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Abstract

Light scattering and NMR experiments provide evidence for the formation of large aggregates,
like micelles, from �-carotene complexes with �- and 
-cyclodextrin in water. High-resolution
NMR spectra of the system 
-cyclodextrin/�-carotene in D2O point out guest-induced chemical
shift variation of the sugar protons, thus suggesting host±guest interaction in solution. # 1998
Elsevier Science Ltd. All rights reserved
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1. Introduction

Cyclomaltooligosaccharides (cyclodextrins, CDs),
the natural macrocyclic oligosaccharides, present a
torus-shaped structure with a rigid hydrophobic
cavity into which lipophilic guest molecules of
appropriate size can be hosted. The resulting non-
covalent inclusion or host±guest (h±g) complexes
are of current scienti®c and technological interest

for their peculiar physical, chemical, and biological
properties. Such noncovalent associations can
actually improve the guest stability, bioavailability
and water solubility; they can also regulate the
release of the volatile guest molecules [1,2]. Hence
CD h±g complexes and in particular those of �CD,
which is available as a high-purity and low-cost
commercial product recently approved [3] as food
additive by the Food and Drug Administration
(FDA) in the United States, can ful®ll most rele-
vant requirements for applications to the pharma-
ceutical and food industry [1,2].

In connection with our research programme on
h±g complexes [4] and related multicomponent
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systems [5] of CDs with drugs or molecules of
interest to food chemistry, we are presently inves-
tigating [6,7] the noncovalent associations of CDs
with trans-�-carotene (�CAR), a natural vitamin A
precursor, which is currently used [8,9] as a yellow
coloring agent for foods and as an ultraviolet
screen. Actually, water-soluble inclusion complexes
of such an absolutely hydrophobic molecule, which
could also protect �CAR from the well-known
easy inactivation by light and oxygen, should likely
®nd extensive application [8,9] to the industrial
preparations of pharmaceuticals, cosmetics, foods,
and beverages.

As preliminarily reported [6,7] we prepared
orange-pink water solutions from mixtures of
�CAR and �CD or 
CD in various molar ratios. A
most recent high-resolution mass spectrometry
study [6] on the white or very pale solid samples
obtained by freeze-drying the colored water solu-
tions supported the presence of complexed �CAR,
based upon its lower volatility with respect to the
free molecule. An earlier study [7] of these �CAR
complexes with CDs was performed by electro-
spray-ionization mass spectrometry. The gaseous
1:1 �CAR/CDs intact charged species, associated
to more or less solvent molecules, were detected
from 1:1 (v/v) water/methanol+1% acetic acid
solutions of the solid samples, and the best results
were obtained operating in the negative-ion mode
[7]. These results could have suggested the presence
in water of 1:1 �CAR/CDs h±g complexes. How-
ever, 1H NMR spectra of the freeze-dried sample
mentioned above, dissolved in D2O, indicated [6] a
strong tendency of the system to form larger com-
plex/aggregates, possibly micelles, which could
hamper the structural characterization of the
�CAR/CDs complexes.

In the present paper we report and discuss light
scattering (LS) and most recent NMR results,
which provide a signi®cant contribution to the
illustration of such non-covalent associations in
water.

2. Experimental

Preparation of the samples.ÐThe samples of
�CAR/CD complexes were prepared by the
kneading procedure previously described [6]. A
typical detailed preparation protocol is reported in
the case of 
CD: 22mg (4.1�10ÿ2mmol) of com-
mercial �CAR (Fluka) were mixed in a mortar

with 213mg (0.164mmol, 4 equiv) of commercial

CD (Aldrich). The solid mixture (9.4% w/w of
�CAR) was kneaded until a homogeneous dust
was obtained. Kneading was continued after add-
ing 2mL of distilled water, thus obtaining a dark
red slurry. The mixture was allowed to stand over-
night under a nitrogen atmosphere, and then it was
resuspended in 200mL of warm (40 �C) distilled
water. The orange suspension was stirred for
20min at 40 �C and subsequently twice ®ltered
under vacuum with standard ®lter paper, even-
tually a�ording an orange opalescent solution. The
aqueous phase was purged with nitrogen in order
to remove the dissolved oxygen. The solid associa-
tion 
CD/�CAR was isolated by freeze-drying. An
aliquot of the solution, stored at 4 �C, did not
show any sediment or precipitate after several
days.

bCAR quantitation in organic extracts of gCD/
bCAR water solution.Ð
CD/�CAR water solu-
tion (100mL) was extracted with n-hexane
(3�30mL) and with n-pentane (2�30mL). The
organic layer was dried with Na2SO4, the organic
solvent was removed under vacuum, and the resi-
due was dissolved in 50mL of spectroscopy grade
CH2Cl2. Quantitation of �-carotene was achieved
by VIS spectroscopy, monitoring the absorbance at
460 nm. According to this protocol, the solvent
extraction removed 0.2% w/w of �-carotene.

