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ABSTRACT: Spectrofluorimetric titrations were performed in aqueous phosphate buffer (pH 7.20, 0.1 riptaim
determine the binding constants @yclodextrin (), mono(60-«-maltosyl)$-cyclodextrin ) and mono[20-(2-
hydroxypropy!)]{3-cyclodextrin @) with four fluorescent dyes, ammonium 8-anilino-1-naphthalenesulfonate (ANS),
sodium 2-p-toluidino)naphthalene-6-sulfonate (TNS), Acridine Red (AR) and Rhodamine B (RhB). The
fluorescence of ANS, TNS and AR were enhanced, whereas that of RhB was quenched, by the inclusion
complexation withS-cyclodextrin hostsl—3 It was found that the binding ability of the three cyclodextrin hosts
generally decreases in the order 3 > 2, which indicates that the hydrophobicity of the substituent affects the
original binding ability of pareng-cyclodextrin to some extent. On the other hand, the size, shape and charge of the
guest are the crucial factors which dominate the stability of the supramolecular complex formed. Capy2@fia

John Wiley & Sons, Ltd.
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INTRODUCTION decades, numerous chemically modifjgdyclodextrins
have been designed and synthesized in order either to
Cyclodextrins are torus-shaped cyclic oligosaccharidesinvestigate the mechanisms of enzyme-catalyzed reac-
composed of six, seven or eigbtglucopyranose units, tions or to achieve solubility in a desired solvént.
which are named-, - andy-cyclodextrin, respectively.  Although many studies on the molecular recognition of
Their exterior, bristling with hydroxy groups, is fairly chemically modified cyclodextrins with various guest
polar, whereas the interior of the cavity is non-polar. molecules have been reported and considerable signifi-
These structural features enable cyclodextrins to accom-cant results have been achiee& it is still of interest to
modate diverse hydrophobic organic and biological investigate the mechanism and influence factors of this
molecules to form host—guest or supramolecular com- kind of interaction since it may provide a simple model of
plexes in aqueous solutidn? Cyclodextrins have been enzyme—-substrate, antibody—antigen and protein—-DNA
used extensively as molecular receptors, chemicalinteractions in biological systems.
sensors and enzyme mimics in science and techndt6gy. In this paper, we report the inclusion complexation of
Among the three common cyclodextringcyclodextrin p-cyclodextrin (), mono(60-z-maltosyl)$-cyclodex-
is readily available and bears an appropriate cavity to trin (2) and mono[20-(2-hydroxypropyl)]#-cyclodex-
accommodate bicyclic aliphatic and aromatic com- trin (3) (Scheme 1) with four structurally related
pounds, and therefore it has received much more fluorescent dyes, ammonium 8-anilino-1-naphthalenesul-
attention than the other analogues. In the past twofonate (ANS), sodium 2pttoluidino)naphthalene-6-sul-
fonate (TNS), Acridine Red (AR) and Rhodamine B
(RhB). (Scheme 2). One important reason for choosing
*Correspondence to:Y. Liu, Department of Chemistry, Nankai  thesef-cyclodextrin derivatives as hosts is that glucose-
E?n';’aeif%'lJgghnbﬁg?‘?tijllér?h'”a' branched 8-cyclodextrins and hydroxypropyl-modified
Contract/grant sponsorNational Outstanding Youth Fun@ontract/ B-cyclodextrins can significantly enhance the solubility
%rc?:tﬁggy?:r:?gfzc?nzs%?zNatural Science Foundation of China; of hydrophobic guest molecules compared with nafive
Contract/grant r?umbef: 29992590-8; Contract/grant number: ’ C_:yCIOd,e_Xtrm and _have been__used_ successfully as
20972029, lipophilic drug carriers and stabilizers in pharmdéy?
Contract/grant sponsor:Trans-Century Qualified Personnel Fund The results obtained indicate that the substitueng-of
(Sun-Light Plan) of Tianjin Municipality. cyclodextrin greatly affects its original molecular binding

Contract/grant sponsorTianjin Natural Science Fun@ontract/grant . . . . .
number:993601311. ability upon inclusion complexation with ANS, TNS, AR
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andRhB. Onthe otherhand,the stability of the complex
formed apparently dependson the size, shape and
electrostatiadensityof the guestmolecules.

