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Highlights 

• The interaction of KYNA and several cyclodextrins (CDs) was studied. 

• The modified HPβ-CD showed the strongest complexation constant (KF) 

• The results showed high dependence on pH and temperature. 

 

Abstract 

In this work, the interaction between Kynurenic acid (KYNA) and several natural and modified cyclodextrins 
(CDs) is carried out. Among all the CD tested, HPβ-CD showed the strongest complexation constant (KF), with 
a value of 270.94 ± 29.80 M−1. Between natural (α- and β-) CDs, the complex of KYNA with β-CD was the most 
efficient. The inclusion complex of KYNA with CDs showed a strong influence of pH and temperature. The KF 
value decreased at high pH values, when the pKa was passed. Moreover, an increase of the temperature 
caused a decrease in the KF values. The thermodynamic parameters of the complexation (ΔH°, ΔS° and ΔG°) 
were studied with negative entropy, enthalpy and spontaneity of the process at 25 °C. Moreover, the 
inclusion complex was also characterized using FTIR and TGA. Finally, molecular docking calculations 
provided different interactions and their influence in the complexation constant. 
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1. Introduction 

Kynurenic acid (KYNA, 4-Hydroxyquinoline-2-carboxylic acid, Fig. 1A) is a metabolite derived from tryptophan 
via kynurenine pathway found in some several foods like spices, potato, honey or broccoli (Turski et al., 2009, 
Turski et al., 2015). In recent years, its role as ionotropic glutamate and alpha 7-nicotinic receptor agonist 
has been investigated (Turski et al., 2013). Indeed, it was proposed as neuroprotective for cerebral ischemia, 
Parkinson’s disease, schizophrenia, Huntington disease, epilepsy or depression (Campesan et al., 2011, 
Stone, 2000), and a potential overlapped biomarker between diagnosis and treatment response for 
depression (Erabi et al., 2020). Moreover, KYNA also presents an interesting antioxidant capacity (Lugo-
Huitrón et al., 2011). 

https://www.sciencedirect.com/science/article/pii/S0308814621006452#!
https://www.sciencedirect.com/science/article/pii/S0308814621006452#!
https://www.sciencedirect.com/science/article/pii/S0308814621006452#!
https://www.sciencedirect.com/science/article/pii/S0308814621006452#!
https://www.sciencedirect.com/science/article/pii/S0308814621006452#!
https://www.sciencedirect.com/science/article/pii/S0308814621006452#!
https://doi.org/10.1016/j.foodchem.2021.129639
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Fig. 1. (A) Structure of KYNA. (B) Higuchi and Connors plot, Effect of HPβ-CD on KNYA solubility (25 °C in 
water). 

 

Although the compound present good solubility at pH 7, at pH 3–4 its solubility decreases dramatically 
complicating its administration in several food matrixes such as juice or similar. A recent study associates 
insufficient amount of KYNA in baby formulas as one of the factors involved in mass gain (Milart et al., 2019) 
or an effect as an immune-modulating agent (Małaczewska et al., 2014), so this type of products are 
particularly interesting as a fortifying nutraceutical specific for infants because children can easily drink these 
formulations. Although the interaction of KYNA with serum proteins as widely as the full thermodynamic 
characterization are well published to carrier the molecule (Hornok et al., 2020, Varga et al., 2016), some 
agent could be necessary before absorption. In this way, the complexation of this bioactive compound in 
cyclodextrins (CDs) could manage its introduction. 

 

CDs are truncated cone-shaped oligosaccharides made up of α-(1 → 4) linked glucopyranoside units with six, 
seven and eight glucose units, α, β and γ-CD, respectively (Astray et al., 2020, Matencio et al., 2020, Szente 
and Szejtli, 2004). These natural CDs possess the E number E-457, E-459 and E-458 for α-, β- and γ-CD, 
respectively as member of the food additives list and have two GRAS status. Moreover, a derivative called 2-
Hydroxypropyl-βCD (HPβ-CD) is used as orphan drug for Niemann Pick disease type C (Matencio et al., 2018, 
Matencio et al., 2020). Complexes formed of molecules and CDs are called “inclusion complexes” or 
nanoparticles (Lei et al., 2019, Nerome et al., 2013). Generally, CDs encapsulate poorly water-soluble 
compounds and hydrophobic moieties of amphiphilic molecules. Nevertheless, the solubility of these 
complexes not only depends on the CD used, but also of different factors such as pH or guess molecule 
(Matencio et al., 2016, Matencio et al., 2017, Matencio et al., 2017b, Matencio et al., 2018). The capacity of 
CDs to increase the solubility and protect several molecules, has increased its uses in the pharmaceutical and 
food industries (Fenyvesi et al., 2016, Jansook et al., 2018, Matencio et al., 2020). 

