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Abstract
Curcumin (CURC) is endowed with many pharmacological properties, among these anti-inflammatory, antioxidant, antimi-
crobial, and anticancer activity. Unfortunately, CURC is basically water-insoluble and undergoes a rapid photodegradation, 
chemical degradation, and metabolism. CURC stability and solubility can be improved by the complexation with cyclo-
dextrins, which are cyclic oligosaccharides with a hydrophilic outer surface and a lipophilic cavity. Thus, in this work, the 
formation of the inclusion complex between the semisynthetic hydroxypropyl-β-cyclodextrin (HPβCD) and CURC has been 
studied by means of phase solubility, differential scanning calorimetry and isothermal calorimetry experiments to assess the 
formation, stoichiometry and affinity constant of the obtained inclusion complexes. The thermodynamics of the complex 
formation has been studied in different hydroalcoholic solutions and the experiments have been performed at physiological 
and acidic pH to verify the effect of the ionization state on the efficacy of complex formation. Results show the relevance in 
the choice of the pH, solvent, and mixing time on the formation of the inclusion complex between active drug(s) and HPβCD.
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Introduction

Curcumin (CURC) is the principal polyphenolic component 
of the rhizomes of Curcuma Longa plant, and is extensively 
used in food industry, cosmetics, and traditional Chinese 

medicine. Lately, a significant deal of research focus has 
been devoted to assess the possible applications of CURC 
in the pharmaceutical field [1–3]. Indeed, CURC is broadly 
acknowledged to be potentially able to exert numerous phar-
macological effects such as: (i) a relevant antioxidant activ-
ity and scavenging of reactive oxygen (ROS) species [4]; 
(ii) inhibition of nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB), which is a main signal trans-
duction pathway involved in inflammatory processes [5]; 
antitumor and antimicrobial [3, 6]. Nowadays, the benefi-
cial effects of CURC and its derivatives have been verified 
against an extensive array of cancer cells populations [2, 
7–9], in wound healing [10, 11], Alzheimer’s disease [12] 
and arthritis [13, 14], just to cite a few.

Regrettably, phase I trials have shown that the bioavail-
ability of CURC administered orally is irrelevant [15]. Actu-
ally, CURC is inherently insoluble in water (saturation con-
centration is around 20 μg mL−1, and the partition coefficient 
in < 2.5) [16], is unstable at neutral/slightly basic pH values 
and also undergoes an extensive and quick first-pass metab-
olism. Consequently, despite being a GRAS (Generally 
Regarded as Safe) molecule, the bioavailability profile of 
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orally administered CURC is unequivocally unsatisfactory, 
thus hindering its clinical use so far [15, 17, 18].

In this regard, the improvement of CURC solubility is 
fundamental to enhance its bioavailability. The solubility of 
CURC can be increased through numerous strategies, the most 
relevant being its encapsulation in liposomes [19, 20] or nano-
particles [21, 22]. Furthermore, the capacity of the active mol-
ecule to form host–guest complexes with cyclodextrins (CDs) 
have been studied so far [21–23]. CDs are regularly used in 
pharmaceutics to improve the solubility of water-insoluble 
compounds, thereby exploiting the preferential interaction of 
these molecules with the hydrophobic internal cavity of CDs. 
The hydrophilic external surface of CDs can bring lipophilic 
molecules in solution in aqueous media [24]. The formation of 
the complex between CURC and CD also proved to increase 
the bioavailability and stability of the guest molecule [25]. 
β-CD and semisynthetic β-CDs are widely used in the phar-
maceutical industry due to their abundance and low cost [26]. 
This is of huge interest, considering that the formation of an 
inclusion complex between CURC and β-CD can result into a 
promoted cell uptake and higher half-life within tumor cells, 
and also into an augmented anti-inflammatory ability of the 
active molecule [27].

