
induced pH changes in the solution may cause the spectral
changes.

[0089] To further elucidate the relationship between the
sonication-induced pH changes and the interband intensity
of S,, bands, two representative S,, bands at 1245 nm and
1322 nm corresponding to semiconducting nanotubes (8, 7)
and (9, 7) with diameters 1.03 and 1.1 nm, respectively were
selected [29]. The 1245 nm band may also overlap with
bands from (9, 5), (10, 3) and (10, 5) nanotubes, and the
1322 nm band overlaps with bands from (12, 4) and (13, 2)
nanotubes [ 25,48]. The intensity of the two bands is plotted
as a function of sonication-induced pH changes as illustrated
in FI1G. 11b. There are nearly linear relationships between
the S, band 1245 NM (1110) and 1322 nm (1120) intensities
and sonication-induced pH changes. The top axis 1130

shows the corresponding sonication time increasing from
right to left.

[0090] It has been observed that the S,, bands reversibly
respond to pH changes [ 14, 18, 24, 25,48]. It was therefore

unsurprising that increasing the pH recovered S, bands that

Feb. 23, 2006

were suppressed by sonication. FIG. 12 shows absorption
spectra of a 0.5 mL HiPco SWNT solution sonicated for 0.5
minutes (1210) and 65.5 minutes (1220). After addition of
0.1 M NaOH to adjust the pH of the solution to 10,
absorption of the S;; bands were fully restored (1230).
Lowering the solution pH to 5.0 by adding 0.1 M HCI
suppresses the S, bands again, similar to other observations
of SDS-encased SWN's [24].

[0091] The sonication of aerated water is a complex
process involving various reactive intermediates [36-41].
The above results suggest that the acids generated by
sonication may be responsible for the observed spectral
changes. There 1s also a consideration that degassing CO,
during sonication and redissolution of CO, after sonication
may cause the observed pH changes. A pH calculation was
performed on water in equilibrium with CO, (assuming a
maximum CO, concentration of 400 ppm) and it was found
that the lowest pH attributable to atmospheric CO, was
about 5.65 [49]. Therefore atmospheric CO, cannot bring
the pH down to 5.2 as shown 1n FIG. 10. The observed
decrease 1n pH by sonication 1s mainly due to nitric acid and
nitrous acid produced from the sonolysis of O,, N, and H,O
as illustrated in FIG. 7[36-41]. The protonation of SDS-
encased SWN'Ts induced by these acids depletes the valence
band electrons of semiconducting SWNTs and so decreases
the S,, band intensity [5a, 14]|. However, the observed full
restoration of the S,; bands by addition of NaOH also
indicates that the actual lattice structure of the SWNTs 1s
undisrupted after sonication.

[10092] To further examine whether the pH changes are the
dominant factor in the optical changes of SWNTs, an
SDS-encased SWNTs 1n a 50 mM phosphate buffer of pH
6.0 was also sonicated. The pH changes 1n a buifer should
be small and only subtle changes 1n optical absorption of
sonicated SWNTs are expected under these conditions. The
results are shown in FIG. 13. Spectra before (1310) and after
(1320) 35.5 minutes sonication show that prolonged soni-
cation causes no significant spectral changes for most
absorption bands except the 1322 nm band (1330), respec-
tively. The intensity of the 1245 nm band (1340) also
decreases slightly. The result 1s significantly different from
non-buifered solutions as shown in FIG. 9a and 9b, sug-
gesting that the spectral changes of SWN'Ts under sonication
may be mainly caused by a pH-related process. Other
possible intermediates such as oxidizing species NO and
H O, [36-41] may contribute to the spectral suppression
through electron withdrawal from SWNTs. However, as
shown 1n FIG. 13, their contribution 1s more distinct for the
larger-diameter nanotubes such as the (9, 7) nanotubes at
1322 nm and 1s less significant for the smaller-diameter
nanotubes with bands <1170 nm without the involvement of
the sonication-induced pH decease.

Conclusions

[0093] Ultrasonication 1S a necessary process to make
single-walled carbon nanotubes (SWNT5s) soluble in aque-
ous solution with surfactants such as sodium dodecyl sulfate
(SDS). It is observed that sonication induced pH changes
suppress the optical transitions of the first interband transi-
tion pair (S;;) in the density of states of semiconducting
SWNTs while other possible intermediates induced by soni-
cation contribute less significantly to the observed spectral
changes without the involvement of sonication-induced pH



US 2006/0040331 Al

decrease. The suppressed S,, peaks can be restored by
adding basic solution, suggesting that the lattice structure of
SWNTs 1s undisrupted by the sonication used here. The
absorbance of S,, peaks shows a nearly linear relationship
with sonication induced pH changes 1n the narrow pH range
of 5.2 and 6.1. The results indicate that SDS-encased
SWNTs may be used as an indicator for sonolysis-related
applications.

10094] Additionally, the results obtained suggest that to
avold sonication-induced optical changes of SWN'Ts, soni-
cation can be done 1n a buffer with pH >6.0 or by making the
SDS solution to more basic such as pH 10 as 1s usually done
in sonication-related HiPco resecarch. Example 2 SDS
encased SWNTs for Hydrogen Peroxide Sensing

SDS Encased SWNTs Respond to Hydrogen Peroxide Con-
centration

[0095] Many enzyme-catalyzed reactions yield hydrogen
peroxide (H,O,) as a product [52]. Although H,O, has been
used in purification of SWNTs [7a], it 1s understood that no
research 1s known to address its interaction with SWNTs for
optical sensing. In view of recent great progress in the
development of nanolasers [33], nanowaveguides [53] and
optical nanofibers [34], there are urgent needs to develop
new nanostructural materials that can utilize these nano light
sources for optical nanosensors. Here, a representative ws-
SWNT system, namely HiPco SWN'Ts encased 1n the sur-
factant sodium dodecyl sulfate (SDS) 1s used to study the
SWNT solution reaction with H,O.,.

Experimental Examples

[0096] Raw HiPco SWNTs (purity ~95 atm %) were
purchased from Carbon Nanotechnologies, Inc [23]. The
nanotube diameters range from 0.7 to 1.1 nm and are from
several hundred nanometers to a few micrometers long [23].
The reagents SDS (>99% pure), H,O, (30 wt %) and
catalase (EC 1.11.1.6, 1870 units/mg) were from Sigma-
Aldrich. Nanotube solutions 1n 1 wt % SDS 1n H,O were
prepared using a procedure known to people skilled 1n the art
[23]. Briefly, in a typical experiment, about 2.4 mg pristine
HiPco SWN'Ts were weighed on a microgram-scaled bal-
ance 1n a TGA and placed 1n a 10 mL test tube with 5 mL
1 wt % SDS aqueous solution. Mild sonication was applied
in an ultrasonic bath (Branson Model 1510, 42 kHz) for 1-3
minutes to disperse HiPco nanotubes, and then the mixture
was vigorously sonicated for about 1 minute. Longer soni-
cation time was avoided since the optical features of SWN'Is
may be suppressed by prolonged sonication. The resulting
mixture was centrifuged (Sargent-Welch Scientific Co.) for
1 hour, and then 0.8 mL of the supernatant was decanted and
diluted with the SDS solution. About 0.13 mL of the diluted
HiPco solution was mixed with an equal amount of pH 6.0
phosphate buffer (50 mM) and transferred into a 1 mm
quartz cell. The resulting solution had an optical absorbance
of about 0.3 at 1245 nm at a HiPco concentration of about
0.1 mg/ml. A series of such solutions were prepared with
H O, concentrations ranging from 0 to 200 ppm. The time-
dependent optical absorption of the solutions was measured
at room temperature 1n 1 mm quartz cells using a Perkin-
Elmer Lamda 19 UV/Vis/NIR spectrometer [54]. All
samples were prepared 1 pH 6.0 butfer solutions to elimi-
nate possible pH induced spectral changes. SDS solutions in
pH 6.0 buffers without HiPco nanotubes were used for
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absorption backeground subtraction. For reversibility experi-
ments with pH tuning, 0.1 M NaOH and 0.1 M HCl solutions
were used for pH fitrations. An Orion Model 420 pH meter
with a Thermo Electron Orion micro pH glass electrode was
used to measure the pH of the HiPco nanotube solution
samples.