Experimental

Materials. -Cyclodextrin (1) and mono(6©O-«¢-malto-
syl)-B-cyclodextrin (2) were purchasedfrom Ensuiko
Seito. Mono[2-O-(2-hydroxypropyl)}s-cyclodextrin (3)
wassynthesizedby the alkylation of f-cyclodextrinwith
epoxypropanein aqueous alkali according to the
proceduesreported by Pitha et al.*>. Ammonium 8-
anilino-1-naphthaleesulfonatg ANS) and sodium2-(p-
toluidino) naphthalene-6-sulfonaté TNS) were pur-
chasedfrom Tokyo Kaseiand Acridine Red (AR) and

i “NH  SO,NH,

ANS

H,CHN 0 N"HCH,

AR

RhodamineB (RhB) from Chroma-Gesellschagchmid,
andwereusedasreceived Sodiumdihydrogenphospte
and disodium hydrogenphosphatevere dissolved in
doubly distilled, deionized water to make a
0.10moldm™2 buffer solution of pH 7.20, which was
usedassolventthroughoutthe measurements.

Spectral measurements. Fluorescencespectra were
measured in a conventional quartz cell
(10 x 10 x 40mm) on a JASCO FP-750spectrofluori-
meter.Theexcitationandemissiorslits were5 nmfor all
the fluorescentdyes. The excitation wavelengthsfor
ANS, TNS, AR, and RhB were 350, 350, 490 and
520nm, respectively. The sample solution containing
fluorescentdyes (1.0 x 10~°>moldm 3 for ANS, TNS
andAR and5.0 x 10°° mol dm 2 for RhB) andvarious
concentrationsof hosts (0-2x 10 2>moldm™3) were
kept at 25.0+ 0.1°C for spectralmeasurementdy a
circulatingthermostatedvater-jacket.

Results and Discussion
Fluorescence spectra

ANS andTNS arebarelyfluorescenin agueousolution
but arevery sensitiveto environmentathanges; which
enablesisto usethesefluorescentlyesasspectraprobes
to investigatethe inclusioncomplexatiorwith cyclodex-
trins 1-3 The relative intensity and the fluorescence
emissiormaximaof thefluorescentlyesexaminedn the
absenceand presenceof f-cyclodextrinhosts(1-3) are
listedin Tablel. As expectedtherelativeintensityof the
fluorescencef ANS and TNS is dramaticallyenhanced
uponbinding with cyclodextrinhosts.At the sametime,
the addition of the cyclodextrinhostscausedsignificant
hypochromicshifts (10—25nm) of thefluorescenceeak.

N
H

TNS

| COOH

sesk:
HyCH,CN 0 SN'CH,CH;

CH,CH; CH,CH,

RhB

Scheme 2
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Table 1. Fluorescent properties of the dye guests in the absence and presence of pS-cyclodextrin hosts 1-3

(1.0 x 103 moldm—3)

Fluorescentlye Concentratior(uM) Host Aex(nm) Aer(NM) Relativeintensity
ANS 10 None 350 524 1
1 510 24
2 509 2.1
3 499 5.8
TNS 10 None 350 496 1
1 483 16
2 481 28
3 480 22.7
AR 10 None 490 561 1
1 553 4
2 556 3.6
3 553 4.2
RhB 10 None 520 575 1
1 573 0.71
2 573 0.81
3 572 0.70

Theseobservationsclearly indicate that the residueof
ANS or TNS wasembeddednto the hydrophobiccavity
of p-cyclodextrinapartfrom bulk water.

Although both AR and RhB possessa xanthene
residue they exhibit dramaticallydifferent fluorescence
behavioruponinclusioncomplexationwith the hosts.As
canbe seenfrom Fig. 1, with the addition of host3, the
fluorescencef AR graduallyincreasesaccompaniedby
slight hypochromic shifts (8 nm, 561-553 nm). This
phenomenoiis consistentvith the observationgor ANS
and TNS. In contrast, as illustrated in Fig. 2, the
fluorescenceof RhB is quenchedby the addition of a
cyclodextrin host. Politzer et al. examinedthe fluores-
cencechangesof RhB at different concentrationswith
andwithoutthe additionof -cyclodextrinandfoundthat
p-cyclodextrin enhancesthe fluorescenceof RhB in
concentrated10 > mol dm~3) aqueoudye solutionbut

500 550 800 650
Wavelength / nm

Figure 1. Fluorescence spectral changes of AR
(1.0 x 107> mol dm~3) on addition of mono[2-O-(2-hydro-
xypropyl)]-p-cyclodextrin (3) in aqueous buffer solution at
pH 7.20. The concentration of 3 increases in the range
0-1.8 x 1073 mol dm~3 from a to /. Excitation wavelength,
490 nm

