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Encapsulation of anticancer drug doxorubicin inside dendritic macromolecular cavities: first-principles benchmarks
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By using first-principles approaches based on Density Functional Theory, we explore the possibility of using dendritic macromolecular structures as carriers of the doxorubicin anticancer drug.

In particular, we consider macromolecular cavities of different sizes composed of phenylene-, thiophene-, phenyl-cored thiophen-and thioazole-based dendrimers. The comparison between the optimized molecular geometries of the monomers and of the host-guest complexes reveals that only slight structural changes are observed in doxorubicin upon complexation. Also, the encapsulation energies for the host-guest complexes suggest that these systems are of potential use for pharmacology applications in vivo. The interaction of the guest doxorubicin with the macromolecular cavities exploits different types of weak intermolecular forces including σ, π and hydrogen bond interactions. The electronic structure of these complexes is discussed, with particular emphasis placed on the role of the charge distribution and the nature of the frontier molecular orbitals in the encapsulation process. Spectroscopic properties of these complexes are derived to facilitate their detection in laboratory and in vivo. These include IR vibrational frequencies, absorption wavelengths and relative oscillator strengths for the main transitions in the UV-Vis spectrum.

I.

Introduction Cavity-containing supramolecular structures represent an important branch of supramolecular chemistry [1]. Among the reasons is the high tunability of the cavity size and shape that can be obtained by varying the nature of the constituting monomers and of their sequencing [START_REF] Ariga | Supramolecular Chemistry -Fundamentals and Applications: Advanced Textbook[END_REF]. Cavities inside macromolecular structures can be rigid, like in cyclodextrins or cucurbiturils, or flexible, like in calixarenes, as a result of the complex pattern of intra-and inter-molecular interactions. In particular, non-rigid structures with readily functionalized end-groups are versatile systems for host-guest chemistry applications, especially in the bio-medical field, where new and effective classes of active compounds with antiviral, bactericidal and anticancer activities can be prepared [START_REF] Yousaf | [END_REF].

Falling in this category, dendrimers, or arborols, are a special class of flexible polymeric molecules with unique properties and structures. While linear standard polymers are synthesized from XY monomeric units, where X and Y represent molecular moieties with mutual complementary binding properties, dendrimers are the result of the polymerization of XYn units, with n typically ranging between 2 and 3. This leads to a high degree of branching (hyperbranching) during the growing steps of the polymeric entity. The dendrimer synthesis is typically started (divergent synthesis) from a central molecular core and performed in a multistep fashion, resulting in an expanding globular, radially symmetric and multishell macromolecular architecture, where the number of monomers included in each shell is doubled or tripled at each iteration, depending on the value of n. The number of layers in a growing dendrimer corresponds to the generation number Gn (the core being the generation zero, G0, dendrimer), which can be easily inferred by counting the number of branching points (focal points) encountered when going from the dendrimer core to its surface. Since the first reported synthesis of organic dendrimers by Vögtle in 1978 [4], several dendritic structures have been produced, some of them as commercially available compounds, like the PAMAM (poly(amido amine)), developed by Tomalia's group at Dow Chemicals [START_REF] Tomalia | Preprints of the 1 st SPSJ Int. Polym. Conf., Soc. Polym. Sci. Jpn[END_REF][START_REF] Tomalia | [END_REF], and the PMI (poly (propylene imine)).

Among the interesting properties of these macromolecular structures are the monodispersity, at least for sub-nano scaled dendrimers, and the possibility of functionalising the end-groups at the exposed surface of the dendrimer outer shell with different groups, thus inducing specific physical and chemical properties that can be tuned for applications in supramolecular and biological chemistry. Dendrimers conformational properties depend to a large extent on the flexibility of the dendrons and on the capacity of the end-groups at the outer shell to interact with each other, e.g. by hydrogen bonding, thus creating dense structures.

