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Abstract The binding of the reductase inhibitor drug
fluvastatin, hydroxy-3-methylglutaryl coenzyme A, with
the hydrophilic ι- or 1 -carrageenan polymers, serving as
potential controllers of the drug’s release rate, have been
studied at the density functional level of theory with the
B3LYP exchange correlation functional. Three low energy
conformers of fluvastatin have been calculated. The
vibrational spectroscopic properties calculated for the
most stable conformer were in satisfactory agreement with
the experimental data. A series of hydrogen bonded
complexes of the most stable conformer of fluvastatin
anion with low molecular weight models of the polymers
have been fully optimized. In almost all, intermolecular H-
bonds are formed between the sulfate groups of ι- or 1 -
carrageenan and fluvastatin’s hydroxyls, resulting in a red
shift of the fluvastatin’s O−H stretching vibrations.
Cooperative intramolecular H-bonds within fluvastatin or
ι-, 1 -carrageenan are also present. The BSSE and ZPE
corrected interaction energies were estimated in the range
281–318 kJ mol−1 for ι-carrageenan - fluvastatin and 145–
200 kJ mol−1 for 1 -carrageenan - fluvastatin complexes.
The electron density (ρbcp) and Laplacian (∇2ρbcp) prop-
erties at critical points of the intermolecular hydrogen
bonds, estimated by AIM (atoms in molecules) calcula-
tions, have a low and positive character (∇2ρbcp>0),
consistent with the electrostatic character of the hydrogen
bonds. The structural and energetic data observed, as well
as the extent of the red shift of the fluvastatin’s O−H
stretching vibrations upon complex formation and the

properties of electron density show a stronger binding of
fluvastatin to ι- than to 1 -carrageenan.

Keywords AIM . ι-Carrageenan . 1 -Carrageenan . Density
functional theory . Fluvastatin . Hydrogen bonding

Introduction

Hydrogen bonds (H-bonds) play a vital role in chemical,
physical, biological and technological processes. While many
experimental and theoretical studies have been directed
toward understanding H-bonding, it remains an area of active
research. An important application of hydrogen bonded
complexes is the solid dispersion systems of drugs into inert
polymer matrices, primarily aiming at the optimization of the
dissolution rate of poorly soluble drugs [1, 2], as well as to
control the drug’s release rate [3]. As in such systems the
drug molecules bind to the polymer with van der Waals
interactions or H-bonds, the nature and strength of the
interactions of a drug and the polymers are of particular
importance [4–6]. Continuing our work on the theoretical
study of H-bond interactions between drugs and hydrophilic
polymers used as excipients in drug formulation, [7, 8] we
present here a density functional study of the hydrogen
bonding in solid dispersions of the reductase inhibitor drug
fluvastatin sodium, hydroxy-3-methylglutaryl coenzyme A,
with the hydrophilic ι-or 1 -carrageenan polymers.

Fluvastatin sodium, a mevalonolactone derivative of a
fluorophenyl substituted indole (Fig. 1), is a 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase inhib-
itor. It belongs to an inhibitor family of drugs, commonly
called statins, which have been shown to slow the
progression of coronary artery disease [9] and reduce
mortality from cardiovascular disease [10]. They have been
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suggested to have an anti-inflamatory and anti-cancer
activity [11]. Some of them are also being tested against
Alzheimer’s disease and osteoporosis [12]. The crystal
structure of fluvastatin has been solved by X-Ray crystal-
lography [13], whereas its conformational space and
hydroxy acid-lactone interconversion have been studied
with DFT calculations [14].

