Sensors 2008, 8, 4961-4982; DOI: 10.3390/s8084961

SENSOrs

| SSN 1424-8220
www.mdpi.org/sensors

Review

Chemical Sensors Based on Cyclodextrin Derivatives

Tomoki Ogoshi *? and AkiraHarada "

! Department of Macromolecular Science, Osaka Usitye/ 1-1 Machikaneyama-cho, Toyonaka,
Osaka 560-0043, Japan

2 Department of Chemistry and Chemical Engineei@mgduate School of Natural Science and

Technology, Kanazawa University / Kakuma-machi, &aawa, 920-1192, Japan

* Author to whom correspondence should be addredsddail: harada@chem.sci.osaka-u.ac.jp;
Tel.: +81-6-6850-5445; Fax: +81-6-6850-5445

Received: 28 July 2008; in revised form: 20 August 2008 / Accepted: 20 August 2008 /
Published: 25 August 2008

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 increagerplexation with guest molecules,
respectively, were synthesized. Dye modified CDd 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 supramoleculaymels consisting of CD units are
mentioned. New chemical sensors using hybrids of @\ith Teconjugated polymers,
peptides, DNA, nanocarbons and nanoparticles acedascribed in this review.

Keywords. Cyclodextrins; Chemical Sensors; Supramolecuie€onjugated Polymer;
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I ntroduction

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@clpdextrins (CDs) are the most important and
promising macrocyclic hosts because they are wglelble natural products, inexpensive,
commercially available, nontoxic and readily fuonotlized [1-4]. CDs are cyclic oligosaccharides
consisting of six or more glucopyranose units &talcbya-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 nanwed and
}#CD, 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 hydroxgups 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 isitlt@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 nmQD:
0.49 nm,-CD: 0.62 nm,)+CD: 0.80 nm). Therefore, the cavities @fand ZCDs are a suitable size
for benzene rings and naphthalene molecules, riégglgc Since the cavity size g¢CD is larger than
that of - and ~CD, +CD captures large guests like fullerene and tvamatic guests in the cavity
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[8,9]. By employing the host-guest property, CDsvéhdbeen 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 thet 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 extubioptical 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 Teconjugated 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 aompgs into CDs, inclusion of guest molecules into
the CD cavity can be detected. Chromophore-mod{@Bd 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 appendedli@&nical sensors.

Figure2. (a) Turn-off and (b) Turn-on fluorosensors.
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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 stgeemission 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 commms 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 lodaie a more hydrophobic environment, thus the
fluorescence intensity increases. “Turn-on” typegofescent chemical sensors such as 4-amino-7-
nitrobenz-2-oxa-1,3-diazole-CD [45], napthol-CD J4®d 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 appende@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 itoic@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, metglodextrins [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 subs¢éduamescence from the metal ion. Lanthanide ions
such as Eu(ll) and Tb(ll) are mainly used becadgber long-lifetimes and strong fluorescence. The
complexes of lanthanide ion with binding site m@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 (E€iglb). 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-lIinke@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. Lanthanidemmglexes 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 baso studied,-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 shoemedrkable fluorescence enhancement by formation
of a 1:1 sandwich inclusion complex with a stergugst.

Figure 5. Structures of (a)3CD dimer linked by biquinolino groupd), (b) 2:1 host-
guest complex of alkylate@CD andmeso-tetraphenylporphyring) and (¢c)5-CD having
6-methoxy-(8p-toluenesulfonamido)quinolin®y.

(b) ©

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

F-CD dimer linked by biquinolino
moiety (4)

A 2:1 host-guest complex of alkylatgdCD andmeso-tetraphenylporphyring, Figure 5b) was used
as a selective and sensitive fluorescence systeini@l) [59]. Due to enhancement of the porphyrin
fluorescence by formation of metalloporphyrin, dwnplex,5, is applied to sense and detect metal
ions in water. The complex showed excellent seliégtfor Zn(ll) over the several metal iong-CD
having 6-methoxy-(§-toluenesulfonamido)quinolineg,( 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 SensorsUsing CD Supramolecular Systems