Copyright0 2000JohnWiley & Sons,Ltd.

quenchedt in dilute (10~*~10"8 mol dm~%) dyeaqueous
solution!® These phenomenawere ascribed to the
existenceof dye aggregatein the concentrateciqueous
solution. From the equilibrium constant of 2100
dm®mol™* for the dimer monomertransition of RhB
in aqueoussolution determinedby Lopez Arbeloa et
al.,*® it seemdikely thatmonomersarethe predominant
specieg>99%) at the dye concentration(5 x 10~° mol
dm~3) we used.

We are especiallyconcernedasto whetheror not the
fluorescencguenchingwvasinducedby the formationof
an RhB—-CD complex. In Fig. 3(a), a typical Stern—
Volmer plot for the quenchingof RhB by 2 is illustrated.
This downward-curvingplot may indicatethat thereare
two kinds of speciesin the RhB dye aqueoussolution,
oneaccessiblandthe otherinaccessibléo cyclodextrin.
Then, a modified Stern—Volmerequationfor the above

o L
550 600 650 700
Wavelength / nm

Figure 2. Fluorescence spectral changes of RhB
(5.0 x 10~® mol dm~3) on addition of mono(6-O-maltosyl)-
p-cyclodextrin (2) in aqueous buffer solution at pH 7.20. The
concentration of 2 increases in the range 0-1.0
1.0 x 102 moldm 3 from a to k. Excitation wavelength,
520 nm
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Figure 3. (a) Stern—Volmer and (b) modified Stern—Volmer plots for RhB,
whose fluorescence was quenched by the addition of mono(6-O-maltosyl)-

p-cyclodextrin (2)

systemshouldbe employed’

lg 1 1
AT EKCD T, @

where |y is the total fluorescencein the absenceof
gquencher (CD), K is the Stern—Volmer quenching
constantof the accessibldraction andf, is the fraction
of theinitial fluorescenceavhichis accessibléo quencher
(CD).

On the basisof Eqn. ((1)), a typical plot is shownin
Fig. 3(b) for the quenchingof RhB by 2, where [o/Al
valuesare plotted against1/[CD] to give an excellent
linear relationship(R = 0.9978),verifying the probable
accessible—inaccessilbheechanisnproposedabove. We
are further interestedin which speciesis accessiblgo
cyclodextrinsinceit is usefulto understandhe binding
constantsobtained.Changet al.*® pointed out that, in
addition to the zwitterionic and cationic forms, a third
specief RhBin dilute solutionis the colorlesdactone,
which doesnot contributeto thefluorescencemissionin
the visible region. Therefore,it may be concludedthat
cyclodextrins1-3 prefer to complex with the lactonic
form of RhB. Basedon this hypothesiswe mayinterpret
the phenomenahat the fluorescenceof RhB decreases
with the additionof cyclodextrinhostsin dilute solution,
sincesomeof the zwitterionsaretransformedo lactone
with the lactone—cyclodextricomplex formation. This
inclusion behavior is very similar to the inclusion
complexationof phenolphthaleinwith fS-cyclodextrin,
where when the ionized form of phenolphthaleinis
enclosedin the cyclodextrincavity, it is forcedinto its
colorlesslactone structure*® Furthermore Hinckley et
al.*® reportedthatin thelactone zwitterionequilibrium,
81.5% of RhB dissolvedin water and 70.6% of RhB
dissolvedin ethanolis in the zwitterionic form in the
concentratiorrange(6-8) x 10° moldm™3, In fact, the
fraction(f,) of theinitial fluorescencevhichis accessible
to cyclodextrin calculated from the intercept of the
modified Stern—Volmeiplotsis in the range30-40%for
the -cyclodextrinhosts1-3in the presentstudy.

Copyright0 2000JohnWiley & Sons,Ltd.

