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Abstract

Quercetin (QCT) is a flavonoid possessing many activities, such as neuro-/cardioprotective, anti-inflammatory and anti-
cancer, but its pharmacological application is severely curtailed by its low water solubility and in vivo bioavailability. The
formation of a QCT-hydroxypropyl-B-cyclodextrin (HPBCD) host—guest complex is promising to improve QCT thera-
peutic potential. Therefore, here the heat effects of HPBCD solutions with QCT solutions in water—ethanol solvents at
different concentrations were studied by calorimetric titration, and the stability of molecular complexes was assessed by
UV-Vis spectrophotometry. Calorimetric titrations revealed the formation of a QCT/HPBCD host—guest complex with a
stoichiometric ratio of 1:1 in X(EtOH) = 0.00, 0.05 and 0.10 molar fractions of solvents at pH = 7.0 and pH = 8.1.
Thermodynamic parameters of the complex formation reaction (1gK; A.H; TA.S) were obtained in these experimental
conditions. Differently, no complex formation was noticed in water—ethanol mixed solvent when ethanol volume fraction
exceeded 0.2 at neutral and alkaline pH, as well as a volume fraction higher than 0.1 at acidic pH. Furthermore, the results
of differential scanning calorimetry tests run on dried HPBCD after dissolution in hydroalcoholic solutions indicated that
ethanol and water compete for the complexation within the hydrophobic cavity of HPBCD. This explains the decreased
QCT complexation efficacy in the presence of ethanol beyond 0.1 or 0.2 volume fraction.

Keywords Quercetin - Hydroxypropyl-B-cyclodextrin - Isothermal calorimetry - UV-Vis spectrophotometry -
Inclusion complexation - Water—ethanol solvents

Introduction

Quercetin (QCT 3,5,7,3',40'-pentahydroxyflavone; Fig. 1a)
is a flavonoid, containing a 3-hydroxyflavone backbone,
that can be found in numerous fruits, vegetables and grains
[1]. QCT is endowed with manifold beneficial properties,
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such as the reduction in systolic blood pressure [2], the
inhibition of mast cell secretion [3] and in vitro production
of cyclooxygenase and lipoxygenase [4], along with
neuro-/cardioprotective [5, 6], antiviral [7], anti-inflam-
matory [8] and anticancer [9-12] activities. All these fea-
tures have prompted the study of QCT as a potential
molecule to be used in the pharmaceutical field. However,
the bioavailability profile of QCT is very poor due to its
low permeability, stability and solubility in aqueous media
(approximately 1.5 and 30 pg mL™" in water, simulated
gastric fluid and simulated intestinal fluid) [13].

In general, the bioavailability of active molecules can be
improved by loading them into liposomes [14], nanopar-
ticles [15] or micelles [16] or by forming inclusion com-
plexes with cyclodextrins (CDs) [17]. The latter are
supramolecular structures commonly employed to promote
the in vitro and in vivo solubility of poorly water-soluble
molecules and hence their therapeutic index. CDs are
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Fig. 1 Structural formulas of: (a)
a quercetin, b hydroxypropyl-p-
cyclodextrin

HO O

OH O

cyclic oligosaccharides with a frusto-conical architecture,
consisting of glucopyranose units, bound by o-(1,4) gly-
coside bonds. Taking advantage of their hydrophilic outer
surface and lipophilic internal cavity, CDs can interact with
a wide array of host molecules forming inclusion com-
plexes through non-covalent bonds [18]. Mainly, three
natural CDs exist, namely o, B and vy, which contain 6, 7
and 8 glucose units, respectively [19]. The o-CD cavity is
generally too small to allow an efficient complexation of
most drugs, while y-CDs are rather expensive. Thus, B-CDs
are most frequently used in pharmaceutical applications,
mainly due to their prompt availability and cavity size that
can fit numerous drugs [20]. Amorphous, non-crystalliz-
able semisynthetic derivatives of B-CDs possess an
enhanced physical and microbiological stability, along with
a lower parenteral toxicity [21, 22].

The formation of the host—guest complex between QCT
and (2-hydroxypropyl)-B-cyclodextrin (HPBCD; Fig. 1b)
has been studied in detail in water [17, 23]. In a recent
report, QCT/HPBCD complex has also been prepared in
ethanol by the co-precipitation method, resulting in a
strong enhancement of QCT aqueous solubility and pho-
tostability [24]. However, to the best of our knowledge, the
stability of the complex has not been established to date in
water and hydroalcoholic solutions.

