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Abstract Three well-known representatives of the
cyclodextrin family were completely characterized by
molecular hydrodynamics methods in three different sol-
vents. For the first time the possibility of an estimation of
velocity sedimentation coefficients s between 0.15 and
0.5 S by the numerical solution of the Lamm equation is
shown. Comparison of the experimental hydrodynamic
characteristics of the cyclodextrins with theoretical calcu-
lations for toroidal molecules allows an estimation of the
thickness of the solvent layers on the surface of cyclo-
dextrin molecules.
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Introduction

Cyclodextrins (CDs) are well-known objects of supramo-
lecular chemistry and glycoscience (Dodziuk 2006; Philp
and Stoddart 1996; Szejti and Osa 1996; Wenz 1994). They
are products of amylopectin enzymatic destruction by the
action of extracellular enzymes, cyclodextrin glycosyl-
transferases (CGTase, E.C. 2.4.1.19) (Qi and Zimmermann
2005). The more abundant and available of the CDs are
cyclic oligosaccharides, consisting of 6, 7, 8 D-glucose
residues, connected with o (I — 4) links and named a-, -
and y-CD, respectively. The shape of these molecules
resemble a hollow truncated cone with a central cavity,
containing C3H and C5H carbons atoms and ester-like O-4
and O-5 oxygen atoms. The CD structure provides an
external hydrophilic region and a rather hydrophobic inner
cavity (Bender and Komiyama 1978). The number of sugar
rings defines the size of the cavity and the flexibility of the
CDs. CDs and their derivatives are well-known as molec-
ular hosts capable of including, in their cavities, different
guest molecules of appropriate size, shape, and polarity via
non-covalent interactions (Connors 1997; Dodziuk 2006;
Harada 1997; Saenger 1980; Szejti 2004). The apolar
nature of their cavities (Harada 1997) allows CDs to act as
hosts preferentially for nonpolar guests, which include
small molecules and surfactants (Harada 1997; Gonzalez-
Pérez et al. 2008). The interactions of CDs with natural and
synthetic polymers bearing attached hydrophobic tags have
also been intensively studied (Beheshti et al. 2006; Bur-
ckbuchler et al. 2006; Charlot et al. 2006; Rinaudo et al.
2005; Sabadini and Cosgrove 2003). In addition, CD
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derivatives are being used as a core in the synthesis of
star-like polymer systems (Hoogenboom et al. 2006).
Cyclodextrins’ ability to form inclusion complexes with
appropriate sized hydrophobic guest molecules is the most
frequently applied property of CDs (Hedges 1998; Szejti
2004) and has been studied by spectroscopic, kinetic, and
crystallographic methods (Dodziuk 2006; Saenger et al.
1998; Szejti and Osa 1996). CDs and their derivatives are
considered to be potential carriers for hydrophobic phar-
maceutical compounds (Loftsson and Duchene 2007,
Uekama et al. 1998). However, information about the
properties of cyclodextrins molecules in diluted solution is
still rather scarce (Dodziuk 2006; Nakata et al. 2003;
Longsworth 1953; Szejti 1998).

In this study, we present investigations on o-, - and y-
cyclodextrin by macromolecular hydrodynamics.

Materials and methods

The CDs studied, o-, ff- and y-cyclodextrin, were obtained
commercially from Sigma (purity > 98%) (Table 1).
Velocity sedimentation, the translational diffusion, and
viscosity as well as the increment of density were measured

in three different solvents: water, dimethylformamide, and
dimethylsulfoxide.

Sedimentation velocity experiments were performed on
a Beckman XLI analytical ultracentrifuge at a rotor speed
of 55,000 rpm and at 20°C in Al-double-sector cells
of optical path 12 mm using interference optics. The
evaluation program Sedfit for continuous particle size
distributions (Schuck 2000) was used for data analysis. The
regularization method used was the Tikhonov-Philips 2nd
derivative, and the confidence level (F ratio) chosen was
0.8-0.9. By fitting for (f/f;pn) in a nonlinear regression, an
estimate of the weight-average frictional ratio of all mac-
romolecules in solution is obtained, where f'is the frictional
ratio of the solute macromolecule and fqpy, is the frictional
ratio of the rigid sphere with the same “anhydrous” vol-
ume (free of solvent) as the macromolecule. The final
result is the differential distribution (dc(s)/ds) of the sam-
ple, which is named c(s). It is scaled such that the area
under the c(s) curve between the smallest s value, s, and
the largest one, s,, in the distribution will give the loading
concentration of macromolecules between these sedimen-
tation coefficients (expressed in number of fringes, J, in the
case of interference optics). J, which is proportional to the
polymer concentration in solution, was used to calculate

