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Abstract Possibility of encapsulation of riboflavin and
alloxazine by o- and ff-cyclodextrins in aqueous solution was
studied by "H NMR and solubility methods. Thermodynamic
parameters of 1:1 inclusion complex formation (K, ACGO,
AH? and A.S°) were obtained and analyzed in terms of
influence of reagent’s structure on complexation process. It
was shown that a-cyclodextrin displays low binding affinity
to riboflavin and alloxazine. On the contrary, -cyclodextrin
forms with riboflavin and alloxazine more stable inclusion
complexes. Binding is accompanied by the negative
enthalpy and entropy changes that are determined by pre-
dominance of van der Waals interactions and possible H-
bonding. The presence of ribityl substituent in riboflavin
molecule prevents the deep penetration of this compound
into macrocyclic cavity. Proposed on the basis of "H NMR
data the partial insertion of the hydrophobic part of riboflavin
and alloxazine molecules into the f-cyclodextrin cavity
causes the enhancement of aqueous solubility of the encap-
sulated substances. In comparison with o-cyclodextrin, the
solubilizing effect of -cyclodextrin is more pronounced due
to its higher binding affinity to alloxazine and riboflavin.

Keywords Inclusion complex formation - Cyclodextrin -
Riboflavin - Alloxazine - Thermodynamics

Introduction

During the last decades industrial application of bioencap-
sulation is growing [1]. Bioencapsulation is a technology of
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envelopment of biologically active compounds in micro-
capsules with the purpose to protect the enclosed substances
from the surrounding environment, to increase their effi-
ciency and to receive the controlled-release materials [1, 2].
A number of encapsulating materials (polymers, vesicles,
micells, hydrogels) are designed and proposed in the recent
years [1-5]. Cyclodextrins (CDs) are of particular interest in
this regard [6-11].

CDs are the cyclic oligosaccharides enzimatically pro-
duced from starch and composed of six (x-CD), seven
(p-CD) and eight (y-CD) glucose units linked by glycosidic
bonds. The shape of CD molecule is similar to truncated
cone with a hydrophobic interior and hydrophilic exterior
formed by hydroxyl groups. Ability of the hydrophobic
cavity to encapsulate different molecules due to noncova-
lent interactions determines the numerous practical appli-
cations of CDs. In particular, CDs are widely used as inert
and nontoxic encapsulating materials and solubilizing
additives in pharmaceutical formulations, cosmetics and
food [6-10]. Physicochemical properties (e.g., stability,
solubility, odor, etc.) and bioactivity of the encapsulated
molecules can be considerably improved owing to inclu-
sion complexation with CDs.

The purpose of this work was to study on inclusion
complex formation of CDs with riboflavin and alloxazine.
Riboflavin (vitamin B,, 7,8-dimethyl-10-(1’-p-ribityl)isoal-
loxazine) belongs to the family of flavins. It plays an
important role in the living organisms and is widely used in
pharmaceutical and vitamin preparations [12]. Bioactivity of
riboflavin can be reduced owing to its low aqueous solubility
and instability [13—15]. It is well known that under illumi-
nation with visible light the biological activity of riboflavin is
reduced. Photolysis of riboflavin in alkali and acidic media
involves first of all the degradation of ribityl chain and this
flavin is easily transformed into alloxazines.
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Alloxazines and their derivatives being the products of
biochemical, chemical and photochemical decomposition
of flavins are present in most biological tissues and in many
food supplements [16—19]. Our interest in alloxazine was
driven mainly by its similarity to riboflavin. Alloxazine
molecule contains no side groups and, therefore, the
influence of methyl and ribityl substituents on complex
formation of riboflavin with CDs can be evaluated.
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There are some publications, in which systems for ribo-
flavin stabilization have been considered [20-24]. Loukas
etal. [21,22] proposed to use the multilamellar liposomes for
incorporation of riboflavin in pure form and in the form of
CD complex. CDs as a complexing systems that also provide
moderate stability against the external factors (light and
oxygen) were investigated [23, 24]. Wang et al. [23, 24]
showed that inclusion complex formation with 5-CD has a
significant effect on riboflavin reduction. To the best of our
knowledge, only stability constants of inclusion complexes
of CDs with riboflavin have been reported in literature [23,
25-28], and information on the enthalpy and entropy of
complex formation is absent. Additionally, interactions of
CDs with alloxazine were not studied. The aim of present
work was to carry out thermodynamic study on complex
formation of «- and f-cyclodextrins with riboflavin and
alloxazine in aqueous solution. Our specific interest in
alloxazine was arisen due to its structure which is similar to
that found in riboflavin and other biologically active isoal-
loxazines. Thereby, the comparative investigation of binding
of CDs with alloxazine and riboflavin was undertaken in
order to show the role of ribityl- and methyl-substituents in
complex formation process.