[0097] The process to measure the optical response of
SDS-SWNTs to H,O., at different concentrations 1s sche-
matically illustrated in FIG. 14. At step 1410, a solution of
SDS-SWNTs 1s made or provided. At step 1420, the UN/vis/
NIR absorption of the SDS-SWNTs solution 1s measured as
a baseline. At step 1430, a first amount of H,O, 1s added to
the SDS-SWN'Ts solution and mix well to form a solution
with a first concentration of H,O,. UV/vis/NIR absorption
of the solution 1s then measured at 1440 to find out the
change 1n absorption of SDS-SWN'Ts induced by the addi-
tion of the first amount of H,O,. At step 1450, a second
amount of H,O, 1s added to the SDS-SWN'Ts solution and
mix well to form a solution with a second concentration of
H,O,. UV/vis/NIR absorption of the solution 1s measured at
1460 to find out the change 1 absorption of SDS-SWN'Ts
induced by the addition of the second amount of H,O,. The
process of H,O,, addition and subsequent measurement may
be repeated until all the desired data are obtained.

[0098] Similarly the process to measure the optical
response of SDS-SWN'Ts to H,O,, at different time points 1s
schematically illustrated in F1G. 15. At step 1510, a solution
of SDS-SWNTs 1s made or provided. At step 1520, the
UN/vis/NIR absorption of the SDS-SWNTs solution 1s mea-
sured as a baseline. At step 1530, an amount of H,O, 1s
added to the SDS-SWNTs solution at time point t, and mix
well to form a solution with a fixed concentration of H,O..
UV /vis/NIR absorption of the solution 1s measured at time
point t, (1540) to find out the change in absorption of
SDS-SWN'Is induced by the addition of the H,O,. UV/vis/
NIR absorption of the solution 1s measured at time point t,
(1550) to find out further change in absorption of SDS-
SWNTs induced by the addition of the H,O,. The process ot
fime point measurement 1s repeated until all desired data are
obtained.

Results and Discussion

[10099] FIG. 16 shows a typical set of time-dependent
absorption spectra of SDS-encased HiPco SWNTs after
addition of 30 ppm H,O,. The first interband transition of
semiconducting SWNTs (S,,) occurs in the range from 830
to 1360 nm, and the second interband transition of semi-
conducting SWNTs (S,,) occurs from 600 to 800 nm [21].
The peak intensity at wavelengths <700 nm or between 930
and 1040 nm 1s insensitive to the presence of hydrogen
peroxide. However, the spectral intensity decreases with
time slightly between 700 and 930 nm and dramatically
from 1040 to 1360 nm. Two most sensitive S,, bands with
longer wavelengths, 1245 and 1322 nm, which correspond
to larger diameter nanotubes are the focus of the studies [ 29].
The spectral intensities are normalized to the intensity of a
S, band at 659 nm. The band at 1245 nm (1670) could come
from (8, 7) nanotubes of 1.03 nm in diameter overlapping
with bands of (9, 5), (10, 3) and (10, 5) nanotubes. The band
at 1322 nm (1680) could be assigned to (9, 7) nanotubes with
a diameter of 1.1 nm overlapping with bands of (12, 4) and
(13, 2) nanotubes [25,29]. Note that the intensity of the S,

bands of larger diameter nanotubes at 1245 and 1322 nm
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decreases with the increasing reaction time at 0, 15, 30, 60,
120, and 180 minutes, corresponding to spectra 1610, 1620,
1630, 1640, 1650, and 1660, respectively. The observed
spectral changes suggest that there are strong interactions
between HiPco SWNTs and H,O,, probably as a result of
electron withdrawal from the valence band of the nanotubes
by H,O, oxidation. The rate of the spectral changes
increases with the H,O, concentration, indicating that the
reaction 1s a diffusion-related process.

10100] The H,O, concentration dependence has been mea-
sured to determine the sensitivity. FIG. 17a shows the
absorption spectra of SDS-encased HiIPco SWN'Ts in pH 6.0
buffer solutions under H,O, concentrations ranging from 0O
to 200 ppm. The spectra were taken 1 hour after mixing and
the spectral intensities are normalized to the itensity of the
S,, band at 659 nm, which 1s not sensitive to the presence of
H.O,. The intensity of the S,;, bands decreases with the
increase of H,O, concentration. The spectra 1705, 1710,
1715, 1720, 1725, 1730, 1735, and 1740 of SDS-SWNTs
show concentration dependence for different H,O.,, concen-
trations 0, 1, 5, 10, 30, 50, 100, and 200 ppm, respectively.
The spectra are taken at the reaction time of 1 hour and the
spectral intensities are normalized to the intensity of the S,
band at 659 nm. There 1s apparent intensities erosion at 1245
nm and 1322 nm bands, as indicated by dashed lines 1745

and 1750, respectively.

10101] FIG. 17b shows the H,O, concentration-dependent
absorbance of the two S;; bands of 1245 nm (1760) and
1322 nm (1755), plotted as the ratio of As,,/As,;. Both
bands grow exponentially with H,O, concentration. The
1322 nm (1755) band change is saturated at 50 ppm (1765)
with a linear relationship from 1 ppm to 50 ppm (1770). The
1245 nm (1760) band change is saturated at about 200 ppm
(1775) and there is also a linear relationship from 1 ppm to
50 ppm (1780). These concentration-absorbance relation-
ships may permit determination of the H,O, concentration
of unknown solutions.

10102] FIG. 18 shows the reversible optical response of a
H,O, mteracted with SDS-SWN'Ts after removal of H,O,, by
decomposing H,O, into H,O and O, using MnO., catalyst.
Data curve 1810 1s the spectrum of SDS-SWN'Ts when there
1s no hydrogen peroxide present. Data curve 1830 1s the
spectrum of the same SDS-SWN'Ts when hydrogen peroxide
concentration 1n the solution 1s 1 ppm. Intensity suppres-
sions are observed at bands 1245 nm and 1322 nm as
indicated by dashed lines 1840 and 1850, respectively.
When MnQO,, a known hydrogen peroxide decomposition
agent, was added, however, the spectrum returned to the
level before hydrogen peroxide was added as indicated by
the grey dotted line 1820.

[0103] It has been shown that proteins can be immobilized
on both oxidized SWNTs and vacuum-annealed SWNT5s [ 3d,
55]. Preliminary test indicates that HiPco nanotubes can be
solubilized 1n aqueous enzyme solutions with the assistance
of mild sonication. To examine whether H,O,, 1s chemically
reacting with SWN'Ts forming covalent bonds, an enzyme
catalyst catalase 1s chosen, because catalase 1s capable of
decomposing H,O, into H,O and O,. As shown 1 FI1G. 19,
as the catalase concentration increases from O (data curve
1910) to 47 (data curve 1920), 94 (data curve 1930), and 140
(data curve 1940), respectively, the S, bands shift to the red
and the 1114 nm band (1950) disappears, suggesting that the
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catalase coats the SWNTs by replacing some SDS mol-
ecules. Catalase therefore can effectively decompose the

H,O,. The spectral mtensity reduction 1s due to dilution by
the added catalase.