Carrageenans are linear, sulfated polysaccharides (galac-
tans) extracted from various species of the red seaweed
Rhodophyta [15, 16]. The carrageenan backbone is based on
the repeating disaccharide sequence of D–galactopyranose
residues linked alternaterly in 3-linked-β-D-galactopyranose
and 4-linked-α-D-galactopyranose units. They are classified
according to the degree of the substitution that occurs on
their free hydroxyl groups, which are generally either the
addition of ester sulfate or the presence of the 3,6-anhydride

on the 4-linked residue, and they are traditionally identified
by a Greek prefix: ι- (iota) (mono-sulfate), κ- (kappa) (di-
sulfate), and 1 - (lambda) carrageenan (three-sulfate).
Concerning the forms studied herein and shown in Fig. 1,
ι-carrageenan is composed by 3-linked-β-D-galactopyra-
nose-4-sulfate (G4S) and 4′-linked-3′,6′-anhydro-α-D-galac-
topyranose-2-sulfate (GA2S), whereas 1 -carrageenan by 3-
linked-β-D-galactopyranose-2-sulfate (G2S) and 4′-linked-
3′,6′-anhydro-α-D-galactopyranose-2,6-disulfate (G2S6S).

Carrageenans have the ability to bind considerable
quantities of materials. Besides their usage in food,
ceramic, anti-ice fluids, paper and textile industries [17–
20], complexes between carrageenan and drug molecules
have been proved to control the drug’s release rate and,
thus, carrageenans, as well as carrageenan mixtures, have
been used as drug carriers [3, 21].

In this article density functional theory (DFT) calcu-
lations are reported on the low energy conformation of
fluvastatin and the structure of the hydrogen bonded
complexes between fluvastatin and the ι- and 1 -carrageen-
an polymers, in order to quantify the potential of the
polymers to control the release rate of the drug. Because of
the complexity of these interactions in the intact polymer
our approach was to study the interaction of the drug with
low molar mass molecules chosen to model each polymer.
The key vibrational spectroscopy data of both fluvastatin
and fluvastatin–polymer complexes indicative of the H-
bond interactions responsible for the complexes’ formation
and the strength of the interactions calculated by means of
the fluvastatin–polymer interaction energies are presented.
Furthermore, the topological description of the electronic
density concerning the observed hydrogen bonds has been
studied by using the atoms in molecules theory (AIM).

Computational methods

Density functional theory (DFT) full geometry optimiza-
tions of the studied molecules and the H-bonded complexes
have been carried out using the Gaussian 03 W suite of
programs [22]. The hybrid method was applied (B3LYP)
with Becke’s three-parameter functional [23] and the
nonlocal correlation is provided by the LYP expression
[24]. The basis set used was 6–31 G [25, 26]. In order to
achieve a better description of the H-bond the basis set for
the atoms of the groups involved, that is hydroxyl group
(OH) of fluvastatin, and the sulfate groups (OSO3) of ι- and
1 -carrageenan model, has been augmented to 6–31 G++(d,
p). Harmonic frequency calculations were performed for all
the optimized structures to establish that the stationary
points found are minima. Vibrational frequency values in
the harmonic approximation were scaled according to the
prescriptions found in the literature [27].

Fig. 1 Skeletal structure of the fluvastatin anion and ι-carageenan and
1 -carageenan polymers studied in this work
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In calculating the interaction energy in the hydrogen-
bonded complexes studied, we accounted for the basis set
superposition error (BSSE) by recalculating the monomer
energies using the full dimer basis at the optimized
geometry of the dimer using the counterpoise method. In
this context, the BSSE corrected interaction energy of the
A···B dimer is calculated as:

ΔE BSSEð Þ ¼ ΔE þ BSSE

ΔE ¼ E ABf g
AB ABð Þ � E Af g

A ðAÞ � E Bf g
B ðBÞ

BSSE ¼ E Af g
AB ðAÞ þ E Bf g

AB ðBÞ � E ABf g
AB ðAÞ � E ABf g

AB ðBÞ

ΔE BSSEð Þ ¼ E ABf g
AB ABð Þ � E Af g

A ðAÞ � E Bf g
B ðBÞ þ E Af g

AB ðAÞ

þ E Bf g
AB ðBÞ � E ABf g

AB ðAÞ � E ABf g
AB ðBÞ;

where, E ABf g
AB ABð Þ is the energy of the optimized dimer,

E Af g
A ðAÞ and E Bf g

B ðBÞ are the energies of the monomers A and
B respectively at their equilibrium geometries calculated in
their own bases {A} and {B}, E Af g

AB ðAÞ and E Bf g
AB ðBÞ are the

energies of the monomers A and B respectively at geometries
found in the dimer calculated in their own bases {A} and {B},
and E ABf g

AB ðAÞ and E ABf g
AB ðBÞ are the energies of the monomers

A and B respectively at geometries found in the dimer
calculated with the full basis of the dimer {AB} [28–32].

