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Abstract
For many years, cyclodextrins (CDs) have been the object of attention for their capability of improving the stability, solubil-
ity and bioavailability of numerous molecules of interest, including drugs and nutraceuticals. They have low toxicity and for 
this reason have been employed for different routes of administration, including oral, ocular, nasal and parenteral. Among 
them, the hydroxypropyl-β-cyclodextrin (HP-β-CD) is the least toxic. Several physicochemical methodologies have been 
employed for studying cyclodextrin/guest interaction, but isothermal titration calorimetry (ITC) is the only one capable of 
simultaneously providing the binding constant, ΔH°, ΔS°, ΔG° and the binding stoichiometry. Here, we present the state of 
the art of ITC studies applied to HP-β-CD/guest complexes, discussing selected publications of the last five years, highlight-
ing the thermodynamic factors that are decisive for optimal encapsulation.

Keywords Hydroxypropyl-β-cyclodextrin · Isothermal titration calorimetry · Thermodynamics of interaction · Enthalpy–
entropy compensation

Introduction

Cyclodextrins (CDs) are largely studied for their applica-
tion in enhancing stability, solubility and bioavailability of a 
variety of molecules, including drugs. CDs are natural prod-
ucts obtained by enzymatic degradation of starch and con-
sist of cyclic oligosaccharides composed by α(1–4)-linked 
D-glucopyranose of six, seven, or eight glucose units, named 
α, β and γ-cyclodextrins, respectively [1].

CDs have the shape of a truncated cone with a hydropho-
bic cavity and a hydrophilic surface with hydroxyl groups 
faced to aqueous solvents. They are able to include mole-
cules of appropriate dimensions in the cavity, for application 

in the pharmaceutical, agricultural, food and nutraceutical 
industry.

The pivotal role of CDs in drug delivery has been object 
of several reviews [2–7]. A review on surfactant-cyclodex-
trin interaction, interesting for their application in many 
fields as self-assembly systems of amphiphiles, has also been 
recently published [8]. Here, we focussed our attention on 
2-hydroxypropyl-β-cyclodextrin (HP-β-CD) (Fig. 1), a syn-
thetic hydroxyalkyl derivative, with better water solubility 
with respect α, β and γ-cyclodextrins, due to the presence of 
hydrophilic alcohol groups [9]. HP-β-CD is the least toxic of 
the CDs, and it is well tolerated in humans, with no adverse 
events on kidney and only a mild problem of diarrhoea in the 
case of high dosage (> 16 g/day) [10]. Usually utilized for 
oral administration, HP-β-CD has been approved by Euro-
pean Medicine Agency also for parenteral utilization (EMA 
2017).

However, the efficacy of drug encapsulation in HP-β-CD 
requires in-depth physicochemical studies on the binding 
interactions. Many factors, such as pH, temperature and 
cosolvents, can affect the encapsulation due to the physico-
chemical properties of the guest molecule in the host–guest 
interaction.

This review is mainly focussed on the thermodynamic 
studies, based on isothermal calorimetry measurements, 
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of hydroxypropyl-β-cyclodextrin complexation with guest 
molecules, appeared in the literature in the last five years. 
Recently, a book chapter has been dedicated to the thermo-
dynamic properties of CD–drug interaction obtained by iso-
thermal titration calorimetry [11]. That chapter was mainly 
focussed on the description of the calorimetric methodol-
ogy supported by the example of HP-β-CD complexed to 
the antihypertensive drug losartan. Here, we review recent 
articles in which the interaction of HP-β-CD with a differ-
ent class of molecules has been studied by isothermal titra-
tion calorimetry, utilized alone or in combination with other 
methodologies.

Besides the paragraph dedicated to the common meth-
odology, the articles have been discussed by grouping them 
into four paragraphs. All the studies reported here are cer-
tainly not rigidly framed in a single category, but some of 
them could be treated for their peculiarities in more than 
one paragraph.