10104] As illustrated in FIG. 20, reversible optical
response was observed when catalase was used. Data curve
2010 1s the spectrum of SDS-SWNTs when there 1s no
hydrogen peroxide present. Data curve 2020 1s the spectrum
of the same SDS-SWNTs when hydrogen peroxide concen-
fration 1n the solution 1s 30 ppm. Significant intensity
suppressions are observed at bands 1245 nm and 1322 nm.
When catalase, a known hydrogen peroxide decomposition
agent, was added, however, the spectrum returned to the
level before hydrogen peroxide was added as shown 1n
spectrum 2030. The corresponding mechanistic stages are
illustrated also. Configuration 2040 illustrates an SWNT
encased with SDS molecules. Configuration 2050 1llustrates
SDS-SWNT interacts with hydrogen peroxide. And configu-
ration 2060 illustrates catalase interacts with SDS-SWNT 1n
the present of hydrogen peroxide, and converts hydrogen
peroxide into water and oxygen.

[0105] The recoverable behavior indicates that there are
no direct chemical reactions (i.e. covalent bond formation)
between the SWNT sidewalls and H,O, under the conditions
used here. Instead, the H,O, may form charge transfer
complexes with SDS-encased HiPco nanotubes and thus
cause the observed spectral changes by altering the charge
density on the SWNTs. H,O, decreases the charge density of
the SWNTs and so decreases the intensity of the S,, bands
[5a,5b,14]. Importantly, the observed recoverability of
HiPco nanotubes suggests the reusability of nanotubes,
which 1s a highly desirable feature for nanotubes-based
practical sensor applications.

[0106] It is important to understand the mechanisms
behind the SWNT spectral changes induced by H,O,,. There
are at least four possible factors that might contribute to the
changes: 1) the high reduction potential of H,O, [49]; 2) the
possible reaction of H,O, with SDS [56]; 3) electrostatic
interactions between negative charged SDS micelles and
HO,™ at high pHs [57]; and 4) the polar nature of H,O, that
may hinder this molecule’s approach to SDS micelle-en-
cased nanotubes. It 1s mtuitive that the SWNT electron
withdrawal by H,O, 1s related to 1its high reduction potential
(standard reduction potential E,=1.763 V) [49]. Since the
potential of H,QO, 1s tunable by changing pH, one might use
pH changes to control its electron withdrawing ability and
thus the optical propertiecs of the SWNTs. The reduction
potential calculations using the Nernst equation show that
the reduction potential (E) of H,O, is 1.33 V at pH 6.0 and
a concentration of 100 ppm (3.0x107> M). When the pH is
increased to 10.0, E=1.09 V, so there 1s no significant
decrease 1n the reduction potential at higher pH. The poten-
tial E=1.09 V at pH 10.0 1s still high enough to induce charge
transfer from the nanotubes to hydrogen peroxide. Therefore
at even higher pH the H,O, should still induce charge
transfer from nanotubes and suppress spectral features simi-
lar to those observed at pH 6.0. Surprisingly, an increase in
the solution pH restores the suppressed spectral features as
shown 1 FIG. 21a. The absorption of an SDS-SWNT
solution containing 100 ppm H,O., increases with increasing
pH values of 6.3, 6.8, 7.1, 7.4, 7.8, 8.6 and 10.6, as
illustrated by spectra 2110, 2120, 2130, 2140, 2150, 2160,

and 2170, respectively. Spectrum 2180 1s the control spec-
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trum of SDS-SWN'T alone, without hydrogen peroxide. At
pH 10.6 with corresponding spectrum 2170, the absorption
of the SDS-SWNT solution restores back to the absorption
level observed without the addition of 100 ppm H,O,

(2780).

10107] Furthermore, the suppression and restoration 1s a

reversible process as one tunes the pH up (2185) and down
(2190) as shown in FIG. 21b. The ratio As,;/As,, of the

absorbances of the S;; (1322 nm) and the S,, (659 nm)
peaks reversibly responds to the pH changes. This unique
pH-dependent optical property of the H,O,-SDS-HiPco
complex suggests some 1mportant attributes for optical pH
sensing applications because the pH range (6-10) that the
SDS-SWNT with H,O, system 1s sensitive to 1s comple-
mentary to other pH sensing methods using SWNTs. In
addition, the above result also indicates that the high reduc-
tion potential of H,O, may not play a significant role in the
observed spectral changes. The other factors listed above
may also contribute to the spectral changes.

[0108] The process to measure the optical response of
SDS-SWN'Ts to pH changes 1n the presence of fixed amount
of H,O, 1s schematically illustrated mm FIG. 22. At step
2210, a solution of SDS-SWNTs 1s made or provided. In At
step 2220, the UV/vis/NIR absorption of the SDS-SWN'Is
solution 1s measured as a baseline value. An amount of
hydrogen peroxide 1s added to the solution of SDS-SWNTs
and mixed well at step 2230. UV/vis/NIR absorption of the
solution 1s measured at step 2240 to find out the change 1n
absorption of SDS-SWNTs induced by the addition of H,O..
The pH of the SDS-SWN'Is solution containing H,O, 1S
adjusted to a first value at step 2250. UV/vis/NIR absorption
of the solution 1s measured to find out the change in
absorption of SDS-SWNTs solution containing H,O,, at the
first pH value at step 2260. The pH of the SDS-SWNTs
solution containing H,O, 1s adjusted to a second value at
step 2270. UV/vis/NIR absorption of the solution 1s mea-
sured to find out the change 1n absorption of SDS-SWNTs
solution containing H,O, at the second pH value at step
2280. The pH adjustment and subsequent measurement are
repeated until the spectrum returned to its original level.

Mechanistic Studies of the Response of SDS Encased
SWNTs to Hydrogen Peroxide

10109] To elucidate SWNT interaction mechanisms with
H,O.,, control experiments were carried out by choosing a
mild oxidant, 10dine. Iodine has a relatively low standard
reduction potential of 0.620 V 1 the aqueous 12 form and
0.536 V in the I; form [49]. In addition, because of the
non-polar characteristic of 1odine, 10odine molecules may
more ecaslly approach the SDS-encased nanotubes than
H,O,. Two 10dine aqueous solutions were prepared to test
the 10dine reactions with SDS-HiPco solutions; a 30 ppm
aqueous 10dine I, solution without I” 1ons, and a 45 ppm
solution containing I,~ (1.2x107* M) and I" (2.4x107> M)
ions. The 10dine concentration 1s calculated as it 1s presented
in the HiPco solutions. The reduction potential of the later
solution containing I~ 1s calculated as 0.56 V, or about half
of the H,O, reduction potentials indicated above. Addition
of the iodine (in both forms of aqueous I, and I, ) into the
SDS-HiPco solutions at pH 6.0 suppressed the nanotube
spectral features within 10 minutes. Both I, and I, produced
the same spectral changes.

10110] FIG. 23 shows the spectral changes of an SDS-
HiPco solution caused by 30 ppm I,. After the addition of 30
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ppm 10dine the spectrum changed significantly from curve
2310 to curve 2320. The suppressed spectral features are
oradually restored by titrating the solution pH with 0.1 M
NaOH to 7.1 (spectrum 2330), 7.8 (spectrum 2340), and
10.6 (spectrum 2350). In contrast to H,O,, iodine also
suppressed the spectral features between 930 and 1040 nm
that are insensitive to H,O,. The suppressed features were

restored by increasing the pH to 10.6, just as occurred with
H,O, as shown 1n FIG. 21.

|0111] The iodine results suggest that a high reduction
potential may be not critical for the observed SWN'T spectral
changes. There 1s also a possibility that H,O, reacts with
SDS to induce the nanotube spectral changes [ 56]. However,
the 10dine results indicate that this 1s unlikely because 10dine
induces similar SWN'T spectral changes even though 1t does
not react with SDS under current conditions. Furthermore,
the reversibility of the nanotube spectral changes upon
removal of the H,O,, with catalase or pH tuning suggests that
the H,O,-SDS-nanotube system 1s quite stable. It 1s there-
fore likely that both H,O, and 1odine form charge transfer
complexes with HiPco nanotubes. The nonpolar nature of
1odine may permit this molecule to approach SDS-encased
nanotubes more readily than H,O, and thus accelerate the
spectral changes. Because of the random, structureless
adsorption of SDS molecules on the sidewall of nanotubes
[58], the H,O, molecules can access the nanotube surfaces
by diffusion through the micelles, causing relatively slow
spectral changes induced by charge transfer, as compared to
those of 1odine.