Analysis of the electronic charge density (ρ) and its
Laplacian (∇2ρ) was performed by means of the theory of
atoms in molecules (AIM) proposed by Bader and cow-
orkers [33–36]. According to this theory, when two
neighboring atoms are chemically bonded, a bond critical
point (bcp) appears between them, where the charge density
is a minimum at rc along the bond path (∇ρbcp=0) but a
maximum along any orthogonal displacement. The sign of
the Laplacian of the density at the bond critical point
(∇2ρbcp), reveals whether the charge is concentrated, as in
covalent bond (∇2ρbcp<0), or depleted, as in closed-shell
(electrostatic) interactions (∇2ρbcp>0). The AIM calcula-
tions were performed using the critical point option for the
AIM keyword as implemented by Cioslowski [37–39] in
Gaussian 03 W program [22].

Results and discussion

Molecular structure of fluvastatin

In order to study the H-bond complexes of fluvastatin
with carrageenans we first located the global minimum in

Fig. 2 Optimized structure of the fluvastatin conformers. For sake of
clarity, only the hydrogen atoms eventually involved in hydrogen
bond are shown
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the conformational space of the drug, which exhibits a
tremendous conformational flexibility because of the
many rotational degrees of freedom, associated with
single bonds (scheme 2) and a very simple conformation
analysis based on torsion angles for each bond, gives
more than one million conformations. Hoffmann et al.
has inspected the potential energy surface of fluvastatin

by means of DFT calculations and found small energetic
differences between conformers [14]. Thus, in this study
only the global minimum and some key conformers are
presented.

The two low energy conformers of fluvastatin anion
(Fl1, Fl2), shown in Fig. 2, have been located by a series
of full optimizations at the B3LYP/6–31 G level with the
basis set of the hydroxyl and carboxyl groups augmented
to 6–311++G(d,p). Each initial geometry was this of the
crystallographic observed structure [13] (pdb code: 1HWI)
with crucial torsion angles perturbed. The most stable
conformation found, Fl1, has two cooperative H-bonds
between the two hydroxyl groups and a carboxyl group of
fluvastatin. A similar structure has been found as the
global minimum in the previous DFT study [14]. Confor-
mation Fl2, having also two H-bonds, is less stable by
2 kJ mol−1. A full optimization starting from the
unperturbed X-ray structure gave structure, Fl3 (Fig. 2),
which is higher in energy by 18 kJ mol−1 and is very close
to the experimental structure. The relative energies and
relevant optimized geometrical parameters of the resulting
conformers are given in Table 1. In all conformers, the C6

−C7=C8−C9 group departs from planarity by 32–35° due
to steric hindrance, whereas dihedral angles around C2−
C3, C3−C4 and C4−C5 bonds show that they adopt the
gauche orientations.

The harmonic vibrational frequencies of all conforma-
tion have been calculated at the same level of theory and
basis set and scaled with scaling factor 0.9614 [27]. The
frequencies of O−H stretching vibrations for the most
stable conformation Fl1 have been calculated as νO1−H1=
3616 cm−1 and νO2−H2=3563 cm−1.