Calorimetric instrumentations and data analysis

Isothermal titration calorimetry (ITC) is the main method-
ology to characterize any kind of biomolecular interaction, 
determining the heat changes occurring upon a binding 
process, experienced in our laboratory for different studies 
[12–16]. ITC measurements estimate with high precision 
the binding affinity (Kb), the binding stoichiometry (N) and 
the binding enthalpy change (ΔH°). The other parameters 
(ΔS° and ΔG°) can be easily calculated by the well-known 
thermodynamic relationships [17]. In the series of papers 
reviewed here, the most widely used instruments in the 
world were employed: VP-ITC and iTC200 microcalorim-
eters from Malvern Panalytical; Thermal Activity Monitor 
(TAM), TAM III, and Nano ITC (TA Instruments, USA). 
The experimental procedure is basically the same for all: 
one compound is titrated with the other one, both in solu-
tion at constant temperature (usually 298 K). Whichever 
device is used, ITC is the most widely applied methodology 

to explore the molecular forces in the interaction between 
cyclodextrins and appropriate guest molecules to identify 
the best inclusion complex. In most of the papers described 
here, data analysis was made applying a single binding site 
model, since the stoichiometry was generally 1:1. Details on 
the relationships used for the data analysis can be found in 
each paper herein discussed.

HP‑β‑CD/drug interactions

In a series of papers, the encapsulation of drugs in HP-β-CD 
was studied for improving their solubility and bioavailability. 
In a work published in 2019, Hipólito-Nájera et al. studied 
the inclusion of indomethacin (IMC), a non-steroidal anti-
inflammatory drug, into both β-CD and HP-β-CD by ITC 
and UV–Vis spectrophotometry, at two different pH values 
(pH 5 and 7) [18]. IMC has a very low solubility in water 
(< 0.01 mg  mL−1), and it was known that CDs improve its 
solubility. Although binding constants were obtained by 
different methodologies, a complete thermodynamic study 
had never been carried out before. Focussing on calorimet-
ric measurements in phosphate buffer at pH 7, the authors 
found that the association was entropically favoured for both 
CDs. The stoichiometry was 1:1, and binding constants 
were low: log K = 2.81 (Kb = 646  M−1) and log K = 2.85 
(Kb = 708  M−1), for β-CD and HP-β-CD, respectively. The 
authors concluded that IMC has a slight preference for 
HP-β-CD, but although they report a very low error on log 
K values, it is hard to assess that there are significant differ-
ences. However, their thermodynamic studies highlight the 
driving forces of interaction. One of these is certainly the 
displacing of water molecules from cavity for accommodat-
ing the IMC molecule, a process that increase the entropy.

Also in 2019, a paper describing the inclusion complex 
of β-CD and HP-β-CD with a series of antidiabetic non-
steroidal drugs was published [19]. The compounds are 
arylsulfonamido(benzo)thiazoles, and the most actives have 
a nitro group in position 4 of the sulphonamide moiety [20]. 

Fig. 1  Structure of 
2-hydroxypropyl-β-cyclodextrin 
(on the left) and its schematic 
representation (on the right)
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As regards the encapsulation on CDs, both the benzesul-
fonamide’s phenyl group and benzothiazole can penetrate 
the hydrophobic cavity (Fig. 2).

ITC data show that the encapsulation is enthalpically 
unfavoured and entropically favoured, showing once again 
that the hydrophobic interaction is one of the main driv-
ing forces, which accounts for the positive signs of both 
the enthalpy and entropy change. The water displacing from 
hydration shells of hydrophobic interacting molecules is 
directly related to the positive entropy change. The entropy 
decreases on increasing the size of substituents as evi-
dence of the fact that a minor number of water molecules 
is released from cavity. The binding constants are of the 
order of tens of units, and only one compound for each CD 
(β-CD, HP-β-CD) is in the order of hundreds of units. When 
the compounds are capped with nitro and methoxy groups 
the affinity increases (higher binding constant). This finding 
was attributed to a sort of anchoring within the hydropho-
bic cavity. Overall, this paper well describes the host–guest 
interactions, but the advantage of using HP-β-CD rather than 
β-CD in delivering the studied compounds does not clearly 
emerge.