In a previous work, we found that the addition of a non-
aqueous substance to water promotes the stability of the
molecular complexes of crown ethers and amino acids/
peptides, leading to an increase in the exothermicity of the
reactions of their formation due to a change in the solvation
features of the complexes [25]. Thus, here we used a
thermodynamic approach to quantitatively analyze the
influence of individual solvation factors on the stability of
the complexes as previously reported [26]. More specifi-
cally, the processes of solubilization of water-insoluble
compounds by the formation of the host—guest inclusion
complex with CDs can be considered as processes of
competition—substitution of water molecules in the CD
cavity by a guest molecule [27]. Hence, in the presence of
co-solvent molecules, water content in the internal cavity
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of macrocycle will depend on the competition between the
“guests” and co-solvent molecules of a mixed solvent in
the CD cavity. For instance, it has been established that
some minimal amount of methanol or ethanol facilitates the
binding of large hydrophobic “guests” to B-cyclodextrin
[28]. In this regard, the use of non-aqueous solvent addi-
tives to water is expected to help in creating optimal
conditions for the solubilization of hydrophobic molecules
by CDs. Starting from these considerations, herein we have
studied the formation of QCT/HPBCD inclusion complex
in water—ethanol mixtures at different concentrations of
ethanol so as to assess the effect of solvent composition on
the formation of QCT/HPBCD complex.

QCT,,y + HPBCDgo1y < [QCTHPBCD], (1)

To this aim, the thermodynamic parameters involved in
the complex formation have been determined starting from
microcalorimetry experiments carried out on the different
hydroalcoholic mixtures and at different pH values.

Materials and methods
Materials

All substances were obtained from Sigma-Aldrich. QCT
and HPBCD (both > 99% purity) were used as received,
without further purification. Rectificate grade ethyl alcohol
was purified by distillation before use. The amount of water
in EtOH (< 5% w/w) was determined from the density by
accurately weighing using a pycnometer, preliminarily
calibrated with ethanol on an analytical scale balance
AUX?220D, and taking into account these measurements in
the preparation of aqueous ethanol solvents. Mixed sol-
vents were prepared with bidistilled and deaerated water by
a gravimetric method.
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Methods
Isothermal titration calorimetry

The heat effects of mixing HPBCD solutions with QCT
were determined by isothermal titration calorimetry with
the TAM III (TA Instruments, USA) microcalorimeter in
water—ethanol mixed solvents containing X(EtOH) = 0.00,
0.05, 0.10, 0.20, 0.50 and 0.95 molar fractions in phosphate
buffer at pH = 3.6, 7.0 and 8.1 and at 7T = 298.15 K.

The optimal concentration conditions for the experi-
ments, limited by the low solubility of the reagents in the
water—ethanol mixtures, were previously calculated
according to the RRSU program [29] for each solvent
composition. The yield of the QCT/HPBCD complex var-
ied in the widest range of values (3—-50%).

The initial concentration of HPBCD in the syringe ran-
ged from 1.45 107 to 1.59 1072 mol L™'. The initial
concentration of QCT in the cell ranged from 1.19 10~* to
2.25 10~* mol L™'. The HPBCD/QCT molar ratio was in
the 3-9 range. In all experiments, the composition of the
solvent in the syringe and in the cell was the same.

The heat effect of mixing for solutions of HPBCD with
solutions of QCT (Qx) 1s contributed by the heat of QCT/
HPBCD complex formation (Qcomp1), the heat of dilution of
HPBCD solution (Qgj 1) in a solvent in the cell and the heat
of dilution of QCT solution placed in the cell in a solvent
added from syringe (Qgj 2):

Omix = Qcompt + Qi1 + Quir2 (2)

The last term was considered to be negligible; therefore,
it follows:

Qcompl = Omix — Quil1 (3)

The values of 1gK and A;H for QCT/HPBCD complex
formation have been calculated by the program HEAT
developed to simultaneously calculate the enthalpies of
reaction and the equilibrium constants of complex forma-
tion for systems with any stoichiometry [30]. The HEAT
use and application were described in detail in previous
publications for the treatment of calorimetric data of the
molecular complex formation of amino acids and peptides
with crown ethers and cryptand [2.2.2] mixed solvents
[25, 31]. The algorithm for the calculation of 1gK and AH
used by HEAT consists in the numerical minimization of
function F:

wi(AcomplH — AcalcH) 2

F = .
- i

(4)

N

12

where N is the number of experimental points; w; is the
mass of the single measurement; and Ac,mmH and
AcacH are the experimental and calculated molar

enthalpies of the process, respectively. In this work, all
AcompiH experimental values have been considered to be
determined with the same precision, so w; = 1.