Table 1 Relative energiesa and relevant optimized geometrical
parametersb,c of fluvastatin conformers

Fl1 Fl2 Fl3

ΔE 0.0 2 18

Ο3−C1−C2−C3 12.6 −12.3 44.5

C1−C2−C3−C4 179.2 −179.3 175.7

C2−C3−C4−C5 −177.7 177.3 176.8

C3−C4−C5−C6 171.2 −171.4 56.3

C4−C5−C6−C7 −116.2 109.4 −121.9
C6−C7=C8−C9 −145.5 −147.4 −148.0
C8−C9−C10−C11 45.0 45.1 52.5

C8−N−C12−C13 −122.9 −120.7 −121.9
C8−N−C12−C14 109.2 111.2 110.1

H1⋅⋅⋅O3 2.122 2.122 2.111

O1−H1⋅⋅⋅O3 129.4 129.4 125.8

O1−H1 0.967 0.967 0.964

H2⋅⋅⋅O1 1.932 1.932

O2−H2⋅⋅⋅O1 142.8 142.7

O2−H2 0.969 0.969

a Energies in kJ mol−1 . bBond distances in Å and angles in degrees.
cNumbering scheme as in Figs. 1 and 2

Fig. 3 Optimized structures of the models of ι-carageenan (ι-Cm) and 1 -carageenan (1 -Cm). For sake of clarity, only the hydrogen atoms
eventually involved in hydrogen bonds are shown
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Fig. 4 Optimized structures of
the H-bond complexes of ι-car-
rageenan model (ι-Cm) with
fluvastatin anion (Fl1). For the
sake of clarity, only the
hydrogen atoms involved in the
hydrogen bond are shown
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Although in 3,5 carboxyl diols the formation of lactone
is very common at a rate which is usually pH dependent, at
physiological pH and higher, the lactone form is unstable
and the equilibrium favours hydrolysis to open the lactone
and yield the hydroxyl acid form [40–43]. According to
previous DFT calculations the lactone form is higher in
energy by 25–79 kJ mol−1 [14]. Thus, in this study of
hydrogen bonded complexes of fluvastatin the acidic form
is used instead of the lactonic form.

Hydrogen bonded complexes of fluvastatin
with ι- and 1 -carrageenan polymers

The present reliability of high precision quantum mechanical
calculations gives us the possibility to derive meaningful
predictions about the strength of interactions between drugs
and polymers. However, such calculations often require much
long computational time and large sized memories and thus
the actual analysis tend to be restricted to relatively small