 

Our research group has previously characterized the complex of KYNA with CD based nanosponges (Nilesh K. 
Dhakar et al., 2019), a CD-based material with interesting bioactivities tested also with bioactive compounds 
(Nilesh Kumar Dhakar et al., 2019, Krabicová et al., 2020, Matencio et al., 2020). However, thinking about the 
use of novel nanoparticles for food administration, CDs are more suitable because at least natural CDs and 
depending on the application several modified CDs such as HPβ-CD and Methyl-βCD (Mβ-CD) are already 
approved (Jansook et al., 2018). 
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In the light of the foregoing, the aim of this work were to study the complexation of KYNA with several CDs. 
Firstly, the complexation constant was obtained. Secondly, the strongest CD/KYNA complex was evaluated 
as model of the effect of temperature and pH on the complexation. Thirdly, FTIR and TGA analyses were 
carried out to characterize the inclusion complex. Finally, molecular docking was used to study the possible 
interactions that occur between KYNA and CDs. 

 

2. Materials and methods 

2.1. Material 

CDs tested (α-, β-, 2-Hydroxypropyl-βCD [CIDs 44134771, DS 3] and Methyl-βCD [CID 10171019, DS 4]) were 
a kind gift from Roquette Frères (Lestrem, France). Kynurenic acid (KYNA, ≥ 98% purity, CID 3845) and 
remaining reactants were purchased from Sigma-Aldrich (Italy). 

 

2.2. Equipment and experimental procedure 

2.2.1. Preparation of KNYA/HPβ-CD inclusion complexes 

KNYA with HPβ-CD inclusion complexes were prepared as follows: 5 mg of pure drug was added to 50 mL of 
milliQ water. After that, 50 mg of HPβ-CD were added and stirred for 12 h in darkness. This suspension was 
lyophilized using a LyoQuest (Telstar) and the powder was conserved in dry environment, in darkness and 
dried. 

 

2.2.2. Inclusion complex studies 

The phase-solubility studies of Higuchi and Connors (Connors KA, 1965) were consulted. Different 
concentrations of CDs were prepared at a fix quantity of KYNA (2 mg/mL) at increasing concentration of an 
appropriate CD mixing for 24 h; after, the suspension was centrifuged at 2500 gx for 30 min, collecting the 
supernatant to measure its absorbance in an appropriate dilution of water using a UV–vis spectrophotometer 
(Perkin Elmer Lambda 25). A calibration curve was used to obtain KYNA concentration (R2 > 0.991) at 332 
nm. 

 

This method can evaluate a 1:1 stoichiometry (1CD per molecule). 

(1)CD + KYNA ⇄ CD- KYNA 

 

The following expression was used to evaluate the total solubility (St) of the drug: 

𝑆𝑡 = 𝑆0 +
𝐾𝐹𝑆0

1+𝐾𝐹𝑆0
                        (2) 

where S0 is the intrinsic solubility of the drug, KF is the complexation constant and CD is the concentration 
of CD in the tube. The equation provides a slope that can be used to obtain KF using the Higuchi and Connors 
plot: 

𝐾𝐹 =
𝑆𝑙𝑜𝑝𝑒

𝑆0(1−𝑆𝑙𝑜𝑝𝑒)
                          (3) 

 

2.2.3. Temperature and pH 

The effect of the temperature on KYNA complexation by CD was studied at different temperatures: 278, 298, 
310 and 318 K (5, 25, 37 and 45 °C). To determine the standard thermodynamic parameters of enthalpy and 
entropy of KYNA transfer to the CD, the following equation was used: 
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𝐿𝑛𝐾𝐹 = −
∆𝐻0

𝑅𝑇
+

∆𝑆0

𝑅
                (4) 

 

where KF is the complexation constant of the complex, T is the temperature (Kelvin), R is the gas constant, 
ΔH° and ΔS° are the standard enthalpy and entropy changes of complexes formed. For a linear plot of ln KF 
versus 1/T, the slope is –ΔH°/R and the intercept is ΔS°/R, respectively. The Gibbs free energy is determined 
using equation (5): 

∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0               (5) 

 

For the pH studies, the same method as that described in the previous section was followed at pH {2.5–4.5} 
100 mM Acetate-Na at 25 °C. 

 

2.2.4. Fourier-transform infrared spectroscopy 

KYNA, HPβ-CD, physical mixture and KNYA/HPβ-CD nanopartilces were subjected to Fourier transform 
infrared (FTIR) spectroscopic studies in a Perkin-Elmer spectrum 100 FT-IR spectrophotometer (4000 to 650 
cm−1). 

 

2.2.5. Thermal gravimetric analysis 

KYNA, HPβ-CD, physical mixture and KNYA/HPβ-CD were subjected to thermal gravimetric analysis using a 
Q500 thermogravimetric analyzer (TA instruments, USA) from 40 to 650 °C at 10 °C/min. 

 

2.2.6. Molecular docking 

The molecular structures used in this work were obtained from several databases or in house built. β-CD was 
obtained from Protein Data Bank (ID 4RER) and derivates were created by adding the correct quantity of 
radicals according to the DS to β-CD. KYNA was downloaded from the PubChem database (NCBI, USA). Using 
Autodock tools (version 1.5.6) with default parameters and charges, input files for docking were generated. 
Molecular docking was carried out using Autodock Vina (Trott & Olson, 2010). CDs were considered as 
flexible. Graphical representations of the docking results were prepared using PyMOL (Molecular 
GraphicsSystem, version 1.3, Schrödinger, LLC) with default parameters to display hydrogen bonds. 