Experimental
Chemicals

Riboflavin (Sigma), alloxazine (Aldrich), a-CD (Aldrich)
and f-CD (Fluka) were used as received. CDs were stable
crystalline hydrates, the water content in which was taken
into consideration during calculation of concentration. All
solutions were prepared by weight on the basis of double-
distilled water.

@ Springer

Solubility study

An excess amount of riboflavin (or alloxazine) was added to
the aqueous solutions of CDs, concentrations of which were
varied from 0 to 0.04 mol kg™ for -CD and from 0 to
0.014 mol kg~ for f-CD. Experiment was done at different
temperatures (298-315 K). The solutions were placed in
plastic vials, which were covered with aluminum foil in order
to prevent the possible degradation of riboflavin and allox-
azine by light. The solutions were agitated for 72 h at con-
stant temperature. After equilibration, the solutions were
centrifuged and analyzed spectrophotometrically. Mea-
surements were carried out at several wavelengths corre-
sponding to sharp peaks and the average result was taken.

UV-vis spectroscopy

Absorption spectra were recorded at 298 K on a Cary 50
(Varian) spectrophotometer using 1 cm quartz cuvettes.
Stoichiometry of the complexes was determined by Job’s
method [29]. According to this method, solutions of CD
and riboflavin (or alloxazine) of equal concentrations
(0.1 mmol kg~') were mixed in this way that the total
molar concentration of CD and riboflavin (or alloxazine) is
held constant, but their mole fractions are varied. A mea-
surable parameter (absorbance) that is proportional to
complex formation is plotted against the mole fractions of
these two components. The extremum on the plot corre-
sponds to the stoichiometric ratio of the two species.

'"H NMR

'"H NMR spectra were recorded using a Bruker-AV-500
spectrometer with the operating frequency at 500 MHz.
Chemical shifts were measured at several temperatures
(293-315 K) relative to external cyclohexane. The solu-
tions containing a constant concentration of riboflavin
(0.28 mmol kgfl) and variable concentration of CDs
(0-0.04 mol kg~ for x-CD and 0-0.015 mol kg~ for f-CD)
were prepared in deuterated water of 99.9% isotopic purity.

Results and discussion

The fact that CDs can enhance solubility of many com-
pounds is explained by formation of water-soluble inclu-
sion complexes in which the hydrophobic guest molecules
are placed in the apolar CD interior [8—10]. To examine the
solubilization of riboflavin and alloxazine by CDs the
phase-solubility diagrams were obtained (Fig. 1). As can
be seen from Fig. 1, solubility of riboflavin and alloxazine
is greatly increased in the presence of $-CD. On the con-
trary, the solubilizing effect of «-CD with respect to
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Fig. 1 Phase-solubility diagrams for complexation of cyclodextrins
with riboflavin (fop) and alloxazine (bottom) in water at 298 K

riboflavin is shown slightly and it is practically absent in
case of alloxazine. These results indicate that more strong
binding of riboflavin and alloxazine with -CD takes place.

According to method of Higuchi and Connors [30], the
observed in our work linear increase of aqueous solubility
of riboflavin and alloxazine with CD concentration is
described by the solubility diagram of Aj-type. The Ap
curve corresponds to 1:1 complex formation [30]. This
stoichiometric ratio of the complexes was additionally
confirmed by Job’s method [29]. Job’s plot illustrated in
Fig. 2 as an example for system alloxazine + -CD
exhibits the minima at mole ratio 0.5 reflecting the for-
mation of 1:1 complexes. The similar plots were obtained
for all systems under study.