In two very recent papers, the thermodynamic studies of 
HP-β-CD/drug or β-CD/drug interactions have been coupled 
to biological studies [21, 22]. The first one by Amaro et al. 
focuses on the synthetic antibiotic ofloxacin (OFLOX) [21]. 
In addition to ITC, the physicochemical methodologies uti-
lized in this study were thermogravimetric and differential 
thermal analysis, Fourier transform infrared spectroscopy 
(FTIR) and proton nuclear magnetic resonance (1H-NMR). 
Regarding the thermodynamic parameters, in line with the 
systems described so far, the obtained binding constants are 
low: Kb = 65.2  M−1 and Kb = 880  M−1 for OFLOX interac-
tion with β-CD and HP-β-CD, respectively. Enthalpy and 
entropy changes are both positive also for these complexes’ 
formation. The interesting conclusions of these studies lie 
in the comparison with the microbiological and cytotoxic 
data, and the better biological result for HP-β-CD/OFLOX 
complex was correlated with its lower binding constant with 
a better drug release and consequently a better drug efficacy.

The second paper, by Muniz Cuoto et al., describes the 
combined effect of a two-drugs, a local anaesthetic (mepi-
vacaine hydrochloride) and the analgesic capsaicin (CAP), 

on an inflamed tissue [22]. The idea comes from the finding 
that the local anaesthetic in acidic environment is charged 
and reduces its penetration in the cell. In this study, the ITC 
was used together with differential scanning calorimetry 
(DSC), X-ray, nuclear magnetic resonance (NMR), scan-
ning electron microscopy (SEM) and phase solubility to 
describe the properties of HP-β-CD/CAP complex. Experi-
ments in vitro and in vivo have been performed for evaluat-
ing the anaesthetic action of mepivacaine in the presence 
of HP-β-CD/CAP complex in acute inflammation. The 
study shows that this formulation works and could be a 
good alternative for clinical applications in local anaesthe-
sia. What are the contributions of ITC and thermodynamic 
data to this study? The binding constant determined by ITC 
was 5100, quite higher than the systems discussed so far, 
and in disagreement with that obtained by phase solubil-
ity measurements. This discrepancy was attributed to the 
very different concentration ranges, under drug saturation 
conditions and in non-ideal solution for the phase solubil-
ity that could favour aggregation phenomena. Concerning 
the thermodynamic parameters, only the enthalpy change is 
mentioned (ΔH° = − 0.7 kcal  mol−1) and no comments on 
the other thermodynamic parameters are reported. We cal-
culated ΔG° and ΔS° from the well-known thermodynamic 
relationships (ΔG° = − RTlnK and ΔG° = ΔH° − TΔS°) 
and, converting ΔH° from calories into joules, we calcu-
lated ΔG° = − 21.2 kJ  mol−1 and ΔS° = 71.1  JK−1  mol−1. 
Summarizing, the encapsulation of capsaicin into HP-β-CD 
is both enthalpically and entropically driven.

Very recently, the antibiotic doxycycline (DOX) has 
been encapsulated into HP-β-CD to enhance the activity 
against Aggregatibacter actinomycetemcomitans, a bacte-
rium involved in periodontal diseases [23]. ITC has been 
employed for these studies, together with other methodolo-
gies (2D 1H NMR, dynamic light scattering, zeta potential 
and SEM). Bacteria biofilm inhibition by DOX/HP-β-CD 
complex has also been checked. In ITC measurements, 
DOX/HP-β-CD complexes, with different stoichiometry, 
were titrated in a suspension of Aggregatibacter actinomy-
cetemcomitans. In this study, ITC measurements showed 
that the increase of the HP-β-CD proportion in the complex 
induces changes in the binding profile, and the authors inter-
preted this result as a more efficient adhesion of cyclodextrin 

Fig. 2  Benzothiazole (a) and 
benzesulfonamide (b) groups of 
arylsulfonamido(benzo)thiazole 
compounds
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with bacterium membrane. Hence, ITC has been utilized 
only for a qualitative information since the thermodynamic 
parameters have not been extracted.

In summary, the main advantage of HP-β-CD in pharma-
ceutical application is to enhance the solubility of drugs and 
to increase their stabilities. ITC is very important because 
provides the complete thermodynamic picture of drug 
encapsulation. A spectroscopic description can be coupled 
to it, but above all a biological evaluation of the pharmaco-
logical properties is necessary. An important consideration 
derives from the works presented above: a relatively low 
binding constant is an advantage for effective drug release.