 

2.2.7. Data analysis 

All experiments were carried out in triplicate with the exception of FTIR and TGA, which were carried out 
once. Regressions, a non-linear analysis and Graphics were made using Sigma-Plot (version 10.0.0.5). A t-test 
was carried out using Social Science Statistics website (https://www.socscistatistics.com/) with a significance 
of P < 0.05. Other mathematical operations were carried out using wxMaxima (version 12.04.0). 

 

3. Results and discussion 

3.1. Determination of the encapsulation constants between KNYA and different CDs 

In order to calculate the KF with several CDs, we selected HPβ-CD as our first candidate. KYNA presents 
different keto-enol tautomerism, however the enol form of KYNA is predominant in aqueous solutions at low 
temperature (Pogoda et al., 2019) so, the presence of others was not consider. Different tubes were prepared 
with increasing concentrations of HPβ-CD and 2 mg/mL of KYNA and mixed for 24 h. The increase in solubility 
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of KYNA was in Fig. 1B showing a linear regression, which was used to obtain the slope for the KF calculation 
using eq. (3), with a value of 270.94 ± 29.80 M−1. 

 

3.1.1. Evaluation of different CDs for the optimum encapsulation of KYNA 

Different natural (α- and β-, with GRAS status and approved food additives, due to the size of the molecule 
and the cavity of γ-CD it was not considered) and modified (HPβ-CD and Mβ-CD, useful excipients which 
present methyl or 2-hydroxypropyl radicals) were used in order to increase the number of CDs evaluated, 
the results of which (Table 1) showed great variability. 

 

Table 1. KF vals, SD and docking scores of different CD/KYNA inclusion complexes. 

Type of CD HPβ-CD β-CD Mβ-CD α-CD 

KF (M−1) 270.94 204.52 145.27 15.05 

SD (±) 29.80 22.50 15.98 1.66 

Docking Score −7.20 −6.60 −6.10 −5.80 

 

The highest KF value (KF = 270.94 ± 29.80 M−1) was for HPβ-CD, followed by β-CD (KF = 204.52 ± 22.50 M−1), 
Mβ-CD (KF = 145.27 ± 15.98 M−1) and, finally, α-CD (KF = 15.05 ± 1.66 M−1). As the results show, the inner 
cavity of β-CD: (6.0–6.4 Å) fitted KNYA better than α-CD: (4.7–5.2 Å). 

 

For this reason, β-CD and their derivatives HPβ-CD and Mβ-CD were considered the most interesting CD to 
continue the investigation. In Table 1 it is observed that HPβ-CD showed the highest KF value, followed by 
natural β-CD. It seems that the extra polarity of the substituent enhance the KYNA complexation; indeed, 
Mβ-CD obtained less KF than β-CD. The differences observed in the KF value for the complexes with modified 
CDs could be due to the different hydrophobic nature due to the substituents, the one bearing the methyl or 
hydroxypropyl groups), as occurs with other molecules (Matencio et al., 2016, Matencio et al., 2019, 
Matencio et al., 2017a). Additionally, these results were corroborated using a t-test (P < 0.05), showing 
significative differences between the KF values. For this reason, HPβ-CD was chosen as host CD for the 
following sections of the paper. 

 

3.2. Effect of pH on the complexation of KYNA by HPβ-CD 

The pH of the medium could affect the activity and stability of molecules, being an important factor to 
consider. Depending on the product (e.g. juice or milk), the stability of the complexes may be different 
(Matencio, Navarro-Orcajada, Conesa, et al., 2020). Indeed, several authors have shown that the protonation 
state has a great influence on the encapsulation constants (López-Nicolás et al., 2009, Matencio et al., 2017b, 
Samuelsen et al., 2020). Fig. 2A shows a substantial influence of KF on pH, passing from an average value of 
1384 ± 73 M−1 (when the medium pH is between 2.5 and 3) to about 220 ± 103 M−1 (when the medium pH is 
between 3.5 and 4.5), possibly by the titration of a ionizable group. These results suggest that the 
introduction of this bioactive compound is some food matrixes such as juice (pH around 3–5.5) or soft drinks 
would be improved in presence of CDs (Matencio, Navarro-Orcajada, Conesa, et al., 2020). 
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Fig. 2. (A) Effect of different pH values on KF values (25 °C). (B) Effect of different temperatures (5, 25, 37 and 
45 °C) on KF values (pH 3). (C) Van’t Hoff plot of temperature data. 

 

The same effect has been described with other molecules when the effect of pH is studied (López-Nicolás et 
al., 2009, Matencio et al., 2017, Matencio et al., 2020). Indeed, the decrease in the KF value coincides with 
the region where the KNYA begins deprotonation of its acid group (pKa = 3.17, drugbank). The possible 
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formation of some hydrogen bond between KNYA and the hydrophilic part of CD at pH values above the pka 
(3.17) may justify the dependence, because hydrogen bonding is one of the most important types of 
interaction in the stabilization of inclusion complexes (Bru et al., 1996, Saenger, 1980). Moreover, making 
the second derivatives (data not shown) to a polynomial fit (Matencio et al., 2016) an apparent pKa of 3.37 
was obtained, very close to the reported value. The fact that the complexes between HPβ-CD and the 
protonated form of KYNA were more stable at acid pHs might be of great interest for the food industry, 
because the protonated form of molecules, which is usually less soluble, presents different properties such 
as antioxidant capacity (Lemańska et al., 2001, Rodríguez-Bonilla et al., 2017) and CDs are able to increase 
the total quantity of antioxidant increasing the total capacity of the solution (Matencio, Navarro-Orcajada, 
Conesa, et al., 2020). 