[0112] Recovery of the SWNT spectral features with pH
increase may reflect SDS deprotonation in more basic solu-
tions, which changes the charge density on the SDS-encased
nanotubes by refilling the valence band [5a,5b,6,14] and
strengthens the optical transitions. In addition, the increase
in pH may increase the electrostatic interactions because the
H,O, converts to negatively charged HO,~, which 1s
repelled from negatively charged SDS micelles [57]. The
repulsion of hydrogen peroxide then eliminates electron
withdrawal from the nanotubes and restores their spectral
features. These two pH-related effects may work simulta-
neously so the suppressed spectral intensity 1s restored or
even strengthened as shown in spectrum 2170 of FIG. 21a.

Conclusions

[0113] The near IR optical transitions of semiconducting
SWNTs show that H,O, iteracts with HiPco SWNTs
through valence electron withdrawal, which suppresses the
nanotube spectral intensity. The SWNTs respond optically to
H,O, at concentrations as low as 1 ppm. More intriguingly,
the suppressed nanotube band intensity recovers when the
H O, 1s decomposed mto H,O and O, with the enzyme
catalyst catalase, or by increasing the solution pH. The
recoverability indicates that there are no direct chemical
reactions on the SWNT sidewall under these conditions.
Preliminary studies on the mechanisms suggest that H,O,
may withdraw electrons from the SWNT valence band by
charge transfer, which suppresses the nanotube spectral
intensity. These findings set a solid foundation for H,O,

related optical sensing applications using surface-modified
SWNTs.

[0114] SDS-encased, water-soluble SWNTs are optically
sensitive to H,O,, and thus have potentially important appli-
cations for sensing of biological species. With recent inven-
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tions of nanolasers [33] nanowaveguides [53] and optical
nanofibers [34], the nanotubes might be combined with
these nano light sources for development of nanotube-based
optical nanosensors 1n miniature devices. The optical prop-
erties of nanotubes thus hold out great promise for the
accelerated realization of optical nanosensors. The findings
also suggest enzyme-assisted molecular recognition appli-
cations by selective optical detection of biological species
whose enzyme-catalyzed products include hydrogen perox-

ide.
SDS Encased SWNTs Respond to Oxidants

[0115] Similar to H,O,, the optical response of SDS-
SWNTs to 1odine can also be used for sensing applications.
Water soluble oxidants such as FeCl,, AgNO,, CuCl,,
(NH,),(Ce(NO,),), and (IrCl,)>" can also be exploited.

Example 3

SDS Encased SWNTs for Glucose Sensing,

[0116] SDS encased SWNTs with glucose oxidase
response to glucose concentration It has been found that
nanotubes encased 1n the surfactant sodium dodecyl sulfate
(SDS) optically respond to hydrogen peroxide at concentra-
tions as low as 1 ppm. This finding suggests an optical
sensing method for important biological molecules such as
oglucose, since numerous enzyme-catalyzed reactions pro-
duce hydrogen peroxide (H,O,) [52]. For example, glucose
reacts catalytically with water and oxygen 1n the presence of
the enzyme glucose oxidase (GO,) to produce

Glucose Oxidase
D-Glucose + O, + H»O -

H-O> + D-Gluconic Acid

hydrogen peroxide and gluconic acid [52]. Therefore GO_-
modified SWN'Ts should respond optically to glucose. In the
present invention, it 1s demonstrate that water-soluble SDS-
encased SWNTs treated with GO_ can be used to optically
detect glucose at concentrations as low as 0.25 mM.

[0117] The optical measurements were conducted under
two sets of experimental conditions: (1) in pH 6.0 buffer
solutions where only the product H,O, causes SWN'T spec-
tral changes and (2) non-buffer solutions where both prod-
ucts H,O,, and gluconic acid are involved 1n the changes.

Experimental Example

[0118] Raw HiPco SWNTs (purity ~95 atm %) were

purchased from Carbon Nanotechnologies, Inc [23]. Anhy-
drous a-D(+)-glucose (99+ % pure) was purchased from
Fisher Scientific. SDS (>99% pure), GO, (EC 1.1.3.4, 200
units/mg) and catalase (EC 1.11.1.6, 1870 units/mg) were
from Sigma-Aldrich. A method known to people skilled 1n
the art [23] was employed to prepare HiPco solutions in 1 wt
% SDS 1n H,O.

[0119] About 2.4 mg pristine HiPco SWNTs were

welghed on a TGA microgram balance and placed 1n a 10

mL test tube with 5 mL 1 wt % SDS aqueous solution. In an
ultrasonic bath (Branson Model 1510, 42 kHz), mild soni-
cation was applied for 1-3 minutes to disperse HiPco nano-
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tubes and then the mixture was vigorously sonicated for
about 1 minute. Short sonication time was applied because
the optical properties of HiIPco SWN'Ts are very sensitive to
sonication. The resulting mixture was centrifuged (Sargent-
Welch Scientific Co.) for 1 hour. 0.8 mL of the top portion
of the centrifuged sample was decanted and diluted with the
SDS solution.

[0120] For the buffer conditions, about 0.13 mL of the

HiPco solution was mixed with an equal amount of a pH 6.0
phosphate buffer (50 mM) in a 1 mm quartz cell. The
resulting diluted solution has an optical absorbance of about
0.3 at 1245 nm with a HiPco concentration of about 0.1
mg/mi. GO_ m a pH 6.0 buffer was added 1nto the solution
with a concentratlon of 40-80 units/mL. For the non-buffer
conditions, the solution preparation procedure was the same
except that the 1 wt % SDS solution was used for dilution
instead of the pH 6.0 buffer. A series of such solutions were
prepared with glucose concentrations from 0 to 2 mM. The
time-dependent optical absorption of the solutions 1n 1 mm
quartz cells was measured with a Perkin-Elmer Lambda 19
UV/Vis/NIR spectrometer at room temperature. SDS solu-
tions 1n water or in pH 6.0 buffers without HiPco nanotubes
were used as a reference for absorption background sub-
traction. An Orion Model 420 pH meter with a Thermo
Electron Orion micro pH glass electrode was used to mea-
sure the pH of the solutions.

[0121] A process to measure the optical response of GOx-

SDS-SWN5s to glucose at different time points 1s schemati-
cally illustrated mm FIG. 24. At step 2410, a solution of

SDS-SWNTs 1s made or provided. At step 2420, an amount
of glucose oxidase 1s added to the SDS-SWNT solution to
make a GOx-SDS-SWNTs solution. The UN/vis/NIR
absorption of the GOx-SDS-SWNTs solution 1s measured as
a baseline at step 2430. At step 2440, an amount of glucose
1s added to the GOx-SDS-SWN'Ts solution at time point t,
and mix well to form a solution with a fixed concentration
of glucose. UV/vis/NIR absorption of the solution 1s mea-
sured at time point t, at step 2450 to find out the change in
absorption of GOx-SDS-SWN'Ts induced by the addition of
the glucose. UV/vis/NIR absorption of the solution 1s mea-
sured at time point t, at step 2460 to find out further change
in absorption of GOx-SDS-SWN'Ts induced by the addition
of the glucose. The process of time point measurement 1S
repeated until all desired data 1s obtained.