Fluorescence spectral titrations

Assumingl:1 stoichiometry the inclusioncomplexation
of a guest(Dye) with a host (CD) is expressedy the
equation

Ks
CD + Dye=CD- Dye (2)

The stability constant(Ks) can be obtainedfrom the
analysis of the sequential changes of fluorescence
intensity (Al) of guestdyesat variousconcentration®f
host,usinga non-linearleast-squaremethodaccording
to the curve-fitting equatiot®

Al =
{a([CDJ, + [Dyely + 1/Ks)

+1/2([CDly + [Dyely + 1Ks)? — 4a2(CDJo[Dyel,}/2
3)

where[Dye} and[CD], referto the total concentrations
of the guestdyes and host cyclodextrinsand o is the
proportionality coefficient, which may be taken as a
sensitivity factor for the fluorescenceehange.For each
fluorescentlye examinedthe plot of Al asa function of
[CD]o gavean excellentfit, verifying the validity of the
1:1 complex stoichiometry assumedabove. Figure 4
illustratestypical curve-fitting plots for the titrations of
AR with cyclodextrins 1-3 There are no serious
differencesetweertheexperimentahndcalculateddata
for the CD-Dye system,indicating 1:1 complexation
only throughout the concentrationrange of host f-
cyclodextrins(0—2mmol dm™7). The complex stability
constantgKg) obtainedarelistedin Table 1, alongwith
the free energychangeof complexformation (—AG®).

Binding constants and molecular recognition

In previous studies?’*> we examined the inclusion

J. Phys.Org. Chem.2001;14: 11-16
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Table 2. Complex stability constants (Ks) and Gibbs free
energy changes (—AG°) for 1:1 inclusion complexation of
various guest dyes with f-cyclodextrins 1-3 in aqueous
buffer solution (pH 7.20) at 25°C*®

—AG°

Host Guest Ks LogKs (kJmol™)
1 ANS 102 2.01 11.5
TNS 3700 3.57 204
AR 2630 3.42 19.5
RhB 5100 3.71 212
Aniline 61 1.79 10.2
N-Methylaniline 83 1.92 11.0
2 ANS 69 1.84 10.5
TNS 2410 3.38 19.3
AR 1790 3.25 18.6
RhB 3300 3.52 20.1
3 ANS 260 241 13.8
TNS 3030 3.48 19.9
AR 2400 3.38 19.3
RhB 3840 3.58 20.5

& When repeatedmeasurementsvere performed,the Ks value was
reproducible within an error of +5%, which correspondsto an
estimatederror of 0.12kJmol~! in the free energyof complexation
(AG®).

complexation of a variety of chemically modified
cyclodextrins with diverse guest molecules, such as
amino acids, aliphatic alcoholsand naphthalenesulfonic
acid, and found that severalnon-covalentweak forces,
including van der Waals, hydrophobic,hydrogen-bond-
ing and dipole—dipoleinteractions,cooperativelycon-
tributeto theinclusioncomplexatiorof cyclodextrinsIn
the presentcase,we found that the size/shapematching
betweenhost and guestdominatesthe stability of the
complexesformed, which indicatesthat van der Waals
and hydrophobicinteractionsmainly contributeto the
formation of supramolecularcomplexes,as thesetwo
forcesare closelyrelatedto the distanceand contacting
surfaceareabetweenhostandguest

As canbe seenfrom Table 2, althoughANS andTNS
containboth phenyland naphthylresiduestheir binding
constantswith a certainhostare dramaticallydifferent,

o Exp. 3
0.8 -—=—Calcd. 1

2
06r

0.4 .

Ak

0.2

4] 0.5 1.0 15 2.0
[CD], / mmol dm™

Figure 4. Curve-fitting analyses of fluorescence spectral
titrations of AR with f-cyclodextrin hosts 1-3 in aqueous
buffer solution at pH 7.20. The differential fluorescence
intensity A/ (open circles) was fitted to the theoretical value
(closed circles) calculated for stoichiometric 1:1 complexation

Copyright0 2000JohnWiley & Sons,Ltd.

e.g.,thebinding constantof hostsl and2 with TNS are
greateiby afactorof 35-36thanthatwith ANS. We have
demonstratedthat the naphthalenering prefers to

penetrate into the cavity of p-cyclodextrin in the
longitudinal direction®®* Examinationwith the Corey—
Pauling—Koltun(CPK) molecular model indicated that
the naphthalengesidueof TNS may be embeddednto

the f-cyclodextrincavity fully andthenaffordsa larger
binding constant with f-cyclodextrin hosts 1-3 In

contrast, the naphthaleneresidue of ANS cannot
penetratento the cavity of -cyclodextrinowing to the
sterichindranceof the anilino group.In this context,the
binding of ANS to f-cyclodextrin probably occur with

the anilino group and then affords the lowest binding
constantsvhosemagnitudds consistentvith thethoseof

aniline(Ks = 61)andN-methylaniniline(Ks = 83) with -

cyclodextrin.