Table 1 Images of modeling

CD Images of modeling M yie d; i M (MALDI)
structures, calculated molecular structures (a/mol) a 0 cm) a 0 cm) (a/mol)
mass (M), inner (d;;) and ) ) g &
outer (do;) diameters and the 2-CD (CoHi0Os)o 9729 5.0-47 14.6 972.4
values of molecular mass
obtained with MALDI-TOF MS
of cyclodextrin molecules

p-CD (CgH,¢Os); 1,135.0 6.5-6.0 15.4 1,134.5

7-CD (CgH;¢Os)s 1,297.1 8.3-7.5 17.5 1,296.6

* As measured on space-filling
or CPK models (Saenger 1980;
Corey and Pauling 1953)
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the refractive index increment: (An/Ac) = JA/Kcl (Pavlov
et al. 2003), where 4 is the wavelength (675 nm), K the
magnifying coefficient and 1 the optical path. With K = 1
and [ = 12 mm we obtain: An/Ac = 5.625 x 107°(/c)
and ¢ in g/em®.

Translational diffusion was studied by the classical
method of forming a boundary between the solution and
the solvent on Tsvetkov polarizing diffusiometer (Tsvetkov
1989). The diffusion boundary was formed in glass cell of
length 4 = 30 mm along the beam path. The optical sys-
tem used for recording the solution-solvent boundary in
diffusion analysis was a Lebedev’s polarizing interferom-
eter (Lebedev 1930). Translational diffusion coefficients
were calculated from the equation:

o> = ap + 2Dt, (1)

where ¢” is the dispersion of the diffusion boundary cal-
culated from the maximum ordinate and the area under the
diffusion curve, a3 is the zero dispersion characterizing the
quality of boundary formation, and t is the diffusion time.
Experiments were carried out at 25°C, and the intrinsic
diffusion coefficient, which depends only on the macro-
molecule properties, is calculated as: [D] = Dgno/T.

Viscosity measurements were conducted using an Ost-
wald viscometer. The respective flow times, 7, and ¢, were
measured at 25°C for the solvent and polymer solutions,
with relative viscosities 77, = #/ty. The extrapolation to zero
concentration was made by using both the Huggins and
Kraemer equations (Cantor and Schimmel 1980; Tsvetkov
1989) and the average values were considered as the value
of intrinsic viscosity.

The density measurements were carried out in the
density meter DMA 5000 (Anton Paar, Graz, Austria)
according to the procedure of Kratky et al. (1973).

The cyclodextrins were investigated also by Matrix-
Assisted Laser Desorption/Ionisation Time-Of-Flight Mass
Spectrometry (MALDI-TOF MS). MALDI-TOF MS mea-
surements were performed with an Ultraflex III TOF/TOF
(Bruker Daltonics, Bremen, Germany) equipped with a
Nd:YAG laser and a collision cell. All spectra were measured
in the positive reflector mode. For the MS/MS mode, argon
was used as collision gas at a pressure of 2 x 107® mbar.
The instrument was calibrated prior to each measurement
with an external PMMA standard from PSS Polymer Stan-
dards Services GmbH (Mainz, Germany) in the required
measurement range. MS and MS/MS data were processed
using PolyTools 1.0 and an isotope pattern calculator.

Results and discussion

The velocity sedimentation and isothermal translational
diffusion studies were made separately in three different

solvents: water, dimethylformamide (DMF) and dimethyl-
sulfoxide (DMSO). The solubility of the CDs studied in these
solvents increases in the following order: H,O < DMF <
DMSO. The velocity sedimentation experiments were run
overnight (12—14 h), atasolute concentrationc = 4 mg/mL.
Figure 1 represents the sedimentation interference profiles
of a-cyclodextrin in DMF and in DMSO as well as the
calculated distribution of the sedimentation coefficients,
c(s), as obtained by the use of the Sedfit program. Figure 2
shows the comparison of the normalized differential dis-
tributions for y-CD, obtained in the different solvents. The
density increment (Ap/Ac), which is also required for the
quantitative interpretation of the sedimentation data, allows
the determination of the partial specific volume (v). The
value remained the same for different CDs in the same
solvent and was found to be 0.667, 0.632, and 0.649 cm3/g
in H,O, DMF, and DMSO, respectively. The refractive
index increment (An/Ac) also remained virtually the same
for different CDs in the same solvent: 0.148, 0.104, and
0.07 cm®/g in H,O, DMF, and DMSO, respectively. The
translational diffusion was studied at an average solute
concentration ¢ of = 1-2 mg/mL (Fig. 3).