Back to 1983, molecular simulations by De Gennes and Hervet [7] showed that dendrimers present rather dense peripheral regions and relatively empty zones close to the core, where molecules of variable size can be trapped in cavities, the volume of which can be large enough to accommodate rather big molecules [8]. Inside the dendrimers, dendrons are characterised by high mobility allowing the cavities to be remodelled according to the interactions with the guest molecule, either by van der Waals / electrostatic forces or by hydrogen bonding. The quite dense outer shell of the dendrimers has the advantage of isolating the guest molecule from the solvent. Therefore, dendrimers can be potentially used as molecular containers (dendritic boxes) for drug delivery purposes. Other factors like solvent effects, ionic strength and pH can modify the dendritic structure, where a competition between expanded molecular conformations or more compact globular structures, with extensive dendron back-folding, may occur [9]. The encapsulation of one or more guest-molecules inside the dendrimer cavities further complicates the picture. Nowadays, the study of these conformational changes can be effectively performed by molecular dynamics simulations using force fields or by first-principles methodologies.

At the microscopic scale, the nature of the interactions between the guest and the host molecules depends on their chemical composition, local structure and on the solvent. Encapsulation of a guest entity inside the cavity of a macromolecular system will depend on the interplay between dispersion forces, electrostatic interactions and hydrogen bonding. Due to the complexity of these systems, predictions of encapsulation energies, final structures, and elucidation of the nature of intermolecular forces between the host and guest molecule require advanced all-atom or coarse-grained molecular dynamics approaches based on carefully tailored force fields. [10][11][12] One guest molecule that could be proficiently used in the context of drug delivery to enhance its biological activity and possibly minimize the side effects is the popular pharmaceutical doxorubicin (DXR). Doxorubicin, an anthracycline antibiotic, is a very effective anti-tumor agent with a broad spectrum of applications. It is used to treat several human neoplasms, including acute leukemia, lymphoma, stomach, breast, ovarian and bone cancers, though causing cardiotoxicity at the same time.

Its mechanism of action is based on the reactivity between the anthracycline chromophore and the DNA base pairs of the target cell, resulting in DNA intercalation, interruption of DNA replication and eventually death of the tumor cell [13][14][15]. To assess the possibility of using these macromolecular carriers for pharmacology applications, thorough investigations of their structural, chemical and thermodynamical properties as well as a full characterization of their spectra are needed. In particular, non-invasive spectroscopic techniques are useful for fast and unambiguous identifications of these species, both in the laboratory and in vivo, and their precise monitoring.

In this contribution, we report encapsulation energies, optimized geometries, charge distributions, IR vibrational frequencies, absorption wavelengths and relative oscillator strengths for the main transitions in the UV-Vis spectrum of the DXR molecule trapped in phenylene-(P), thiophene-(T), phenyl-cored thiophen-(TP) and thioazole-based (TA) dendrimers. These calculations are carried out with advanced first-principles methodologies based on appropriate exchange-correlation functionals and atomic basis functions, where suitable corrections accounting for dispersion forces have been added to the calculated energies. Specifically, we show that encapsulation is governed by both π-π stacking and σ-type interactions, with some contributions from hydrogen bonding as well. This leads to specific cage forms where the aromatic cycles of the guest and host molecules are found either in parallel stacking configurations or in geometric arrangements that maximize host-guest overlap. Given the size of the cavities considered in this study we focused only on the 1:1 stoichiometry for the complexation process, since larger guest-host ratios should be unlikely.

II.

Computational method Electronic structure calculations have been carried out with the GAUSSIAN 09 [START_REF] Frisch | Revision D.01[END_REF] suite of programs using the density functional theory (DFT) in conjunction with the non-empirical PBE [START_REF] Perdew | [END_REF] and semi-empirical B3LYP [18,19] exchange-correlation functionals, and the 6-31G [20,21] and 6-31G (2df,p) [22] atomic basis sets. The 6-31G and 6-31G (2df,p) bases differ by the addition of two sets of p functions to the hydrogen atom and two sets of d and one set of f functions to the first and second row elements. The higher angular momentum functions are generally needed for a better description of the long-range interactions that involve a certain degree of atomic polarization. The calculation of encapsulation energies for the guest molecules trapped inside the molecular cavities requires accurate evaluation of the dispersion interactions, which were not explicitly considered in the construction of the above-cited functionals. The inclusion of these effects, mandatory for the accurate prediction of encapsulation geometries and energies, was achieved by adding to the calculated DFT energies the empirical D3 dispersion correction [23], as implemented in GAUSSIAN. This correction is known for its favourable accuracy/cost ratio and is particularly suited to treat dispersion forces in large molecular aggregates [24].