[0122] A process to measure the optical response of GOx-
SDS-SWNTs to glucose at different concentrations 1s sche-
matically illustrated in FIG. 25. At step 2510, a solution of
GOx-SDS-SWNTs 1s made. At step 2520, the UN/vis/NIR
absorption of the GOx-SDS-SWNTs solution 1s measured as
a baseline. At step 2530, a first amount of glucose 1s added
to the GOx-SDS-SWN'T5s solution and mix well to form a
solution with a first concentration of glucose. UV/vis/NIR
absorption of the solution 1s measured at step 2540 to find
out the change 1n absorption of SDS-SWN'Is induced by the
addition of the first amount of glucose. At step 2550, a
second amount of glucose 1s added to the GOx-SDS-SWNTs
solution and mix well to form a solution with a second
concentration of glucose. UV/vis/NIR absorption of the
solution 1s measured at step 2560 to find out the change in
absorption of GOx-SDS-SWN'Ts induced by the addition of
the second amount of glucose. The process of glucose
addition and subsequent measurement 1s repeated until data
for all desired glucose concentrations are obtained.
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[0123] The process to measure the optical response of
GOx-SDS-SWN'Is to pH changes 1n the presence of fixed
amount of glucose 1s more speciiically illustrated 1in FIG.
26. At step 2610, a solution of GOx-SDS-SWN'Is 1s made.
At step 2620, the UV/vis/NIR absorption of the GOx-SDS-
SWNTs solution 1s measured as a baseline value. An amount
of glucose 1s added to the solution of GOxX-SDS-SWN'Ts and
mixed well at step 2630. UV/vis/NIR absorption of the
solution 1s measured to find out the change 1n absorption of
GOx-SDS-SWNTs induced by the addition of glucose at
step 2640. The pH of the GOx-SDS-SWN'Is solution con-
taining glucose 1s adjusted to a first value at step 2650.
UV/vis/NIR absorption of the solution 1s measured to find
out the change 1 absorption of GOxX-SDS-SWN'Ts solution
containing glucose at the first pH value at step 2660. The pH
of the GOx-SDS-SWN'Ts solution containing glucose 1is
adjusted to a second value at step 2670. UV/vis/NIR absorp-
tion of the solution 1s measured to find out the change in
absorption of GOx-SDS-SWN's solution containing glu-
cose at the second pH value )2680. The pH adjustment and
subsequent measurement are repeated until the spectrum
returned to its original level.

Results and Discussion

[0124] It has been demonstrated that proteins can be
immobilized on the surface of SWNTs [3d,55]. FIG. 274
shows the spectrum of the SDS-nanotube solution before
(curve 2710) and after (curve 2715) the addition of GO..
Spectra 2710 and 2715 look almost the same except that the
three near IR peaks at 1170 nm (peak 2720), 1245 nm (peak
2730) and 1322 nm (peak 2740) shift to the red by about 3-8
nm to 1178 nm (peak 2725), 1252 nm (peak 2735) and 1324
nm (peak 2745), respectively, after addition of GOx. In
addition, the band 2750 at 1114 nm becomes a shoulder

2755. These observed spectral changes suggest that GO_
coats the SWNT5.

[0125] Addition of 0.5 mM glucose changes the spectral
intensity with time as shown m FlG. 27b. Spectra 2760,
2765, 2770, 2775, 2780, 2785, and 2790 correspond to time
points 0, 0.2, 1, 2, 3, 4, and 14 hours, respectively. The first
interband transition of semiconducting SWNTs (S;) 1s in
the near IR range from 830 to 1360 nm and the second
interband transition of semiconducting SWNTs (S,,) rang-
ing from 600 to 830 nm [18, 23, 24, 29]. The S,; bands
originate from individual nanotubes with different diameters
and chiralities [29]. To correct the dilution effect on the
spectral intensity, the spectra in FIG. 27 are normalized to
the S,, band at 659 nm, selected because 1t 1s 1nsensitive to
H.O, or pH changes. The most sensitive S, bands 27935,
2797 at 1245 nm and 1322 nm correspond to (8, 7) and (9,
7) nanotubes, with 1.03 nm and 1.1 nm diameters, respec-
tively [29]. The 1245 nm band may overlap with bands of (9,
5), (10, 3) and (10, 5) nanotubes, and the 1322 nm band
overlaps with bands of (12, 4) and (13, 2) nanotubes [29].
The 1ntensity of these S, bands significantly decreases with
the reaction time, as was observed 1n the SDS-HiPco solu-
tions reacted with H,O,. Since the pH changes are minimal
in a pH buffer, the observed spectral changes are probably
caused by the hydrogen peroxide produced from the glucose
oxidase catalyzed glucose reaction.

[0126] It was observed that the H,O,-suppressed spectral
features can be restored by decomposing H,O., into H,O and
O, with enzyme catalase or by increasing pH to more basic.
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Two additional experiments were conducted to verify that
H O, mduced the observed spectral changes in FIG. 27b.
FIG. 28a shows that catalase restores the spectral features of
the glucose-reacting nanotube solution. Curve 2810 is the
spectra of SDS-SWNT 1n pH 6.0 buffers with 40 units/mL
GOx. Curve 2820 1s the spectra of SDS-SWNT 1 pH 6.0
buffers with 40 units/mL GOx after the addition of 0.5 mM
oglucose. Curve 2830 is the spectra of SDS-SWNT 1n pH 6.0
buffers with 40 units/mL GOx after the addition of 0.5 mM
glucose with 140 units/mL catalase. Similarly, adjusting the
pH of the glucose-interacted nanotube solution from 6.0 to

10.0 restores the suppressed features to what they were
before glucose was added as shown 1n F1G. 28b. Curve 2840

1s the spectra of SDS-SWNT 1n pH 6.0 buffers with 40
units/mL GOx. Curve 2850 1s the spectra of SDS-SWNT 1n
pH 6.0 buffers with 40 units/mL GOx after the addition of
0.5 mM glucose. Curve 2860 1s the spectra of SDS-SWN'T
in pH 6.0 buffers with 40 units/mL GOx after the addition of
0.5 mM glucose with pH adjusted to 10 by addition of 0.1
M NaOH. These results are similar to those caused by H,O,,
and suggest that the product H,O, 1s responsible for the
observed spectral changes 1n the GO_-SDS-HiPco nano-
tubes 1n pH 6.0 bulifers.

[0127] Gluconic acid is another product of the reaction.
The acid lowers the pH of an unbuffered solution. SDS-
encased HiPco nanotubes are optically sensitive to pH
changes [24], so both H,O, and the acid-induced pH
changes may contribute to the SWN'T spectral suppression
in unbuffered solutions. This dual eiffect enhances the sen-
sitivity of GO_-SDS-HiPco nanotubes to glucose. FIG. 294a
shows the concentration-dependent absorption spectra of
GO 1mmobilized HiPco nanotubes 1in 1 wt % SDS solutions
(pHK~6.5) in non-buffer conditions. The positions of the two
S,; bands of (8,7) and (9,7) nanotubes shift from 1245 and
1322 nm to 1254 and 1328 nm, respectively with addition of
80 units/mL GO_. The spectra are taken 30 min after glucose
1s added. Spectra 2910, 2920, 2930, 2940, and 2950 corre-
spond to glucose concentrations 0, 0.25, 0.5, 1, and 2 mM,
respectively. The intensity of the S,, bands decreases with
the 1ncrease of glucose concentration. F1G. 295 shows the
normalized absorbance 2960, 2970 corresponding to the two
bands at 1254 nm and 1328 nm versus glucose concentra-
tions, respectively. The intensity of the 1254 nm band 2960
has a linear relationship with the concentrations. The 1nten-
sity of the 1328 nm band 2970 decays exponentially with
oglucose concentration. The observed concentration depen-
dence may permit determination of unknown glucose con-
centrations.

|0128] The observed sensitivity of the surface-modified
nanotubes to glucose may be sufficient for designing devices
such as near IR optical fiber sensors [59,60] for detecting
glucose under physiologically relevant conditions, €.g. 1n
blood where the glucose concentration 1s in the range of 1-20
mM [ 60]. The spectral changes occur more rapidly at higher
glucose concentrations as shown in FIG. 30, so glucose
detection will be quicker 1n the physiological concentration
range. In FI1G. 30a, changes in the absorption spectra of
GO_-SDS-nanotubes 1n a 1 wt % SDS solution as a function

of time after addition of 1.0 mM glucose 1s shown. Spectra
3010, 3020, 3030, 3040, and 3050 correspond to time points

0, 10, 30, 60, and 120 minutes, respectively. The GO_

concentration 1s 80 umits/mL. The spectral intensities are
normalized to the intensity of the S,, band at 659 nm. FIG.
30b shows normalized absorbance of the S,, band at 1328
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nm, plotted as the ratio As,,/As,, of the peaks S,; (at 1328
nm) and S,, (at 659 nm) of GO_-SDS-HiPco nanotubes in 1
wt % SDS solution, changes as a function of time after
addition of various glucose concentrations. The solid lines

are fitting curves that follow exponential decays. Curves
3060, 3070, 3080, and 3090 correspond to glucose concen-

trations 0.25, 0.50, 1.0, and 2.0 mM, respectively. The
absorbance decreases more quickly at higher glucose con-
centrations. The results further suggest that molecular rec-
ognition-based nanotube optical sensors could be combined
with nano light sources [33, 34, 53] to create new device
designs for nanoscale medical and clinical applications.