HP‑β‑CD interaction with nutraceuticals/natural 
products

In the last years, nutraceuticals have attracted the attention of 
researchers and many products based on these compounds; 
almost all molecules of natural origin have been put on the 
market and their business is quite prosperous. Nutraceuticals 
are compounds mainly used to improve health, increase life 
expectancy, and prevent diseases (for more information, see 
a recent review [24]).

The structures of the molecules interacting with 
hydroxypropyl-β-cyclodextrin described in this paragraph 
are shown in Fig. 3. In these studies, the stoichiometry of 
HP-β-CD/guest complex was 1:1 in all cases.

Phloridzin is a nutraceutical extract from apples and 
Lithocarpus polystachyus Rehd, a Chinese sweet tea. It pos-
sesses many properties as antioxidant, antidiabetic, antitu-
mor and anti-inflammatory [25]. Its utilization in medicine, 

cosmetics and food is hindered by its low solubility; for this 
reason, the encapsulation of phloridzin into HP-β-CD was 
studied by ITC in combination with spectroscopic method-
ologies (UV, IR and NMR) and molecular docking simula-
tions [26]. ITC data were compared with those of β-CD/
phloridzin complex. For both the CDs, the interaction was 
enthalpically driven, being negatives the ΔS° values. The 
binding constants are relatively higher, Kb = 1485  M−1 and 
Kb = 2019  M−1 for β-CD and HP-β-CD, respectively. The 
authors conclude that HP-β-CD/phloridzin formulation is 
promising for application in food industry and the thermo-
dynamic parameters were attributed to the hydrophobic or 
van der Waals forces. In this case, it is hard to invoke the 
hydrophobic interactions since the ΔS° is negative; rather, 
it is necessary to hypothesize as driving force the interac-
tions of the hydrophilic type, and the formation of host/guest 
hydrogen bonds could be plausible to justify the negative 
ΔH°.

In a paper from our group, the inclusion of querce-
tin into HP-β-CD was studied by isothermal calorimetry, 
DSC and phase solubility at pH 3.6 and 8.0 [27]. Querce-
tin can be obtained by several fruits and vegetables and is 
able to induce anticancer activity. The binding constant 
(Kb = 489  M−1) obtained by calorimetry at pH 8.0 was in 
good agreement with that calculated by phase solubility. 
The interaction was both enthalpically and entropically 
driven, with the TΔS° (12.5 kJ  mol−1) predominant on ΔH° 
(− 2.9 kJ  mol−1) value, confirming that the hydrophobic 
interactions are prevailing also for this complex formation.

The hydrophobic predominant interactions have been 
described also for the inclusion complex of HP-β-CD and 

Fig. 3  Schematic representation 
of inclusion complex between 
HP-β-CD and a phloridzin, b 
oncocalyxone A, c betulin, d 
rosmarinic acid, e caffeic acid, 
f ( +)-catechin and e (‒)-epi-
catechin
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other CDs with oncocalyxone A (onco A) [28]. Onco A is a 
natural product, a quinone isolated from Auxemma oncocalyx 
tree of northeast Brazil and endowed with many biological 
activities [29]. As for the other compounds here reviewed, 
the bioavailability can be improved by complexation with 
CDs. In this study, onco A was checked for its encapsulation 
in different CDs, among these HP-β-CD, mainly by ITC with 
the complement of other techniques: FTIR, 1H-NMR, DSC, 
TG and molecular modelling. However, the better interac-
tion of onco A was found for HP-γ-CD based on binding 
constant values: 3175  M−1 for HP-γ-CD, against 890  M−1 for 
HP-β-CD. This preference was explained by docking simu-
lation showing that the inclusion complex was stabilized 
by the formation of hydrogen bonds involving the oxygen 
atoms of onco A.

