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Introduction

Meta-tetrakis(3-hydroxyphenyl)chlorin (mTHPC, temoporfin) is one of the most potent clinically approved photosensitizer (PS) for the photodynamic therapy (PDT) of head and neck cancers [START_REF] Senge | mTHPC A drug on its way from second to third generation photosensitizer?[END_REF]2]. mTHPC molecules are highly hydrophobic and are prone to aggregation in biological media, resulting in decreased photodynamic efficacy, moderate selectivity and prolonged skin photosensitivity [START_REF] Senge | mTHPC A drug on its way from second to third generation photosensitizer?[END_REF][START_REF] Kachatkou | Unusual photoinduced response of mTHPC liposomal formulation (Foslip)[END_REF].

Various attempts are being made to use special drug delivery and formulations of mTHPC in order to prevent aggregation and improve its pharmacokinetic properties. The use of several nanosized systems for mTHPC delivery (liposomes, polymeric vesicles, dendrimers etc.) demonstrated a significant improvement in its bioavailability, biodistribution and photosensitizing activity.

Cyclic oligosaccharides such as -cyclodextrins ( -CDs) are promising delivery systems for different nonpolar drugs including aryl-substituted porphyrin PSs [ 4 7]. It was reported, that -CDs readily interact with mTHPC incorporating drug molecule or its part in the inner hydrophobic cavity [8].

The formation of inclusion complexes increases mTHPC solubilization and recovers its photophysical potent potent constants; aggregation constants; aggregation hydroxyphenyl)chlorin hydroxyphenyl)chlorin (mTHPC, te (mTHPC, te for the for the photodynamic therapy (PDT) of photodynamic therapy (PDT) of highly hydrophobic and are prone to aggregation highly hydrophobic and are prone to aggregation photodynamic photodynamic efficacy efficacy, moderate selectivity and , moderate selectivity and arious attempts are being made to use special arious attempts are being made to use special prevent aggregation prevent aggregation and improve and improve for mTHPC delivery (liposomes, polymeric vesicles, dendrimers etc.) demonstrated a significant for mTHPC delivery (liposomes, polymeric vesicles, dendrimers etc.) demonstrated a significant improvement in its bioavailability, biodistribution and photosensitizing activi improvement in its bioavailability, biodistribution and photosensitizing activi Cyclic Cyclic properties. According to our recent study, -CDs significantly modify in vitro and in vivo biodistribution of mTHPC, in particular inhibiting mTHPC aggregation and hence accelerating PS transportation by serum proteins, ultimately increasing PS accumulation at the target sites [START_REF] Yankovsky | -cyclodextrin derivatives alters photodynamic activity and biodistribution of meta-tetra(hydroxyphenyl)chlorin[END_REF]9]. However, despite the growing amount of information on the interaction of porphyrins and other dyes with -CDs, a detailed study unravelling the molecular bases of the host-guest complex formation in the context of PS pharmacokinetics alteration is still missing. It is obvious that the ability of cyclodextrins to favorably alter PS biodistribution is mainly determined by the values of their association constants [START_REF] Yankovsky | -cyclodextrin derivatives alters photodynamic activity and biodistribution of meta-tetra(hydroxyphenyl)chlorin[END_REF][START_REF] Yakavets | Soret band shape indicates mTHPC -cyclodextrins and serum proteins[END_REF]11].

The complex formation of mTHPC with 2-hydroxypropyl--cyclodextrin (HP--CD) and random methyl--cyclodextrin (Me--CD) was reported earlier [8,[START_REF] Desroches | A direct sensitized fluorimetric determination of5,10,15,20-tetra(m-hydroxyphenyl)chlorin [m-THPC(Foscan)®] in human plasma using a cyclodextrin inclusion complex[END_REF][START_REF] Bautista-Sanchez | Photophysical properties of glucoconjugated chlorins and porphyrins and their associations with cyclodextrins[END_REF], however the results were rather contradictionary. The interaction of heptakis(2,3,6-tri-O-methyl)--cyclodextrin (TM--CD) with mTHPC was not studied yet, still it would be of big interest since as was pointed out by [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF] [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF], a highly hydroph -CD could enhance the affinity to aryl-porphyrins. In this respect, the determination of exact binding constants is of fundamental value allowing the rationalization and prediction of -CDs effects on drug distribution in complex biological systems.

The present work aims to estimate the association constants between mTHPC and several -CD derivatives (Scheme 1) taking into account the impact of physical-chemical factors including porphyrins aggregation. We used Induced Circular Dichroism (ICD) and fluorescence techniques to assess the -CDs, with the successive analysis of the results by a rather complex nonlinear mathematical model.
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Scheme 1. Molecular structures of (A) mTHPC and (B -CD derivatives. The degree of substitution (DS) is given by the m values, reported in the experimental section.
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The photosensitizer mTHPC was kindly provided by biolitec research GmbH (Jena, Germany) with The photosensitizer mTHPC was kindly provided by biolitec research GmbH (Jena, Germany) with the purity the purity > 99 99 %. The cyclodextrins Me %. The cyclodextrins Me TM--CD (purity > 98 CD (purity > 98 1380 1380 Da Da) were purchased from AraChem (Tilburg, the ) were purchased from AraChem (Tilburg, the solution and the extinction coefficients were estimated by means of a spectrophotometric method using molar extinction coef cient of 30,000 M 1 cm 1 at 650 nm in ethanol [START_REF] Bonnett | Photophysical properties of 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (m-THPP), 5,10,15,20-tetrakis(mhydroxyphenyl)chlorin (m-THPC) and 5,10,15,20-tetrakis(m-hydroxyphenyl)bacteriochlorin (m-THPBC): a comparative study[END_REF].