The values of both the sedimentation coefficient s and
the diffusion coefficient D obtained at the concentrations
given above were assumed to be equal to the values
extrapolated to zero concentration. The solute concentra-
tions practically correspond to the limiting dilution as the
values of the Debye parameter (c[#]), describing dilution of
a solution, is within the limits of 0.01 < c[y¢] < 0.03. The
plots of #4,/c and In #,/c as a function of ¢ allowed us to
determine the intrinsic viscosity, [#], of the cyclodextrins
(Fig. 4). Table 2 represents the values of s, (f/f;n), D and
[#] obtained.

The different experimental hydrodynamics measure-
ments can be expressed as intrinsic values, [#], [s], [D], [f],
which are independent of the solvent properties (Cantor
and Schimmel 1980; Tsvetkov 1989). Each of them is
related to common macromolecular characteristics such
as molar mass M and mean-square radius of gyration
<R*>:

] = @' <R > 2 /m 2)
[s] = sono/ (1 — pov) = M/NyP <R* > '/ (3)
[D] = Dono/T = k/[f] = k/P' <R > '/? (4)
[F1=fo/ng =P <R > (5)

with [n]: intrinsic viscosity; [s], [D], and [f]: intrinsic
coefficients of velocity sedimentation, translational diffu-
sion, and translational friction, correspondingly; Ny is the
Avogadro number, and @' and P’ are the Flory hydrody-
namic parameters. These relationships have a general
meaning and are valid for any type of molecules/
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Fig. 1 Velocity sedimentation of CDs: experimental data and evalu-
ations obtained with the Sedfit program. a o-CD with ¢ = 4.2 x
103 g/cm® in DMF, b the same solute with ¢ = 4.8 x 107> g/em® in
DMSO. Panels at the top show the superposition of some interference

c\(s)
1.0 -

w
—_
N

0.8

0.6

0.4 —

0.2 4

0.0 T T T T T T T T
0.0 0.2 0.4 0.6 0.8

s [S]

Fig. 2 Comparison of the normalized differential distributions of
sedimentation coefficients, cn(s), of y-CD in H,O (Z), DMF (2), and
DMSO (3), as obtained with the Sedfit program. For clearness each
distribution is normalized on the maximal value of c..(s) such as
cn(8) = c(S)/cmax(s) to eliminate the influence of different increments
of refractive indexes
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profiles on the whole range of sedimentation time (12 h), those at the
middle the corresponding residual plots. The panels at the bottom
represent the distribution of sedimentation coefficients, c(s), obtained
with a regularization procedure with a confidence level of 0.70

macromolecules. The values of the dimensionless param-
eters @ and P’ depend, however, on the shape and
asymmetry of the solute molecules and, in addition, on the
hydrodynamic interactions between the different parts of
the same molecule which exercise the friction in the liquid
medium. The theoretical values of these parameters are
obtained by solving the hydrodynamic problem and depend
on the models and mathematical approximations.

A frequently used concept in biochemistry and polymer
science is that of the hydrodynamic equivalent sphere. In
this concept, the real molecule is modeled by a rigid sphere
which has the same translational frictional coefficient. The
radius of the hydrodynamic equivalent sphere is calculated
from the Stokes relation (5'). In the case of the intrinsic
viscosity the Einstein relation (2') is applied.

[f]sph: 67rRsph (5/)
[n)gn= (10/3)7Na (R3/M) @)

Obviously the radius of a hydrodynamic equivalent
sphere can differ considerably from the size of the real
molecule. Nevertheless, this approach is useful, in
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Fig. 3 Time dependence of dispersion of the diffusion boundary 267 versus time ¢ of diffusion in H,O (a) and DMF (b), for -CD (1), p-CD (2),

and y-CD (3)

104 mg/corinm/c [cm®/g]

c 10° [g/cm’]

2 T T T T T T
0 2 4 6

Fig. 4 Determination of the intrinsic viscosity values [#] (which are
the intercepts, at ¢ = 0, of the plots of #y,/c (solid lines, Huggins plot)
and In n,/c [dashed lines, Kramer plot] vs. ¢) for a-CD (1), f-CD (2),
and y-CD (3) in DMSO. The Huggins parameter ki are 0.39, 0.22, and
0, and the Kramer parameter kg are —0.11, —0.24, and —0.40 for «-,
p-, and y-CD, respectively

particular when sizes in a series of polymerhomologues are
to be compared, e.g., for proteins, dendrimers, or highly
branched macromolecules.