In two previous works [28, 29], calorimetric studies were 
carried out to investigate the thermodynamics of the com-
plexation between quercetin, that is another phytomolecule 
with a considerable therapeutic potential, and the semisyn-
thetic hydroxypropyl-β-CD (HPβCD). These experiments also 
highlighted the importance of the choice of the appropriate 
solvent, pH, and temperature on the formation of host guest 
inclusion complex with active ingredient(s) and CDs. On 
the same research branch, the objective of this work was the 
study of the thermodynamics of the formation of the complex 
between CURC and HPβCD. To this aim, phase solubility, dif-
ferential scanning calorimetry (DSC), and isothermal calorim-
etry experiments were employed to assess the stoichiometry, 
formation, and affinity constant of the obtained inclusion com-
plexes. Therefore, herein the thermodynamics of the complex 
formation have been investigated in different hydroalcoholic 
solutions at physiological and acidic pH to verify the effect of 
the ionization state on the efficacy of complex formation, and 
also to study the effect of the cosolvent on the CURC solubility 
and on CURC encompassment.

Materials and methods

Materials

Curcumin (CURC) at a < 90% purity from Cayman Chemical 
Company, USA), and citric acid, Tween® 80 from Farma-
labor (Italy) were employed. Ethanol (EtOH), 2-hydroxy-
propyl-b-cyclodextrin (HPβCD; degree of substitution 

(DS) = 4.2), dibasic sodium phosphate (Na2HPO4), sodium 
chloride (NaCl), and potassium chloride (KCl) were obtained 
from Sigma–Aldrich (USA). For calorimetric tests, the con-
centrations of CURC and HPβCD were 8·10−6–1.4·10−4 
mol·kg−1 and 1.2·10−3–1.2 ·10−2 mol·kg−1, respectively. 
The solutions in PBS (phosphate buffered saline) at pH 7.4 
or 5.0 were prepared immediately before measurements. To 
increase CURC solubility in aqueous solutions, dimethyl-
sulfoxide (DMSO; Sigma–Aldrich, USA) up to 2% v/v and 
EtOH up to 20% v/v to PBS buffer were also added.

Phase solubility experiments

Prior to phase solubility studies, PBS buffers were prepared 
as described in [28, 29]. Then, pH was adjusted 7.4 or 5.0 
by adding 0.1 M HCl. In the case of the physiological pH, 
acid and citric acid 1:1 w/w, 0.1% w/v were added to pre-
vent CURC degradation which was found to be negligible at 
pH = 5.0 [21]. In all cases, Ethanol (20% v/v) and Tween® 
80 (0.5% w/v) were added to enhance CURC solubility. An 
excess amount of CURC (1 mg mL−1) was suspended in 
5 mL of PBS solutions at both pH values in the presence 
of HPβCD (3–15 mM). The suspensions were placed under 
stirring at room temperature (24 h, 100 rpm, in the dark) 
and, after that, filtered (0.22-µm membrane filter) and then 
analyzed by spectrophotometric assay (UV-1800, Shimadzu 
Laboratory World, Japan; λ = 426 nm) to quantify the solu-
bilized CURC. In all cases, the linearity of the apparatus 
response was assessed in the 1–50 μM concentration range, 
with a r2 > 0.99. Correspondingly, the CURC concentration 
versus HPβCD concentration was plotted and the constant of 
CURC-HPβCD complex formation, KC, was obtained from 
the following equation:

where S0 is intrinsic CURC solubility.

Differential scanning calorimetry (DSC)

DSC tests were performed on freeze-dried solutions (24 h, 
0.01 atm, − 83 °C; LyoQtest, Japan) recovered after phase 
solubility experiments to study CURC/HPβCD complex 
formation. The samples obtained at 15 mM HPβCD concen-
tration were used for DSC experiments. The heats evolved 
during the thermal transitions of CURC, HPβCD and the 
recovered precipitate were detected by a Q20 differential scan-
ning calorimeter (TA Instruments, USA; indium calibration). 
Each sample (around 5 mg) was subjected to a 20–200 °C 
ramp at 10 °C min−1 in hermetic aluminum pans, with a N2 

(1)Kc =
slope

S0(1 − slope)
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atmosphere (50.0 mL min−1). Double scans were performed 
for all samples.