Inclusion

-CDs and mTHPC were formed using the co-precipitation method reported in details in [START_REF] Del | Cyclodextrins and their uses: a review[END_REF]. Briefly, stock ethanol solution of mTHPC (1 -CDs dissolved in DPBS (pH 7.4) at 4 °C at the required concentrations. The final content of ethanol in the -CD solutions did not exceed 0.5 %. The solution was thoroughly mixed for 15 min under magnetic stirring and was recorded after at least 2 hours of incubation.

Spectroscopic measurements

The absorption spectra were measured on Solar PV1251 (Solar, Belarus) spectrophotometer using 1 cm optical path quartz cuvettes. Fluorescent measurements were performed on Solar CM 2303 (Solar, stirring. ICD spectra were recorded on a Chirascan-plus qCD (Applied Photophysics Limited, Surrey, United Kingdom) also equipped with thermostat cuvette compartment and magnetic stirring. The error in the wavelength measurements was estimated as ± 1 nm. All spectroscopic measurements were carried out in triplicate at room temperature (23-25 °C). Optical density of all samples did not exceed 0.4 a.u.

The fluorescence quantum yields of mTHPC in complexes were determined using mTHPC solution in methanol, regarded as standard (fluorescence quantum yield is equal to 0.089 [START_REF] Bonnett | Photophysical properties of 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (m-THPP), 5,10,15,20-tetrakis(mhydroxyphenyl)chlorin (m-THPC) and 5,10,15,20-tetrakis(m-hydroxyphenyl)bacteriochlorin (m-THPBC): a comparative study[END_REF]). The fluorescence was excited at 416 nm. The absolute error in quantum yields values was estimated as ± 0.01.

Mathematical fitting

The binding isotherms were fitted with a MATLAB software (The Math Works, USA), using mathematical binding models (Equation 1-4), which was previously described by Thordarson [START_REF] Thordarson | Determining association constants from titration experiments in supramolecular chemistry[END_REF]. For optimization of the fit conditions, iterations were carried out until the difference in the value of chisquare for successive iterations did not exceed 5 % of the previous value. The fluorescence quantum yields of mTHPC in complexes were determined using mTHPC solution The fluorescence quantum yields of mTHPC in complexes were determined using mTHPC solution , regarded as standard (fluorescence , regarded as standard (fluorescence was excited at 416 was excited at 416 nm. The absolute error in quantum yields values was estimated as ± nm. The absolute error in quantum yields values was estimated as ±
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Molecular modeling

Molecular dynamics simulations were conducted using the sander module of Amber14 [18]. mTHPC force field was specifically parameterized starting from the Generalized Amber Force Field (GAFF) approach, electrostatic point charges were obtained using the standard RESP procedure [START_REF] Junmei | How well does a restrained electrostatic potential (RESP) model perform in calculating conformational energies of organic and biological molecules?[END_REF]. The q4md- modified in a consistent way to take into account substitution at the OH groups of a native cyclodextrin.

Classical molecular dynamic simulations were performed at the constant pressure and temperature (NPT) ensemble (T = 300 K, P = 1 atm) for a 1:2 mTHPC:CD complex immersed in TIP3P water (about 18,000 molecules) [24]. [START_REF] Andrea | The role of long ranged forces in determining the structure and properties of liquid water[END_REF][START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF]. Periodic boundary conditions were used throughout the simulation, with long range electrostatics treated by means of the Particle Mesh Ewald (PME) expansion [START_REF] Essmann | A smooth particle mesh Ewald method[END_REF].

An equilibration along 500 ps in the NPT ensemble was performed, until reaching a box volume fluctuating around a value corresponding to a cubic box length of 80 Å ( 8 Å) and constant energy. We then carried out a simulation run for a total time of 10 ns using a time step of 1 fs. Coordinates were saved every ps for data analysis.

Absorption spectrum was obtained as the convolution of 100 snapshots randomly taken from the MD trajectory. A hybrid QM/MM approach was used with the QM partition constituted by the mTHPC chromophore while CD and water were represented at MM level. Excited state energies were calculated module of Amber14 module of Amber14 [18] [18]. mTHPC force field was specifically parameterized starting from the Generalized Amber Force Field (GAFF) force field was specifically parameterized starting from the Generalized Amber Force Field (GAFF) point charges were obtained using the standard RESP procedure point charges were obtained using the standard RESP procedure [19] [19] was used for heptakis (2,3,6 heptakis(2,3,6 This potential was developed based on the GLYCAM04 parameters This potential was developed based on the GLYCAM04 parameters modified in a consistent way to take into account substitution at the modified in a consistent way to take into account substitution at the Classical molecular dynamic simulations were performed Classical molecular dynamic simulations were performed atm) for a 1:2 mTHPC:CD complex immersed in TIP3P water (about atm) for a 1:2 mTHPC:CD complex immersed in TIP3P water (about the simulation, with long range electrostatics treated by means of the Particle Mesh Ewald (PME) the simulation, with long range electrostatics treated by means of the Particle Mesh Ewald (PME)

An equilibration along 500 An equilibration along 500 uctuating around a value corresponding to a cubic box length of 80 uctuating around a value corresponding to a cubic box length of 80 then carried out a simula then carried out a simula saved every ps for data analysis. saved every ps for data analysis.

at Time Dependent Density Functional Theory (TD-DFT) level using B3LYP as exchange-correlation functional and 6-31+G* basis set, a total of 20 excited states was calculated for each snapshot. QM/MM calculations have been performed by Terachem software interfaced with Amber [28].