 

3.3. Effect of temperature on the complexation of KYNA by HPβ-CD 

Different results can be obtained for the effect of temperature on the inclusion complex formation. Normally, 
inclusion complexes are less stable at high temperatures (Armstrong et al., 1987, Matencio et al., 2017, 
Saenger, 1980). However, the encapsulation of some polyunsaturated fatty acids by CDs is favoured by an 
increase in temperature (López-Nicolás et al., 1995, Matencio et al., 2017a). For this reason, the next step 
was to study the effect of temperature on the KF values for the complex interactions at four different 
temperatures: 5, 25, 37 and 45 °C at pH 3, where the value KF were large enough to detect changes. 

 

As shown in Fig. 2B, an increase in temperature led to a strong decrease in the encapsulation constant values, 
while the intrinsic solubility of KYNA was increased in the range tested (supplementary Fig. 1). One of the 
most important interaction between a CD and a guess, hydrogen bonds are usually weakened by heating. 
This fact, with the increase in the intrinsic solubility, could be a possible explanation to this effect (Matencio 
et al., 2016). 

 

3.4. Thermodynamic parameters for the HPβ-CD/KYNA complexation 

The complexation of KNYA by HPβ-CD produces some changes in the thermodynamic parameters (ΔH°, ΔS° 
and ΔG° at 25 °C), so these parameters were obtained to gain information on mechanistic aspects of the 
affinity. Fig. 2C shows that the ln KF vs 1/T plot is linear, with a correlation coefficient higher than 0.97. From 
these data, different conclusions may be obtained: 

 

During the complexation, the entropy undergoes negative changes (-73.28 ± 6.66 J mol-1K−1). This can be 
because i) a decrease in the translational and rotational degrees of freedom of the complexed KYNA, leading 
to more ordered system and ii) the complexation decreases the number of species in solution. 

 

Moreover, the exothermic nature (-39.42 ± 1.95 kJ mol−1) is typical of hydrophobic interactions (e.g. van der 
Waals), due to i) the displacement of water molecules from the cavity of HPβ-CD and ii) the formation of 
hydrogen bonds and other interactions (Ravelet et al., 2002). Indeed, an exothermic nature in the exothermic 
formation is a common situation (Schönbeck & Holm, 2019). Concerning the spontaneity of the encapsulation 
process, our data show that the inclusion process is spontaneous (–17.24 ± 0.87 kJ mol−1). 

 

3.5. Characterization of HPβ-CD/KYNA inclusion complexs: FTIR and TGA studies 

The next step was to characterize our novel inclusion complex. After obtaining the lyophilized, FTIR analysis 
was carried out (Fig. 3A), the characteristic peaks of KYNA (Dhakar et al., 2019) at, for example, 3095 cm−1 (-
Nsingle bondH stretching) or 1660 cm−1 (-Cdouble bondC stretching) disappeared, indicating the interaction 
of HPβ-CD with KYNA like occurred with CD-based nanosponges (Dhakar et al., 2019). Moreover, the physical 
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mixture showed several peaks of KYNA that were not found in the inclusion complex. In addition, the ratio 
between 1150 cm−1 (C-OH stretching) and 1024 (Csingle bondH) is increased from 2.5 for HPβ-CD to 2.69 
when the inclusion complex is formed. 

 

 

 

Fig. 3. (A) FTIR spectrum of KYNA, HPβ-CD, physical mixture and the inclusion complex. Indicated, the KYNA 
peaks in the physical mixture. (B) TGA results of KYNA, HPβ-CD, physical mixture and the inclusion complex. 
Arrow: the degradation of KYNA in the physical mixture. 

 

Additionally, TGA studies were carried out (Fig. 3B). While HPβ-CD presented a degradation step at 341 °C 
(starting degradation at 278 °C), the presence of KYNA in the inclusion complex reduce the temperature to 
335 °C (starting degradation at 269 °C), possibly to the presence of the degradation steps of KYNA at 275 and 
307 °C. Moreover, the physical mixture showed the combinatorial degradation of KYNA and HPβ-CD 
separately, which is homogeneous with inclusion complex formation. On the other hand, there is a mass 
reduction of 95% in HPβ-CD, in comparison with the inclusion complex (91%). Such observations lend weight 
to the complexation. 