The choice of the exchange-correlation functionals employed in this study is justified by the following considerations: i) PBE is a non-empirical functional based on the generalized gradient approximation that proved to be of general applicability to a large variety of systems, from isolated molecules or complexes in the gas phase, to bulk metals and organic reactions involving metal surfaces.

The universal character of this functional is well suited for treating molecular systems in a variety of complex chemical environments, like the cavities of macromolecular structures. ii) Compared to other popular non-empirical functionals, PBE displays a similar, and in some cases better, accuracy with respect to TPSS and PW91 in the evaluation of hydrogen bond and dispersion energies [25][26][27]. iii) Although nonempirical functionals like PBE have the tendency to slightly overestimate absolute bond lengths, they give much more accurate results for relative quantities like energy differences and bond length changes. This property is shared by B3LYP hybrid functional as well, largely due to extensive error cancellation. iv) Among the plethora of available DFT functionals, B3LYP is one of the most popular. It shows good performance, especially when applied to organic molecules, for the prediction of energies, structures and properties. Even if simple B3LYP is well known for providing poor description of dispersion and long range interactions [28], B3LYP-D3 is capable of reproducing binding energies of hydrogen-bonded dimers to an accuracy of better than 0.5 kcal mol -1 [29].

To reduce the computational cost of these computations to a manageable level, model cages were adopted, where the branches of the dendritic structures pointing out of the macromolecular cages were substituted with hydrogen atoms and thus excluded from these relaxations. The adopted models are large enough to be considered as realistic representations of the encapsulated drug inside the dendritic framework and should lead to accurate evaluations of the energetic and structural encapsulation properties for these systems.

In the molecular geometry optimizations, several initial arrangements for the host-guest complex were considered, corresponding to both inclusion and exclusion complex geometries. These structures, which include also partial encapsulation of the guest entity, where pre-optimized by a simple molecular mechanic (MM) approach based on the general AMBER force field (GAFF) [30]. A full atomic relaxation of the host cavity interacting with the guest molecule was then performed at the DFT level. In the following sections, only the most stable complexes, as proved by the DFT calculations, are presented. The stationary points corresponding to stable isomers (i.e. local minima on the potential energy surface) were characterised by inspection of the harmonic vibrational frequencies (all positive) obtained from standard normal mode analysis. Encapsulation energies were evaluated by subtracting the sum of the electronic energies of the isolated host and guest units (fully relaxed) from the energy of the complex. No corrections for basis set superposition error were applied. To gain insight into the charge distribution of the guest-host complexes we performed a natural bond orbital (NBO) analysis [31] as implemented in GAUSSIAN 09. The computations of the electronic transitions in the UV-Vis spectra for the isolated and complexed chromophores have been performed by means of the time-dependent density-functional theory (TD-DFT) [32][33][34][35][36] at the B3LYP level. The good performance of this approach for the calculation of singlet-singlet vertical excitation energies, both in terms of accuracy and computational efficiency, is well-established (see Refs. [37,38] for instance), providing that no appreciable charge transfer occurs in the excitation process and the monodeterminantal picture is a good zero-order approximation of the electronic wavefunction. Previously, we showed, through comparisons with experiments and to reference post Hartree-Fock methods, that the present theoretical approach is accurate enough to derive the desired properties of this type of complexes [39][40][41][42][43][44].

III.