Results

Spectral characteristics of mTHPC -CD complexes

The absorption and fluorescence spectra of mTHPC in buffer solution alone and in the presence of -CDs (Hp-, Me-, TM--CD) are shown in Figures 1 and2. The significant spectral changes upon the -CDs may be ascribed to mTHPC monomerization due to the formation of the inclusion complex. The modification of mTHPC spectral properties appeared to be -CD concentration--CD concentration (2 mM), no more modifications of mTHPC spectra were -CDs (100 % mTHPC loading) (data not shown). Thus, mTHPC spectral characteristics at this concentration of -CD could be directly related to the inherent features of inclusion complexes. 

2.2

Inclusion complexes binding parameters

Stoichiometry

In order to provide a reasonable mathematical model describing the complex formation from a thermodynamic and kinetic point of view, and in particular to provide the binding constants, it is essential to know the inclusion complex stoichiometry. To determine the stoichiometry of the inclusion complexes, we a [START_REF] Likussar | Theory of continuous variations plots and a new method for spectrophotometric determination of extraction and formation constants[END_REF]. In this case, the normalized mTHPC fluorescence intensity, which is directly related to the concentration of the complex, was measured and then plotted as a function of mTHPC molar fraction (Figure 4). For all studied -CDs, the maximum fluorescence intensity is detected at the mTHPC molar fraction of 0.30-0.35 indicating that the most probable mTHPC: -CD stoichiometric ratio would be 1:2.

( (1 1 µM µM) ) in D D -CD CD (red). (red).

binding parameters binding parameters

In order to provide a reasonable mathematical model d In order to provide a reasonable mathematical model d thermodynamic and kinetic point of view, and in particular to provide the binding constants, it is thermodynamic and kinetic point of view, and in particular to provide the binding constants, it is the inclusion complex stoichiometry. the inclusion complex stoichiometry. We performed classic molecular dynamics (MD) simulations of the 1:2 mTHPC:TM--CD complex to assess its persistence and evaluate the steric aspects related to its conformation (Figure 5). Indeed, the 1:2 complex was stable all along the MD simulation experiencing very limited variation in the root mean square deviation compared to the starting structure. In addition, the distance between the centers of mass of TM--CD molecules stays close to 11.3 Å during the MD simulation (Figure 5D). As shown in Figures 5 (A-C) a tri-molecular 1:2 complex is needed to perfectly accommodate the hydrophobic mTHPC porphyrin moiety inside the TM-particular steric clashes, while probably constraining the peripheral mTHPC phenyl groups rotation. In addition, the calculated hybrid quantum mechanics/molecular mechanics (QM/MM) absorption spectrum of the mTHPC/ -CD complex also matches the experimental results with a reasonable accuracy, further confirming the nature of the complex (Figure 5E). to assess its persistence and evaluate the to assess its persistence and evaluate the steric steric complex was stable all along the MD simulation experiencing very limited variation in the root mean complex was stable all along the MD simulation experiencing very limited variation in the root mean square deviation compared to the starting structure. In addition, the distance between the centers of mass square deviation compared to the starting structure. In addition, the distance between the centers of mass CD molecules CD molecules stays close to 11.3

Figures Figures 5 5 ( (A A--C) a tri C) a tri mTHPC porphyrin moiety inside the TM mTHPC porphyrin moiety inside the TM particular steric clash particular steric clash ). Moreover, we considered the dependence of free -CD on the (see experimental section; Equation 4), according to a previously described protocol [START_REF] Thordarson | Determining association constants from titration experiments in supramolecular chemistry[END_REF]. To assess the appropriateness and robustness of our fitting, we considered the adjusted coefficient of determination (r 2 ).

CD. This fact can obviously be related to the higher affinity CD. This fact can obviously be related to the higher affinity

B&D B&D). ). To plot titration curves

To plot titration curves the ratio the ratio A = = spectrum maxima for each mTHPC/ spectrum maxima for each mTHPC/ that the shape and that the shape and the the position of binding isotherms are depending on the experimental technique depending on the experimental technique for both experimental techniques for both experimental techniques affinity to mTHPC affinity to mTHPC experimental isotherms experimental isotherms using using 3). For 3). For calculations we used the assumptions that mTHPC in buffer solution calculations we used the assumptions that mTHPC in buffer solution According to our calculations, the best agreement is achieved when complex formation is considered as proceeding by a two-step association mechanism (r 2 0.98), compared with one-step 1:1 (r 2 0.92) and 1:2 (r 2 Indeed, such model accounts for the simultaneous presence of sufficient amount of both 1:1 as well as 1:2 complexes and hence allow better reproducing of experimental results (Scheme 2). The calculated association constants K11 correspond to the association with one -CD and K12 represents the association with -CD.

-CD affinity in the case of such stepwise association, the geometrical mean of K11 and K12 constants, K = (K11×K12) 1/2 was used. According to the fluorescence data, the obtained K values were 4.5×10 4 M -1 , 3.0×10 5 M -1 and 5.6×10 6 M -1 for Hp-, Me-and TM--CD, respectively. On the contrary, when taking into account the apparent shift of ICD binding isotherms we obtain lower calculated K values (2.8×10 4 M -1 , 2.1×10 5 M -1 and 1.8×10 6 M -1 for Hp-, Me-and TM--CD, respectively) as compared to the those obtained from fluorescence curves. correspond to the association with one correspond to the association with one the case of such stepwise association, the geometrical mean of K the case of such stepwise association, the geometrical mean of K11 and K and K

According to the fluorescence data, the obtained K values were 4.5×10 According to the fluorescence data, the obtained K values were 4.5×10 respectively. On the contrary, when taking into account the respectively. On the contrary, when taking into account the we obtain lower we obtain lower and TM and TM---CD, , respectively) as respectively) as Scheme 2. Schematic representation of the stepwise complex -CDs.

