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Abstract: This review focuses on chemical sensors based ahodsxtrin (CD)
derivatives. This has been a field of classicatriegt, and is now of current interest for
numerous scientists. First, typical chemical senssing chromophore appended CDs are
mentioned. Various “turn-off’ and “turn-on” fluoresnt chemical sensors, in which
fluorescence intensity was decreased or increagedrplexation with guest molecules,
respectively, were synthesized. Dye modified CDs ahotoactive metal ion-ligand
complex appended CDs, metallocyclodextrins, wese applied for chemical sensors.
Furthermore, recent novel approaches to chemicalirsg systems using supramolecular
structures such as CD dimers, trimers and cooperainding systems of CDs with the
other macrocycle [2]rotaxane and supramoleculaymets consisting of CD units are
mentioned. New chemical sensors using hybrids ot @\ith p-conjugated polymers,
peptides, DNA, nanocarbons and nanoparticles acedascribed in this review.
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Introduction

Macrocyclic hosts such as crown ethers, cryptacgtdpphanes, calixarenes and cucurbiturils have
been synthesized and received much attention, ogeai wide range of opportunities for new
supramolecular chemistry and materials. Among tr@ipdextrins (CDs) are the most important and
promising macrocyclic hosts because they are wgtlelble natural products, inexpensive,
commercially available, nontoxic and readily funaotlized [1-4]. CDs are cyclic oligosaccharides
consisting of six or more glucopyranose units &italcbya-1,4-linkages (Figure 1).

Figure 1. Structures of cyclodextrins (CDs).
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Internal Diameter 4.7-5.2 6.0-64 7.5-8.3
Depth 6.7 7.0 7.0

The most common CDs comprise six, seven and elgbbgyranose units and are nanaedb- and
gCD, respectively. CDs form bucket structures, tthesy display a large and narrow entrance. The
narrow cavity side of CDs has primary hydroxyl grewand is called the primary face. In contrast, the
large cavity side of CDs bears secondary hydroxglups and is called the secondary face. The
difference between the primary and secondary hydirgrpoups allows selective functionalization on
the primary and secondary rims. Well-establishedhssis protocols for selective modification of CDs
have been extensively studied by many researchmetshave accelerated CD-related research [5-7].
One of the most important properties of CDs isitf@usion of guest molecules into their cavities.
Because the hydroxyl groups of CDs on both facemnge on the outside of the cavity and the inside
of the CD cavity is a hydrophobic microenvironme@Ds can capture suitable hydrophobic guests
into this hydrophobic cavity in aqueous media. Theity size of CDs increases with the increasing
number of glucopyranose repeating units. The calidyneter of CDs is about 0.44 — 0.83 na(D:
0.49 nm,b-CD: 0.62 nm,gCD: 0.80 nm). Therefore, the cavities@f and 5-CDs are a suitable size
for benzene rings and naphthalene molecules, riégglgc Since the cavity size @CD is larger than
that of a- and 5-CD, gCD captures large guests like fullerene and tvamatic guests in the cavity
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[8,9]. By employing the host-guest property, CDsséhdbeen applied for various fields such as
biochemistry, material chemistry, catalysis andctetmics. Especially, recent developments in
supramolecular chemistry using CDs as a buildingckd are extremely remarkable. Various
supramolecular structures such as catenanes [10<dt2kanes [13-17], polyrotaxanes [18-20] and
supramolecular polymers [21-23] have been reported.

The field of chemical sensors has been a growaisgarch area and a wide range of books and
reviews has been published in this field over th&t kthree decades [24-29]. Among them, optical
chemical sensors are quite interesting and useédause optical changes such as color and
fluorescence by recognition of guest molecules lwamlirectly and immediately seen with the naked
human eye. Classically, chromophores, which exéubioptical changes with polarity variation of
microenvironments, were employed as output signalgh marked advancement in the fields of
polymer chemistry, biochemistry and nanotechnolaggent developments of new chemical sensors
using p-conjugated polymers [24, 25], nanocarbons [26, &7 nanopatrticles [28, 29] have been
significant.

In this review, we focus on chemical sensors qusBD derivatives. In addition to classical
chemical sensors consisting of chromophore appendBd, new sensing systems based on
metallocyclodextrins, supramolecular systems ud@ig dimers, trimers, hetero-host conjugates,
rotaxane, supramolecular polymer, hybrids of orggulymers, nanocarbons and nanoparticles with
CDs are described.

Chemical Sensors Using Chromophore Appended CDs

The microenvironment of chromophores generallyltesn their color and fluorescence properties.
Therefore, by introducing dye and fluorescence amgs into CDs, inclusion of guest molecules into
the CD cavity can be detected. Chromophore-mod{@iBd have been studied for a long time by many
researchers and a huge number of these sensorbé@veeported. Among them, Ueno and coworkers
have pioneered the field of chromophore appendedl@&ical sensors.

Figure 2.(a) Turn-off and (b) Turn-on fluorosensors.

(a) Turn-off Fluorosensor ~ Depression of

Fluorescence

£

(b) Turn-on Fluorosensor
Enhancement of

». Fluorescence

¢’\}

guest | ‘Sﬁ” ¢
e 0 ©




Sensor008 8 4964

They synthesized many kinds of “turn-off” fluoreatechemical sensors, in which fluorescence
intensity was decreased by complexation with guestecules (Figure 2a). In aqueous media,
fluorophore-CD conjugatesa a flexible linker forming a self-inclusion compléwhen a competitive
guest was added to the aqueous solution, the fhhore was excluded from the inside to the outside
of the CD cavity. The fluorescent CD exhibited sgeemission in the self-inclusion state due to the
hydrophobic environment of the CD cavity and exidnsof the fluorophore from the cavity to bulk
aqueous media weakened its fluorescence intefi$igy synthesized “turn-off” fluorescent chemical
sensors of CD derivatives carrying fluorophore commbs such as dansyl [30-35],
dimethylaminobenzoyl [36-38], naphthyl [39-41], ege [42] and anthracene [43,44] moieties.
Moreover, a new type of “turn-on” fluorescent cheatisensors, in which fluorescence intensity was
increased by formation of host-guest complexes, alss reported (Figure 2b). With a rigid spacer
between CD and fluorophore, the fluorophore-CD ggajes could not form self-inclusion complexes.
Therefore, the fluorophore moiety is surroundedabyydrophilic environment, which resulted in
suppression of the fluorescence. By inclusion dfydrophobic guest molecule into the cavity of the
fluorophore-CD conjugate, the fluorophore is lodaite a more hydrophobic environment, thus the
fluorescence intensity increases. “Turn-on” typeofescent chemical sensors such as 4-amino-7-
nitrobenz-2-oxa-1,3-diazole-CD [45], napthol-CD J4fid hydroxyquinoline-CD [46] conjugates were
reported.