UV-Vis spectroscopy

The UV-Vis spectral data were processed using FTMT
program [30]. The FTMT program applies for equilibrium
modeling in solutions and data processing of spectral
measurements with the purpose of determining equilibrium
constants. For this, an approach based on the statistical
maximum likelihood principle was used. The mathematical
model of the system sets the number and stoichiometry of
the reactions, the values of the equilibrium constants, the
partial molar properties of the particles or reactions and the
total concentrations of the components.

The calculations were performed basing the experi-
mental dependencies of absorbance at one wavelength on
the initial concentration ratio of the reagents. The molar
extinction coefficients of QCT and HPBCD required for
calculations in FTMT, at each pH and wavelength value,
were preliminarily determined using calibration plots. The
sum of mean square deviations for calculated and experi-
mental values of optical density was in the range from
0.0001 to 0.1.

Differential scanning calorimetry

Aiming to verify the possible different interactions of
ethanol and water with cyclodextrins, thermoanalytical
tests have been run on HPBCD using a TA Q20 differential
scanning calorimeter (DSC; TA Instruments, USA). In
particular, DSC spectra have been obtained on HPBCD as
received, and on the dry residue of HPBCD solubilized in
water, ethanol and hydroalcoholic solutions (water/ethanol
9:1 and 8:2 volumetric ratios). All DSC tests have been
carried out in the solid state, on the samples preliminarily
dried in the hood overnight. Samples were accurately
weighted (~ 5 mg) and placed in hermetic aluminum
pans. Then, the samples were heated from 20 to 240 °C at
10 °C min~' under an inert nitrogen atmosphere at a
constant flow rate (50 mL min~'). An empty aluminum
pan was used as a reference. Triplicate scans have been
performed.

Results and discussion

Previous studies focused on the complex formation
between d-metal ions and amine or carboxylate complexes
in aqueous—organic solvents have revealed, on the basis of
the solvation-thermodynamic approach, the possibility of
predicting the thermodynamic parameters of the ionic
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Table 1 Thermodynamic parameters for the association of QCT with HPBCD in water and in water/ethanol mixtures

X(EtOH) molar gk AH/KI mol™!  AG/KI mol™!  AS/J mol™! K Methods T/K pH References
fraction
0.00 3802 —49+038 — 216 £ 1.1 56.1 £ 14 Calorimetry 298.15 7.0 This work
34+£01 - - - UV-Vis spectra 298.15 7.0
2.7 — 29+ 0.1 —153+£02 41.6 + 0.3 Calorimetry 298.15 8.0 [23]
2.6 - - - Phase solubility 298.15 8.0 [23]
analysis
35 — 454 £1.74 —19.94 £0.03 — 85.37 &+ 5.69 Phase solubility 298.15 74 [17]
analysis
3.6 — - Double-reciprocal plot 298.15 7.4 [17]
3.6 — — Nonlinear regression 298.15 7.4 [17]
analysis
34 — — 19.50 £+ 0.02 Phase solubility 303.15 7.4 [17]
analysis
3.2 — —19.11 £ 0.01 Phase solubility 308.15 74 [17]
analysis
3.1 - — 18.66 £+ 0.02 Phase solubility 313.15 74 [17]
analysis
35 — - Phase solubility 298.15 74 [17]
analysis
32 — — Phase solubility 303.15 — [35]
analysis
2.7 — - Phase solubility 298.15 — [36]
analysis
4.04 - — Phase solubility 297.15 3 [37]
analysis
0.05 37401 —7.6+06 —209 £ 0.6 444 £+ 0.8 Calorimetry 298.15 7.0 This work
3501 — - UV-Vis spectra 298.15 7.0
0.10 3601 —73+05 —20.6 £ 0.6 44.8 + 0.8 Calorimetry 298.15 7.0, This work
8.1
33+£04 -— - UV-Vis spectra 298.15 7.0