 

3.6. Molecular docking of the CD/ KYNA complexes 

To better understand how KYNA interacts with CDs, a good approximation are docking simulations (Abril-
Sánchez et al., 2019, Tao et al., 2020, Vázquez et al., 2019). Table 1 shows that the docking scores were 
directly proportional to the KF values. This great ordination suggests that the simulated complexes get the 
essentials interactions between the host and the guest. 
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The poses obtained were analysed trying to get more details (Fig. 4). As regards the ring size of the different 
CDs, the weakest interaction corresponds to the complex with α-CD, as depicted in Fig. 4.A. Although it seems 
to fit well, the inner cavity might be not optimal for KNYA complexation. In general terms, the stability of the 
complexation increases with β-CD and its derivatives Mβ-CD, HPβ-CD (Figs. 4.B, 4.C and 4.D). 

 

 

Fig. 4. Molecular docking poses of KNYA for (A) α-CD, (B) β-CD, (C) Mβ-CD and (D) HPβ-CD inclusion 
complexes. In yellow, hydrogen bonds. Flexible parts of CDs are indicated in orange. 

 

For CDs with seven sugar rings, the most stable combination corresponds to HPβ-CD followed by the natural 
β-CD and the derivative HPβ-CD, though Mβ-CD was lower than β-CD. The Mβ-CD complex has fewer 
hydrogen bonds than the β-CD complex, which might explain the lower KF obtained. In the case of HPβ-CD, 
although it presents less polar interactions, the reason of the higher stability could be due to the additional 
accommodation that KYNA finds between the substituents, as well as the increased polarity of the CD 
(curiously, the extra hydrophobicity of methyl substituent decreases the values of KF and the score). 

 

4. Conclusions 

In the present study, we studied the complexation of KYNA in several CDs to obtain a possible carrier for 
functional foods. Between all the CDs tested, HPβ-CD and β-CD presented the best KF values (270.94 ± 29.80 
M−1 and 204.52 ± 22.50 M−1 respectively). HPβ-CD/KYNA inclusion complex was selected as model for the 
remaining study. The effect of pH demonstrated a decrease of KF value at high pH values due to the pKa of 
the molecule. In similar way, the increase of temperature decreased the value of KF. The thermodynamic 
parameters demonstrated that the encapsulation is exothermic (-31.42 ± 1.57 kJ mol−1), with negative 
entropy (-46.63 ± 2.33 J mol−1 K−1) and endergonic at 25 °C (–17.52 ± 0.87 kJ mol−1). The inclusion complex 
was confirmed using FTIR and TGA, where the characteristic peaks of KYNA disappeared after inclusion 
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complex formation. A computational study carried out using molecular docking calculations showing 
essential details about complexation. The findings represent a new opportunity to obtain results that support 
the use of KYNA as an ingredient of new foods. 

 

Credit authorship contribution statement 

Adrián Matencio: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing - 
original draft, Visualization. Fabrizio Caldera: Methodology, Validation, Formal analysis, Writing - review & 
editing. Alberto Rubin-Pedrazzo: Conceptualization, Methodology, Validation, Formal analysis. Yousef 
Khazaei Monfared: Conceptualization, Validation. Nilesh Kumar-Dhakar: Conceptualization, Validation. 
Francesco Trotta: Conceptualization, Resources, Writing - review & editing, Formal analysis, Supervision, 
Project administration, Funding acquisition. 

 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that 
could have appeared to influence the work reported in this paper. 

 

Acknowledgements 

This work is the result of an aid to postdoctoral training and improvement abroad (for Adrián Matencio, 
number 21229/PD/19) financed by the Fundación Séneca (Región de Murcia, Spain). 

 

References 

Abril-Sánchez, A. Matencio, S. Navarro-Orcajada, F. García-Carmona, J.M. López-Nicolás, Evaluation of the 

properties of the essential oil citronellal nanoencapsulated by cyclodextrins, Chemistry and Physics of Lipids, 

219 (2019), pp. 72-78, 10.1016/j.chemphyslip.2019.02.001 

D.W. Armstrong, S.M. Han, Y.I. Han, Separation of optical isomers of scopolamine, cocaine, homatropine, 

and atropine, Analytical Biochemistry, 167 (2) (1987), pp. 261-264, 10.1016/0003-2697(87)90161-8 

G. Astray, J.C. Mejuto, J. Simal-Gandara, Latest developments in the application of cyclodextrin host-guest 

complexes in beverage technology processes, Food Hydrocolloids, 106 (2020), p. 105882, 

10.1016/j.foodhyd.2020.105882 

R. Bru, J.M. López-Nicolás, E. Núñez-Delicado, D. Nortes-Ruipérez, A. Sánchez-Ferrer, F. Garciá-Carmona, 

Cyclodextrins as hosts for poorly water-soluble compounds in enzyme catalysis, Applied Biochemistry and 

Biotechnology, 61 (1–2) (1996), pp. 189-198, 10.1007/BF02785701 

S. Campesan, E. Green, C. Breda, K. Sathyasaikumar, P. Muchowski, R. Schwarcz, et al., The Kynurenine 

Pathway Modulates Neurodegeneration in a Drosophila Model of Huntington’s Disease, Current Biology, 21 

(11) (2011), pp. 961-966, 10.1016/j.cub.2011.04.028 

Connors KA, H. T. (1965). Phase solubility techniques. Advances in Analytical Chemistry and Instrumentation, 

4, 117–210. 