Light scattering.ÐThe LS measurements were
performed with a multiangle light scattering
(MALS) photometer Dawn DSP-F from Wyatt (S.
Barbara, CA) in H2O solvent at room temperature
operating in the static o�-line mode. A ¯ow cell
(F2) was preferred in order to reduce the scattering
volume. The MALS photometer used a vertically
polarized laser (He±Ne) of 632.8 nm of wavelength.
The MALS measured simultaneously, by means of
an array of photodiodes, the intensity of the scat-
tered light at ®fteen ®xed angular locations ranging
in H2O solvent from 8.9 to 171.1�. In the data
analysis we have used 13 angles with � that ranged
between 21.2 and 158.8�. The photodiodes number
4, � � 8:9�, and number 18, � � 171:1�, have been
discharged because too noisy.

The calibration constant to transform the
detector voltages in Rayleigh factor [R �� �] was
calculated using toluene as a standard
[R �� � � 1:406�10ÿ5 cmÿ1], where � denotes the
angle between the detector and the primary incident
light. The angular normalization of the 15 photo-
diodes was carried out by means of a concentrated
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solution of bovine serum albumin (BSA) globular
protein (Sigma, A7888), assumed as isotropic scat-
terer. Details of the MALS hardware and software
have been described in detail elsewhere [10].
Besides the methodology to get reliable results
from a MALS photometer have been described
previously [11].
Each sample solution was prepared by mixing a

weighed amount of the complex with the solvent.
One half of each solution was ®ltered through
0.2-�m cellulose acetate ®lters, and the residue
solution was ®ltered through 0.45-�m ®lters.
NMR spectroscopy.ÐThe high-resolution NMR

spectra of the complex/aggregate of �CD and 
CD
with �CAR were recorded with a Bruker ARX 400
spectrometer in D2O at a nominal temperature of
315K. Standard water presaturation techniques
were applied to suppress the signal of residual
HOD. The chemical shifts were referenced to
external DSS.

3. Results and discussion

Mixing �CAR with CDs we achieved intensely
pink-orange colored, opalescent water solutions,
which appeared to be rather stable, particularly
that prepared from �CAR and 
CD (see
Experimental).
At ®rst an attempt to determine the amount of

�CAR, removable by extraction with apolar
organic solvents from water solution of 
CD/
�CAR, was carried out using VIS spectroscopy for
quantitation as described in the Experimental sec-
tion. According to this procedure, the solvent
extraction did remove just 0.2% w/w of �-carotene
and, most interestingly, the aqueous phase still
showed an intense pink-orange colouration, sug-
gesting that a signi®cant amount of �CAR had not
been extracted. MALDI-TOF mass spectrometry
analysis of the aqueous phase after solvent extrac-
tion revealed a strong signal at m/z 536, corre-
sponding to the molecular ion of �CAR, thus
con®rming that the presence of cyclodextrin caused
the retention of carotene in water, even in the pre-
sence of absolutely apolar solvents as n-hexane and
n-pentane. Unfortunately, a quantitative analysis
of carotene in water cannot be accomplished by
VIS spectroscopy, as no data of absorbance and
molar extinction can be obtained in water,
because of the complete insolubility of �CAR in
that solvent.

Light scattering.ÐStatic LS is a convenient
method for the study of large particles in solution
as macromolecules, aggregates or micelles. In a LS
experiment following the treatment of Zimm [12]
the reciprocal of the reduced excess of the Rayleigh
factor, R �� �, may be expressed by the equation:

K�c
R �� � �

1

MW �P �� � � 2A2 �c

where K � 2�2n20 dn=dc� �2
� �

= l40Na
ÿ �

denotes the
optical constant, n0 the refractive index of the
solvent, dn=dc the refractive index increment of
the solute with respect to the solvent, l0 the
wavelength of the light in the vacuum, Na the
Avogadro's number, c the concentration of the
sample (g/mL), Mw the weight-average molar
mass, A2 the second virial coe�cient and P �� � the
intramolecular scattering function or ``form fac-
tor''. Debye showed [13] that the form factor P �� �
may be approximated by:

P �� � � 1ÿ 1

3
��2 �hs2i � . . .

where, � � 4�=l� ��sin �=2� � is a function of the
angle (�) and of the wavelength (l) of the light in
the medium and < s2 > denotes the mean-squares
radius of the molecules [10±13]. As a result from a
single MALS experiment could be obtained
three important molecular data: Mw;A2 and the
z-average-root-mean squares radius <s2>

1
2
z.