Stability constants of 1:1 complexes can be calculated
from the slope of solubility diagrams as reported by
Higuchi and Connors [30]:

slope

K=——"—
So(1 — slope)

(1)

where K is stability constant; Sy is solubility of riboflavin
(or alloxazine) in pure water.

alloxazine+B-CD
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Fig. 2 Job’s plot for complex formation of f-CD with alloxazine in
water at 298 K

Table 1 Stability constants of -CD complexes with riboflavin and
alloxazine at different temperatures

T/K K/kg mol ™

Riboflavin/f-CD Alloxazine/-CD

Solubility '"H NMR Solubility
293 - 3442 -
303 35+2 30 +2 7045
308 33+£2 - -
310 - - 65+ 5
313 30 £2 2642 -
315 - - 54 + 4

Enthalpy and entropy changes of complex formation
were derived from temperature-dependent solubility mea-
surements using the following equation:

AH® AS°

Stability constants at different temperatures are given in
Table 1, and van’t Hoff plots are shown in Fig. 3.
Thermodynamic parameters of complex formation at
298 K are summarized in Table 2.

It was found that complex formation between «-CD and
alloxazine is absent. One can assume that diameter of o-CD
cavity (4.7-5.3 A [31)) is too small for incorporation of al-
loxazine molecule. However, the partial inclusion of such
large molecules as anthracene into a-CD cavity has been
detected by Blyshak et al. [32]. Moreover, calculation of the
geometric parameters of alloxazine was performed using
Avogadro computer program and applying B3LYP ab initio
method. As it was obtained, the length of the benzene ring
(~5 1&) corresponds to a-CD cavity and the partial insertion
of alloxazine can be possible. Nevertheless, the binding is
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Fig. 3 The plot of InK versus 1/T for complexation of $-CD with
riboflavin (bottom) and alloxazine (fop) in water

not observed in this system. We suppose that alloxazine
molecule is highly hydrated in aqueous medium owing to
possible interactions of water molecules with the nitrogen
atoms in the aromatic rings. As it is well known, hydration
competes with complex formation and prevents it.

The weak molecular complex is formed between «-CD
and riboflavin (Table 2). Determination of the enthalpy and
entropy changes was not possible due to very low stability
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Fig. 4 Chemical shift changes of riboflavin protons versus the
cyclodextrin concentration at 298 K

constant of riboflavin/a-CD complex. We suggest that
binding in this case is realized via methyl side groups
presented in the riboflavin structure. Two CHj-groups can
enter the apolar cavity of «-CD. According to this binding
mode, the ribityl substituent is placed outside the o-CD
cavity and can participate in hydrogen bonding with
hydroxyls surrounding the cavity.

To confirm the proposed binding mode, the '"H NMR
spectrum of riboflavin in the presence of «-CD was

Table 2 Thermodynamic
parameters of 1:1 complex
formation of f-cyclodextrin

with riboflavin and alloxazine

in water at 298 K

@ Springer

Complex K/kg mol ™! AG° AH° TA.S°
(kJ mol™h) (kJ mol™h (kJ mol™h

Solubility method
Alloxazine/f-CD 78 £5 -10.8 —156+ 1.2 —4.8
Riboflavin/a-CD 39 +£02 —34 - -
Riboflavin/f-CD 38 +2 -9.0 -1194+ 04 -39

'H NMR
Riboflavin/x-CD 6+ 1 —44 - -
Riboflavin/$-CD 32+1 -8.6 -10.1 £+ 1.0 -1
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Table 3 Complexation-

induced chemical shifts of Complex Aco/ppm

riboflavin protons at 298 K H(6) H(7) H(8) H(9)
o-CD/riboflavin 0.05 + 0.01 0.05 + 0.01 0.03 + 0.01 0.06 + 0.01
p-CD/riboflavin 0.12 + 0.01 0.14 + 0.01 0.09 + 0.01 0.15 + 0.01

recorded and analyzed. The "H NMR spectrum of ribofla-
vin in D,O shows the signals of protons H(6), H(7), H(8),
H(9) H(11), H(12), H(13), H(14) and H(15). Addition of
o-CD results in the overlapping of several signals of CD
protons with the signals of riboflavin protons belonging to
ribityl side group. Therefore, only signals of H(6), H(7),
H(8) and H(9) protons were examined upon addition of
different amounts of «-CD. The chemical shift changes of
riboflavin proton H(9) as a function of a-CD concentration
are illustrated in Fig. 4 (top view).