Various kinds of dye moiety appended CD chemicasses were also reported by Ueno and
coworkers. Because pH indicators such as methylp-@itrophenol and phenolphthalein show color
changes depending on the pH conditions, they sgizib@ dye appended CD derivatives. In aqueous
media, the dye moiety was included in the hydrophdbD cavity (self-inclusion complex) and
isolated from aqueous media (Figure 3).

Figure 3. p-Methyl red appendef-CD chemical sensor.
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Therefore, color changes from protonation/deprdionaof the dye with pH changes are
suppressed. In contrast, upon addition of competigjuest molecules, the dye moiety was excluded
from the CD cavity and located in the aqueous mddi#hat state, by environmental changes around
the dye moiety, the dye moiety shows normal itorc@hanges resulting from pH changes. Color
change chemical sensors of CD derivatives carrgiyes such as methyl red [47,48}nitrophenol
[49], alizarin yellow [50] and phenolphthalein [Sdkre reported.

Chemical Sensors Using Metallocyclodextrins

Photoactive metal ion-ligand appended CDs, metatlodextrins [52], have been studied and
applied as chemical sensors. By introducing metalibg sites such as diethylenetriaminepentaacetate
(DTPA), crown ether and ethylenediaminetetraacefa®T A) moieties into CDs, fluorescent sensors
have been constructed. One of the major sensinghanesms using metallocyclodextrins is an
absorption-energy transfer emission (AETE) processch involves excitation of the light harvesting
guest, energy transfer to a metal ion and subséduamescence from the metal ion. Lanthanide ions
such as Eu(ll) and Tb(ll) are mainly used becadgker long-lifetimes and strong fluorescence. The
complexes of lanthanide ion with binding site ma@ifCDs such as DTPA-CLL,(Figure 4a) [53] and
crown ether-CD conjugateg, (Figure 4a) [54] showed little fluorescence in agieemedia because of
a lack of aromatic hydrocarbons (light harvestingugs).

Figure 4. (a) Structures of DTPAL], crown etherZ) and EDTA @) appended CDs and
(b) mechanism of absorption-energy transfer emis@MeTE) process
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By inclusion of aromatic guests such as toluenazéee and biphenyl into their CD cavity, strong
fluorescence from the lanthanide was observed (Eiglb). These aromatic guests act as light
harvesting groups and energy transfer from thesstguo the lanthanide occurred. After excitatibn o
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the lanthanide by the energy transfer, luminescefioen the lanthanide took place. These
fluorosensors are assigned to “turn-on” chemicalsses because the fluorescence is increased by
molecular recognition events.

Reinhoudt and coworkers synthesized an EDTA-linke@D dimer @3, Figure 4a) [55]. The
complex betweef and lanthanides also showed AETE upon additicadaimantane dimer linked by a
biphenyl group. Inclusion of both adamantyl ends ithe 5-CD cavities of3 resulted in AETE from
the biphenyl group to the Ilanthanide. Lanthanidemmlexes with polypyridine [56] and
heptabipyridine [57] modified CD also showed AETEogerties and acted as chemical sensors
towards guest molecules.

Transition metal ion-ligand appended CDs have basn studied.5-CD dimer conjugated by
biqunolino group 4, Figure 5a) formed complex with Cu(ll) ion [58]. Cplax betweert and Cu(ll)
acted as efficient fluorescence sensors and shoevedrkable fluorescence enhancement by formation
of a 1:1 sandwich inclusion complex with a stergugst.

Figure 5. Structures of (a)p-CD dimer linked by biquinolino group4), (b) 2:1 host-
guest complex of alkylateCD andmesetetraphenylporphyring) and (c)6-CD having
6-methoxy-(8p-toluenesulfonamido)quinolin®y.

(b) ©

2:1 Host-guest complex (5) Quinoline modified #-CD (6)

b-CD dimer linked by biquinolino
moiety (4)

A 2:1 host-guest complex of alkylat&eCD andmesetetraphenylporphyring, Figure 5b) was used
as a selective and sensitive fluorescence systeinidl) [59]. Due to enhancement of the porphyrin
fluorescence by formation of metalloporphyrin, dwmnplex,5, is applied to sense and detect metal
ions in water. The complex showed excellent seldgtfor Zn(ll) over the several metal ion&CD
having 6-methoxy-(§-toluenesulfonamido)quinolines,( Figure 5c¢), which exhibited high selectivity
for Zn(ll) as compared to Ca(ll), Mg(ll) and otheretal ions, was also synthesized. Compoénd
showed high sensing ability for Zn(ll) and will bgpected to be useful as imaging reagent of Zm(1l)
living tissue or in cells [60].
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Chemical Sensors Using CD Supramolecular Systems

Supramolecular structures constructed of CD maed building blocks are quite interesting and
have attracted tremendous interest. One of theicapipins of supramolecular structures is the
construction of chemical sensors by using coopearatecognition systems and dynamic changes of
supramolecular structures toward chemicals and ions

Covalently coupled CDs such as CD dimers and tsni@m large hydrophobic binding cavities,
thus they strongly capture large guest compoundspaced to monomeric CDs. Therefore, sensing
systems based on CD dimers and trimers have beestigated. Uenet al first synthesized dansyl
modified 6-CD dimer {, Figure 6) [61].7 exhibited remarkable molecular recognition forrait
compounds, which was different from nati#¢CD. The phenomenon results form large hydrophobic
binding site of theb-CD dimer structure. By inclusion of the steroicegts into the hydrophobic space
betweenb-CDs, fluorescence from the dansyl moiety was dishied. This is because the dansyl
moiety included into the cavity dCD dimer is excluded from the hydrophobic envir@mninto the
hydrophilic agueous media. Reinhoudt and coworgespared a fluorescedtCD dimer, in whichb-
CDs were connected on their secondary f&8&igure 6) [62]. The host-guest properties of €D
dimer connected on the secondary face is diffdrent that of ab-CD dimer connected on the primary
side. Therefore8 exhibited different fluorescence changes upon temdiof guest molecules. A
fluorescentb-CD trimer having two dansyl groups at linkers betw CDs, 4, Figure 6) was also
synthesized. In this syster9, effectively captured guest molecules [63]. Kurcalad coworkers
synthesized new permethylatédCD dimer and cyclic trimerl1(Q, Figure 6) bridged with biphenyl
moieties. An anthracene derivative having two hptiabic alkyl chains was strongly captured by the
cyclic permethylatedb-CD trimer (LO) [64].