1 -Cm_Fl1_a ι-Cm_Fl1_b ι-Cm_Fl1_c

ΔEc 0.0 ΔE 2 ΔE 35

Intermolecular hydrogen bonds

O1−H1 0.981 O1−H1 0.980 O2−H2 0.994

H1⋅⋅⋅O3a 1.871 H1⋅⋅⋅O1a 1.862 H2⋅⋅⋅O2a 1.881

O1⋅⋅⋅O3a 2.788 O1⋅⋅⋅O1a 2.868 O2⋅⋅⋅O2a 2.858

O1−H1⋅⋅⋅O3a 154.4 O1−H1⋅⋅⋅O1a 169.6 O2−H2⋅⋅⋅O2a 166.9

O2−H2 0.977 O2−H2 0.978 O4a−H4a 0.991

H2⋅⋅⋅O2a 1.887 H2⋅⋅⋅O2a 1.911 H4a⋅⋅⋅O3 1.962

O2⋅⋅⋅O2a 2.847 O2⋅⋅⋅O2a 2.832 O4a⋅⋅⋅O3 2.879

O2−H2⋅⋅⋅O2a 166.8 O2−H2⋅⋅⋅O2a 165.2 O4a−H4a⋅⋅⋅O3 152.7

Intramolecular hydrogen bonds

O3a−H3a 0.976 O1−H1 0.980

H3a⋅⋅⋅O1a 1.954 H1⋅⋅⋅O2 1.816

O3a⋅⋅⋅O1a 2.874 O1⋅⋅⋅O2 2.704

O3a−H3a⋅⋅⋅O1a 156.0 O1−H1⋅⋅⋅O2 148.9

1 -Cm_Fl1_a 1 -Cm_Fl1_b 1 -Cm_Fl1_c

ΔE 0.0 ΔE 72 ΔE 79

Intermolecular hydrogen bonds

O1−H1 0.986 O1−H1 0.985 O1−H1 0.990

H1⋅⋅⋅O1a 1.881 H1⋅⋅⋅O8a 1.876 H1⋅⋅⋅O5a 1.903

O1⋅⋅⋅O1a 2.822 O1⋅⋅⋅O8a 2.834 O1⋅⋅⋅O5a 2.885

O1−H1⋅⋅⋅O1a 158.6 O1−H1⋅⋅⋅O8a 163.4 O1−H1⋅⋅⋅O5a 171.0

O2−H2 0.986 O2−H2 0.988

H2⋅⋅⋅O2a 1.897 H2⋅⋅⋅O9a 1.880

O2⋅⋅⋅O2a 2.847 O2⋅⋅⋅O9a 2.822

O2−H2⋅⋅⋅O2a 160.9 O2−H2⋅⋅⋅O9a 158.4

Intramolecular hydrogen bonds

O2−H2 0.981

H2⋅⋅⋅O1 1.833

O2⋅⋅⋅O1 2.706

O2−H2⋅⋅⋅O1 146.5

O6a−H6a 0.986 O6a−H6a 0.995 O6a−H6a 0.993

H6a⋅⋅⋅O3a 1.916 H6a⋅⋅⋅O3a 1.733 H6a⋅⋅⋅O3a 1.756

O6a⋅⋅⋅O3a 2.901 O6a⋅⋅⋅O3a 2.722 O6a⋅⋅⋅O3a 2.745

O6a−H6a⋅⋅⋅O3a 174.6 O6a−H6a⋅⋅⋅O3a 172.7 O6a−H6a⋅⋅⋅O3a 173.7

O7a−H7a 0.999 O7a−H7a 0.993 O7a−H7a 0.997

H7a⋅⋅⋅O4a 1.831 H7a⋅⋅⋅O4a 1.866 H7a⋅⋅⋅O4a 1.921

O7a⋅⋅⋅O4a 2.778 O7a⋅⋅⋅O4a 2.820 O7a⋅⋅⋅O4a 2.885

O7a−H7a⋅⋅⋅O4a 157.4 O7a−H7a⋅⋅⋅O4a 160.2 O7a−H7a⋅⋅⋅O4a 161.9

Table 2 Relative energiesα

and geometrical parametersb,c

for H-bonded complexes of
fluvastatin anion with ι- and
1 -carrageenan

aCorrected for zero point energy
in kJ mol−1 . bBond distances in
Å and angles in degrees.
cNumbering scheme as in Figs. 4
and 5
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system representative of the whole polymer in vacuo [6–8]. In
our study we used two low molecular weight models, ι-Cm
and 1 -Cm, of ι- and 1 -carrageenan polymers respectively.
Their calculated as global minimum structures are shown in
Fig. 3. In the model of 1 -carrageenan, 1 -Cm, there are two
strong H-bonds between the hydroxyl group in the 6-
position of the galactopyranose-4-sulfate ring and the sulfate
group in the 6′-position of the galactopyranose-2,6-disulfate
ring (H⋅⋅⋅O=1.742 Å) and between the hydroxyl group in the
3′-position of the galactopyranose-2,6-disulfate ring and the
sulfate group in the 2-position of the galactopyranose-4-
sulfate ring (H⋅⋅⋅O=2.132 Å).

Initial structures of the complexes formed from the most
stable conformer of fluvastatin anion (conformer Fl1) and
the polymer models of ι- and 1 -carrageenan (ι-Cm and 1 -

Fig. 5 Optimized structures of the H-bond complexes of 1 -carrageenan model (1 -Cm) with fluvastatin anion (Fl1). For the sake of clarity, only
the hydrogen atoms involved in the hydrogen bond are shown

Table 3 Interaction energy (kJ mol−1) of H-bonded complexes of
fluvastatin anion with ι-Carrageenan and 1 -Carrageenan