Conclusion

[0129] Water-Soluble single-walled carbon nanotubes
(SWN'Ts) coated with glucose oxidase (GO, ) and sodium
dodecyl sulfate (SDS) exhibit an optical response to glucose
at different concentrations. The GO_ catalyzed glucose reac-
tion produces H,O, and gluconic acid. Both products
deplete electrons from the valence band of SWNTs through
charge transfer with H,O, or protonation of the encasing
SDS molecules, resulting 1n the suppression of the SWNT
spectral intensity. The peaks S,, and S,, correspond to the
first and second interband transitions, respectively, in the
density of states of semiconducting SWN'Ts with different
diameters.

[0130] It is demonstrated for the first time that SDS-
encased SWNTs immobilized with GO_ can be used to
optically detect glucose at concentrations as low as 0.25
mM. This sensitivity to glucose 1s sufficient for practical
glucose sensing under physiological conditions. Nanotube-
based optical sensors for molecular recognition can be
integrated with recently developed nano light sources to
create new approaches for nanoscale medical and clinical
applications.

SDS Encased SWNTs with Glucose Oxidase and Iodide
Response to Glucose

[0131] In the GOx-SDS-HiPco solutions, an amount of
iodide (I") can also be added. The GOx catalyzed reaction
produces H,O(,, which will react with I”

to produce 10dine. It 1s know that I, reacts with nanotubes
very elfectively, so the sensifivity and response time of
glucose sensing may be improved greatly.

SDS Encased SWNTs with Other Enzymes

[0132] Because SDS-SWN'Is are sensitive to hydrogen

peroxide, they can be used to sense a broad range of enzyme
substrates whose corresponding enzymatic turnover produce
hydrogen peroxide as one of the major products. Some
known enzyme-substrate examples that produce hydrogen
peroxide as one of their major products include uricase-uric
acid, alcohol oxidase-ehthanol, cholesterol oxidase-choles-
terol, and lactate oxidase-lactate etc.

Example 4

Preparation of Double-Stranded DNA Wrapped
SWN'Ts and Analysis of Their Physical Properties

[0133] In another aspect of the present invention, HiPco
SWNTs can be dispersed into double-stranded DNA aque-
ous solutions to form stable solutions. The first optical
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interband transitions of the DNA wrapped semiconducting
HiPco SWN'Ts possess a unique pH dependence, a phenom-

enon observed 1n SDS-encased and carboxylate group func-
tionalized SWNTs.

Experimental Example

10134] Double-stranded DNA from salmon testes was
purchased from Sigma-Aldrich (catalog number D1626).
Pristine HiPco SWNTs were purchased from Carbon Nano-
technologies, Inc. The samples were weighed on a micro-
gram-scaled balance 1n a TGA. The solutions were prepared
by a method known to people skilled in the art [27]. About
0.40 mg of DNA was added 1n 5.0 mL pH 7.0 Tris buifer or
10 mM TE buffer. The DNA was dissolved 1n the buffer by
sitting overnight or by sonicating for approximately 5 min-
utes in an ultrasonic bath (Branson Model 1510, 42 kHz) at
0° C. A colorless transparent solution 3104 1s formed and the
picture of the solution 1s shown m FIG. 31 a. 3.40 mg of
HiPco nanotubes was then added into the 5 mL DNA
solution and the mixture was sonicated for about 1 hour at
0° C. A black stable DNA wrapped HiPco SWNTs (DNA-
SWN'Ts) solution 3108 is formed and the picture of the
solution 1s shown 1n F1G. 31 a. It has been observed that the
DNA-SWNTs solution 1s stable for more than one year 1n a
refrigerator. MicroRaman measurements were conducted on
the samples using a RemiShaw MicroRaman 1000 Spec-
trometer with 532 nm laser excitation from a frequency-
doubled Nd:YAG laser [28]. The spectra were calibrated

with diamond single crystal and Si1 standards.

[0135] For pH dependence study, a DNA-SWNTs solution
was ftitrated with 0.1 M NaOH from pH 7.0 to pH 10.0 with
increments of 0.5. To test the reversibility of the pH depen-
dence of the DNA-SWNTs sample, the pH 10.0 solution was
fitrated with 0.1 M HCI from pH 10.0 down to 6.0, and then
back-fitrated to pH 9.0 with 0.1 NaOH. The pH changes
during titrations were monitored with an Orion Model 420
pH meter. UV/vis/NIR absorption spectra of the solution at
different pHs were measured by using a Perkin-Elmer
Lambda 19 UV/vis/NIR spectrometer. A quartz cell of 1 mm
path length was used for holding solutions. A DNA solution
without HiPco nanotubes was prepared as a reference. The
DNA solution was titrated to the same pH as the DNA-
SWNTs solution for background subtraction.

Results and Discussions

[10136] FIG. 31b illustrates Raman spectra of a pristine
HiPco mat sample 3120 and a DNA-SWNTs sample 3110
drop-dried on a Si substrate. The S1 substrate has excitation
wavelength of 532 nm 3130. The spectra were normalized
using the main tangential mode at 1588 c¢cm™' 3140. The
Raman spectra of pristine 3120 and DNA-SWNTs 3110
show roughly the same features including the radial breath-
ing mode 3150 (RBM) at about 150-300 cm™", the tangential
modes 3160 at 1500-1600 cm™" and the disorder (D) mode
3170 at 1330 cm™" [26, 28]. In comparison with the pristine
HiPco sample, the D mode in the DNA-SWNTs sample
shows little change 1n intensity, indicating that in the DNA-
SWNTs sample, no significant defects were introduced 1n
the sonication assisted dissolution process.

[0137] The optical absorption spectra of individual
SWNTs 1in aqueous solutions have distinct features that
provide “fingerprints” for the idenftification of different
nanotubes [23-25]. FIG. 32a shows the absorption spectra
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of the DNA-SWNTs solution at pH values of 7.0 (spectrum
3210), 7.5(spectrum 3215), 8.0(spectrum 3220), 8.5(spec-
trum 3225), 9.0(spectrum 3230), 9.5(spectrum 3235) and
10.0(spectrum 3240), respectively. The absorption bands
3245 (>900 nm ) come from the first interband transition S,
of semiconducting SWNTs of different diameters. The larger
diameter nanotubes show bands centered at longer wave-
length because the interband transition energy 1s approxi-
mately inversely proportional to the nanotube diameter [29].
The bands <900 nm belong to the mterband transitions of the
first pair M,, of metallic nanotubes at around 440-650 nm
(band 3250) and the second pair S,, (band 3255) of semi-
conducting nanotubes [21, 29]. In FIG. 324, the spectral
intensity decreases due to dilution with 0.1 M NaOH. For
clarity, the spectra are plotted 1n the same scale but shifted
with equal division for clarity of illustration. When pHs are
changed, there are no significant changes 1n the shape or
intensity of the M., and S,, bands. However, the S, bands
of larger diameter nanotubes at 1190 nm (band 3260) and
1280 nm (band 3265) become more distinguishable and
intensify with increasing pH. The band at 1190 nm could be
assigned to (11, 3) nanotubes with a diameter of 1.01 nm
overlapping with bands of (8, 6) and (12, 1) nanotubes, and
the band at 1280 nm could come from (8, 7) nanotubes of
1.03 nm in diameter overlapping with bands of (9, 5), (10,
3) and (10, 5) nanotubes [25, 29]. The intensity of the two
bands 1s suppressed at pH 7.0, but recovers when the pH 1s
raised and the solution becomes more basic.