Figure 6. Fluorescent CD dimers and trimers

b-CD dimer connected on primary face (7) b-CD dimer connected on secondary face

b-CD trimer (9) o
Permethylated 6-CD cyclic trimer (10)
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Cooperative binding systems using hybrids of CDhwiite other macrocyclic hosts were also
reported. Hayashita and coworkers constructed la $etective molecular recognition system based on
host-guest complexes betwegD and pyrene-crown ether conjugates [65,66]hndresence of
CD, pyrene-crown ether conjugate and K(I) ion, pgrenonomer emission disappeared and excimer
emission appeared due to formation of 2:1 sandiyiol dimer between crown ether and K(I) idd,(
Figure 7a). A boronic acid fluorophoteCD complex chemical sensor for selective sugangeition
was also reported ., Figure 7b) [67].

Figure 7. Cooperative binding systems of hybrids of ggFD with pyrene-crown ether
(11, (b) b-CD with pyrene-boronic acidl@) and (c) methylated&-CD-crown ether-
azophenyl dyel(3) conjugates.
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Cyclodextrin-crown ether conjugates were also ugdchemical sensors. A CD-crown ether-
azophenyl dye conjugat&3, Figure 7c) was synthesized by Kanedal [68, 69]. Upon addition of
primary and secondary alkyl amind® showed color changes in aqueous media. In contrastolor
change was observed upon addition of tertiary akyines to the aqueous solution. The main reasons
to the selectivity ofL3 toward amines are cooperative binding of bothctiogvn ether and CD moieties.
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The crown ether strongly binds primary and secondarmonium ions and the CD forms a complex
with the lipophilic alkyl tail of the amine. Thek, the primary and secondary alkyl amines form
strong complexes with3. Reinhoudt and coworkers prepared CD-calix[4]arem&ugates [70]. The
fluorophore was attached to the upper rim of cdlfene moiety. The fluorophore was included intra-
molecularly into the CD cavity in agueous media.obpaddition of guests such as steroids and
terpenes, fluorescence intensity decreased (tdrnypke fluorescent chemical sensor), indicating
exclusion of the fluorophore from CD cavity to aque solution. Its complexation properties were
different from those of native CDs, since the agl@ehcalix[4]arene moiety expanded the hydrophobic
microenvironment. Chemical sensors using coopearatiultiple recognition by calix[4]arene bridged
b-CD dimer were also reported [71].

Suzuki and coworkers reported interesting chemsmtsors using a supramolecular double-
threadedgCD dimer (Figure 8). They synthesized pyrene agpdragCD via a triamine spacerl{,
Figure 8) [72]. In aqueous solution (pH = 749 showed strong excimer fluorescence, indicating tha
14 formed supramolecular double-threadg@D dimers in aqueous media. The excimer emission
from thegCD dimers was changed by adding only HCé&hion, while the other anions did not cause
changes in excimer emission. These observationsait@dhigh selectivity for HC® anion. In neutral
condition, triamine spacer fornmgeudoeazacrown ring with one charged ammonium group taval
amino groups. Theeudeazacrown ring selectively binds HgQnion, leading to the change in
excimer emission.

Figure 8. Chemical structure of pyrene appendg@D via triamine spacerld) and
proposed sensing mechanism for HC&hion

(14)

Anderson and coworkers reported unique chemicadmensing [2]rotaxane [73]. A [2]rotaxane
with stilbene as axle, terphenylenedicarboxylidaas bulky stopper anglCD as ring, 15, Figure 9)
has a substantial cavity, thus suitable for anogfusrst to be included into the remaining space. The
stilbene ingCD acts as hydrophobic floor to the cavity of gp€D, leading to a 1,000-fold increase in
its affinity for suitable guests. The stilbene alslays a role as a fluorophore in order to report
formation of the host-guest complex between sulisiazavity of the [2]rotaxane and guests.
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Figure 9. Chemical structure of [2]rotaxane with stilbene aaxle,
terphenylenedicarboxylic acid as bulky stopper gD as ring {5) and inclusion of
guests on hydrophobic floor of stilbene.

(15)

Chemically responsive supramolecular polymers Hsaen reported by our group, [74,75]. It was
well known that guest moiety appended CDs withdrigpacers formed supramolecular polymers.
Among them, a N-(2,4,6-trinitrophenyl)-6-amindrans-cinnamoyl]-5-CD appended CD derivative
formed a supramolecular hydrogel based on hosttgues hydrogen bond interactions. The hydrogel
was chemically responsive and changed to sol state addition of competitive guest, host and
denaturing compounds.

Chemical Sensors Using Polymers Carrying CDs

p-Conjugated polymers are attracting significanteiest because they are used as electrical
conductivity, electroluminescence, light-emittingpades and chemical sensors. Among them, one of
the current interests in the field of conjugatetymers focuses on tuning of their optical and eleat
properties by stimulus such as oxidation-reductpdh and metal cation. We synthesized water-soluble
chemically-responsive fluorescent polymer by emipigy CD. 6-CD modified poly(phenylene
ethynylene) Polym-1, Figure 10a) was synthesized [7Bplym-1 is structurally interesting wherein a
poly(phenylene ethynylene) is flanked by tweCD groups.Polym-1 showed blue fluorescence in
N,N-dimethylformamide (DMF), while green fluorescena@s observed in aqueous media. In
agueous solutiorRolym-1 is not completely soluble in monomeric form butnfie partially quenched
aggregates of poly(phenylene ethynylene) backbéieorescence ofPolym-1 was changed by
addition of guest compounds. Fluorescence colongdand quenching ¢folym-1 were induced by
aliphatic and acceptor guests, respectively. Whiphatic 1-adamantanecarboxylic acid (AdCA) as a
guest compound, UV-Vis absorption peak at 470 nnvee from the stacking betwegnconjugated
polymer backbones largely decreased and compldisppeared with 0.20 mM of AdCA (Figure
10b). The emission with the peak at 490 nm resuitech the intermoleculap-stacking between
polymer chains also decreased and a new emissaiigreund 460 nm appeared with an increase in
the concentration of AACA (Figure 10c).
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Figure 10. (a) Chemical structures oPolym-1 and Polym-2. (b) UV-Vis and (c)
emission spectral changes (excited at 400 nm) wé@asPolym-1 solutions (0.020 mM)
by adding AdCA. (d) Proposed mechanism of dynarriectural changes upon addition
of AdCA.

(@)

(b) ()

(d)

Intermolecular aggregates

Dissociation of intermolecular
aggregates

The emission color was changed from light grekro(éscence quantum yielBy = 0.07) to deep
blue Fq = 0.11) by addition of AdCA (Figure 10d). Thesesetvations indicate dissociation of
intermoleculam-stacking of polymer backbones by complexation diCA to the &-CD moieties of
Polym-1. Repulsive forces between the complexed anionshimpgevent polymer chains from

aggregating.