HP-β-CD was also employed for increasing the solubil-
ity of betulin, a natural product extract from plants, mainly 
from the birch tree. HP-β-CD/betulin complex was studied 
by calorimetry (DSC and ITC), IR spectroscopy and phase 
solubility. The hepatoprotective and anti-inflammatory 
activities have been also checked [30]. The complex for-
mation, in line with many other HP-β-CD/guest systems, is 
both enthalpically and entropically favoured and the binding 
constant is 1330  M−1. As for biological studies, the complex 
produces a liver protective effect in rats with non-alcoholic 
steatohepatitis at half dose with respect betulin alone.

Two natural food additives, caffeic and rosmarinic acids, 
known for their antimicrobial activity, have recently been 
studied for their inclusion in HP-β-CD [31]. As for all the 
other compounds here described, they are poorly soluble 
in water due to their hydrophobicity, and HP-β-CD was 
utilized to improve solubility, bioavailability, and bioactiv-
ity. The two acids have a common caffeoyl moiety, but dif-
ferent physicochemical characteristics, which affects their 
interaction with HP-β-CD. The authors used different tech-
niques for this study besides isothermal titration calorimetry, 
such as solid state and solution NMR, mass spectrometry 
and molecular dynamics. The thermodynamic data show 
interesting different behaviour. The binding constant of 
HP-β-CD/rosmarinic acid complex is two-fold higher than 
that of HP-β-CD/caffeic acid. This finding was corroborated 
by NMR and computational studies.

The complex formation is enthalpically driven for both 
acids, but ΔS° is negative for caffeic acid and positive for 
rosmarinic acid, in agreement with a less polar character 
of the latter. These findings are well explained based on 
the release of structured hydration water to the bulk for 
explaining the positive entropy change, whereas for taking 
into account the negative enthalpy changes, the electrostatic 
interactions and H-bonds were invoked as main driving 
factors.

In a couple of papers, HP-β-CD was checked for its 
capacity to differently capture phenethylamine enantiomers 

[32] or two geometrical isomers: ( +)-catechin and (‒)-epi-
catechin [33]. In the first paper, the binding constants for a 
set of eight phenethylamine enantiomers and four cyclodex-
trins at pH 3.0 were calculated by ITC and electrophoretic 
mobility data. The binding constants obtained with the two 
methodologies were in good agreement. The authors found 
that differences in enantiomer–CD complex mobilities are 
important for the separation of enantiomers, but the selec-
tivity in the separation does not have a correlation with the 
values of binding constants.

On the other hand, Liu et al. showed that calorimetric 
measurements are able to discriminate between the two 
geometrical isomers: ( +)-catechin (CA) and (‒)-epicat-
echin (EC) [33]. These compounds are catechins contained 
in green tea and find application in foods and nutraceuticals 
as anti-inflammatory, anticancer, and in cosmetics [34, 35]. 
In this study, the thermodynamic data were combined with 
1H-NMR and fluorescence data in the pH range of 6.8–8.0. 
The inclusion into HP-β-CD of both compounds was enthal-
pically driven, being the ΔS° values negative. The authors 
appropriately discussed the negative values of ΔS° with 
the decrease of the rotational and translational degrees of 
freedom that overcomes the entropic gain due to the rear-
rangement of hydration water of both the host and the guest 
molecule. The main driving forces have been imputed to 
H-bonds and van der Waals interactions. Finally, going back 
to the encapsulation difference between the two isomers, 
the author found that the binding constant of HP-β-CD/CA 
complex is higher than that of HP-β-CD/EC at the same 
temperature and pH value. Indeed, the comparison must be 
made in the same solution conditions, as Kb value decreased 
with increasing temperature and pH.

In conclusion, the increasing interest for nutraceuticals 
has led to many studies on the physicochemical properties 
of the encapsulation process of these molecules in cyclo-
dextrins. The ITC studies have been often accompanied 
by other calorimetric studies (DSC), spectroscopic studies 
(NMR, IR, FTIR, etc.) and molecular docking. However, 
thermodynamic data serve as a guide to test the strength 
of encapsulation and the factors that govern it. Altogether, 
the various methodologies help to find the best conditions 
for an excellent formulation that pave the way for their 
commercialization.