The association constant K11 corresponds to 1:1 complex formation, while K12 is attributed to the association of 1:1 complex with the second -CD molecule.

Influence of mTHPC aggregation on apparent binding constants

It is worth noting that mTHPC is a highly hydrophobic compound and that self-aggregation of complexes association by decreasing the values of the apparent binding constants [START_REF] Hamelin | Does aggregation modulate the apparent association constant of host-guest complexes and related species?[END_REF]. The impact of the aggregation on the estimation of mTHPC -CDs binding constants is feasible by comparison of the binding isotherms obtained at different mTHPC concentrations. Figure 7A exhibits the dependence of the binding isotherms on mTHPC concentration for the Me--CD. Decreasing the mTHPC concentration shifts the titration curves towards left, i.e. towards the region of lower Me--CD concentrations, hence indicating an apparent increase of the -CD affinity to mTHPC. Similar results were also obtained for TM-and Hp--CD, or when using ICD titrations. However, the application of ICD technique is limited by mTHPC concentration of 1 M, while fluorescence technique allows analysing of binding isotherms at much lower concentrations thus reducing the impact of mTHPC aggregation.

1:1 complex formation, while 1:1 complex formation, while molecule molecule. .
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is worth noting that mTHPC is a highly hydrophobic compound and that self is worth noting that mTHPC is a highly hydrophobic compound and that self complexes association by decreasing the values of the apparent bindi complexes association by decreasing the values of the apparent bindi the aggregation on the estimation of mTHPC the aggregation on the estimation of mTHPC binding isotherms binding isotherms obtained obtained binding binding isotherms isotherms shifts shifts the the titration curves to titration curves to indicating an apparent increase indicating an apparent increase

The quantification of the impact of mTHPC aggregation on the apparent binding constants indeed shows that K11 value significantly depends on mTHPC concentration, while the changes of K12 were random and not significant (data not shown). Therefore, for further calculations we used an average value of K12 -estimate K11 values for various mTHPC concentrations (Table 1). According to our fitting data, K11 value increases with decreasing mTHPC concentration and plateaued at mTHPC concentration less than 10 nM mTHPC (Figure 7B).

Table 1.

binding constants of mTHPC and -CDs

K11, M -1 K12, M -1 K, M -1
Hp--CD 6. 1) were estimated by extrapolation of the curves presented in 

Discussion

In the present study we compared the mechanisms of interaction of mTHPC with -CD derivatives: Hp-, Me-and TM--CD. The focus of present study was the formation of -CDs -CDs affinity for mTHPC, taking into account selfaggregation of mTHPC.

According to the described spectral data (Figures 123), all studied cyclodextrins readily interact with mTHPC. The most dramatic mTHPC spectral changes induced by -CDs were observed for the relative quantum yield of fluorescence (Figure 2). A similar effect was also observed for other aryl-porphyrins cannot be used due to their sensitivity limits. Moreover, the generalized constants (K) were calculated as cannot be used due to their sensitivity limits. Moreover, the generalized constants (K) were calculated as -CD affinity CD affinity CD exhibits extremely high affinity CD exhibits extremely high affinity times less prone to bind times less prone to bind to emphasize the relationship between 1:1 and to emphasize the relationship between 1:1 and was estimated was estimated as as considering that it is impossible to distinguish between any of considering that it is impossible to distinguish between any of and was related to the chromophore monomerization due to the binding with the -CDs competing with self-aggregation [START_REF] Wu | Investigation on disassociation of porphyrin Jaggregates induc -cyclodextrins using absorption and fluorescence spectroscopy[END_REF]. For meta--CD derivatives the typical binding mode can be described as a deep penetration of the porphyrin phenyl rings into the secondary -CD, so that a part of the porphyrin moiety in its bound state is located -CD cavity and is separated from the external solution [8,[START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Mosinger | Host-guest complexes of anionic porphyrin sensitizers with cyclodextrins[END_REF]. Due to the shielding -CD molecule, the bound porphyrins are not able to form aggregates and hence are stable in monomeric state [START_REF] Wu | Investigation on disassociation of porphyrin Jaggregates induc -cyclodextrins using absorption and fluorescence spectroscopy[END_REF] Similarly, as shown by our data the -CDs to the aqueous mTHPC solution prevents PS aggregation, as confirmed by the corresponding changes of mTHPC spectral characteristics. Our proposed mechanism for the formation of inclusion complex is also fully consistent with the appearance of strong ICD effect as a result of the interaction of the optically inactive porphyrin with the chiral CD structure [START_REF]charged porphyrin sensitizers[END_REF][START_REF] Desroches | A direct sensitized fluorimetric determination of5,10,15,20-tetra(m-hydroxyphenyl)chlorin [m-THPC(Foscan)®] in human plasma using a cyclodextrin inclusion complex[END_REF][START_REF] Hamai | Electronic absorption, fluorescence, and circular dichroism spectroscopic studies on the inclusion complexes of tetrakis(4-sulfonatophenyl)porphyrin with cyclodextrins in basic aqueous solutions[END_REF][START_REF] Yakavets | Optical Methods for the Analysis of the Temoprofin Photosensitizer Distribution Between Serum Proteins and Methyl--Cyclodextrin Nanocarriers in Blood Serum[END_REF].