Isothermal calorimetry

Isothermal calorimetry equipment TAM was utilized to 
measure the heat involved in the encapsulation of CURC 
into HPβCD and heats of dilution of each compound, at con-
stant room temperature. Details of calorimetric apparatus are 
described in a recent paper [28].

In isothermal calorimetry experiments, the heat of dilution 
(∆dilH) from an initial to a final molality of aqueous solutions 
of HPβCD or CURC was detected. Moreover, heat of mixing 
(ΔmixH) of aqueous solutions of CURC and aqueous solutions 
of HPβCD, was also recorded.

The enthalpy of mixing, ΔmixH, is calculated by the 
enthalpy of formation of the complex, ΔH*, and by the heats 
of dilution, ΔdilH, of CURC and HPβCD as follow:

where mi and mf are the initial and final molality of HPβCD 
or CURC.

All the experimental ΔH values were derived from the well-
known equation:

where dQ/dt, expressed in Watt, is the heat flux, while Pw, 
expressed in kg s−1 is the total mass flow rate of the solvent. 
ΔH is expressed in J kg−1 of solvent in the final solution.

(2)
ΔmixH

[(

mi
HPβCD

)

(

mi
CURC

)

→ mf
HPβCD

,mf
CURC

]

= ΔH ∗ +ΔdilH

(

mi
HPβCD

→ mf
HPβCD

)

+ ΔdilH
(

mi
CURC

→ mf
CURC

)

,

(3)ΔH = (dQ∕dt)∕Pw

Results and discussion

In this work, we have studied the thermodynamics of the for-
mation of the inclusion complex between the semisynthetic 
hydroxypropyl-β-cyclodextrin (HPβCD) and CURC. HPβCD 
has been chosen since it is approved by the FDA, and due 
to its enhanced solubility compared to native βCD and lack 
of toxicity, alongside its wide use as solubility enhancer in 
the pharmaceutical field. To this aim, phase solubility, dif-
ferential scanning calorimetry (DSC) and isothermal micro-
calorimetry experiments were systematically carried out at 
pH = 5 and pH = 7.4 in hydroalcoholic solutions. Actually, 
it should be emphasized that all the experiments, except for 
DSC tests, were performed in hydroalcoholic solutions tak-
ing into account that the solubility of CURC in water and 
buffer solutions is irrelevant. Consequently, the determina-
tion of the heats involved in the complexation, as well as 
phase solubility tests, is not possible under such conditions.

Phase solubility

Phase solubility results, in the presence of 20% v/v EtOH, 
are depicted in Fig. 1 and have shown that, at pH = 7.4, the 
addition of HPβCD up to a 15 mM concentration has allowed 
a 20.5-fold increase in CURC solubility. At pH = 5.0 the sol-
ubility increase of CURC was 47-fold higher. The outcomes 
plainly point out that the formation of HPβCD-CURC inclu-
sion complex is promoted at pH < pKa. Indeed, constants for 
the complex formation (Kc), obtained from phase solubil-
ity measurements, showed that Kc value (2285 ± 53 M−1) 
at pH = 5.0 is about 1.4 times higher compared to Kc value 
(1679 ± 136 M−1) at pH = 7.4. In addition, literature data 
show a Kc value of 424 M−1 in water and in the absence of 

Fig. 1   Phase solubility diagrams 
of CURC/HPβCD inclusion 
complex formation at pH = 7.4 
(left) and pH = 5.0 (right)
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cosolvent, lower of almost one order of magnitude than in 
the presence of ethanol [29, 30].