complex formation reactions in different media according
to a change in the solvation state of ligands [32-34]. In
particular, the complexation in water is considered as a set
of reactions of stepwise replacement of water molecules in
the first solvate shell of the central ion by a ligand molecule
[32]. In a binary solvent, the set of reactions is more
complicated, since there is a preferential solvation of
reagents with one of the solvent components [33, 34]. In
the complexation of inorganic cations with crown ethers,
cryptands and other macrocyclic structures, the central ion
is completely or almost completely isolated from the sol-
vent. For less stable complexes between macrocycle (host)
and organic molecule (guest), the guest molecule and the
solvent most probably compete for the formation of the
complex with the HPBCD.

In this work, the thermodynamic parameters of the
complex formation between QCT and HPBCD in water and
in ethanol/water mixed solvent, at pH =7.0 and 8.1,
compared with the relevant literature data in water are
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presented in Table 1. The results of calorimetric titrations
showed that the complexation occurs in ethanol/water
mixtures of composition X(EtOH) = 0.00, 0.05 and 0.10
molar fraction. Conversely, no complex formation was
found out when ethanol molar fraction was > 0.20 at
pH = 7.0 or when pH was lowered to 3.6 with a 0.10 EtOH
molar fraction, according to the calorimetric titration and
UV-Vis data.

The formation of the QCT/HPBCD complex can be
envisaged by the total heat of complexation XZ(Qcomp)
dependence on the concentration of HPBCD in the cell.
More in detail, when the complex formed, X(Qcompl)
becomes HPBCD concentration independent as observed in
Fig. 2a—c. Differently, as shown in Fig. 2d, e, in the pres-
ence of weak molecular interactions, the total heat of
complexation X(Qcomp1) dependence on the concentration
of HPBCD in the cell is linear. Binding constants at pH =
7.0 were also calculated by UV-Vis titration spectra
(Fig. 3a, b), and the results are shown in Table 1.
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Fig. 2 a-e Total heat effect of the interaction between QCT and
HPBCD in H,O-EtOH solvent, depending on the total molar
concentration of HPBCD in the cell, a—in H,O at T =298.15 K,
pH = 7.0; b—at X(EtOH) = 0.10 molar fraction, at 7 = 298.15 K,
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pH = 7.0; c—at X(EtOH) = 0.10 molar fraction, at 7= 298.15 K,
pH = 8.1; d—at X(EtOH) = 0.10 molar fraction, at T = 298.15 K,
pH = 3.6; e—at X(EtOH) = 0.20 molar fraction, at 7' = 298.15 K,
pH=17.0
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Fig. 3 Electronic absorption spectra of HPBCD with a solution of
QCT. The numbers in the legend indicate the molar concentrations of
QCT and HPPCD (mol L7'), a—in H,O at pH=7.0, b—in
X(EtOH) = 0.10 molar fraction at pH = 7.0

An inspection of Table 1 shows that the thermodynamic
parameters of QCT/HPBCD complex formation have been
obtained in water by various methods, under different
conditions [17, 23, 35-37]. In most of them, the values of
the association constants are in satisfactory agreement with
each other and with our values obtained by both calori-
metric and UV-Vis methods. In our previous paper, we
found the association constant in water at pH = 8.0 [23],
and in this work we were able to obtain calorimetric data in
water at pH = 7.0. At this pH, the association constant was
one order of magnitude higher and the values of A.H and
A.S showed an increase in both the exothermicity of
complexation and the entropic contribution to the Gibbs
energy change for the complex formation.
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Fig. 4 Superimposed DSC data for raw HPBCD (a) and dried HPBCD
after dissolution in water (b); water/ethanol 9:1 v/v mixture (c);
water/ethanol 9:1 v/v mixture (d); ethanol (e)

The different A,H and A.S values obtained by Liu et al.
can be reasonably explained, considering that they were
indirectly extracted by the phase solubility analysis at a
different pH of 7.4 [17]. After the addition of ethanol to
water, the stability of the complex was unchanged for
X(EtOH) = 0.00, 0.05 and 0.10 molar fraction. However,
along with this, an increase in the exothermicity of com-
plexation and a decrease in the entropic contribution to the
Gibbs energy change of the formation reaction were
detected.