As alinearxanthenealerivative,AR maybeembedded
deeplyinto S-cyclodextrinbut affordsmoderatebinding
constantsof (1.8-2.6)x 10° with hosts1-3 which are
smallerthanthoseof TNS with the correspondindnosts.
It is well known thatthe cyclodextrincavity is lined by
hydrogenatomsand glycosidic oxygenbridges,andthe
non-bonding electron pairs of the glycosidic oxygen
bridges are directed toward the inside of the cavity
producinga high electrondensitythereandlendingto it
some Lewis base characteristics.In this context, the
cyclodextrin cavity should favor complexation with
cationic guestssuchas AR. However,it shouldalsobe
noted that the positive charge of AR may reversely
reducethe hydrophobicityof the whole molecule.In the
presentase,jt seemghe secondfactor playsthe crucial
role. As a result, the cyclodextrin hostsusedprefer to
encapsulateeutral TNS to chargedAR. Unexpectedly,
although RhB possesses large sterically hindering
group on the xantheneresidue,it affords the largest
binding constantsamongthe four fluorescentdyes. A
probableexplanationis that the lactonic form of RhB
participatesin the complexationwith -cyclodextrin,as
we proposed previously. Phenolphthalein,which is
believed to transform into the lactone in the pg-
cyclodextrin cavity, can form an extra stable complex
with f-cyclodextrinandgivesa high stability constanof
2.3x 10* evenin pH 10.5aqueoussolution’®

We may note from Table 2 that the functional group
introducedon to hosts2 and 3 significantly affectsthe
original molecularbinding ability of -cyclodextrin(1).
Theadditionof maltoseto therim of thecylcodextrincup
not only increaseshe solubility of the f-cyclodextrinin
water, but also marginally attenuatesthe binding of
guestswithin the cyclodextrin cavity. As can be seen
from Table 2, the binding constantsof the fluorescent
dyeswith host2 areabouttwo-thirdsof the correspond-
ing valueswith native f-cyclodextrin (1). This result
probablyindicatesthat the introductionof a hydrophilic
substituenmayreducetheoriginal hydrophobicityof the
cavity andthe binding ability toward hydrophobicguest

J. Phys.Org. Chem.2001;14: 11-16
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molecules. The 2-hydroxypropyl group in host 3 is
hydrophobiccomparedwith the hydroxy group on the
secondaryside, and may extendthe hydrophobiccavity
of native f-cyclodextrin(1). However,host3 still affords
aweakerbindingability thannative f-cyclodextrin.Asis
well known, guestmoleculesusually accesgthe cyclo-
dextrin cavity from the more opening side in the
complexatiorproceduré’* andthereforetheintroduction
of a subsituenton to the secondaryside of the
cyclodextrin may causesteric hindranceof the guest
accessingto the cavity, which probably leads to the
weakerbinding ability of 3 with large-sizedguests.On
the other hand, as we reported previously, 22°2% a
hydrophobic substituent in cyclodextrin derivatives
prefersto be self-includedinto its cavity to form an
intramolecularcomplexandis excludedfrom the cavity
onadditionof externalguestsHence theintroductionof
a self-including substituent in cyclodextrin is not
favorablefor enhancinghe cyclodextrin’scomplexation
ability. As a result of the above factors, the binding
ability of thethreehostsfor TNS, AR or RhBdecreasem
theorderl > 3> 2.

FromTable2, it canbe seenthatthe binding constant
of host3 with ANS is greaterthanthat of host1 by a
factorof 2.5, which is consistenwith the resultsfor the
inclusion complexationof ANS with polyamine-mod-
ified p-cyclodextrin(Ks = 266 for diethylenetriamings-
cyclodextrinand 280 for triethylenetetraanmo-3-cyclo-
dextrin?®° A reasonableexplanationis that the anilino
residuen ANS patrticipatesn theinclusioncomplexation
with -cyclodextrin,althoughits sizeis smallerthanthe
volumeof the g-cyclodextrincavity (262 A3).2>2°|f so,
the self-including propyl group in 3 may adjust the
effective spaceof its cavity and 3 affords more stable
complexatiorwith ANS thandoesnative f-cyclodextrin.
The present results indicate that the hydrophobic
subsituentcan servenot only as a competitive group,
but alsoasan adjusterof the cavity size.
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