ΔΕ ΔΕ+BSSE ΔΕ+BSSE+ΔZPE a

ι-Cm_Fl1_a −383 −318 −318
ι-Cm_Fl1_b −381 −316 −314
ι-Cm_Fl1_c −345 −282 −281
1 -Cm_Fl1_a −284 −201 −200
1 -Cm_Fl1_b −199 −154 −152
1 -Cm_Fl1_c −189 −146 −145

a ZPE calculated as 0.9614Σhνi/2.
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Cm) have beenmodeled, where fluvastatin acts as a hydrogen
donor through hydroxyl groups or as an acceptor through
hydroxylic oxygens, whereas ι-carrageenan and 1 -carrageen-
an acts as acceptors through oxygen atoms of the sulfate
groups or donors through hydroxylic hydrogens. All trial
structures have been fully optimized at the B3LYP/6-
31 G level by adding polarization and diffuse functions,
6–31++G(d,p), on the atoms involved in the H-bonds.

The three minima found for ι-carrageenan - fluvastatin
complex (ι-Cm_Fl1_a, ι-Cm_Fl1_b, ι-Cm_Fl1_c) are
shown in Fig. 4 and their relative energies and geometrical
parameters of the H-bonds are depicted in Table 2. In all
minima the groups of ι-carrageenan involved in intermo-
lecular H-bonds are the sulfate group in the 2′-position of
the GA2S galactopyranose unit or the hydroxyl groups in
the 2- or 6-position of the G4S galactopyranose unit.
Optimization of initial complex structures with the sulfate
group in the 4-position of the G4S galactopyranose unit
acting as hydrogen acceptor led to the same minima.
Complex ι-Cm_Fl1_a with two intermolecular H-bonds is
the most stable. The first H-bond is this between fluvasta-
tin’s O1−H1 hydroxyl and the GA2S-2′-sulfate group,
whereas the second is this between fluvastatin’s O2−H2

hydroxyl and the G4S-6-hydroxyl group of ι-carrageenan
with the latter acting as a hydrogen acceptor. The complex
is further stabilized by the intramolecular hydrogen be-
tween G4S-6-hydroxyl group and the GA2S-2′-sulfate
group of ι-carrageenan. The calculated H⋅⋅⋅O distances are
1.871 Å, 1.917 Å and 1.954 Å respectively. The involve-
ment of the hydroxyl groups of fluvastatin in H-bonds
results in an elongation of O−H bonds and a red shift of the
calculated frequencies of the O−H stretching vibrations
relative to free fluvastatin (νO1−H1=3395 cm−1 and νO2−H2=
3487 cm−1). In the ι-Cm_Fl1_b complex, which is less
stable by 2 kJ mol−1, only the GA2S-2′-sulfate group of ι-
carrageenan is involved in two H-bonds with both

hydroxyls of fluvastatin, with the H⋅⋅⋅O distances being
1.862 Å, 1.911 Å. Finally, in the less stable by 35 kJ mol−1

complex, ι-Cm_Fl1_c, intramolecular H-bonds are formed
between theGA2S-2′-sulfate group and fluvastatin’s O2−H2

and between G4S-2-hydroxyl group and fluvastatin’s
carboxylate, whereas the intramolecular H1⋅⋅⋅O2 H-bond
found in free fluvastatin (Fl1) is also present.