In a previous publication, an insignificant effect of
added DMSO on the stability of molecular complexes was
found in the study of the complexation of triglycine with
cryptand [2.2.2] [31]. This finding was discussed based on
the compensation effect of the entropy/enthalpy contribu-
tions to the Gibbs energy of complexation. Furthermore, in
the case of molecular complexes of crown ethers with
amino acids and peptides, the addition of ethanol, DMSO
and acetone resulted in an increased stability of molecular
complexes and in an increase in the exothermicity of their
formation reactions [25]. These results were explained in
terms of changes in solvation of guest molecules with the
replacement of waters by organic solvents.

Considering previous studies, we could hypothesize that
moving from water to hydroalcoholic solvent, the ther-
modynamics of QCT/HPBCD complex formation is influ-
enced by the change in solvation of QCT. The solubility of
QCT is higher in ethanol/water mixtures than in water [41],
and this indicates that ethanol molecules displace water
molecules in QCT hydration shell, affecting both the
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enthalpic and entropic contributions to Gibbs energy of
complexation, so that the 1gK for low X(EtOH) remains the
same as in water. Increasing ethanol molar fraction, EtOH
is able to effectively solvate QCT molecules, by subtract-
ing them from the complexation, and competes for occu-
pation of HPBCD cavities or fills the residual empty space
of the cavity of HPBCD, as already found in another study
[42]. The overall result is that, for X(EtOH) greater than
0.10 molar fraction, no complexation occurs.

DSC scans have been run to provide further information
on the physical and chemical processes occurring during
heating. Commercial HPBCD displays a broad endothermic
peak, which is indicative of the release of superficial and
strongly retained water from the hydrophobic core at
106 °C (Fig. 4) [38, 39]. After HPBCD dissolution in
water, the DSC peak appears at a very similar temperature
(about 103.5 °C), therefore indicating that the same inter-
action occurs after immersion of HPBCD in water. The
DSC peak appears at slightly lower temperatures after
dissolution in 9:1 and 8:2 water/ethanol mixtures, around
100°. The decrease in these peak temperatures can be
explained by the formation of the host—guest molecular
inclusion compound that allows the replacement of the
strongly retained water molecules inside the cavity by the
ethanol moieties. The obtained complex mainly most
probably contains superficial water molecules that are more
easily released, and hence, the peak temperature decreases
[40]. This indicates that the total water content is lower
and/or weakly bound to HPBCD after immersion in
ethanolic or hydroalcoholic solvents, compared to the
untreated, commercial CD. These results therefore cor-
roborate the existence of the competition between ethanol
and water for the complexation within the hydrophobic
cavity of HPBCD which in turn contributes in decreasing
the efficacy of QCT complexation in the presence of
ethanol.

Conclusions

In this work, it has been established that the addition of
ethanol to water leads to an insignificant decrease in the
stability of the QCT/HPBCD host—guest complex. How-
ever, along with this, there are an increase in the exother-
micity of complexation and a decrease in the entropic
contribution to the change of the reaction Gibbs energy.
Above X(EtOH) = 0.10 molar fraction, no complexation
occurs. It seems unexpected because the decrease in the
complex stability should be more significant at increasing
ethanol content in the solvent. Probably, in H,O-EtOH
solvent with 0.1 and more molar fraction of EtOH the
replacement of QCT in the cavity of CD by molecules of
EtOH is presented. In consequence, the complex QCT-CD

does not form. This can be reasonably ascribed to the
outcomes of DSC results, which sowed that ethanol
actively competes for the inclusion within HPBCD cavity,
therefore hampering the effective formation of QCT-
HPBCD inclusion complex. Overall, the data showed that
the ethanol affects QCT solvation, shifting the equilibrium
far from QCT/HPBCD complex formation, and competes
for occupation of HPBCD cavities. Taken altogether, these
results highlight a counterintuitive conclusion, in that the
expected solubility enhancement of the active molecule in
the presence of ethanol did not match a higher affinity
between QCT and HPBCD. However, further studies on
different molecules in mixed solvents will be devoted to
shed light on the thermodynamic interactions between
pharmacologically active natural compounds and HPBCD.
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