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

Covalently coupled CDs such as CD dimers and tsnfi@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 /-CD dimer {, Figure 6) [61].7 exhibited remarkable molecular recognition forrait
compounds, which was different from nati#eCD. The phenomenon results form large hydrophobic
binding site of theg3-CD dimer structure. By inclusion of the steroicegts into the hydrophobic space
between-CDs, fluorescence from the dansyl moiety was dishied. This is because the dansyl
moiety included into the cavity gFCD dimer is excluded from the hydrophobic envir@mhinto the
hydrophilic aqueous media. Reinhoudt and coworkegpared a fluoresce®CD dimer, in whichs
CDs were connected on their secondary f&&igure 6) [62]. The host-guest properties of /€D
dimer connected on the secondary face is diffdrent that of 5-CD dimer connected on the primary
side. Therefore8 exhibited different fluorescence changes upon temidiof guest molecules. A
fluorescent-CD trimer having two dansyl groups at linkers betw CDs, , Figure 6) was also
synthesized. In this syster9, effectively captured guest molecules [63]. Kurcalad coworkers
synthesized new permethylatgdCD dimer and cyclic trimerlQ, Figure 6) bridged with biphenyl
moieties. An anthracene derivative having two hptiabic alkyl chains was strongly captured by the
cyclic permethylatedsCD trimer (L0) [64].

Figure 6. Fluorescent CD dimers and trimers

[-CD dimer connected on primary face (7) F-CD dimer connected on secondary face

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

Figure 7. Cooperative binding systems of hybrids of gD with pyrene-crown ether
(11), (b) /-CD with pyrene-boronic acidl?) and (c) methylatedr-CD-crown ether-
azophenyl dyel3) conjugates.
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Cyclodextrin-crown ether conjugates were also ueedchemical sensors. A CD-crown ether-
azophenyl dye conjugaté&3, Figure 7c) was synthesized by Kanetal. [68, 69]. Upon addition of
primary and secondary alkyl amind8, 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 bothctioevn 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 aqus 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
[-CD dimer were also reported [71].

Suzuki and coworkers reported interesting chemsmisors using a supramolecular double-
threadedy+CD dimer (Figure 8). They synthesized pyrene agpdra)~CD via a triamine spacerld,
Figure 8) [72]. In agueous solution (pH = 749) showed strong excimer fluorescence, indicating tha
14 formed supramolecular double-threade@D dimers in aqueous media. The excimer emission
from the ~CD dimers was changed by adding only HCé&hion, while the other anions did not cause
changes in excimer emission. These observationsaitgdhigh selectivity for HC® anion. In neutral
condition, triamine spacer fornmgeudo-azacrown ring with one charged ammonium group taval
amino groups. Theeudo-azacrown ring selectively binds Hg@nion, leading to the change in
excimer emission.

Figure 8. Chemical structure of pyrene appende@D via triamine spacerlé) and
proposed sensing mechanism for HC&hion
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Anderson and coworkers reported unique chemicadaensing [2]rotaxane [73]. A [2]rotaxane
with stilbene as axle, terphenylenedicarboxylidaas bulky stopper andCD as ring, 15, Figure 9)
has a substantial cavity, thus suitable for anogfusrst to be included into the remaining space. The
stilbene iny+CD acts as hydrophobic floor to the cavity of €D, leading to a 1,000-fold increase in
its affinity for suitable guests. The stilbene ajslays 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 g#€€D as ring {5) and inclusion of
guests on hydrophobic floor of stilbene.
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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]/3-CD appended CD derivative
formed a supramolecular hydrogel based on hosttgueshydrogen 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

TeConjugated 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-reductpdth and metal cation. We synthesized water-soluble
chemically-responsive fluorescent polymer by emipigy CD. SCD modified poly(phenylene
ethynylene) IPolym-1, Figure 10a) was synthesized [7Bhlym-1 is structurally interesting wherein a
poly(phenylene ethynylene) is flanked by tyeCD groups.Polym-1 showed blue fluorescence in
N,N-dimethylformamide (DMF), while green fluorescenaas observed in aqueous media. In
agueous solutiorRolym-1 is not completely soluble in monomeric form butnfis 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 nnivele from the stacking betweenconjugated
polymer backbones largely decreased and compldisppeared with 0.20 mM of AdCA (Figure
10b). The emission with the peak at 490 nm resuitech the intermolecularestacking between
polymer chains also decreased and a new emissaigreund 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 dynartricctural changes upon addition
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The emission color was changed from light grekro(éscence quantum yieldr; = 0.07) to deep
blue @s = 0.11) by addition of AACA (Figure 10d). Theseselvations indicate dissociation of
intermolecularrestacking of polymer backbones by complexation diCA to the3CD moieties of
Polym-1. Repulsive forces between the complexed anionshimggevent polymer chains from
aggregating.
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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.
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Figure 11 shows changes in fluorescence by addimlggen derivatives. The fluorescence from
poly(phenylene ethynylene)s was quenched by electaocepting viologen groups. By adding
adamantane modified viologen group (AdBpyMe), ldtgerescence 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 quendiyngdding AdBpyMe is due to formation of the
inclusion complex between adamantane moiety of AdlBpand/-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 moietiePblym-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-chromophoré¢lym-3) and (b) DNA-CD-chromophord>¢lym-4)