Nilesh K. Dhakar, F. Caldera, F. Bessone, C. Cecone, A.R. Pedrazzo, R. Cavalli, C. Dianzani, F. Trotta, Evaluation 

of solubility enhancement, antioxidant activity, and cytotoxicity studies of kynurenic acid loaded cyclodextrin 

nanosponge, Carbohydrate Polymers, 224 (2019), p. 115168, 10.1016/j.carbpol.2019.115168 



11 
 

Nilesh Kumar Dhakar, A. Matencio, F. Caldera, M. Argenziano, R. Cavalli, C. Dianzani, M. Zanetti, J.M. López-

Nicolás, F. Trotta, Comparative evaluation of solubility, cytotoxicity and photostability studies of resveratrol 

and oxyresveratrol loaded nanosponges, Pharmaceutics, 11 (10) (2019), p. 545, 

10.3390/pharmaceutics11100545 

H. Erabi, G. Okada, C. Shibasaki, D. Setoyama, D. Kang, M. Takamura, et al., Kynurenic acid is a potential 

overlapped biomarker between diagnosis and treatment response for depression from metabolome analysis, 

Scientific Reports, 10 (1) (2020), 10.1038/s41598-020-73918-z 

É. Fenyvesi, M. Vikmon, L. Szente, Cyclodextrins in food technology and human nutrition: Benefits and 

limitations, Critical Reviews in Food Science and Nutrition, 56 (12) (2016), pp. 1981-2004, 

10.1080/10408398.2013.809513 

V. Hornok, Á. Juhász, G. Paragi, A.N. Kovács, E. Csapó, Thermodynamic and kinetic insights into the interaction 

of kynurenic acid with human serum albumin: Spectroscopic and calorimetric approaches, Journal of 

Molecular Liquids, 313 (2020), p. 112869, 10.1016/j.molliq.2020.112869 

P. Jansook, N. Ogawa, T. Loftsson, Cyclodextrins: Structure, physicochemical properties and pharmaceutical 

applications, International Journal of Pharmaceutics, 535 (1) (2018), pp. 272-284, 

10.1016/j.ijpharm.2017.11.018 

I. Krabicová, S.L. Appleton, M. Tannous, G. Hoti, F. Caldera, A. Rubin Pedrazzo, et al., History of Cyclodextrin 

Nanosponges, Polymers, 12 (5) (2020), p. 1122, 10.3390/polym12051122 

H.P. Lei, K.R. Zhang, J. Wang, H. Zhang, Q.L. Shi, F.H. Ge, Q.B. Han, Nanoparticle formation of puerarin-beta-

cyclodextrin inclusion complex using SEDS: dissolution enhancement, Indian Journal of Pharmaceutical 

Sciences, 81 (4) (2019), 10.36468/pharmaceutical-sciences10.36468/pharmaceutical-sciences.550 

K. Lemańska, H. Szymusiak, B. Tyrakowska, R. Zieliński, A.E.M.F. Soffers, I.M.C.M. Rietjens, The influence of 

pH on antioxidant properties and the mechanism of antioxidant action of hydroxyflavones, Free Radical 

Biology and Medicine, 31 (7) (2001), pp. 869-881, 10.1016/S0891-5849(01)00638-4 

J.M. López-Nicolás, R. Bru, A. Sánchez-Ferrer, F. García-Carmona, Use of “soluble lipids” for biochemical 

processes: Linoleic acid-cyclodextrin inclusion complexes in aqueous solutions, Biochemistry Journal, 308 (1) 

(1995), pp. 151-154 

José Manuel López-Nicolás, P. Rodríguez-Bonilla, F. García-Carmona, Complexation of pinosylvin, an analogue 

of resveratrol with high antifungal and antimicrobial activity, by different types of cyclodextrins, Journal of 

Agricultural and Food Chemistry, 57 (21) (2009), pp. 10175-10180, 10.1021/jf902519d 

José Manuel López-Nicolás, P. Rodríguez-Bonilla, L. Méndez-Cazorla, F. García-Carmona, Physicochemical 

study of the complexation of pterostilbene by natural and modified cyclodextrins, Journal of Agricultural and 

Food Chemistry, 57 (12) (2009), pp. 5294-5300, 10.1021/jf900285e 

R. Lugo-Huitrón, T. Blanco-Ayala, P. Ugalde-Muñiz, P. Carrillo-Mora, J. Pedraza-Chaverrí, D. Silva-Adaya, et 

al., On the antioxidant properties of kynurenic acid: Free radical scavenging activity and inhibition of oxidative 

stress, Neurotoxicology and Teratology, 33 (5) (2011), pp. 538-547, 10.1016/j.ntt.2011.07.002 

J. Małaczewska, A.K. Siwicki, R.M. Wójcik, E. Kaczorek, W.A. Turski, Effect of oral administration of kynurenic 

acid on the activity of the peripheral blood leukocytes in mice, Central-European Journal of Immunology, 39 