[0138] To investigate the relationship between pH and the
intensity of the S,, bands, the absorbance of the (8, 7) band
at 1280 nm 1s plotted as a function of pH, as shown in FIG.

32b. To correct for the dilution effect on absorbance, the
intensity of the band at 1280 nm, 3265 mn FIG. 324, 1s

normalized to the 730 nm band, 3270 in FI1G. 324, one of the
S., bands that are insensitive to pH changes. The normalized
absorbance Ag (1280)/Ag (730) increases monotonically
with pH 1n the range between 7.5 and 10.0. This range 1s
wider than that observed by Dekker’s group where the
authors built an SWNTs based single-molecule electronic
device [30]. They observed that when redox enzyme glucose
oxidase (GO, ) was attached to the nanotube sidewall, the
SWNTs device senses pH changes 1n the studied pH range
from 4.0 to 5.5. The observed pH dependent behavior of the
DNA-SWN'Ts samples resemble that observed for SWN'Ts
functionalized with carboxylic groups [14] or encased in
SDS [24], thus suggesting that the DNA serves as a pH
sensing group. Specifically, the phosphate groups on the
DNA deprotonate when pH 1s increased. The deprotonation
of DNA-encased SWNTs may refill the valence band of
semiconducting SWN'Ts with electrons, so the relative inter-
band intensity of the S,, bands increases [5al].

[0139] The deprotonation and protonation processes
appear to be reversible. To examine whether the pH-depen-
dent optical response 1s reversible, the pH 10.0 DNA-
SWNTs solution was back-titrated with 0.1 M HCI, and the
result 1s shown 1 FI1G. 334, with spectra 3305, 3310, 3315,
3320, 3325, 3330, 3335, 3340, 3345 and 3350 correspond to
pHs 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 85, 9.0, 9.5 and 10.0,
respectively. The overall spectral intensity decreases with
the decrease of pH due to the dilution from added HCI
solution. The interband transitions of the first pair M., of
metallic nanotubes at around 440-650 nm (band 3355) and
the second pair S,, (band 3360) of semiconducting nano-
tubes appear unchanged. The absorption bands >900 nm
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come from the first interband transition S,,; (band 3365) of
semiconducting SWN'Ts. When the pH decreases to 6.0, the
bands 3370 at 1190 and 1280 nm are suppressed and become
indistinguishable, same for spectrum 3375 at pH 5.5. The
observed features at low pHs are very similar to the features
observed in the initial solution at pH 7.0 (band 3275) in FIG.
32a. It 1s noted that the protonation process shown in FIG.
33a does not exactly follow the deprotonation process
shown 1 FIG. 32, 1.e. there 1s some hysteresis during the
back titration. To further verify that these two bands are
recoverable by deprotonation, a third titration 1s performed
by addition of NaOH solution to titrate from pH 6.0 up to 9.0
and the result 1s shown 1n FIG. 33b. The spectra are plotted
on the same scale but shifted with equal division for clarity
of 1llustration, with spectra 3302, 3304, 3306, 3308, 3312,
and 3314 correspond to pHs 6.0, 6.5, 7.0, 7.5, 8.0 and 9.0,
respectively. The overall spectral intensity decreases with
the decrease of pH due to the dilution from added HCI
solution. The interband transitions of the first pair M,, of
metallic nanotubes at around 440-650 nm (band 3316) and
the second pair S,, (band 3318) of semiconducting nano-
tubes appear unchanged. The absorption bands >900 nm
come from the first interband transition S,, (band 3322) of
semiconducting SWNTs. When pH increases, the sup-
pressed 1190 and 1280 nm {features reappear as indicated
along dotted lines 3324 and 3326, respectively, indicating
their 1ntensities icrease with increasing pH for the DNA-
SWNTs sample, same as the first deprotonation process

shown 1n FIG. 324, indicated along dotted lines 3260 and
32635, respectively.

[0140] In comparison with the SDS-encased HiPco
SWNTs samples, which have a relative narrow pH sensitive
range of about 5.0-6.0[24], the DNA-SWN'Ts sample shows
a pH dependent behavior at pH range above 6.0. The shift in
the pH range may depend on the coating materials used
whose 1soelectric points or equilibrium constants contribute
to the difference in pH range for protonation and deproto-
nation. In addition, it 1s observed that the charged groups on
the coating materials are important for SWN'Ts based pH
sensing, a conclusion also made by Dekker’s group [30]. In
another embodiment, single stranded DNA can be used to
encase SWNTs for chemical compound sensing applica-
tions.

|0141] While there has been shown several and alternate
embodiments of the present invention, 1t 1s to be understood
that certain changes can be made as would be known to one
skilled 1n the art without departing from the underlying
scope of the mvention as 1s discussed and set forth above and
below 1ncluding claims. Furthermore, the embodiments
described above and claims set forth below are only
intended to 1llustrate the principles of the present invention
and are not intended to limit the scope of the invention to the
disclosed elements.
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What 1s claimed 1s:
1. A method for surface modification of single walled
carbon nanotubes, comprising the steps of:

a. providing a detergent solution;

b. adding a plurality of single walled carbon nanotubes
into the detergent solution;

c. performing a {first sonication to disperse the single
walled carbon nanotubes 1n the detergent solution; and

d. performing a second sonication after the first sonication
to make detergent encased single walled carbon nano-
tubes,

wherein at least one of the plurality of single walled
carbon nanotubes 1s at least partially wrapped by one or
more detergent molecules to make 1t a detergent
encased single walled carbon nanotube.

2. The method of claim 1, wherein the detergent com-
prises SDS, PSS or a combination of them.

3. The method of claim 1, wherein the first sonication
process 1s performed at a frequency 1n the range of from O
to 20 kHz for a time period of from O to 5 minutes.

4. The method of claim 1, wherein the second sonication
process 1s performed at a frequency 1n the range of from 20
to 200 kHz for a time period of from O to 15 minutes.

5. The method of claim 1, wherein each of the first and
second sonication processes 1s performed at a frequency for
a time period such that no significant amount of defects that
may alfect the optical properties of the single walled carbon
nanotubes 1s 1mtroduced.

6. The method of claim 1, wherein at least one optical
property of the detergent encased single walled carbon
nanotubes responds to a chemical property change in the
solution of the detergent encased single walled carbon
nanotubes.

7. The method of claiam 6, wherein the single walled
carbon nanotubes comprise semiconducting nanotubes,
metallic nanotubes or a combination of them.

8. The method of claim 7, wherein the response of the at
least one optical property of the detergent encased single
walled carbon nanotubes to the chemical property change of
the solution of the detergent encased single walled carbon
nanotubes 1s more sensitively related to the semiconducting
nanotubes than the metallic nanotubes 1n the solution of the
detergent encased single walled carbon nanotubes.

9. The method of claim 6, wherein the response of the at
least one optical property of the detergent encased single
walled carbon nanotubes to the chemical property change of
the solution of the detergent encased single walled carbon
nanotubes 1s reversible.