Sensor2008 8 4972

Figure 11. (a) Emission spectral changes (excited at 400 nfmagoieousPolym-1
solutions (0.020 mM) by adding viologen derivativé3.20 mM). (b) Proposed
mechanism of electron transfer from polymer baclimnviologen group.

(@)

(b)

Figure 11 shows changes in fluorescence by addimlggen derivatives. The fluorescence from
poly(phenylene ethynylene)s was quenched by elecaocepting viologen groups. By adding
adamantane modified viologen group (AdBpyMe), latgerescence quenching was observed (Figure
11a). On the other hand, by usihgN-dimethyl-4,4"-bipyridinium (MeBpyMe), low fluoresmce
guenching occurred because the cationic viologenmbarely formed a host-guest complex with CD.
These data indicate that the fluorescence quendbiyngdding AdBpyMe is due to formation of the
inclusion complex between adamantane moiety of AdlBpand4-CD of Polym-1. Holding viologen
groups on the side chain Bblym-1 via host-guest formation results in efficient electtaansfer from
the poly(phenylene ethynylene) backbone to theogeh moiety of AdBpyMe (Figure 11b). Upon
addition of adamantane carrying pyridinium moiefdRy) instead of AdBpyMe, the fluorescence
guenching was not observed because the pyridinnannpgdid not act as an efficient electron acceptor
of poly(phenylene ethynylene)s. The chemically oesive fluorescence color change and quenching
system in agueous solution were interesting atid khown.

Yashima and coworkers synthesized helical polydee¢ycarrying CD moietiePplym-2, Figure
10a) [77-79]Polym-2 showed a visible color change with a dynamic ckanghe helical pitch of the
conjugated backbone induced by inclusion of guesieaules into CD cavity. Moreover, helicity of
Polym-2 can be also switched by complexation with chiraéggs. With §-1-phenylethylamine, a
color change from yellow to red was observed. Intiast, no color change was found upon addition of
(R)-1-phenylethylamine.
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Figure 12.Schematic representation for the guest-inducedtsiral change of (a)
peptide-CD-chromophoré0lym-3) and (b) DNA-CD-chromophord>plym-4)

conjugates.
(a) Polym-3
—
<——
FRET on FRET off
(b) Polym-4

Peptides are designable polymers by using solidsglsynthesis, thus construction of sensing
systems based on peptide-CD conjugates has beeiedstoy Ueno and coworkers. They designed
various peptides having CD and chromophore moiekies example, they synthesized a CD-peptides
conjugate, Polym-3, Figure 12a) bearing a pyrene donor and a counaaceptor in the side chains
[80, 81]. In aqueous medi&olym-3 showed strong fluorescence from the coumarin grbup
excitation at the absorption wavelength of pyrefbe observation indicates that intramolecular
fluorescence resonance energy transfer (FRET) fspgrane to coumarin takes place. The coumarin
moiety is intramolecularly included into a hydropomb-CD cavity, therefore the fluorescence from
the coumarin unit is not suppressed. Upon addiiioa competitive guest molecule, the fluorescence
from the coumarin moiety decreased. The observat@ives from exclusion of the coumarin group
from inside to outside of th6-CD cavity and association between the coumarinthadyrene units
appended peptide backbone. CD-peptide conjugatis naphthyl [82], ionophore and dansyl [83],
pyrene and nitrobenzene [84] moieties were alsstcocted.

Chemical sensor based on fluorophore-DNA-methyl&€D conjugate Polym-4, Figure 12b) has
been studied recently [85]. When the methylabe@D moiety of Polym-4 captured TPPS in a 2:1
binding manner, duplex structure of DNA was indud&g formation of the duplex structure, emission
switching from pyrene monomer to excimer occurred.

Chemical Sensors Using Cyclodextrin-Nanocarbon Hyhbas
Nanoscale carbon materials such as fullerene, nanbaotubes and nanodiamonds have attracted

great attention because of their unique structwaigctrical, and mechanical properties. One of the
recent new challenges for construction of CD badseimical sensors is hybridization of CD with
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nanocarbon materials. Yuan and Fujét al first reported the synthesis of defined structafe
fullerene-CD conjugategia 1.3-dipolar cycloaddition of CD azides to fulleee(Figure 13) [86]. The
fullerene-CD hybrids captured fluorescent guesd@mine B and quenched the fluorescence.

Figure 13. Chemical structure of fullerene appended CD andréiscence quenching by
inclusion of Rhodamine B.

We recently reported the synthesis of carbon ndme@D hybrids and construction of novel
chemically-responsive supramolecular SWNT hydroggstems [87]. Because CDs show high
solubility in water, water-soluble SWNTs carryindd€ are obtained by using physical adsorption of
pyrene modified>-CDs Py-b-CDs) on SWNT surfacesPy-6-CD/SWNT hybrids, Figure 14). Since
vacant CD cavities dPy-6-CDs around SWNT are able to capture guest moleculeéSVBNT surface,
supramolecular SWNT hydrogels are prepared byintdi host-guest interaction between th€Ds of
Py-6-CD/SWNT hybrids and polymers carrying guest moieties. Supramadec8WNT hydrogels
were formed by host-guest interactions betweentitlds of Py-6-CD/SWNT hybrids and dodecyl
groups (2 mol%) modified poly(acrylic acidPAA2, Figure 14a). Furthermore, SWNT hydrogels
composed oPy-6-CD/SWNT hybrids andPAA2 changed to sol by adding competitive guest or host
compounds. When sodium adamantane carboxylate (AjiGMas added to the hydrogel as a
competitive guest, gel to sol transition was obser{Figure 14b). This result indicates dissociatbn
the host-guest complexes between thR€Ds of Py-6-CD/SWNT hybrids and dodecyl groups of
PAA2 because AdCNa strongly interacts with th&€D compared with the dodecyl group. Upon
addition ofa-CD as a competitive host, the gel also changesbltdFigure 14c). It is because dodecyl
moieties form complexes more favorably wakCD than with6-CD. To the best of our knowledge, it
is the first example of construction of SWNT-CD hgls and gel to sol changeable SWNT hydrogel
via supramolecular formation. Stoddart and Grueeral reported application of the pyrene-CD
decorated SWNT hybrid field-effect transistors (BE&s chemical sensors to detect organic guests
[88]. FET characteristics of SWNT-CD hybrids werghly sensitive and depended on association
constants between organic molecules and CDs. Aadbeciation constants between CDs and guests
increased, larger changes in the FET characteristere observed. The proposed mechanisms are
either the change of the carrier concentration assalt of the change in the charge transfer from
pyrene modified cyclodextrin to the SWNTs or theamype of carrier mobility resulting from
deformation of SWNTs. CD-multiwalled carbon nan@sb(MWNTS) conjugate by reaction of
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surface-bond carboxylic chloride groups of MWNTstlwiamino CDs was reported [89]. By
complexation with tetrakis(4-carboxyphenyl)porphy(MCPP), fluorescence quenching was observed
due to the photoinduced electron transfer from TEPAWNTS.