conjugates.
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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 moiefies 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 hydropoS-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 th&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-methylg#€&D conjugate Rolym-4, Figure 12b) has
been studied recently [85]. When the methylgfe@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 Hybrids
Nanoscale carbon materials such as fullerene, nanbhaotubes 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 Fujdaal. first reported the synthesis of defined structafe
fullerene-CD conjugatega 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.

CD-Fullerene Conjugate Fluorescence Quenching

We recently reported the synthesis of carbon ndmme@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 modifieg3-CDs Py-£-CDs) on SWNT surfacesPy-SCD/SWNT hybrids, Figure 14). Since
vacant CD cavities d?y-B-CDs around SWNT are able to capture guest moleculeéSVBNT surface,
supramolecular SWNT hydrogels are prepared byintdi host-guest interaction between fh€Ds of
Py-B-CD/SWNT hybrids and polymers carrying guest moieties. Supramad&c8WNT hydrogels
were formed by host-guest interactions betweenAds of Py-f-CD/SWNT hybrids and dodecyl
groups (2 mol%) modified poly(acrylic acidPAA2, Figure 14a). Furthermore, SWNT hydrogels
composed oPy-BF-CD/SWNT hybrids andPAA2 changed to sol by adding competitive guest or host
compounds. When sodium adamantane carboxylate (AjJiGMkas 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 R€Ds of Py-fCD/SWNT hybrids and dodecyl groups of
PAA2 because AdCNa strongly interacts with {8&€D compared with the dodecyl group. Upon
addition of a-CD as a competitive host, the gel also changesbltdFigure 14c). It is because dodecyl
moieties form complexes more favorably wathCD than with#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 Griueesl. 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 theamppe 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 MWNTsthwiamino CDs was reported [89]. By
complexation with tetrakis(4-carboxyphenyl)porphy(M CPP), 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) competitinaest, a-CD.
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Chemical Sensors Using CD-Nanoparticle Hybrids

When gold nanoparticles aggregate, a color charuye fed to purple and blue is observed. This
phenomenon can be promisingly applied to opticabisgy devices. Kaifer and coworkers synthesized
[F-CD modified gold nanoparticles [90,91]. Additiohguest ferrocene dimer to colloidal dispersion of
F-CD-modified gold nanopatrticles initially causedread 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 of3-CD modified gold
nanoparticles by adding ferrocene dimer will beli@opfor chemical sensor toward guest molecules.
Furthermore, they also synthesize@D modified gold nanoparticles. By mixing fulleeeGso) with
colloidal solutions of*CD modified gold nanopatrticles, network aggregdtesmed. The foundation
results from formation of 2:1 host-guest compleResveenyCD 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 FREVdset 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 namncparas energy acceptor. When CdTe quantum
dots form assembles with gold nanoparticles, tbheréiscence from quantum dots is decreased by
FRET effect. By mixingZCD modified gold nanoparticles and ConA conjugd@ell e quantum dots,
assemblies between these gold nanoparticles and GQadntum dots took place. Because ConA binds
F-CD, FRET from CdTe quantum dots to gold nanopladioccurs. 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 assemliie8-CD modified gold
nanoparticles and ConA conjugated CdTe quantumatetdissociated.

Figure 15. Formation of network aggregate SfCD modified gold nanoparticles upon
addition of 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, chromophardiffed CD chemical sensors were constructed.
However, with progress and improvements in otheld$é such as supramolecular chemistry, polymer
chemistry, biochemistry, inorganic chemistry anchotachnology, the research has focused on the
construction of sophisticated sensing systems lyridigation with ideas from these other fields.
Combinations of CD chemistry with the other chemast and concepts have enabled elaboration of
novel chemical sensors. New CD chemical sensots lwgh additive values such as high sensitivity,
wide versatility and high functionality should beeated with further progress of the other research
fields.
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