10. A biosensor responsive to a chemical property 1n an
environment, comprising;

a. a plurality of single walled carbon nanotubes forming
an array and showing a dependence of the chemical
property, wherein at least one of the plurality of single
walled carbon nanotubes 1s at least partially wrapped
by one or more detergent molecules to make 1t a
detergent encased single walled carbon nanotube; and
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b. a processor coupled to the array of the plurality of
single walled carbon nanotubes for processing the
response of the plurality of single walled carbon nano-
tubes to the chemical property.

11. The biosensor of claim 10, wherein the detergent

comprises SDS, PSS or a combination of them.

12. The biosensor of claim 10, wherein the chemical
property 1s a hydrogen peroxide concentration 1n an envi-
ronment, and the detergent encased single walled carbon
nanotube 1s optically responsive to the hydrogen peroxide
concentration 1n the environment.

13. The biosensor of claim 12, wherein the at least one
detergent encased single walled carbon nanotubes 1s further
wrapped by one or more enzyme molecules to form a
solution of detergent encased single walled carbon nano-
tubes with the enzyme.

14. The biosensor of claim 13, wheremn the hydrogen
peroxide may be produced by an enzyme as one of the
turnover products from a corresponding substrate.

15. The biosensor of claim 10, wherein the chemical
property 1s glucose concentration in an environment, the
detergent encased single walled carbon nanotube 1s further
wrapped by one or more glucose oxidase that may covert the
glucose to hydrogen peroxide and gluconic acid, and the at
least one detergent encased single walled carbon nanotube
with glucose oxidase 1s optically responsive to hydrogen
peroxide that 1s produced from the glucose by glucose
oxidase 1n the environment.

16. A surface modified single walled carbon nanotube,
comprising,

a. a single walled carbon nanotube that has a layer of
carbon atoms forming a wall defining a cavity therein,
wherein the wall as formed has an outer surface and an
inner surface, and a first end and an opposite, second
end; and

b. at least one molecule non-covalently attached at least to
one of the mnner surface and the outer surface of the
single walled carbon nanotube,

wherein the single walled carbon nanotube 1s at least
partially surface modified with the at least one mol-
ecule to show an optical dependence of a chemical
property of an environment.

17. The surface modified single walled carbon nanotube
of claim 16, wherein the single walled carbon nanotube
comprises one of a semiconducting nanotube and a metallic
nanotube.

18. The surface modified single walled carbon nanotube
of claim 17, wherein the dependency of the chemical prop-
erty of the surfaced modified single wall nanotube shown
optically 1s more sensitively related to the semiconducting
nanotube than the metallic nanotube.

19. The surface modified single walled carbon nanotube
of claim 16, wherein the chemical property dependence of
the surface modified single walled carbon nanotube 1is
reversible.

20. The surface modified single walled carbon nanotube
of claim 16, wherein the at least one molecule comprises one
of SDS, glucose oxidase, single stranded DNA, double-
stranded DNA and PSS.

21. The surface modified single walled carbon nanotube
of claim 16, wherein the chemical property 1s one of pH
value, hydrogen peroxide concentration, glucose concentra-
tion and ethanol concentration of the environment.
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22. A method of detecting a chemical compound, com-
prising the steps of:

a. providing a solution of surface modified single walled
carbon nanotubes, wherein each of the surface modified
single walled carbon nanotubes 1s at least partially
wrapped by one or more detergent molecules to make
it soluble;

b. associating the solution of surface modified single
walled carbon nanotubes with the chemical compound,;
and

c. detecting optically a chemical property change of the
solution of surface modified single walled carbon nano-
tubes corresponding to the chemical compound so as to
detect the chemical compound.

23. The method of claim 22, wherein the detergent

comprises SDS, PSS or a combination of them.

24. The method of claim 22, wherein the associating step
comprises a step of forming a solution of the surface
modified single walled carbon nanotubes and the chemical
compound.

25. The method of claim 22, wherein the chemical com-
pound comprises at least one of a base and acid, and the
corresponding chemical property 1s pH of the solution of the
surface modified single walled carbon nanotubes.

26. The method of claim 22, wherein the chemical com-
pound 1s hydrogen peroxide, and the corresponding chemi-
cal property 1s hydrogen peroxide concentration i the
solution of the surface modified single walled carbon nano-
tubes.

27. The method of claim 22, further comprising the step
of adding an amount of glucose oxidase to the solution of the
surface modified single walled carbon nanotubes before the
assoclating step so that at least one of the plurality of surface
modified single walled carbon nanotubes 1s further wrapped
by one or more glucose oxidase molecules.

28. The method of claim 27, wherein the chemical com-
pound 1s glucose, and the corresponding chemical property
1s glucose concentration in the solution of the surface
modified single walled carbon nanotubes with glucose oxi-
dase.

29. The method of claim 28, wherein the glucose oxidase
may convert glucose to hydrogen peroxide and gluconic
acid, and the optically detecting step comprises a step of
measuring the optical properties of the solution of the
surface modified single walled carbon nanotubes with glu-
cose oxidase responsive to the concentration of the hydrogen
peroxide that 1s produced from glucose by glucose oxidase
in the solution of the surface modified single walled carbon
nanotubes with glucose oxidase.

30. The method of claim 22, wherein the method further
comprises the step of adding an amount of enzyme to the
solution of the surface modified single walled carbon nano-
tubes before the associating step so that at least one of the
plurality of surface modified single walled carbon nanotubes
1s further wrapped by one or more of the enzyme molecules.

31. The method of claim 30, wherein the chemical com-
pound 1s an substrate of the enzyme that 1s convertable to
hydrogen peroxide as one of its turnover products by the
enzyme, and the corresponding chemical property 1s the
substrate concentration in the solution of the surface modi-
fied single walled carbon nanotubes with the enzyme.

32. The method of claim 22, wherein the chemical com-
pound 1s 10dine, and the corresponding chemical property 1s
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the 10dine concentration 1n the solution of the surface
modified single walled carbon nanotubes.

33. The method of claim 22, wherein the chemical com-
pound 1s oxidant, and the corresponding chemical property
1s the oxidant concentration in the solution of the surface
modified single walled carbon nanotubes.

34. The method of claim 22, before the associating step,
further comprising the steps of:

a. adding an amount of glucose oxidase to the solution of
the surface modified single walled carbon nanotubes so
that at least one of the surface modified single walled
carbon nanotubes 1s further wrapped by one or more
glucose oxidase molecules; and

b. adding an amount of i1odide to the solution of the
surface modified single walled carbon nanotubes with
glucose oxidase.

35. The method of claim 34, wherein the chemical com-
pound 1s 10dine that 1s produced 1n situ from the reaction of
iodide with hydrogen peroxide, which 1s produced from
glucose by the glucose oxidase, and the chemical property 1s
the 10dine concentration in the solution of the surface
modified single walled carbon nanotubes.

36. A method of optically detecting a chemical property
change 1 a solution of surface modified single walled
carbon nanotubes induced by sonication, comprising the
steps of:
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a. providing a solution of surface modified single walled
carbon nanotubes, wherein each of the surface modified
single walled carbon nanotubes 1s at least partially
wrapped by one or more detergent molecules to make
1t soluble;

b. performing a sonication on the solution of surface
modified single walled carbon nanotubes; and

c. detecting optically the response of the solution of
surface modified single walled carbon nanotubes to a
chemical property change of the solution of the solution
of surface modified single walled carbon nanotubes
induced by the sonication.

37. The method of claim 36, wherein the detergent

comprises SDS, PSS or a combination of them.

38. The method of claim 36, wherein the sonication 1s
performed at a frequency 1n the range of from 20 to 200 kHz
for a time period of from 0 to 200 minutes at a temperature
in the range of from 0 to 100° C.

39. The method of claim 36, wherein the chemical prop-
erty 1s pH 1n the solution of surface modified single walled
carbon nanotubes.

40. The method of claim 39, wherein the chemaical prop-
erty change 1s corresponding to nitrous acid and nitric acid
concentrations induced by sonication in the solution of
surface modified single walled carbon nanotubes.
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