Figure 14.(a) Py-CD/SWNT hydrogel witlPAA2. Gel to sol transitions upon addition
of (b) competitive guest, ADCNa and (c) competitinzest,a-CD.

PAA2
(@) Py-b-CD/SWNT
Hydrogel
—
Py-b-CD/SWNT Hybrids ael
a-CD
(b) Adding AdCNa
V¥ (c) Adding a-CD

sol sol

Chemical Sensors Using CD-Nanopatrticle Hybrids

When gold nanoparticles aggregate, a color charuye fed to purple and blue is observed. This
phenomenon can be promisingly applied to opticabisg devices. Kaifer and coworkers synthesized
b-CD modified gold nanoparticles [90,91]. Additiohguest ferrocene dimer to colloidal dispersion of
b-CD-modified gold nanoparticles initially causedreal shift and then precipitation of a red solid
(Figure 15). In contrast, these red shift and igation were not observed upon addition of ferrece
methanol. These data indicate that ferrocene datisras a linker between different gold nanopadgicl
leading to their aggregation. The color change ltiegufrom aggregation ot»-CD modified gold
nanoparticles by adding ferrocene dimer will beli@opfor chemical sensor toward guest molecules.
Furthermore, they also synthesizg@D modified gold nanoparticles. By mixing fulleeGso) with
colloidal solutions of¢CD modified gold nanopatrticles, network aggregdtemed. The foundation
results from formation of 2:1 host-guest compleResveengCD attached to different nanoparticles
and Go [92]. Formation of the network aggregate shouldibeful for sensing system o§C

A new nanobiosensor for glucose based on FREVd®et concanavalin A (ConA) modified CdTe
guantum dots an@CD modified gold nanoparticles has been recemported [93]. Quantum dots
such as CdS, CdTe and ZnS nanopatrticles show supdotoluminescence quantum yields and color
changes depending on the size of their diametdrs. SEnsing strategy is based on FRET between
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CdTe quantum dots as energy donor and gold namndparais energy acceptor. When CdTe quantum
dots form assembles with gold nanopatrticles, therélscence from quantum dots is decreased by
FRET effect. By mixingh-CD modified gold nanoparticles and ConA conjugdafelle quantum dots,
assemblies between these gold nanoparticles and Qadntum dots took place. Because ConA binds
b-CD, FRET from CdTe quantum dots to gold nanopl@sioccurs. By adding glucose to the hybrid
system, fluorescence from CdTe quantum dots ineckdsie to low FRET effect. It is because the
glucose competes with-CD on the binding site of ConA and the assemliies-CD modified gold
nanoparticles and ConA conjugated CdTe quantumatetdissociated.

Figure 15. Formation of network aggregate 6fCD modified gold nanoparticles upon
addition of ferrocene dimer

Ferrocene Dimer

Aggregation of

b-CD Modified_ Gold Nanoparticles
Gold Nanoparticle

Conclusions and Outlook

The area of chemical sensors using CD derivatisegery important, although their history dates
back less than 30 years. Classically, chromophardifred CD chemical sensors were constructed.
However, with progress and improvements in otheld§ such as supramolecular chemistry, polymer
chemistry, biochemistry, inorganic chemistry anchatachnology, the research has focused on the
construction of sophisticated sensing systems Hlyridiigation with ideas from these other fields.
Combinations of CD chemistry with the other chenest and concepts have enabled elaboration of
novel chemical sensors. New CD chemical sensots wgh additive values such as high sensitivity,
wide versatility and high functionality should beeated with further progress of the other research
fields.

Acknowledgements
This work was supported by a Grant-in-Aid for ScierResearch from the Ministry of Education,

Science, Sports, and Culture of Japan. T.O. is@areh fellow of the Japan Society for the Pronmotio
of Science, 2005-2007.



Sensor2008 8 4977
References and Notes

1. Bender, M.L.; Komiyama, MCyclodextrin chemistrySpringer-Verlag: Berlin, Germany, 1978.

2. Szejtli, S.Cyclodextrin technologyluwer Academic Publishers: Dordrecht, Netherirb98.

3. Szejtli, J., Osa, T., Ed€omprehensive cyclodextrin chemistBergmon: Oxford, U.K., 1996;
Volume 3.

4. Nepogodiev, S.A.; Stoddart, J.F. Cyclodextrin-basattnanes and rotaxan€&hem. Rev1998
98, 1959-1976.

5. Gattuso, G.; Nepogodiev, S.A.; Stoddart, J.F. S3tntlcyclic oligosaccharide€hem. Rev1998
98, 1919-1958.

6. Khan, A.R.; Forgo, P.; Stine, K.J.; D'Souza, V.Tethbds for selective modifications of
cyclodextrinsChem. Rev1998 98, 1977-1996.

7. Engeldinger, E.; Armspach, D.; Matt, D. Capped agleitrins.Chem. Rev2003 103 4147-4173.

8. Rekharsky, M.V.; Inoue, Y. Complexation thermodymesrof cyclodextrinsChem. Rev199§ 98,
1875-1918.

9. Connors, K.A. The stability of cyclodextrin compésxin solutionChem. Rev1997 97, 1325-
1358.

10.Wenz, G.; Han, B.H.; Muller, A. Cyclodextrin rotax@s and polyrotaxaneShem. Rev2006 106
782-817.

11.Armspach, D.; Ashton, P.R.; Moore, C.P.; Spencer,Stbddart, J.F.; Wear, T.J.; Williams, D.J.
The self-assembly of catenated cyclodextrrisgew. Chem. Int. EA993 32, 854-858.

12. Armspach, D.; Ashton, P.R.; Ballardini, R.; Balzavi; Godi, A.; Moore, C.P.; Prodi, L.; Spencer,
N.; Stoddart, J.F.; Tolley, M.S.; Wear, T.J.; Withs, D.J. Catenated cyclodextri@hem. Eur. J.
1995 1, 33-55.

13.0gino, H. Relatively high-yield syntheses of rotags. Syntheses and properties of compounds
consisting of cyclodextrins threaded &y -diaminoalkanes coordinated to cobalt(lll) compkexe
Am. Chem. S0d981 103 1303-1304.