(1) (2014), pp. 6-13, 10.5114/ceji.2014.42115 



12 
 

A. Matencio, M.A. Alcaráz-Gómez, F. García-Carmona, B. Arias, J.M. López-Nicolás, Application of a simple 

methodology to analyze Hydroxypropyl-β-Cyclodextrin in urine using HPLC–LS in early Niemann-Pick disease 

type C patient, Journal of Chromatography B, 1093–1094 (2018), pp. 47-51, 10.1016/j.jchromb.2018.06.051 

A. Matencio, M.J. Bermejo‐Gimeno, F. García‐Carmona, J.M. López‐Nicolás, Separating and identifying the 

four stereoisomers of methyl jasmonate by RP-HPLC and using cyclodextrins in a novel way, Phytochemical 

Analysis, 28 (3) (2017), pp. 151-158, 10.1002/pca.v28.310.1002/pca.2654 

A. Matencio, F. Caldera, C. Cecone, J.M. López-Nicolás, F. Trotta, Cyclic oligosaccharides as active drugs, an 

updated review, Pharmaceuticals, 13 (10) (2020), p. 281, 10.3390/ph13100281 

A. Matencio, N.K. Dhakar, F. Bessone, G. Musso, R. Cavalli, C. Dianzani, et al., Study of oxyresveratrol 

complexes with insoluble cyclodextrin based nanosponges: Developing a novel way to obtain their 

complexation constants and application in an anticancer study, Carbohydrate Polymers, 231 (2020), p. 

115763, 10.1016/j.carbpol.2019.115763 

A. Matencio, F. García-Carmona, J.M. López-Nicolás, Encapsulation of piceatannol, a naturally occurring 

hydroxylated analogue of resveratrol, by natural and modified cyclodextrins, Food & Function, 7 (5) (2016), 

pp. 2367-2373, 10.1039/c6fo00557h 

A. Matencio, F. García-Carmona, J.M. López-Nicolás, Aggregation of t10, c12 conjugated linoleic Acid in 

presence of natural and modified cyclodextrins. A physicochemical, thermal and computational analysis, 

Chemistry and Physics of Lipids, 204 (2017), pp. 57-64, 10.1016/j.chemphyslip.2017.03.008 

A. Matencio, F. García-Carmona, J.M. López-Nicolás, The inclusion complex of oxyresveratrol in modified 

cyclodextrins: A thermodynamic, structural, physicochemical, fluorescent and computational study, Food 

Chemistry, 232 (2017), pp. 177-184, 10.1016/j.foodchem.2017.04.027 

A. Matencio, M.A. Guerrero-Rubio, F. Gandía-Herrero, F. García-Carmona, J.M. López-Nicolás, Nanoparticles 

of betalamic acid derivatives with cyclodextrins. Physicochemistry, production characterization and stability, 

Food Hydrocolloids, 110 (2021), p. 106176, 10.1016/j.foodhyd.2020.106176 

A. Matencio, S. Hernández-García, F. García-Carmona, J.M. López-Nicolás, A way to increase the 

bioaccesibility and photostability of roflumilast, a COPD Treatment, by Cyclodextrin Monomers, Polymers, 11 

(5) (2019), 10.3390/polym11050801 

A. Matencio, S. Hernández-García, F. García-Carmona, J. Manuel López-Nicolás, An integral study of 

cyclodextrins as solubility enhancers of α-methylstilbene, a resveratrol analogue, Food & Function, 8 (1) 

(2017), pp. 270-277, 10.1039/C6FO01677D 

A. Matencio, C.J.G. Hernández-Gil, F. García-Carmona, J.M. López-Nicolás, Physicochemical, thermal and 

computational study of the encapsulation of rumenic acid by natural and modified cyclodextrins, Food 

Chemistry, 216 (2017), pp. 289-295, 10.1016/j.foodchem.2016.08.023 

A. Matencio, S. Navarro-Orcajada, I. Conesa, I. Muñoz-Sánchez, L. Laveda-Cano, D. Cano-Yelo, et al., 

Evaluation of juice and milk “food models” fortified with oxyresveratrol and β-Cyclodextrin, Food 

Hydrocolloids, 98 (2020), p. 105250, 10.1016/j.foodhyd.2019.105250 

Matencio, A., Navarro-Orcajada, S., García-Carmona, F., & López-Nicolás, J. M. (2020). Applications of 

cyclodextrins in food science. A review. Trends in Food Science & Technology. doi: 10.1016/j.tifs.2020.08.009. 

A. Matencio, S. Navarro-Orcajada, F. García-Carmona, J. Manuel López-Nicolás, Ellagic acid–borax 

fluorescence interaction: Application for novel cyclodextrin-borax nanosensors for analyzing ellagic acid in 

food samples, Food & Function, 9 (7) (2018), pp. 3683-3687, 10.1039/C8FO00906F 



13 
 

A. Matencio, S. Navarro-Orcajada, A. González-Ramón, F. García-Carmona, J.M. López-Nicolás, Recent 

advances in the treatment of Niemann pick disease type C: A mini-review, International Journal of 

Pharmaceutics, 584 (2020), p. 119440, 10.1016/j.ijpharm.2020.119440 

Milart et al., 2019, P. Milart, P. Paluszkiewicz, P. Dobrowolski, E. Tomaszewska, K. Smolinska, I. Debinska, et 

al., Kynurenic acid as the neglected ingredient of commercial baby formulas, Scientific Reports, 9 (1) (2019), 