Improving the guest solubility in ethanol–water 
mixtures

Many works discussed above use cosolvents, mainly 
dimethylsulfoxide and ethanol, to increase the solubility of 
HP-β-CD’s guest and consequently to improve the encapsu-
lation efficacy. Indeed, the use of addition of non-aqueous 
solvent to water is expected to help the solubilization of 
hydrophobic molecules by HP-β-CD. Particular care must 
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be taken to perform calorimetric titration measurements 
in the presence of cosolvents. The exact same concentra-
tion of cosolvents must be used in the titrant and titrated, to 
avoid any spurious effects due to the presence of ethanol or 
dimethylsulfoxide, as large injection peaks due to dilution. 
Here, we discuss the papers published in these last years 
that systematically study the effect of ethanol–water mix-
tures. Starting from HP-β-CD/quercetin complex, previously 
studied in water [27] and recently studied in hydroalcoholic 
solution, we shortly discuss the calorimetric titration for the 
complex formation on changing the ethanol volume fractions 
at different pH values [36]. A schematic representation of 
HP-β-CD/quercetin inclusion complex is shown in Fig. 4.

Calorimetric titration showed that at ethanol molar frac-
tion higher than 0.2 at neutral and alkaline pH, and higher 
than 0.1 at acidic pH, the complex does not form. These 
results indicate that ethanol competes with water for the 
cavity of HP-β-CD. DSC data of dried HP-β-CD, coming 
from hydroalcoholic solutions, confirm this hypothesis. In 
summary, the solubility enhancement of quercetin in higher 
concentrations of ethanol is counterbalanced by a lower 
propensity for the complex formation. A similar behav-
iour was found for the complex between HP-β-CD and the 
natural product (E)-piceatannol (PIC), utilized in pharma-
ceutical and food industries [37]. Indeed, the binding con-
stant decreases on increasing the alcohol concentration. In 
that study, methanol, ethanol, ethylene glycol, n-propanol, 
1,3-propanediol and glycerol were utilized as cosolvents. 
Interestingly, the binding constant decreases on increasing 
the alkyl chain length but increases with the increasing the 
number of hydroxyl groups. For all systems studied, both 
enthalpy and entropy changes are negative; consequently, the 
complexation is enthalpically favoured. The authors attrib-
uted the negative entropy change to the predominant contri-
bution of the loss of translational and rotational degrees of 
freedom of PIC in the cavity that exceeds the contribution 
of the water rearrangement/displacement upon complexa-
tion. The negative enthalpy change was ascribed to hydro-
gen bonds and van der Waals interactions between PIC and 
HP-β-CD. The displacement of water from the cavity was 
also mentioned to explain a negative ΔH°. This is a contro-
versial question, which is better discussed in “Concluding 

remarks” paragraph. In addition, the presence of alcohol 
as cosolvent partially change the solvation cage around the 
interacting molecules and the increasing alcohol concentra-
tion renders less efficacious the desolvation effect and con-
sequently decrease the complexation constant.

In a recent paper, the complex between curcumin and 
HP-β-CD was studied in water/ethanol solution by DSC, 
isothermal calorimetry, and phase solubility experiments at 
pH 5.0 and 7.4 [38]. Curcumin is a polyphenol endowed 
with many pharmacological properties, largely utilized in in 
traditional Chinese medicine, in foods and cosmetics but, as 
for the most part of molecules described along the text, pos-
sesses low water solubility. Therefore, a solution with 20% 
in volume of ethanol in water was utilized to improve the 
solubility at the two different pH values. Binding constant 
was slightly higher in acidic solution with respect to physi-
ological solution and the complex formation was enthalpi-
cally and entropically favoured at both pHs. The main result 
of this work is that in hydroalcoholic solution curcumin is 
successfully encapsulated in the cavity of HP-β-CD, with a 
preference at pH <  pKa, whereas in water the complex does 
not form.

In summary, the combination of hydroalcoholic solution 
and encapsulation in HP-β-CD is an effective strategy for 
improving the solubility of natural products endowed of 
health benefits. At the same time, the choice of an adequate 
pH and alcohol concentration is extremely crucial for the 
formation of the complex, as a competition for the HP-β-CD 
cavity among water, ethanol and the guest molecule is estab-
lished above a certain percentage of alcohol. The thermo-
dynamic data of host/guest interaction are certainly funda-
mental in finding the appropriate cosolvent quantity for an 
optimization of the complex formation in view of a pharma-
ceutical formulation.