In the case of the interactions between 1 -carrageenan and
fluvastatin three complexes were also located, namely 1 -
Cm_Fl1_a, 1 -Cm_Fl1_b and 1 -Cm_Fl1_c, whose opti-
mized structures are shown in Fig. 5 and their relative energies
and geometrical parameters of the H-bonds are depicted in
Table 2. In all minima the intramolecular H-bond between
G2S-2-sulfate and G2S6S-3′-hydroxyl group, as well as this
between G2S6S-6′-sulfate and G2S-2-hydroxyl group, both
found in the free 1 -carrageenan model, 1 -Cm, are retained.
In the complex 1 -Cm_Fl1_a, being the most stable, two
intermolecular H-bonds are formed between the G2S6S-6′-
sulfate group of 1 -carrageenan and fluvastatin’s hydroxyls
with H⋅⋅⋅O distances 1.881 Å and 1.897 Å. The red shift of
the calculated frequencies of O−H stretching vibrations of
the hydroxyl groups of fluvastatin involved in H-bonds
(νO1−H1=3424 cm−1 and νO2−H2=3501 cm−1) relative to free
fluvastatin for this complex is smaller than this for ι-
Cm_Fl1_a, a fact that serves as an indication of a stronger
binding of fluvastatin to ι-carrageenan than to 1 -carrageen-
an. In the complex 1 -Cm_Fl1_b, which is less stable by
72 kJ mol−1, the two intermolecular H-bonds are those
between fluvastatin’s hydroxyls and the G2S6S-2′-sulfate
group of 1 -carrageenan. The H⋅⋅⋅O distances are equal to
1.876 Å and 1.880 Å. Finally, the complex with the higher
energy (79 kJ mol−1), 1 -Cm_Fl1_c, has only one intermo-
lecular H-bond between the G2S-2-sulfate group of 1 -
carrageenan and fluvastatin’s O1−H1 hydroxyl with H⋅⋅⋅O
distance are equal to 1.903 Å. Furthermore, besides the
aforementioned intramolecular bonds within 1 -carrageenan

Table 4 Properties of the electron density, ρbcp, at H-bond critical points, its Laplacian, ∇2ρbcp, and ellipticity, ε, for H-bonded complexes of
fluvastatin anion with ι- and 1 -carrageenan. a,b

ι-Cm_Fl1_a ι-Cm_Fl1_b ι-Cm_Fl1_c

ρbcp ∇2ρbcp ε ρbcp ∇2ρbcp ε ρbcp ∇2ρbcp ε

H1⋅⋅⋅O3a 0.0319 0.0992 0.0821 H1⋅⋅⋅O1a 0.0385 0.0955 0.0329 H2⋅⋅⋅O2a 0.0472 0.1517 0.0316

H2⋅⋅⋅O2a 0.0288 0.0983 0.0400 H2⋅⋅⋅O2a 0.0291 0.0872 0.0379 H4a⋅⋅⋅O3 0.0283 0.0780 0.0963

H3a⋅⋅⋅O1a 0.0252 0.0800 0.0452 H1⋅⋅⋅O2 0.0385 0.1189 0.0321

1 -Cm_Fl1_a 1 -Cm_Fl1_b 1 -Cm_Fl1_c

ρbcp ∇2ρbcp ε ρbcp ∇2ρbcp ε ρbcp ∇2ρbcp ε

H1⋅⋅⋅O1a 0.0305 0.0931 0.0299 H1⋅⋅⋅O8a 0.0369 0.1211 0.0299 H1⋅⋅⋅O5a 0.0331 0.1099 0.0089

H2⋅⋅⋅O2a 0.0256 0.0947 0.0351 H2⋅⋅⋅O9a 0.0311 0.1040 0.0351 H2⋅⋅⋅O1 0.0375 0.1047 0.0333

H6a⋅⋅⋅O3a 0.0425 0.1297 0.0328 H6a⋅⋅⋅O3a 0.0452 0.1307 0.0309 H6a⋅⋅⋅O3a 0.0394 0.1225 0.0333

H7a⋅⋅⋅O4a 0.0288 0.0953 0.0300 H7a⋅⋅⋅O4a 0.0297 0.0968 0.0278 H7a⋅⋅⋅O4a 0.0278 0.0835 0.0395

aValues of ρbcp and ∇2 ρbcp in atomic units. bNumbering scheme as in Figs. 4 and 5
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the H2⋅⋅⋅O1 H-bond found in free fulvastatin (Fl1) is also
present.

The calculated H-bond distances (OFl1⋅⋅⋅Oι,1 -Cm) for the
intermolecular H-bonds between ι- and 1 -carrageenan and
fluvastatin, being in the range of 2.788–2.879 Å and 2.822–
2.885 Å respectively, are indicative of a stronger binding of
fluvastastin to ι-carrageenan. This is further confirmed by
the higher interaction energy values in fluvastatin–ι-
carrageenan complexes (mean 304 kJ mol−1) compared to
those of fluvastatin–1 -carrageenan complexes (mean
166 kJ mol−1), listed before and after inclusion of the
BSSE correction calculated by the counterpoise method, as
well as the ZPE correction, in Table 3.