The alteration of the porphyrin microenvironment upon the complexation affects the photophysical properties of the PS, with the extent of spectroscopic response that depends on the type of lateral substituents [START_REF] Yakavets | Soret band shape indicates mTHPC -cyclodextrins and serum proteins[END_REF][START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Mosinger | Host-guest complexes of anionic porphyrin sensitizers with cyclodextrins[END_REF] -CD interaction with anionic and cationic aryl-porphyrins results in significant shifts of the Soret band well as in a strong change of the fluorescence emission band [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Mosinger | Host-guest complexes of anionic porphyrin sensitizers with cyclodextrins[END_REF][START_REF] Hamai | Electronic absorption, fluorescence, and circular dichroism spectroscopic studies on the inclusion complexes of tetrakis(4-sulfonatophenyl)porphyrin with cyclodextrins in basic aqueous solutions[END_REF]. On the contrary, when neutral mTHPC is bound to -CD cavity, only minor changes in the spectral signature are observed (Figures 12), most probably due to a less pronounced polarization of the electronic density. Thus, according to our studies, the amplitudes of both ICD and fluorescence emission appear to provide the most reliable tools to analyze the interaction of mTHPC with different -CDs (Figure 23).

The main quantitative parameters describing the mechanism of formation of the porphyrins/ -CD complexes are the stoichiometry and binding constants. The stoichiometry displays the number of molecules involved in the formation of the complex and determines the binding model, while binding constants reflect the affinity between the complexants [START_REF] Thordarson | Determining association constants from titration experiments in supramolecular chemistry[END_REF]. As was mentioned above, the association The main quantitative parameters describing the mechanism of formation of the porphyrins/ The main quantitative parameters describing the mechanism of formation of the porphyrins/ -CDs for one porphyrin due to steric restrictions. We confirmed the 1:2 -4). This is also in agreement with the results provided earlier and demonstrating that 1:2 is the most probable stoichiometry of Me-and Hp--CD complexes with mTHPC [8]. The 1:2 stoichiometric ratio was also confirmed by MD simulation of the mTHPC/TM--CD complex (Figure 5). It was shown, that TM--CDs molecules tightly interact with mTHPC influencing its conformation and hiding porphyrin molecule from polar solvent. The 1:2 was shown to be stable and persistent all along the MD -CDs moiety were also characterized as extremely stable.

-CDs inclusion complex also supposed the changes in the Soret band shape, observed in the experimental absorption spectra upon complexation with TM--CD (Figure 5E).

Taking into account the 1:2 stoichiometric ratio model, a two-step mechanism of complexation was postulated, and the corresponding binding constants have been estimated (Scheme 2). It is obvious, that the 1:2 stoichiometry should not be considered as absolute, and indeed the existence of a 1:1 complex should be taken into account as an intermediate species produced in the complex formation [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Thordarson | Determining association constants from titration experiments in supramolecular chemistry[END_REF]. The fitting of experimental data by the corresponding mathematical model, which was described in details by

Thordarson [START_REF] Thordarson | Determining association constants from titration experiments in supramolecular chemistry[END_REF] -CDs affinity to mTHPC (Figure 6). Both experimental techniques (ICD and fluorescence) demonstrated that TM--CD possesses higher affinity as compared to Me-and Hp--CD. The moderate deviations in the estimated values of the binding constants obtained from the analysis of ICD or fluorescence spectra may be attributed to the peculiarities of these two techniques. Indeed, while ICD responds to the structural changes induced by the inclusion of mTHPC molecule into the -CD cavity, the increase of fluorescence quantum yield is due to the inhibition of mTHPC self--CDs.

5). It was shown, that 5). It was shown, that g its conformation and hid g its conformation and hiding porphyrin porphyrin . The 1:2 complex was shown to be stable and persistent all along the . The 1:2 complex was shown to be stable and persistent all along the CDs moiety w CDs moiety were ere also characterized as also characterized as inclusion complex also supposed the changes in the Soret band shape, observed in the experimental inclusion complex also supposed the changes in the Soret band shape, observed in the experimental constants obtained from the analysis of constants obtained from the analysis of of these these two two -CDs without assuming mTHPC aggregation correlates well with similar data previously obtained for various cyclodextrins and mesotetraphenyl substituted porphyrins [START_REF] Bautista-Sanchez | Photophysical properties of glucoconjugated chlorins and porphyrins and their associations with cyclodextrins[END_REF][START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Mosinger | Host-guest complexes of anionic porphyrin sensitizers with cyclodextrins[END_REF][START_REF] Hamai | Electronic absorption, fluorescence, and circular dichroism spectroscopic studies on the inclusion complexes of tetrakis(4-sulfonatophenyl)porphyrin with cyclodextrins in basic aqueous solutions[END_REF]. Concerning mTHPC, there are several studies of -CD and mTHPC [8,[START_REF] Desroches | A direct sensitized fluorimetric determination of5,10,15,20-tetra(m-hydroxyphenyl)chlorin [m-THPC(Foscan)®] in human plasma using a cyclodextrin inclusion complex[END_REF][START_REF] Bautista-Sanchez | Photophysical properties of glucoconjugated chlorins and porphyrins and their associations with cyclodextrins[END_REF]]. In the earliest paper Me--CD affinity to mTHPC was lower than that for Hp--CD [8]. However, in further reports, they clarified the results using various experimental techniques and association models.

In the latest study on this subject, the authors reported binding constants values of 4.8×10 4 M -1 and 1.2×10 5 M -1 for Hp-and Me--CD to mTHPC (3 µM) respectively [START_REF] Bautista-Sanchez | Photophysical properties of glucoconjugated chlorins and porphyrins and their associations with cyclodextrins[END_REF]. Our estimations of K correlated well with these data and demonstrated the values of 4.5×10 4 M -1 , 3.0×10 5 M -1 and 5.6×10 6 M -1 for Hp-, Me-and TM--CD, respectively at mTHPC concentration of 3 µM.