To better understand these results, it is necessary to con-
sider that CURC exists in different forms according to the 
pH. In fact, as reported in [31], the CURC solutions are red 
at pH < 1, and this is associated with the protonated form of 
the CURC while, at pH > 7.5 the color changes to orange red 
and this is associated with the pKa value for the dissociation 
of the enolic group. It should also be added that at pH > 7 the 
CURC is extremely unstable and undergoes a rapid hydro-
lytic degradation, with a half-life in the order of minutes, as 
also reported in [24].

In the pH range 1–7, the neutral form of CURC pre-
vails, and this is associated with a minimum solubility of 
the active molecule. These considerations corroborate the 
results whereby a weakly acidic pH, far from the neutral pH 
to which the stability of the CURC is seriously at risk, is 
more favorable for the formation of the inclusion complexes 
between CURC and HPβCD, as hypothesized in this paper.

DSC

DSC tests were taken on the recovered precipitate from 
phase solubility experiments to verify the formation of 
the inclusion complex between HPβCD and CURC, which 
results into the disappearance and/or the shift of endother-
mic peaks of DSC curves, thereby pointing at a modification 
occurring in the crystal lattice. To ensure that the DSC trace 
reported in Fig. 2d is representative of the thermal behavior 
of the HPβCD/CURC inclusion complex, thermoanalytical 
tests were performed on the dried salts used to produce PBS 
and on Tween 80. No thermal events were detected in the 
temperature range considered (data not shown). As a conse-
quence, DSC traces of the samples are displayed in Fig. 2a–d 
and summarized in Table 1. First scans are here reported 
since second scans did not show any thermal event.

CURC exhibited a clear endothermic melting peak at 
183  °C, corresponding to the fusion of CURC crystals 
(Fig. 2a). In the case of HPβCD, a single and very broad 
peak with an onset at 95.5 °C and peaking around 128 °C, 
was found out (Fig. 2b). This endothermic event is attrib-
uted to the release of bound water in the cavity. The DSC 
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curve of the inclusion complex obtained at pH = 7.4 showed 
a shoulder (Fig. 2c), which suggests the occurrence of mul-
tiple endothermic events. In particular, the neutral pH is 
very close to the lowest of the three pKa values of CURC 
(pKa = 7.8, 8.5, and 9.0, corresponding to three acidic pro-
tons [24]). As a consequence, the DSC trace reported in 
Fig. 2b can be realistically associated to the occurrence of 
both charged and non-charged CURC molecules, which 
are supposed to interact differently with HPβCD, therefore 
evoking two distinct, and partially overlapped, endothermic 
phenomena. Moreover, the melting peak of CURC was not 
observed, thereby indicating the formation of the complex 
and the successful displacement of water molecules in solu-
tion [32]. This observation was further confirmed when the 
complex was formed at acidic pH. In particular, the DSC 
trace in this case qualitatively and closely resembled the fea-
tures of HPβCD alone (Fig. 2d). However, it must be under-
lined that at pH = 7.4 the endothermic peak was found at a 
lower temperature while at pH = 5.0, it was found approxi-
mately at the same temperature of bare HPβCD, while the 
onset was about 30 °C lower compared to HPβCD alone. 
This was attributed to a complete inclusion and masking of 
CURC, and also to strong interactions of HPβCD and CURC 
in the solid state.

Isothermal calorimetry

To gain further information on thermodynamic parameters 
of the inclusion complex formation, isothermal calorimetric 
measurements were performed. Results showed that the heat 
of mixing at pH = 7.4 and pH = 5.0 without ethanol was too 
small to be measured. In the presence of 20% v/v EtOH, a 
small but measurable heat of complex formation was recorded 
at both the pH values. The calorimetric data did not show the 
typical rectangular hyperbolic shape, in the range of concen-
trations we were able to explore (Fig. 3), and this did not allow 
the determination of constants for the complex formation. The 
cyclodextrin was in strong excess over the CURC during the 
whole titration experiment, therefore CURC was completely 
bound to HPβCD. Each injection produces the same heat 
providing the complex formation enthalpy when divided by 
molarity of CURC. Consequently, we were able to determine 
the standard molar enthalpy for the formation of HPβCD-
CURC complex: ΔH0 = − 4.67 ± 0.06 kJ mol−1 at pH = 7.4 and 
ΔH0 = − 8.11 ± 0.06 kJ mol−1 at pH = 5.0. These values show 
very slight differences between the two pHs, although beyond 
the experimental errors.