Results and discussion a. Structures of isolated DXR, cavities and encapsulated DXR Figure 1 displays the optimized structure of DXR (guest), obtained at the PBE+D3 / 6-31G (2df,p) level of theory, along with the adopted atom-labelling scheme. This corresponds to the most stable conformer that could be identified in our molecular structure optimizations. We also show the hydrogen bonds contributing to the stabilization of this conformer via the formation of 5-6 rings. In addition, Figure 1 gives also the 3D molecular electrostatic potential (3D MEP) mapped over the groundstate electronic isodensity surface. This picture reveals the electron-rich and electron-poor regions of the DXR unit that could interact with different domains in the host cavities and possibly favor the stabilisation of the host-guest complexes. In particular, we remark negative electrostatic potentials (red regions) in close proximity to the oxygen atoms, notably O11 in the accessible O11-H28 hydroxyl group and O1, O3 and O5. On the other hand, positive electrostatic potentials (blue regions) are localized in the vicinity of the amino and methyl groups, as expected.

We report in Table 1 some selected bond lengths and dihedral angles for the DXR molecule, calculated with B3LYP+D3 and PBE+D3 and the two basis sets employed in this study. These data show rather good agreement of the structural parameters calculated with these two approaches. In fact, for bond lengths we compute mean absolute differences between B3LYP and PBE of 0.0113 and 0.0119 Å when the 6-31G and 6-31G (2df,p) basis sets are used, respectively, with maximum absolute differences of 0.0350 Å for both basis sets. The basis set effect on bond lengths is slightly more pronounced: we obtain mean absolute differences between the 6-31G and 6-31G (2df,p) sets of 0.0249 and 0.0245 Å when B3LYP+D3 and PBE+D3 are adopted, respectively, with maximum absolute differences of 0.0390 and 0.0400 Å, in the same order. In particular, rather large deviations are observed for the CO distances, whereas somehow smaller discrepancies are computed for the other bond lengths.

Similar trends are observed for the dihedral angles as well. Indeed, the chosen method has almost no influence on the calculated values when the 6-31G(2df,p) basis set is used, while a small mean absolute difference of around 1.3 degrees is observed for the smaller basis set. The basis set effect is again stronger: mean absolute differences in the values calculated with the two basis sets are roughly 4 and 3 degrees for the B3LYP+D3 and PBE+D3 methods, respectively. In sum, we note that bond lengths almost systematically decrease upon extension of the basis set for a given method and when going, for a given basis set, from PBE to B3LYP. The observed basis set effect on bond lengths is expected because of the better description of electron correlation obtained with the larger 6-31 G(2df,p) set compared to 6-31G. Thus, the structural analysis is quite independent on the selected functional, while a slight effect is observed upon extension of the atomic basis set. Similar trends are expected for the larger systems considered in this study. Following this analysis, the PBE+D3 / 6-31 G(2df,p) level is the best suited for the description of the larger molecular systems under investigation.

Figure 2 displays the host cavities based on P, T, TP and TA units selected in our simulations, as optimized at the PBE+D3 / 6-31G (2df,p) level of theory, together with the generating monomers and atom labelling. The structures of the monomers represented in the left-hand side of Figure 2 have been optimised at the same level of theory as the cavities after attaching hydrogen atoms at the branching points. For each dendrimer type, we considered two model cavities of different sizes, i.e. a small one (S) and a large one (L), both depicted in the right-hand side of Figure 2. Small and large cavities are composed of between three and five monomeric units. These model cavities, which do not include the peripheral branches of the complete dendritic structure in the aim of simplifying the theoretical treatment, have been chosen because they represent major recurring motifs inside the respective dendrimers [45,46] and, given their size, can easily accommodate the guest molecule. They are not rigid and possess high torsional flexibility as reflected by the small harmonic vibrational frequencies / force constants calculated for the ring deformation modes. Nevertheless, they exhibit several close to planar structural parts to favour the electron delocalisation over the monomeric aromatic cycles, which contribute to their stabilisation.

Table 2 reports the dimensions of the different cavities where we give the corresponding widths and heights as computed at different levels of theory. Cavity dimensions are defined as the interatomic distance between the farthest atoms of the cavity in a given direction. Cavity widths are comprised within 2.2 and 3.6 nm for the small cages, and within 3.1 and 4.4 nm for the large ones. Height-to-width ratios are typically in the range 0.5-0.6, except for PS (~0.83) and TAL (~0.37). Hence, we have a wide variety of cavities ranging from small pore for TAS to large pore for TPL. Inspection of this table reveals that, for a given monomeric compound, large cavities show, as expected, larger widths than small ones.