Even though such data correlate well with the literature, in our opinion they are not sufficient to clearly -CDs to mTHPC and related compounds. Indeed, when the guest molecules tend to form aggregates, as it is the case for mTHPC, the competition between aggregation and the formation of the inclusion complexes should lead to changes in the binding isotherms and, as a consequence, to different apparent binding constants. Such effect for a one-step model complexation was theoretically analyzed by

Hammelin & Jullien (1997) [START_REF] Hamelin | Does aggregation modulate the apparent association constant of host-guest complexes and related species?[END_REF]. Following their considerations, a decrease in the guest concentration is accompanied by a shift in the equilibrium processes towards the formation of the inclusion complexes hence reducing the impact of the guest aggregation on the measured apparent binding constants. In our experiments, the decrease in the porphyrin concentration was accompanied by a growth of the apparent binding constants values with respect to all the studied -CDs (Figure 7). It should be noted that the enhanced apparent binding efficiency -CDs for diluted mTHPC solutions is mainly associated with an increase of the apparent binding constant value for the first -CD unit (K11), whereas the value of the binding constant of the second -CD molecule (K12) remains almost unchanged. Such a difference in the [8] [8]. However, i . However, i the results using various experimental techniques and association models. the results using various experimental techniques and association models.

, the authors reported binding constants values of 4.8×10 , the authors reported binding constants values of 4.8×10 [START_REF] Bautista-Sanchez | Photophysical properties of glucoconjugated chlorins and porphyrins and their associations with cyclodextrins[END_REF]. Our estimations of . Our estimations of , 3.0×10 , 3.0×10 5 5 M M -1 1 respectively at mTHPC concentration of 3 µM. respectively at mTHPC concentration of 3 µM.

Even though such data correlate well with the literature, in our opinion they are not sufficient to Even though such data correlate well with the literature, in our opinion they are not sufficient to when when the guest molecules the guest molecules the competition between aggregation and the formation of the competition between aggregation and the formation of binding binding isotherms and, as a consequ isotherms and, as a consequ for a one for a one Jullien (1997) Jullien (1997) [START_REF] Hamelin | Does aggregation modulate the apparent association constant of host-guest complexes and related species?[END_REF] TM--CD is characterized by the greatest affinity to mTHPC, the corrected K value for this cyclodextrin exceeds 10 7 M -1 . For Hp-and Me--CD the binding constants are equal to 1.1×10 5 M -1 and 7.1×10 5 M -1 respectively. It should be noted that such significant difference in the binding constants cannot be attributed to physical-chemical peculiarities such as solubility or aggregation of the cyclodextrins themselves. According to the work of Hammelin & Jullien (1997) [START_REF] Hamelin | Does aggregation modulate the apparent association constant of host-guest complexes and related species?[END_REF], a change in the properties of the host molecules should not modify the isotherms of the inclusion complexes formation.

Our data demonstrate that complete methylated derivative (TM--CD) possesses the highest affinity to mTHPC -CDs. According to the previous reports, the strong affinity of TM--CD to aryl-porphyrins is anticipated [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Carofiglio | Very strong binding and mode of complexation of water--cyclodextrin[END_REF][START_REF] Saenger | Cyclodextrin Inclusion Compounds in Research and Industry[END_REF]. The formation of inclusion complex deals with the conformation changes of both TM--CD and porphyrin molecules due to the optimization of intermolecular interactions [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF]. The co -CD contributes to the increase of -CD glucopyranose units [START_REF] Harata | ory of continuous variations plots and a new method for ory of continuous variations plots and a new method for spectrophotometric determination of extraction and formation constants[END_REF]39] -CDs exhibit highly hydrophobic cavity leading to the deeper encapsulation of mTHPC as well as stronger interaction with mTHPC phenol substitutes limiting the peripheral mTHPC phenyl groups rotation [START_REF] Kano | Static and Dynamic Behavior of 2:1 Inclusion Complexes of Cyclodextrins and Charged Porphyrins in Aqueous Organic Media[END_REF][START_REF] Saenger | Cyclodextrin Inclusion Compounds in Research and Industry[END_REF]. Similar features of inclusion association were demonstrated during the MD calculation of mTHPC/TM--CD complex. In the case of Hp--CD, long hydroxypropyl chains prevent rapprochement of mTHPC and Hp--CD molecules, significantly decreasing affinity compared with methylated -CD derivatives.

constants in the range of the smallest constants in the range of the smallest --CDs to the PS. CDs to the PS.

is characterized by the greatest affinity to mTHPC, the corrected K value for this cyclodextrin is characterized by the greatest affinity to mTHPC, the corrected K value for this cyclodextrin the binding constants are equal to 1.1×10 the binding constants are equal to 1.1×10 5 5 fference fference in in the the binding constants cannot be binding constants cannot be 

Conclusions

In the present -CD derivatives to -CD with aryl-porphyrins and complete the data array about the inclusion complex formation mechanisms. The estimated binding constant values confirmed a high affinity -CD to mTHPC.