Complexation-induced chemical shift changes (A.d) and
stability constants of the complexes (K) were evaluated from
these dependences by nonlinear curve fitting procedure [33].
Values of K and A.0 are given in Tables 2 and 3, respec-
tively. Thermodynamic parameters of -CD complex for-
mation with riboflavin were derived from temperature
dependences of K (Table 1) applying Eq. 2. A good agree-
ment of thermodynamic parameters obtained from "H NMR
and solubility methods should be noted herein (Table 2).

The observed in the presence of a-CD downfield shift of
signals of H(6)-H(9) riboflavin protons (Table 3) points out
that benzene ring with methyl-groups is inserted into mac-
rocyclic cavity. However, the small A.d values (<0.06 ppm)
indicate a weak interaction of riboflavin with o-CD.

The increase of -CD cavity size results in formation of
more stable complexes. It can be seen from Table 2, sta-
bility constants of -CD complexes are generally larger
than those for «-CD complexes. More significant downfield
shifts of riboflavin protons were also observed for -CD
complex formation (Table 3). These facts confirm that
alloxazine and riboflavin penetrate deeper into the larger
p-CD cavity than into the smaller «-CD cavity. As it
follows from Table 2, complex formation of S-CD with
alloxazine and riboflavin is characterized by the negative
enthalpy and entropy changes. Since the enthalpy contri-
bution to the free energy is dominant, the binding is
enthalpy driven. The negative A;H® and A.S° are mainly
caused by prevalence of van der Waals interactions. In
B-CD complexes the aromatic rings of both guest mole-
cules are in close contact with the cavity walls and inter-
molecular forces are rather strong. The binding strength is
maximal for -CD and less for a-CD due to more snug fit
for f-CD. Moreover, formation of the hydrogen bonds
between [-CD external surface and polar groups of the
guests can be possible. Thus, van der Waals interactions
and H-bonding are the main forces responsible for the

complexation process. These interactions restrict the flex-
ibility of reagents giving the entropy loss (Table 1).
Comparative analysis of the thermodynamic parameters
of complex formation of -CD with alloxazine and riboflavin
shows that binding is more enthalpy favorable with the for-
mer one (Table 2). Stability constant of alloxazine/-CD
complex is approximately two times higher than K for
riboflavin/-CD complex. More probably, the deeper
inclusion of alloxazine molecule into $-CD cavity occurs
and it is prevented by the bulky ribityl side group in the case
of riboflavin. We suppose that stronger attractive interac-
tions caused by the deeper penetration of alloxazine result in
higher exothermicity of binding. More negative A.S°
obtained for this system is consistent with this suggestion.

Conclusions

Thermodynamic study on 1:1 complex formation of «-CD
and f-CD with riboflavin and alloxazine in aqueous solution
was carried out by '"H NMR and solubility techniques.
Experimental results showed that, in comparison with ¢-CD,
p-CD displays higher binding affinity to riboflavin and
alloxazine forming with them more stable enthalpy-stabi-
lized inclusion complexes. The van der Waals interactions
and H-bonding were proposed as driving forces of complex
formation. Availability of ribitiyl substituent in riboflavin
molecule prevents the deeper insertion of this compound into
macrocyclic cavity and results in decreasing of the exo-
thermicity of binding. The considerable enhancement of
aqueous solubility of riboflavin and alloxazine in the pres-
ence of f-CD is caused by the deeper penetration of the
hydrophobic moiety of guest molecules into the host cavity.
The solubilizing efficiency of -CD was found to be higher
than those of 2-CD. Thus, -CDs are more suitable for
encapsulation of riboflavin and alloxazine in aqueous media.
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