14.0gino, H.; Ohta, K. Synthesis and properties aiixahe complexes. [2]Rotaxanes consisting-of
or b-cyclodextrin threaded bym(-a,w-diaminoalkane)bis[chlorobis(ethylenediamine)calbid)}
complexesinorg. Chem1984 23, 3312-3316.

15.1Isnin, R.; Kaifer, A.E. Self-assembling metal radae complexes ad-cyclodextrin.J. Am. Chem.
S0c.1992 114, 3136.

16.1snin, R.; Kaifer, A.E. Novel class of asymmetngitterionic rotaxanes based ancyclodextrin.J.
Am. Chem. S0d991 113 8188.

17.Harada, A.; Li, J.; Kamachi, M. Non-ionic [2]rotan&s containing methylated-cyclodextrins.
Chem. Commuh997, 1413-1414.

18.Harada, A.; Li, J.; Kamachi, M. The molecular nedd: a rotaxane containing many threaded
cyclodextrinsNature1992 356, 325-327.

19.Harada, A.; Li, J.; Kamachi, M. Synthesis of a tidlboupolymer from threaded cyclodextrins.
Nature1993 364, 516-518.

20.Harada, A. Cyclodextrin-based molecular machiAes. Chem. Re2001 34, 456-464.



Sensor2008 8 4978

21.Kuad, P.; Miyawaki, A.; Takashima, Y.; Yamaguchi, Harada, A. External stimulus-responsive
supramolecular structures formed by a stilbeneodittrin dimerJ. Am. Chem. So007, 129,
12630-12631.

22.Harada, A. Supramolecular polymers based on cygtads. J. Polym. Sci. A. Polym. Che&006
44, 5113-5119.

23.Harada, A.; Hashidzume, A.; Takashima, Y. Cyclodaxtased supramolecular polymersdv.
Polym. Sci2006 201, 1-43.

24.Thomas, S.W.; Joly, G.D.; Swager, T.M. Chemicalsses based on amplifying fluorescent
conjugated polymer€hem. Rev2007, 107, 1339-1386.

25.McQuade, D.T.; Pullen, A.E.; Swager, T.M. Conjugapolymer-based chemical sensatfhiem.
Rev.200Q 100, 2537-2574.

26.Sherigara, B.S.; Kutner, W.; D'Souza, F. Electralgt properties and sensor applications of
fullerenes and carbon nanotubEkectroanalysi2003 15, 753-772.

27.Bonifazi, D.; Enger, O.; Diederich, F. SupramolecybO]fullerene chemistry on surfac&€shem.
Soc. Rev2007, 36, 390-414.

28.Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.Zltao, J.; Van Duyne, R.P. Biosensing with
plasmonic nanosensoisature Mater2008 7, 442-453.

29.Murphy, C.J.; Gole, A.M.; Hunyadi, S.E.; Stone, J.\8isco, P.N.; Alkilany, A.; Kinard, B.E.;
Hankins, P. Chemical sensing and imaging with thetaanorods.Chem. Commur2008 544-
557.

30.Ueno, A.; Minato, S.; Suzuki, I.; Fukushima, M.; Kbbo, M.; Osa, T.; Hamada F.; Murai K.
Host—guest sensory system of dansyl-modifieyclodextrin for detecting steroidal compounds by
dansyl fluorescenc€hem. Lett199Q 605-608.

31.Hamada, F.; Kondo, Y.; Ito, R.; Suzuki, I.; Osa, Teno, A. Dansyl-modified-cyclodextrin as a
fluorescent sensor for molecular recognitidnincl. Phenom1993 15, 273-279.

32.Wang, Y.; lkeda, T.; Ueno, A.; Toda, F. Synthesed molecular recognition abilities of 6-O-, 2-
O-, and 3-O-dansyl-cyclodextrinsChem. Lett1992 863-866.

33.Wang, Y.; Ikeda, T.; Ikeda, H.; Ueno, A.; Toda,Fansyl- -cyclodextrins as fluorescent sensors
responsive to organic compoun@sill. Chem. Soc. Jpi994 67, 1598-1607.

34.Corradini, R.; Dossena, A.; Marchelli, R.; Panada, Sartor, G.; Saviano, M.; Lombardi, A.;
Pavone, V. A modified cyclodextrin with a fully eapgsulated dansyl group: self-inclusion in the
solid state and in solutio@hem. Eur. J1996 2, 373-381.

35.Pagliari, S.; Corradini, R.; Galaverna, G.; Sfor&; Dossena, A.; Montalti, M.; Prodi, L.;
Zaccheroni, N.; Marchelli, R. Enaitioselective flfascence sensing of amino acids by modified
cyclodextrins: role of the cavity and sensing medctra. Chem. Eur. J2004 10, 2749-2758.

36.Hamasaki, K.; lkeda, H.; Nakamura, A.; Ueno, A.d&@pF.; Suzuki, I.; Osa, T. Fluorescent sensors
of molecular recognition. Modified cyclodextrinspadole of exhibiting guest-responsive twisted
intramolecular charge transfer fluorescerlcedm. Chem. So&993 115 5035-5040.

37.Hamasaki, K.; Ueno, A.; Toda, F.; Suzuki, I.; OBaMolecular recognition indicators of modified
cyclodextrins using twisted intramolecular changasfer fluorescenc8&ull. Chem. Soc. Jpii994
67, 516-523.



Sensor2008 8 4979

38.Hamasaki, K.; Ueno, A.; Toda, F. A fluorescentyclodextrin as a sensor for detecting aliphatic
alcohols by dual fluorescence arising from normahar and twisted intramolecular charge transfer
excited statesl. Chem. Soc., Chem. Commi@93 331-333.

39.Ueno, A.; Moriwaki, F.; Osa, T.; Hamada, F.; MurHi, Fluorescence and circular dichroism
studies on host—guest complexation-gfyclodextrin bearing two 2-naphthyl moieti@&ull. Chem.
Soc. Jpn1986 59, 465-470.

40.Ueno, A.; Minato, S.; Osa, T. Host-guest sensor6A6B-, 6A,6C-, 6A,6D-, and 6A,6E-bis(2-
naphthylsulfenyl)gcyclodextrins for detecting organic compounds loprfiescence enhancements.
Anal. Chem1992 64, 1154-1157.

41.Moriwaki, F.; Kaneko, H.; Ueno, A.; Osa, T.; Hamada; Murai, K. Excimer formation and
induced-fit type of complexation of-cyclodextrin capped by two naphthyl moieti&sil. Chem.
Soc. Jpn1987, 60, 3619-3623.