Figure  4 displays the thermodynamic parameters of 
HPβCD-CURC formation at both the investigated pHs are 
shown. The Gibbs energy changes, ΔG°, were calculated 
from the Kc values obtained by phase solubility measure-
ments. The entropy changes were obtained from the well-
known thermodynamic relation: ΔS° = (ΔH° – ΔG°)/T. 
The overall thermodynamic parameters of complexation of 
active compounds with cyclodextrins are often obtained by 
phase solubility experiments (references). Enthalpy changes 
are indirectly determined by van’t Hoff enthalpy plots with 
higher errors with respect to the direct enthalpy determina-
tions. In this work, we were able to directly measure the 

Table 1   Onset and peak temperatures of raw materials and HPβCD/
CURC complexes in 20% EtOH at pH = 7.4 and pH = 5.0 at 298.15 K

Tonset/ °C Tpeak/°C

CURC​ 181.2 ± 0.1 182.9 ± 0.3
HPβCD 95.5 ± 3.0 128.2 ± 6.2
Complex at pH = 7.4 57.4 ± 5.1 120.8 ± 10.8
Complex at pH = 5.0 64.9 ± 0.3 129.5 ± 0.3
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calorimetric enthalpies of complex formation at both the pHs 
and used them to obtain the entropy changes.

An inspection of Table  2 and Fig.  4 shows that the 
inclusion complex formation between HPβCD and CURC 
is enthalpically (exothermic process) and entropically 
(increased entropy) favored at both the pH values. This 
behavior is in line with results previously obtained for the 
inclusion complex between HPβCD and quercetin [29]. 
Actually, both the enthalpic and entropic contributions to 
Gibbs energy arise from a delicate balance among differ-
ent processes, such as desolvation of HPβCD and CURC 
molecules, hydrophobic interaction between CURC and 
the cavity of HPβCD, and the competition between etha-
nol and water for the cavity when the content of ethanol 
is too high. The pH contributes to this balance, the CURC 
solubility increases at pH = 5.0 with a slightly better affinity 
for HPβCD. Overall, the combination of the hydroalcoholic 
solvent (2:8 v/v) and a slightly acid pH contribute to a better 
encapsulation of CURC in the cavity of HPβCD [33–35].

Conclusions

Herein, the encapsulation of CURC into HPβCD has been 
studied through phase solubility, DSC and isothermal calo-
rimetry, at physiological and acidic pH and in hydroalco-
holic solvent (2:8 v/v).

Results of the thermal analyses of CURC, HPβCD, and 
HPβCD-CURC showed that the melting peak of CURC at 
183 °C was not detected, therefore confirming the inclusion 
complex formation. Phase solubility outcomes have shown 
that at pH = 7.4 the addition of HPβCD up to a 15 mM con-
centration has allowed a 20.5-fold increase in CURC solu-
bility. On the other side, at pH = 5, the solubility increase of 
CURC was 47-fold higher. Results of isothermal calorimet-
ric measurements allow to derive the enthalpy changes of 
the encapsulation of CURC in the cavity of HPβCD complex 
in showed that the hydroalcoholic solvent (2:8 v/v) and at 
both the pHs. Taken all together, results clearly indicate that 
the formation of the HPβCD-CURC inclusion complex is 
strongly promoted at pH < pKa of CURC and hold promise 
for the optimization of complex loading within conventional 
and/or advanced pharmaceutical dosage forms.
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