The use of the Laplacian of the electron density for the
determination of regions of concentration and depletion of
the electron density has been applied to the classification of
the atomic interactions [36]. The two general classes of
atomic interactions are shared interactions and closed-shell
interactions. In the shared interactions (covalent and polar
bonds) the charge density is contracted toward the line of
interaction linking the nuclei and the Laplacian has
negative values (∇2ρbcp<0). In the closed-shell interactions
(hydrogen-bonds, ionic bonds, and van der Waal’s inter-
actions) the charge density is contracted toward each of the
interacting nuclei, the electronic charge is depleted in the
interatomic surface and the Laplacian has positive values
(∇2ρbcp>0). The calculated electron density (ρbpc) and its
Laplacian (∇2ρb) bcpat bond critical points of the H-bonds
found in the optimized complexes of fluvastatin and ι- and
1 -carrageenan are given in Table 4. As the magnitude of
both the electron density and its Laplacian within com-
plexes of ι- or 1 -carrageenan group are almost the same,
the discussion is restricted in the representative cases of the
most stable complexes ι-Cm_Fl1_a and 1 -Cm_Fl1_a.

The calculated electron density properties for the H-
bonds of all complexes show that the intermolecular O···H
bonds have low ρbcp and positive ∇2ρbcp values, typical for
closed-shell interactions as H-bonds and indicate an
electrostatic character of the O···H bondings [36]. More-
over, the low values of ellipticity, e, at BCPs indicate
stability of the H-bonds. The ι-Cm_Fl1_a shows higher
ρbcp and ∇2ρbcp values than 1 -Cm_Fl1_a, indicating a more
electrostatic O···H bonding and increased bond strength in
the fluvastatin–ι-carrageenan complex. This correlation of ρb
and ∇2ρb was first reported by Carroll and Bader [44] and
confirmed later by other authors [45, 46].

All theoretical data reveal that ι- and 1 -carageenan
polymers form hydrogen bonded complexes with fluvastatin.
Although the present study is based on low molecular weight
models of the polymers, one expects analogous binding in
long polymer chains. Thus, both polymers could serve as a
depot for the drug, leading to a stabilization of the drug
during storage as well as a prolonged release profile. As ι-

carageenan shows a stronger binding with the drug, it is
expected to be a better controller of the drug’s release rate. A
related experimental study is in progress in our Department.

Conclusions

The molecular structure of fluvastatin was studied at
B3LYP level. Three low energy conformers have been
located. The vibrational properties calculated for the most
stable conformer were in satisfactory agreement with the
experimental data. The hydrogen bonded complexes of the
most stable conformer of fluvastatin anion with low
molecular weight models of ι-carrageenan or 1 -carrageenan
polymers have been fully optimized. In almost all cases
intermolecular H-bonds are formed between the sulfate
groups of ι- or 1 -carrageenan and fluvastatin’s hydroxyls,
along with cooperative intramolecular H-bonds within
fluvastatin or ι-, 1 -carrageenan. The BSSE and ZPE
corrected interaction energies were estimated in the range
of 281–318 kJ mol−1 for ι-carageenan and 145–
200 kJ mol−1 for 1 -carageenan complexes. The low values
of electron density ρbcp and positive values of the Laplacian
∇2ρbcp at the intermolecular H-bonds’ critical points,
estimated by AIM calculations, are consistent with electro-
static character of the H-bond. The stronger binding of
fluvastatin to ι-carageenan than to 1 -carageenan, according
to the structural and energetic data observed as well as to
the extent of the red shift of the fluvastatin’s O−H
stretching vibrations upon complex formation and the
properties of electron density, indicates that ι-carageenan
would be a better controller of the drug’s release rate.
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