Combination of Egs. 3 and 4 leads to the Svedberg
equation (Cantor and Schimmel 1980; Maechtle and
Boerger 2006; Tsvetkov 1989) used for molar mass
determination from the hydrodynamic data:

Msp = (RT /(1 —vpo))(s0/Do) = (Na/(1 —vpo))safo  (6)

The translational friction coefficient f; of molecules may
be expressed in our case by the following way:

fo= (F/fn) ofson = (F/fipn) (6710 (BMupas /47NA)' - (7)

From the Egs. 4 and 7 it is possible to calculate the
translational diffusion coefficients and, correspondingly,
the intrinsic translational diffusion coefficient:

D= kx 022 (/a)y) ) (@)

Linking sy and [D]s in the equation obtained from
Egs. 6 and 8 allows us to determine the molar mass of
moving molecules using:

Mo = 9m2 2N (1)1 fan), )01 o)

This equation is the transformation of original Svedberg
equation 6 which, in turn, when fif;, = 1 is transformed
into the relationship describing the solid sphere model.

Table 3 shows the molar masses and hydrodynamic
radii of the CDs studied, as determined from the experi-
mental data by use of the equations given above.

Comparison with the M values calculated from the
chemical structure of the CDs shows that, in all solvents,
the experimental data are relatively close to the theoretical
ones. The measurements in DMF yield by far the closest
agreement, the deviations being below 10% for all samples.
But even for the worst result, obtained with y-CD in
DMSO, the deviation is below 50%. These results are
highly surprising, since the s values on which they are
based are around 0.5 S or even, in the solvent DMSO,
around 0.15 S. As far as we know, the possibility of cor-
rectly or nearly correctly determining such small velocity
sedimentation coefficients on the basis of the numerical
solution of the Lamm equation has not been demonstrated
before. It should be noted that, in the experiments descri-
bed, the evolution of the sedimentation boundary occurs
without appreciable boundary displacement. Elementary
estimation shows that when the sedimentation coefficient is
only 0.1 S the shift of the sedimentation boundary during
12 h of experiment at 55,000 rpm amounts to only 1 mm.
To fix this shift by usual methods against a background of
significant diffusion spreading obviously is not possible.
In order to further strengthen the conclusions described,
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Table 2 Translational diffusion coefficient D, velocity sedimentation coefficient s, frictional ratio f/fiph, and intrinsic viscosity [#], of CD in

H,O, DMF, and DMSO

H,0 DMF DMSO

10'D (em?s)  s(S)  flfpn  10’D (cm®s)  s(S)  flfyn  [nl (em¥g)  10'D (cm™s)  s(S)  flfn  [n] (cm*g)
365 048 100 34 049 133 55 9.7 015 138 54

29.1 0.51 1.00 29 0.53 133 52 8.2 0.11 143 6.0
y 27 053 106 255 058 137 59 8.45 018 149 75

Table 3 Molar mass (g/mol) and hydrodynamic radii R, x 10% cm
(£9%) of CD in different solvents

CD H,0 DMF DMSO M,,
M R, M Ry M Ry
o 1,100 6.7 970 82 1,300 10 1,100 £ 100
1,300 7.7 1,150 9.1 1,100 11 1,180 + 80
Y 1,500 85 1,400 10.1 1,900 124 1,600 &+ 200

we have checked the validity of the theoretical M values by
MALDI-TOF. The experimental spectra are presented in
Fig. 5. Taking into account the mass of sodium ion the
good correlation is observed between calculated and
experimental values of molar masses (Table 1).

The average values for the radii of the hydrodynamic
equivalent sphere, calculated from the Stokes (5') and
Einstein (2') relationships are also presented in Table 3.
These values characterize certain external sizes of CDs
molecules. When comparing these data with those mea-
sured on space-filling or CPK models (Table 1, rgPK =dy
2) (Saenger 1980; Corey and Pauling 1953), it is interesting
to note that (1) both kinds of radii virtually agree in water,
and (2) the ratios of the hydrodynamic to the radii r5°~
remain virtually constant in the series of studied CDs but
vary in different solvents: RHzo/rgP K'=0.96 £ 0.03 ~
1.0, Rpome/r$TE = 1.15 + 0.02, and Rpmso/rsTF = 1.41 +
0.02. Since hydrodynamic interactions inside of CDs
molecules will contribute to the friction of the molecules,
different ratios of radii in different solvents may reflect not
only different sizes but also different hydrodynamic
interactions.