Moreover, the accurate assumption of mTHPC self-aggregation effects in our model resulted in significantly higher values than previously reported. As a corollary of our results concerning the high --CDs as mTHPC nanovectors. Thus, the knowledge of correct values of binding constants could be helpful -CD-based delivery system for mTHPC-mediated PDT.

increases their affinity to mTHPC providing significant acceleration of PS transport to the target tissues increases their affinity to mTHPC providing significant acceleration of PS transport to the target tissues ent organs and tissues. In the present work, ent organs and tissues. In the present work, CD was introduced as a new component possessing much higher affinity to mTHPC compared CD was introduced as a new component possessing much higher affinity to mTHPC compared CD). Thus, acc CD). Thus, according ording to our calculations, we can to our calculations, we can ould be a potent vector for the alteration of the biodistribution profile of ould be a potent vector for the alteration of the biodistribution profile of porphyrins and complete the data array about the inclusion porphyrins and complete the data array about the inclusion mechanisms. The estimated binding constant values confirmed a high affinity mechanisms. The estimated binding constant values confirmed a high affinity the accurate assumption the accurate assumption significantly higher values than significantly higher values than CDs as mTHPC nanovectors. Thus, the knowledge of correct values of binding constants could be CDs as mTHPC nanovectors. Thus, the knowledge of correct values of binding constants could be helpful helpful

  photosensitizer mTHPC was kindly provided by biolitec research GmbH (Jena, Germany) with the purity > 99 %. The cyclodextrins Me--CD (purity > 98 %, DS = 11-14, average M.W. 1310 Da), TM--CD (purity > 98 %, M.W. 1430 Da) and Hp--CD (purity > 98 %, DS = 3.5-5.5, average M.W. 1380 Da) were purchased from AraChem (Tilburg, the Netherlands). -CDs in powder were weighted and then dissolved in Dulbecco's phosphate-buffered saline (DPBS) (pH 7.4) at 4 °C at the final concentration of 20 mM using molar weight provided by the supplier. mTHPC stock solution (1 mM)was prepared in absolute ethanol (99.6 %) and was kept at 4 °C in the dark. mTHPC concentration in the CD derivatives. The degree of substitution CD derivatives. The degree of substitution (DS) is given by the m values, reported in the (DS) is given by the m values, reported in the experimental section. experimental section.

Equation 1 .Equation 2 . 2 ) 3 . 1 [

 12231 the basis of experimental data in the range of mTHPC concentration 10 nM 3 µM using cubic spline algorithm (spline) as a basic function of Origin software (OriginLab, USA). 11 binding constants were calculated at 0.1 nM. Y = (Y 0 + Y 1:1K11[CD]) / (1 + K11[CD]) Mathematical model for one-step 1:1 binding Y = (Y 0 + Y 1:2K12[CD] 2 ) / (1 + K12[CD] 2 ) Mathematical model for one-step 1:2 binding Y = (Y 0 + Y 1:1K11[CD] + Y 1:2K12[CD] 2 ) / (1 + K11[CD] + K12[CD] Equation Mathematical model for two-step 1:2 binding [CD] 3 (A) + [CD] 2 (B) + [CD](C) + [CD]0 complex; Y 1:2 signal from 1:2 mTHPC/CD complex; K11 binding constant of 1:complex; K12 binding constant of 1:2 mTHPC:CD complex; [CD] concentration of free CD; [CD]0 total CD concentration; [mTHPC]0 total mTHPC concentration.

  CD force field developed by Cézard et al. (2011) was used for heptakis(2,3,6-tri-O-methyl)-cyclodextrin [20]. This potential was developed based on the GLYCAM04 parameters [21 23],

  The main spectral variations of mTHPC observed due to the formation of the -CDs inclusion complexes include: a) slight changes in the position of Q4 band maximums (shifts about 1-2 nm). The extinction coefficient of the Q4 band significantly increases in the following order: Hp--CD (34 700 M 1 cm 1 ) < Me--CD (42 700 M 1 cm 1 ) < TM--CD (54 200 M 1 cm 1 ); b) alterations in the shape of Soret band and the corresponding B bands in the fluorescence excitation spectra. The ratio between Bx and By shoulders increases from 0.78 for Hp--CD to 0.97 for TM--CD. A slight bathochromic shift (2 nm) of the Soret band was observed for mTHPC/Hp--CD complexes as compared with -CDs inclusion complexes; The absorption and fluorescence spectra of mTHPC in buffer solution alone and in the presence of The absorption and fluorescence spectra of mTHPC in buffer solution alone and in the presence of 2. The significant spectral changes upon the 2. The significant spectral changes upon the CDs may be ascribed to mTHPC monomerization due to the formation of the inclusion CDs may be ascribed to mTHPC monomerization due to the formation of the inclusion complex. The modification of mTHPC spectral properties complex. The modification of mTHPC spectral properties appeare appeare mM), no more modifications of mM), no more modifications of spectral characteris spectral characteristics tics at at this concentration this concentration features of inclusion complexes features of inclusion complexes. variations of mTHPC variations of mTHPC inclusion complexes include: inclusion complexes include: changes in t changes in the posit coefficient of coefficient of the the Q Q4 4 band band CD CD (42 (42 700 700 M M b) b) alterations in the shape of alterations in the shape of excitation spectra excitation spectra c) significant increase of the relative fluorescence quantum yield of mTHPC in TM--CD and Me--CD complexes, exceeding respectively 0.142 and 0.125 as compared with Hp--CD (0.095).

Figure 1 .Figure 2 .Figure 3 .

 123 Figure 1. Absorption spectra of mTHPC (1 µM) in DP -CD derivatives (2 mM):

  complexes, we a complexes, we a complexes, we a complexes, we a fluorescence intensity fluorescence intensity then then plotted as a function of mTHPC molar fraction (Fig plotted as a function of mTHPC molar fraction (Fig fluorescence intensity fluorescence intensity

Figure 4 .