Enthalpy–entropy compensation

In a couple of papers, the thermodynamics of CD complexes 
is deeply analysed highlighting the enthalpy –entropy com-
pensation (ECC) [39, 40]. A premise is necessary to explain 
the ECC phenomenon. We can start from the obvious con-
sideration that for a spontaneous process (in our case the 
host/guest interaction) the Gibbs energy must be negative. 
Structural modifications in interacting molecules show con-
tributions of ΔH° and ΔS° to Gibbs energy which often work 
in opposition, i.e. if the enthalpy change is favourable the 
entropy change is unfavourable or vice versa, so that ΔG° 
remains quite constant. The explanation for ECC lies in the 
participation of the solvation water molecules and their reor-
ganization after interaction [41, 42].

In the paper of Paul et al. [39], the EEC has been dis-
cussed for the interaction between two bile salts and three 
β-CDs. Specifically, sodium deoxycholate (NaDC) and 
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Fig. 4  Inclusion complex between HP-β-CD and quercetin in etha-
nol–water mixtures
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sodium glycocholate (NaGC) were studied by ITC for their 
interaction with β-CD, HP-β-CD, and methyl-β-CD. Heat 
capacity changes were also determined together with the 
binding constant and all the thermodynamic parameters. 
The binding constants are in the order of  103  M−1, and the 
complexation is both enthalpically and entropically favoured 
for all the complexes. The authors state that “the overall pro-
cess is predominantly enthalpy-driven with small entropic 
contribution to the total free energy change”, but this is only 
partially true because in almost half of the complexes the 
entropic contribution is greater than enthalpic one (in modu-
lus). However, they discuss the favourable negative ΔH° as 
a driving force for the inclusion of bile salts in HP-β-CD 
invoking the “non-classical hydrophobic effect” due to the 
release of high-energy water from cavity to the bulk (see the 
following paragraph for a more in-depth discussion). The 
binding was followed at different temperatures, and ΔG° 
values were found quite constants on changing temperature 
for all the studied host/guest complexes. The authors discuss 
these results in terms of enthalpy–entropy compensation 
with temperature.

The observation of the ECC phenomenon has been also 
described in the paper of Schönbeck and Holm [40]. The 
inclusion of several water-soluble adamantane derivatives 
(ADs) into β-CD or HP-β-CD from different companies 
has been studied by NMR, ITC and molecular dynamics. 
Neutral and charged ADs were chosen for this study. Par-
ticularly interesting in this work is the choice of small guest 
molecules able in principle to be completely included in 
the cavity without protrusion from the cavity. This should 
permit to exclude the interactions of the host/guest surfaces 
to better study the factors that govern the efficacy of the 
inclusion in the cavity and verify the hypothesis that ECC 
phenomenon observed for host/guest complex is mainly 
imputable to dehydration of guest molecule. Nevertheless, 
they observed that going from β-CD to HP-β-CD, ΔH° value 
increases of 11 − 15 kJ  mol−1and TΔS° of 6 − 10 kJ  mol−1, 
depending on the guest. These differences show that ADs 
protrude from the CD cavity and interact with the sidechains 
at the rims of modified βCD. The authors conclude that the 
ADs are not so good model, as they hypothesized. However, 
their paper is of interest for the comprehensive discussion on 
enthalpy–entropy compensation.

In summary, direct interactions between the interact-
ing molecules lead to a negative enthalpy change, but it is 
compensated by decrease in entropy due to the loss of con-
formational degrees of freedom. Chemical modifications in 
interacting systems involve changes in enthalpy compen-
sated by change in entropy, so that the Gibbs energy change 
remains almost constant. This is the classic explanation for 
enthalpy–entropy compensation (EEC) phenomenon. How-
ever, changes in solvation are pivotal for understanding the 
ECC phenomenon [43], since they can also contribute to it. 