A more adequate model for the description of the
hydrodynamic behavior of CDs molecules can be toroidal
particles/molecules. In recent years approaches which
aimed at modeling the shape of biopolymers by bead-shell
models were extended to the calculation and predictions of
biopolymer hydrodynamic properties (Garcia de la Torre
and Bloomfield 1977, 1981; Allison 1999; Garcia de la
Torre 2001). Applying such methods to toroids, the
dependency of the translational diffusion coefficient and of
the intrinsic viscosity on the characteristic ratio of toroids,
x = ri/ry, was derived (r;, ro: inner and outer radius,

@ Springer

respectively) (Garcia de la Torre 2001). The following
interpolating polynomials were obtained for dimensionless
values [D]ro/k and 0.01[n]M/(N. Arg):

[D]ro/k = 0.0620 — 0.00143x + 0.0278x> (10)
0.01[y)M/(Narg) = 0.0701 — 0.0365x — 0.00629x>  (11)

A comparison of the experimental and computational
results is shown in Fig. 6. As a first approximation, the
space-filling models or CPK models data were used to
characterize the outer and inner sizes of the CD molecules
(Saenger 1980; Szejti 1998). The details of the deviation
of the experimental points from the theoretical curves
correlate to the above-obtained estimations concerning the
hydrodynamic radii of the CD molecules in different
solvents. In the plots shown, ry, is the more crucial
parameter since the ordinate directly depends on it
whereas the dependence on r; becomes apparent only as
a ratio of ri/ry in the abscissa. Both plots indicate that,
in order to superimpose the experimental data to the
computational results, it is necessary to increase the outer
sizes of CD molecules. In practice, these sizes could be
increased in solution by the absorption of a few solvent
molecules to the external surface of the CD molecules,
forming an absorbed layer. Thus, in solution the outer size
of CD molecules may be characterized by an effective
radius " = ry 4+ Aro, where Ary is the average thickness
of solvent layer. The latter figure probably correlates to the
size and the number of the solvent molecules. The size of
the solvent molecules can be estimated by the relationship
d = (6 MImpoNo)'". 3.86, 6.26, and 6.08 x 10~% cm for
H,O, DMF, and DMSO molecules were obtained,
respectively. The calculated results could be fitted to the
experimental ones by assuming that the thickness of the
solvent layer varies depending on the solvent, amounting
for Arg =~ 0.5d,,, in water and DMF but Ary = dg,, in
DMSO. These layers are formed by different numbers of
solvent molecules. Qualitatively the number of DMSO
molecules must be higher in comparison with both other
solvents.

Although, in reality, the CD structure in solution are
flexible, whereby CD instant conformations probably differ
from each other because of a variation of the valence
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Fig. 5 MALDI-TOF-MS 095.3829
spectrum for the cyclodextrins 1007
(I a-CD, 2 p-CD, 3 y-CD) ] 1
obtained on dihydroxybenzoic >
acid as matrix and NaTFA as a "5
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Fig. 6 Comparison of experimental hydrodynamic values (/-3) with
the calculated hydrodynamic values for toroidal molecules (4): a
characteristic translational diffusion coefficient (1, 1: in H,0, 2, 2': in
DMF, 3, 3: in DMSO) b intrinsic viscosity (1, 1: in DMF, 2, 2': in

00 02 04 06 08 1.0

DMSO) (1-3): The hydrodynamic values are plotted in function of
the space-filling (or CPK) models radii c (average inner) and rg CPK
(outer) of the CD molecules (Table 1). (1’-3"): The hydrodynamlc
values are plotted in function of effective outer radii T (see text)
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angles of the glycosidic links and, possibly, a twist-con-
formation of the sugar rings (French and Johnson 2007;
Saenger et al. 1998). Nevertheless, the CD time-average
characteristics, as monitored by hydrodynamic methods,
can be fully interpreted by a rigid toroid model.

Conclusion

The velocity sedimentation and translational diffusion
coefficients of CD molecules were measured in water, DMF,
and DMSO. In DMF and DMSO also the intrinsic viscosities
could be measured. It was possible to determine from the
hydrodynamic data, by use of the Sedfit program, relatively
accurate values for CD molar mass and size, despite the fact
that the sedimentation coefficients were as low as 0.1-0.5 S.
The correspondence of the CD hydrodynamic values with
the results calculated for toroids by use of a bead-shell
model is demonstrated. This comparison also shows that the
outer CD dimensions are solvent-dependent and larger than
those obtained from the crystallographic data.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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