 4 Figure 4.-CD complexes in DPBS at fluorescence excitation 420 nm.

  in in D DPBS at fluorescence excitation 4 PBS at fluorescence excitation 4 nm. The total nm. The total ( (C C -CD mTHPC mTHPC/( /(C CmTHPC mTHPC C C molecular dynamics molecular dynamics (MD) (MD)

Figure 5 .

 5 Figure 5. Front (A) and side (B) views of representative snapshot of the mTHPC/TM--CD complex

Figure 6 .Figure Figure 6 . 6 .

 666 Figure 6. (A) Fluorescence excitation and (B) ICD spectra of mTHPC (3 µM) in DPBS containing

  Indeed, such model accounts for the simultaneous presence of sufficient Indeed, such model accounts for the simultaneous presence of sufficient and hence allow better reproducing of and hence allow better reproducing of experimental results experimental results

Figure 7 .

 7 Figure 7. (A) Titration curves by Me--CD of mTHPC in different concentrations. mTHPC

Figure 7 K12

 7 Figure 7 K12 values were taken as the average of the values obtained for all the
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 17 [START_REF] Thordarson | Determining association constants from titration experiments in supramolecular chemistry[END_REF] > > cooperative binding. As such, only Me cooperative binding. As such, only Me----CD possesses CD possesses CD derivatives CD derivatives presenting a slight negative cooperativity ( presenting a slight negative cooperativity (

  CD molecule, the CD molecule, the are stable in monomeric state are stable in monomeric state the aqueous mTHPC solution prevents PS the aqueous mTHPC solution prevents PS med by the corresponding changes of mTHPC spectral characteristics. Our med by the corresponding changes of mTHPC spectral characteristics. Our also also fully cons fully cons optically inactive por optically inactive por environment upon the environment upon the with the extent of spectroscopic response that depends on the type of lateral with the extent of spectroscopic response that depends on the type of lateral CD interaction with anionic and cationic aryl CD interaction with anionic and cationic aryl ficant shifts of the Soret band as well as in a strong change of the fluorescence emission band ficant shifts of the Soret band as well as in a strong change of the fluorescence emission band . On the contrary, when neutral mTHP . On the contrary, when neutral mTHP the spectral signature are observed (Figures the spectral signature are observed (Figures the electronic density. Thus, according to our studies, the amplitudes of both ICD and fluorescen the electronic density. Thus, according to our studies, the amplitudes of both ICD and fluorescen emission appear to provide the most reliable tools to analyze the interaction of mTHPC with different emission appear to provide the most reliable tools to analyze the interaction of mTHPC with different CDs (Figure CDs (Figure 2

  ratio model, a postulated, and the corresponding binding constants have been estimated postulated, and the corresponding binding constants have been estimated be considered as absolute, and indeed be considered as absolute, and indeed as an intermediate as an intermediate fitting of experimental data by fitting of experimental data by the the corresponding mathematical model, which was corresponding mathematical model, which was experimental techniques (ICD and fluorescence) demonstrated that TM experimental techniques (ICD and fluorescence) demonstrated that TM as compared to Me as compared to Me

  [START_REF] Hamelin | Does aggregation modulate the apparent association constant of host-guest complexes and related species?[END_REF] accompanied by accompanied by a shift a shift in in hence reducing the impact of the guest aggregation on the measured hence reducing the impact of the guest aggregation on the measured experiments, the experiments, the binding constants values binding constants values behavior of the K11 and K12 apparent constants can be attributed to the changes in the guest solubility as -CDs. Indeed, the binding of even a single -CD molecule should significantly reduce mTHPC aggregation potential, hence reducing the influence of aggregation processes on the formation of inclusion complexes.Extrapolation of the dependence of the K11 and K12 binding constants in the range of the smallest -CDs to the PS.

  solubility solubility or aggregation of the cyclodextrins or aggregation of the cyclodextrins themselves. According to the work of Hammelin & Jullien (1997) themselves. According to the work of Hammelin & Jullien (1997) host molecules should not modify the isotherms of the inclusion comp host molecules should not modify the isotherms of the inclusion comp Our data demonstrate that complete methylated derivative ( Our data demonstrate that complete methylated derivative ( CDs. Acc CDs. According to the previous reports, the strong affinity of TM ording to the previous reports, the strong affinity of TM anticipated anticipated [14,36,37] [14,36,37] conformation changes of both TM conformation changes of both TM intermolecular interactions intermolecular interactions [14] [14]--CD glucopyranose units CD glucopyranose units hydrophobic cavity leading to the deeper encapsulation of mTHPC as well as stronger interaction with hydrophobic cavity leading to the deeper encapsulation of mTHPC as well as stronger interaction with mTHPC phenol substitut mTHPC phenol substitut -CD and mTHPC inclusion complex formation, our results provide strong evidence suggesting the applicability of -CDs as vectors for mTHPC-based PDT.The value of -CD binding constant to mTHPC plays a key role in the case of co-administration of --CDs, we observed a different extent of the -CDs on various stages of mTHPC biodistribution in tumor-bearing mice[START_REF] Yankovsky | -cyclodextrin derivatives alters photodynamic activity and biodistribution of meta-tetra(hydroxyphenyl)chlorin[END_REF] -CDs increases their affinity to mTHPC providing significant acceleration of PS transport to the target tissues and alterations in the biodistribution of mTHPC among different organs and tissues. In the present work, TM--CD was introduced as a new component possessing much higher affinity to mTHPC compared with previously studied compounds (Me-and Hp--CD). Thus, according to our calculations, we can suppose that TM--CD could be a potent vector for the alteration of the biodistribution profile of mTHPC-based PDT.
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