The usual way to represent the ECC is to plot ΔH° versus 
TΔS° (or TΔS° versus ΔH°), and the slope is expected to be 
equal to one for perfect compensation. In one of the papers 
discussed above [40], this plot for a series of adamantane 
derivatives interacting with HP-β-CD is reported and com-
mented, but the slope for some derivatives is lower than 
unity, indicating a low degree of compensation. In the other 
work, the ECC is described in a plot of ΔH°, TΔS° and ΔG° 
versus temperature, which is a less usual way of representing 
it [39]. In any case, here it has been established that the EEC 
is a phenomenon not restricted to the protein/drug or nucleic 
acid/drug interaction, but that it is a general phenomenon 
that also affects guest/ HP-β-CD interactions.

Concluding remarks

Isothermal titration calorimetry is a powerful methodology 
able to give all the thermodynamic parameters related to 
interacting (macro)molecules or systems in solution. It does 
not require reporter labels such as fluorophores and gives 
the possibility to perform experiments with not optically 
transparent solutions as dispersions or cells. On the other 
hand, it is necessity to take some precautions: the molecules 
in the syringe and in the cell must be in the exact same buffer 
to avoid large injection peaks due to dilution; if protona-
tion/deprotonation is expected to be part of the reaction, a 
buffer with a low enthalpy change of protonation should be 
used; no other reactions should occur on the timescale of 
the experiment.

ITC is particularly precious to investigate host/guest com-
plex formation, giving the complete thermodynamic picture 
in a single measurement. This information is very important 
to establish the ability of HP-β-CD to encapsulate molecules 
of interest in many fields (foods, nutraceuticals, drugs, etc.). 
These molecules are generally scarcely soluble in water due 
to their chemical nature, so the experiments should be accu-
rately designed with low concentration of guests. In some 
cases, to improve the solubility, experiments in mixed sol-
vents could be designed, being careful to add only small 
quantities of cosolvents. Commonly used cosolvents include 
ethanol and dimethylsulfoxide, but the former can compete 
with the guest for encapsulation into cyclodextrin cavity at 
concentrations higher than 20–30% and the latter gives rise 
to large dilution peaks at concentrations higher than 5%.

Generally, most of the HP-β-CD/guest interactions are 
enthalpy-driven, while entropy may or may not be favour-
able. The stoichiometry of complexation is normally 1:1, 
and the binding constants are generally low, in the range 
10–4000   M−1. This is an advantage as it facilitates the 
release of the guest molecule. The inclusion process into 
HP-β-CD depends not only on the physicochemical proper-
ties of the guest, but also on the solution conditions (solvent, 
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pH, etc.) and the temperature. In any condition, it is crucial 
to focus on each host/guest system to identify the driving 
force of interaction. Commonly, the enthalpy change is 
attributed to hydrogen bonds, electrostatic forces and van der 
Waals interactions, whereas the entropy change is ascribed 
to reduction of conformational freedom and hydrophobic 
interactions.

Focussing on hydrophobic interaction, it is generally 
described with a release of ordered water from the hydra-
tion shell of interacting hydrophobic molecules with 
the loss of hydrogen bonds that leads to an unfavourable 
enthalpy change (ΔH° > 0) and to a favourable entropy 
change (ΔS° > 0) [44]. However, in the case of the inclu-
sion of hydrophobic molecules in the hydrophobic cavity of 
HP-β-CD, a favourable enthalpy change, found in a paper 
described above, has been attributed also to a “non-classical 
hydrophobic effect” [39]. In few words, the displacement of 
water molecules from cyclodextrin cavity to accommodate 
the guest should result in a negative enthalpy change. This 
hypothesis is corroborated by a recent molecular dynam-
ics simulation study [45] in which the authors found that 
the water molecules in the cavity form a smaller number of 
hydrogen bonds than bulk water, so that there is an enthalpy 
gain in the release of water from the cavity. However, we 
must not forget that a negative ΔH° is the result of many 
concomitant interactions and that many molecules protrude 
from the cavity and can establish contacts with the rim of 
CDs, without invoking the phenomenon of “non-classical 
hydrophobic effect”, which still remains controversial. In 
conclusion, the knowledge of the thermodynamic aspects of 
guest/CD complex formation in different solution conditions 
is essential to choose the best formulation in manifold fields 
of application and isothermal titration calorimetry is a hardly 
replaceable methodology for this purpose.
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