42.Suzuki, I.; Ohkubo, M.; Ueno, A.; Osa, T. Detectmfrorganic compounds by dual fluorescence of
bis(1-pyrenecarbonyl)-cyclodextrinsChem. Lett1992 269-272.

43.Ueno, A.; Moriwaki, F.; Osa, T.; Hamada, F.; Murli, Association, photodimerization, and
induced-fit types of host-guest complexation ohaatene-appendegicyclodextrin derivatives].
Am. Chem. S0d.988 110, 4323-4328.

44.Ueno, A.; Moriwaki, F.; lwata, Y.; Suzuki, |.; Os&,; Ohta, T.; Nozoe, $3Cyclodextrin template
method for controlling stereochemistry of bimolesuhteractions and reactions.Am. Chem. Soc.
1991, 113 7034-7036.

45.1keda, H.; Murayama, T.; Ueno, A. Skeleton-selextifluorescent chemosensor based on
cyclodextrin bearing a 4-amino-7-nitrobenz-2-oxa-diazole moietyOrg. Biomol. Chem2005 3,
4262-4267.

46.Liu, Y.; Shi, J.; Guo, D.S. Novel permethylatgdcyclodextrin derivatives appended with
chromophores as efficient fluorescent sensorsHernmiolecular recognition of bile saltk. Org.
Chem.2007, 72, 8227-8234.

47.Kuwabara, T.; Nakamura, A.; Ueno, A.; Toda, F. lisacbn complexes and guest-induced color
changes of pH-indicator-modifietdcyclodextrins.J. Phys. Cheml994 98, 6297-6303.

48.Ueno, A.; Kuwabara, T.; Nakamura, A.; Toda, F. Adifiied cyclodextrin as a guest responsive
color-change indicatoNature1992 356, 136-137.

49.Kuwabara, T.; Nakamura, A.; Ueno, A.; Toda, F. @npolecular thermochromism of a dye-
appended -cyclodextrin.J. Chem. Soc., Chem. Commi894 689-690.

50.Aoyagi, T.; Nakamura, A.; Ikeda, H.; Ikeda, T.; Mia, H.; Ueno, A. Alizarin yellow-modified-
cyclodextrin as a guest-responsive absorption ahaagsorAnal. Chem1997, 69, 659-663.

51.Barcza, L.; Buravi, A. Complex formation of cyclohwaoctaose with tetrabromophenolphthalein
and some related compoun@arbohyd. Resl989 192 103-109.

52.Haider, J.M.; Pikramenou, Z. Photoactive metalltmyextrins: sophisticated supramolecular
arrays for the construction of light activated ratnre devicesChem. Soc. Re2005 34, 120-132.

53.Pikramenou, Z.; Yu, J.A.; Lessard, R.B.; Ponce M&ang, P.A.; Nocera, D.G. Luminescence from
supramolecules triggered by the molecular recagmitif substrateCoord. Chem. Re1994 132,
181-194.



Sensor2008 8 4980

54.Mortellaro, M.A.; Nocera, D.G. A supramolecular of@sensor for aromatic hydrocarbodsAm.
Chem. Socl996 118 7414-7415.

55.Michels, J.J.; Huskens, J.; Reinhoudt, D.N. Nonatet binding of sensitizers for lanthanide(lll)
luminescence in an EDTA-big{cyclodextrin) ligandJ. Am. Chem. So2002 124, 2056-2064.

56.Haider, J.M.; Pikramenou, Z. Metal assembly of aglelxtrin recognition siteg&ur. J. Inorg. Chem.
2001, 189-194.

57.Heck, R.; Dumarcay, F.; Marsura, A. New scaffoldsgupramolecular chemistry: upper-rim fully
tethered 5-methyleneureido-5-methyl-2,2’-bipyridygclodextrins.Chem. Eur. J2002 8, 2438-
2445,

58.Liu, Y.; Song, Y.; Chen, Y.; Li, X.Q.; Ding, F.; dmg, R.Q. Biquinolino-modified-cyclodextrin
dimers and their metal complexes as efficient #8oent sensors for the molecular recognition of
steroidsChem. Eur. J2004 10, 3685-3696.

59.Yang, R.; Li, K.; Wang, K.; Zhao, F.; Li, N.; Lilg. Porphyrin assembly ob-cyclodextrin for
selective sensing and detection of a zinc ion basethe dual emission fluorescence rafioal.
Chem 2003 75, 612-621.

60.Liu, Y.; Zhang, N.; Chen, Y.; Wang, L.H. Fluorescensensing and binding behavior of
aminobenzenesulfonamidoquinolieeyclodextrin to ZA*. Org. Lett.2007, 9, 315-318.

61.Nakamura, M.; Ikeda, T.; Nakamura, A.; lkeda, Hend, A.: Toda, F. Remarkable molecular
recognition of dansyl-modified cyclodextrin dim@hem. Lett1995 343-344.

62.de Jong, M.R.; Engbersen, J.F.J.; Huskens, J.;hBedt, D.N. Cyclodextrin dimers as receptor
molecules for steroid sensohem. Eur. J200Q 6, 4034-4040.

63.Kikuchi, T.; Narita, M.; Hamada, F. Synthesis o$ lbiansyl-modifiedb-cyclodextrin liner trimer
having multi-recognition sites and high hydrophobitvironment.Tetrahedron2001, 57, 9317-
9324.

64.Sasaki, K.; Nagasawa M.; Kuroda, Y. New cyclodexttimer and trimer: formation of biphenyl
excimer and their molecular recognitid@hem. Commur2001, 2630-2631.

65.Yamauchi, A.; Hayashita, T.; Kato, A.; Nishizawa, $Vatanabe, M.; Teramae, N. Selective
potassium ion recognition by benzo-15-crown-5 ftuonophoregcyclodextrin complex sensors
in water.Anal. Chem200Q 72, 5841-5846.

66.Hayashita, T.; Qing, D.; Minagawa, M.; Lee, J.C.u,KC.H.; Teramae, N. Highly selective
recognition of lead ion in water by a podand fluonmphorefrcyclodextrin complex sensaChem.
Commun2003 2160-2161.

67.Tong, A.J.; Yamauchi, A.; Hayashita, T.; Zhang, Z.$mith, B.D.; Teramae, N. Boronic acid
fluorophoreb-cyclodextrin complex sensors for selective sugaognition in waterAnal. Chem.
2001, 73, 1530-1536.

68.Jung, J.H.; Lee, S. J.; Kim, J.S.; Lee, W.S.; Sakat; Kaneda, T.a-CD/crown-appended
diazophenol for selective sensing of amir@gy. Lett.2006 8, 3009-3012.