In our speci®c case there are two particular prob-
lems: First, there is a limited solubility of the
samples, and more important, part of the sample
remains on the ®lter. As a consequence it is di�cult
to know the exact concentration of the solutions.
Second, connected to the ®rst, we do not know the
refractive index increment of the complex, dn=dc.
Fortunately, in order to show the existence of
complexes (large molecules), it is su�cient to mea-
sure the dimension of the molecules in solution.

It was demonstrated [10] that in the limit of very
low concentration and scattering angle the di-
mension < s2 >

1
2 of the molecules can be obtained

independent of dn=dc, Mw and c. All that is
required is to collect data at su�ciently small scat-
tering angle and very low concentration. This fact
is important because it allows us to overcome the
problems described before.

First results are of the solutions ®ltered with
0.2-�m ®lters. The intensities of the scattering of
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these solutions do not di�er signi®cantly from the
scattering of the reference solution of cyclodextrin
alone. Samples are soluble but obstruct completely
the 0.2-�m ®lters.

The results are di�erent with 0.45-�m ®lters.
Fig. 1 shows a comparison between the scattering
of three samples ®ltered with 0.45-�m ®lters. First
sample (*) is the reference, pure �CD. Second
sample (&) is a complex between 
CD and �CAR
in the molar ratio 4:1. Finally the third sample (^)
is a complex between �CD and �CAR in the molar
ratio 4:1. The nominal concentration of the dilute
solutions was very low: approximately 9.0�10ÿ5 g/
mL for the complex and 9.0�10ÿ4 g/mL for �CD.

These light-scattering results are very interesting.
First, the dilute �CD solution, as well as the 
CD
solution, do not show the presence of large aggre-
gates. In fact, the signal is low, consistent with the
relatively low molar mass of the �CD sample, and
there is no meaningful angular variation of the
scattering. Second, the dilute solutions of the com-
plexes show high signal and large angular variation
of the scattering that mean high molar mass and
large dimensions of the molecules. Finally, at con-
stant nominal concentration of the solutions the
signal of the �CD complex, with respect to the

CD complex, is much higher. Hence, at least from
a qualitative point of view, we could a�rm that in
the aqueous dilute solutions of the complexes there
are aggregates of very large dimensions.

In regard to the dimensions of these aggregates,
we can also estimate some quantitative values.
Fig. 2 shows the angular variation of the scatter-
ing, in the form of P �� �ÿ1 against sin2 �=2� � plot,
for the two complexes �CD/�CAR and 
CD/
�CAR. From the initial slope of the P �� �ÿ1 versus
sin2 �=2� � plot, where P �� �ÿ1� R � � 0�� �=R �� �,
with a linear ®tting we obtain an estimate of the
z-average of the root-mean squares radius,
< s2 >

1
2
z, value of the aggregates. Details of the

data analysis algorithms and of the estimation of
the uncertainties can be found in the reference [10].

Table 1 reports data of the dimensions of the
two complexes between �CAR and 
CD or �CD.
The < s2 >

1
2
z value of the two complexes, ®ltered

through 0.45�m ®lter, was 110.2�1.4 nm for the

CD complex and 123.4�1.8 nm for the �CD
complex. Hence, the dimension of the �CD com-
plex is approximately 10% larger than that of the

CD complex.

Eventually, as a control experiment, a sample
was prepared following the protocol procedure
described above (see Experimental) mixing �CAR
with soluble starch (ISO Merck, mol. weight 6500±
8000) in the place of cyclodextrin: the LS mea-
surements performed on the resulting, very slightly
colored water solution, did not provide any evi-
dence of formation of large-dimension aggregates.