10.1038/s41598-019-42646-4 

H. Nerome, S. Machmudah, Wahyudiono, R. Fukuzato, T. Higashiura, Y.-S. Youn, et al., Nanoparticle 

formation of lycopene/β-cyclodextrin inclusion complex using supercritical antisolvent precipitation, The 

Journal of Supercritical Fluids, 83 (2013), pp. 97-103, 10.1016/j.supflu.2013.08.014 

D. Pogoda, J. Janczak, S. Pawlak, M. Zaworotko, V. Videnova-Adrabinska, Tautomeric polymorphism of the 

neuroactive inhibitor kynurenic acid, Acta Crystallographica Section C: Structural Chemistry, 75 (6) (2019), 

pp. 793-805, 10.1107/S2053229619005990 

C. Ravelet, A. Geze, A. Villet, C. Grosset, A. Ravel, D. Wouessidjewe, E. Peyrin, Chromatographic 

determination of the association constants between nimesulide and native and modified β-cyclodextrins, 

Journal of Pharmaceutical and Biomedical Analysis, 29 (3) (2002), pp. 425-430, 10.1016/S0731-

7085(02)00088-2 

P. Rodríguez-Bonilla, F. Gandía-Herrero, A. Matencio, F. García-Carmona, J.M. López-Nicolás, Comparative 

Study of the Antioxidant Capacity of Four Stilbenes Using ORAC, ABTS<Superscript> </Superscript>, and FRAP 

Techniques, Food Analytical Methods, 10 (9) (2017), pp. 2994-3000, 10.1007/s12161-017-0871-9 

Wolfram Saenger, Cyclodextrin Inclusion Compounds in Research and Industry, Angewandte Chemie 

International Edition in English, 19 (5) (1980), pp. 344-362, 10.1002/(ISSN)1521-

377310.1002/anie.v19:510.1002/anie.198003441 

Lisa Samuelsen, René Holm, Christian Schönbeck, Cyclodextrin binding constants as a function of pH for 

compounds with multiple pKa values, International Journal of Pharmaceutics, 585 (2020), p. 119493, 

10.1016/j.ijpharm.2020.119493 

C. Schönbeck, R. Holm, Exploring the origins of enthalpy-entropy compensation by calorimetric studies of 

cyclodextrin complexes, The Journal of Physical Chemistry B, 123 (31) (2019), pp. 6686-6693, 

10.1021/acs.jpcb.9b0339310.1021/acs.jpcb.9b03393.s001 

T.W. Stone, Development and therapeutic potential of kynurenic acid and kynurenine derivatives for 

neuroprotection, Trends in Pharmacological Sciences, 21 (4) (2000), pp. 149-154, 10.1016/S0165-

6147(00)01451-6 

L. Szente, J. Szejtli, Cyclodextrins as food ingredients, Trends in Food Science & Technology, 15 (3–4) (2004), 

pp. 137-142, 10.1016/j.tifs.2003.09.019 

X. Tao, Y. Huang, C. Wang, F. Chen, L. Yang, L. Ling, Z. Che, X. Chen, Recent developments in molecular docking 

technology applied in food science: A review, International Journal of Food Science & Technology, 55 (1) 

(2020), pp. 33-45, 10.1111/ijfs.v55.110.1111/ijfs.14325 

O. Trott, A.J. Olson, AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, 

efficient optimization, and multithreading, Journal of Computational Chemistry, 31 (2) (2010), pp. 455-461, 

10.1002/jcc.21334 

M.P. Turski, M. Turska, T. Kocki, W.A. Turski, P. Paluszkiewicz, Kynurenic acid content in selected culinary 

herbs and spices, Journal of Chemistry, 2015 (2015), pp. 1-6, 10.1155/2015/617571 



14 
 

M.P. Turski, M. Turska, P. Paluszkiewicz, J. Parada-Turska, G.F. Oxenkrug, Kynurenic acid in the digestive 

system—New facts, new challenges, International Journal of Tryptophan Research: IJTR, 6 (2013), pp. 47-55, 

10.4137/IJTR.S12536 

M.P. Turski, M. Turska, W. Zgrajka, D. Kuc, W.A. Turski, Presence of kynurenic acid in food and honeybee 

products, Amino Acids, 36 (1) (2009), pp. 75-80, 10.1007/s00726-008-0031-z 

N. Varga, E. Csapó, Z. Majláth, I. Ilisz, I.A. Krizbai, I. Wilhelm, et al., Targeting of the kynurenic acid across the 

blood–brain barrier by core-shell nanoparticles, European Journal of Pharmaceutical Sciences, 86 (2016), pp. 

67-74, 10.1016/j.ejps.2016.02.012 

M.B. Vázquez, A. Matencio, F. García-Carmona, J.M. López-Nicolás, Nanoencapsulation as fluorescence 

enhancer of vitamin L1 (anthranilic acid). An exhaustive study, Food Hydrocolloids, 91 (2019), pp. 198-203, 

10.1016/j.foodhyd.2019.01.008 