69.Jung, J.H.; Lee, H.Y.; Jung, S.H.; Lee, S.J.; Sakét, Kaneda, T. A color version of the hinsberg
test: permethylated cyclodextrin and crown-appena®sobhenol for highly selective sensing of
amines.Tetrahedror2008 64, 6705-6710.



Sensor2008 8 4981

70.Bugler, J.; Engbersen, J.F.J.; Reinhoudt, D.N. Neveter-solublet-cyclodextrin-calix[4]arene
couples as fluorescent sensor molecules for thectienh of neutral analytes. Org. Chem1998§
63, 5339-5344.

71.Liu, Y,; Chen, Y.; Li, L.; Huang, G.; You, C.C.; Zhg, H.Y.; Wada, T.; Inoue, Y. Cooperative
multiple recognition by novel calix[4]arene-tetheéré-cyclodextrin and calix[4]arene-bridged
bis(6-cyclodextrin).J. Org. Chem2001, 66, 7209-7215.

72.Suzuki, 1.; Ui, M.; Yamauchi, A. Supramolecular peofor bicarbonate exhibiting anomalous
pyrene fluorescence in aqueous medliddm. Chem. So2006 128 4498-4499.

73.Klotz, E.J.F.; Claridge, T.D.W.; Anderson, H.L. Homand hetero-[3]rotaxanes with twm
systems clasped in a single macrocyd¢lédm. Chem. So2006 128 15374-15375.

74.Deng, W.; Yamaguchi, H.; Takashima, Y.; Harada, AAchemical-responsive supramolecular
hydrogel from modified cyclodextrinngew. Chem. Int. EQ007, 46, 5144-5147.

75.Deng, W.; Yamaguchi, H.; Takashima, Y.; Harada, Gonstruction of chemical-responsive
supramolecular hydrogels from guest-modified cyelddns.Chem. Asian 2008 3, 687-695.

76.0goshi, T.; Takashima, Y.; Yamaguchi, H.; Harada, @yclodextrin-grafted poly(phenylene
ethynylene) with chemical-responsive propert@sem. Commur2006 3702-3704.

77.Yashima, E.; Maeda, K.; Sato, O. Switching of mawstecular helicity for visual distinction of
molecular recognition event$. Am. Chem. So2001, 123 8159-8160.

78.0nouchi, H.; Hasegawa, T.; Kashiwagi, D.; Ishigltiig, Maeda, K.; Yashima, E. Chirality sensing
of various biomolecules with helical poly(phenylgtene)s bearing acidic functional groups in
water.J. Polym. Sci. Part A: Polym. CheB006 44, 5039-5048.

79.Maeda, K.; Mochizuki, H.; Watanabe, M.; Yashima,3&vitching of macromolecular helicity of
optically active poly(phenylacetylene)s bearinglaglextrin pendants induced by various external
stimuli. J. Am. Chem. So2006 128 7639-3650.

80.Hossain, M. A.; Mihara, H.; Ueno, A. Novel peptidesaring pyrene and coumarin units with or
without b-cyclodextrin in their side chains exhibit intraraolilar fluorescence resonance energy
transferJ. Am. Chem. So2003 125 11178-11179.

81.Hossain, M.A.; Mihara, H.; Ueno, A. Fluorescencesoreance energy transfer in a novel
cyclodextrin—peptide conjugate for detecting sttropleculesBioorg. Med. Chem. Let200Q 10,
1857-1861.

82.Yana, D.; Shimizu, T.; Hamasaki, K.; Mihara, H.; nde A. Double naphthalene-tagged
cyclodextrin-peptide capable of exhibiting guesttioed naphthalene excimer fluorescence.
Macromol. Rapid. Commu@002 23, 11-15.

83.Furukawa, S.; Mihara, H.; Ueno, A. Sensing behawiofluorescent cyclodextrin/peptide hybrids
bearing a macrocyclic metal compléAacromol. Rapid. Commug003 24, 202-206.

84.Hossain, M.A.; Hamasaki, K.; Takahashi, K.; Mihd#a, Ueno, A. Guest-induced diminishment in
fluorescence quenching and molecule sensing aloility novel cyclodextrin-peptide conjugate.
Am. Chem. So2001, 123 7435-7436.

85. Fujumoto, K.; Muto, Y.; Inouye, M. A DNA duplex-bed, tailor-made fluorescent sensor for
porphyrin derivativesBioconjugate Chen2008 19, 1132-1134.



Sensor2008 8 4982

86.Yuan, D.Q.; Koga, K.; Kourogi, Y.; Fujita, K. Syrghis of fullerene-cyclodextrin conjugates.
Tetrahedron Lett2001, 42, 6727-6729.

87.0goshi, T.; Takashima, Y.; Yamaguchi, H.; HaradaCAemically-responsive sol-gel transition of
supramolecular single-walled carbon nanotubes (S¥YMilydrogel made by hybrids of SWNTs
and cyclodextrins]. Am. Chem. So2007, 129 4878-4879.

88.Zhao, Y.L.; Hu, L.; Stoddart, J.F.; Gruner, G. RPyeyclodextrin-decorated single-walled carbon
nanotube field-effect transistors as chemical sesnsolv. Mater.2008 20, 1910-1915.

89.Liang, P.; Zhang, H.Y.; Yu, Z.L.; Liu, Y. Solventautrolled photoinduced electron transfer
between porphyrin and carbon nanotulde®©rg. Chem2008 73, 2163-2168.

90.Liu, J.; Mendoza, S.; Roméan, E.; Lynn, M.J.; Xu; Raifer, A.E. Cyclodextrin-modified gold
nanoparticles. Host-guest interactions at work dotmwl colloidal properties]. Am. Chem. Soc.
1999 121,4304-4305.

91.Liu, J.; Ong, W.; Roméan, E.; Lynn, M.J.; Kaifer,A.Cyclodextrin-modified gold nanospheres.
Langmuir200Q 16, 3000-3002.

92.Liu, J.; Alvarez, J.; Ong, W.; Kaifer, A.E. Networkggregates formed bygL and gold
nanoparticles capped with cyclodextrin hostano Lett200], 1, 57-60.

93.Tang, B.; Cao, L.; Xu, K.; Zhuo, L.; Ge, J.; Li,;Qu, L. A new nanobiosensor for glucose with
high sensitivity and selectivity in serum basedfloorescence resonance energy transfer (FRET)
between CdTe quantum dots and Au nanoparti€lkem. Eur. J2008 14, 3637-3644.

© 2008 by the authors; licensee Molecular Diversttgservation International, Basel, Switzerland.
This article is an open-access article distributedier the terms and conditions of the Creative
Commons Attribution license (http://creativecommong/licenses/by/3.0/).