NMR spectroscopy.ÐThe NMR spectra of both
the samples of complex/aggregate of �CD and

Fig. 1. Comparison of the scattering intensities of three samples: (*) �-cyclodextrin; (&) complex 
-cyclodextrin/�-carotene; (^)
complex �-cyclodextrin/�-carotene.
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CD with �CAR dissolved in D2O showed only
the resonances of the glucose units giving rise to
sharp, high-resolution multiplets, whilst no peaks
assignable to �CAR could be detected, neither in
the low-®eld nor in the high-®eld region of the
spectrum, con®rming what was previously reported
in the case of the �CD/�CAR system only [6].
These data can be interpreted taking into account
the ®ndings obtained by the static LS experiments
described above.
The observed NMR signals are only due to the

free � and 
CD molecules, which are in fast
exchange, on the NMR timescale, with the micelle-
bound cyclodextrin molecules. Interestingly,
although both �CD and 
CD exhibit the same
dynamic behaviour in the presence of �CAR, che-
mical shifts of the glucose protons of native �CD
do not show any appreciable variation in the pre-
sence of �CAR, whilst signi®cant chemical shift
variations of the glucose signals of 
CD are
observed in the 
CD/�CAR system compared to
native 
CD. The values of the chemical shifts of

the assigned protons of native 
CD and in the
presence of �CAR are reported in Table 2.

The analysis of the chemical shift variations
induced by the complexation is one of the classical
tools for the investigation of cyclodextrin±guest
inclusion complexes [14]. The formation of an
inclusion complex is known to shield the protons
of CDs that are inside the hydrophobic cavity (H-3
and H-5), and deshield the protons of the guest
molecule directly interacting with the cavity [15].
Chemical shift variations of the outer protons of
cyclodextrin, such as H-1, H-2 and H-4, have been
ascribed to h±g association at the exterior of the
cavity and deformation of the macrocyclic ring of
cyclodextrins [16,17]. The observed chemical shift
variations of all the 
CD protons in the 
CD/
�CAR system indicate that the interaction between

CD and �CAR is not speci®c, as it could be in a
genuine 1:1 inclusion complex. On the micelle sur-
face 
CD molecules are likely to undergo distor-
tion of the equilibrium conformation of their
macrocyclic ring by interaction with �CAR and
thus experience chemical shift variation with
respect to uncomplexed 
CD. The 
CD molecules
at the surface of the micelle are, in turn, in fast
exchange with those in the bulk solvent, giving rise
to the observed chemical shift variation reported in
Table 2. The di�erent results obtained with �CD
are probably due to the higher conformational
rigidity of the seven-membered ring structure of
�CD with respect to that of 
CD [2].

Fig. 2. P �� �ÿ1 against sin2 �=2� � plot of two complexes: (&) 
-cyclodextrin/�-carotene; (^) �-cyclodextrin/�-carotene.

Table 1
Root-mean squares radius,<s2>

1
2
z, of the two complexes, ®ltered

0.45�m

Complex < s2>
1
2
z nm


-cyclodextrin/�-carotene 110.2�1.4
�-cyclodextrin/�-carotene 123.4�1.8
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4. Conclusions

The present LS results on �CAR complexes with
� and 
CD in water are in agreement with the
representation we proposed previously [6] only for
�CD/�CAR. Also, we show in the present paper
that NMR spectra of 
CD/�CAR association in
D2O solution point out chemical shift variation of
the 
CD protons upon complexation, indicating
that h±g interaction is taking place in solution. The
pattern of chemical shift variation is, however, dif-
ferent from that expected in the case of classical
inclusion complexes of de®ned stoichiometry (e.g.,
a 1:1 complex), indicating that the formation of a
true inclusion compound between 
CD and �CAR
could be only one of the possible mechanisms of
interaction.

Actually, the possible CDs/�CAR h±g associa-
tions can be reasonably expected to have a neat
amphiphilic character due to the hydrophilic hosts
and the hydrophobic guest. Just as it was already
predicted [6], the present LS results con®rm that in
water the hydrophobic moiety (�CAR) of such
inclusion complexes should tend to self-associate
forming larger supramolecular aggregates, like
micelles, with the hydrophilic CDs molecules
arranged outside and in fast exchange, on NMR
timescale, with the free CD molecules in solution.

Besides, the present LS data show that pure
�CD and 
CD do not form large self-aggregates in
water, at least in our experimental conditions. For
instance, this observation is in agreement with
recent NMR studies showing that pure �CD is a
monomer in water solution [18], ruling out pre-
vious contrary conclusions from LS experiments
[19].
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