In contrast, we compute similar heights for both types of cavities. Moreover, this table lists the dipole moments of these hosts, which are rather weak (around 0.1 debye), with the only exception of TS and TL, for which we calculate values of 1.0 and 1.2 debye, respectively. Tables 2, 3 and 4 give some chemical, energetic and spectroscopic parameters of these isolated cavities (cf. infra for more details).

The structures of DXR encapsulated in phenylene-(PS,PL), thiophene-(TS,TL), phenyl-cored thiophene-(TPS,TPL) and thioazole-based (TAS,TAL) dendrimer cavities optimized at the PBE+D3 / 6-31G (2df,p) level of theory are represented in Table 5. These structures correspond to the lowestenergy encapsulation complexes that we found after trying several initial geometric arrangements between the host and guest molecular units. We found that stable structures corresponding to partial encapsulation of DXR inside the cavities (not shown here) have binding energies of at least 10 kcal mol - 1 (in absolute values) smaller than the inclusion complexes. We note that the B3LYP+D3 / 6-31G (2df,p) approach leads to similar results as with PBE+D3 / 6-31G (2df,p).

While DRX does not present significant structural changes upon encapsulation, the structural modifications of the host cavities upon encapsulation are not only reflected by the substantial changes in the dihedral angles between atoms along the cavity backbone (cavity squeezing), but also by the nonnegligible changes in the X-H bond lengths of atom pairs of the cavity involved in hydrogen bonds with the guest molecule or simply lying close to it. For instance, Table 2 shows that the heights of the TAS and TAL cavities reduce from 15.7-17.6 Å to 8.0-10.7 Å. This contraction favours the DRX-host interactions. Moreover, Table 5 displays, for the different complexes, a few selected interatomic distances for the closest interacting host-guest atom pairs and their Wiberg bond indices (WBIs), obtained using the PBE+D3 / 6-31G (2df,p) approach. The WBIs help in revealing the hydrogen bonds that may be crucial for the stability of the complexes and for their final structure. In particular, we remark the S-H13, S-H28 and N′-H28 bonds in the complexes involving the TS, TL and TAL cavities, respectively, with WBIs of 0.0272, 0.0317 and 0.0926, in the same order. Since these hydrogen bonds possess WBIs of about 0.03 or larger, they will play a major role in the encapsulation process of DXR in the above-mentioned cavities.

Even if it would be exceedingly difficult to predict the most favourable docking configurations of the guest molecule inside the cavity only on the basis of the electrostatic potential mappings, it can be verified a posteriori that the complexation geometries satisfy obvious electrostatic requirements of electron rich regions in the guest molecule approaching electron poor domains in the host cavity and vice versa. Figure 3 displays the optimized structures for the small and large dendrimer cages, with and without encapsulated doxorubicin, together with a representation of the electrostatic potential mapped over the ground-state isodensity surface. In the small cavities DXR is trapped at the centre of the host structure, the size of which is comparable to that of the guest molecule, thus maximizing the host-guest interactions. To further strengthen these interactions, a non-negligible cage squeezing occurs in the formation of DXR@TS and DXR@TAS complexes, where, at the PBE+D3 / 6-31G (2df,p) level, we calculate variations of cage heights of around 40% or more. Complexation in the bigger cavities results mainly in the DXR molecule trapped at cage corners, thus maximizing the stabilization induced by intermolecular forces in these larger systems. Again, as with small cavities, a remarkable cage squeezing occurs upon complexation in the case of DXR@TL and DXR@TAL.

In these complexes, apart from the van der Waals non-covalent interactions (e.g. π-stacking)

additional stabilization may also come, at least in cavities containing electronegative atoms, from hydrogen bonding, so the lowest energy structures, in these cases, will result from the synergy between these two types of bonding (see, in particular, TS, TL and TAL complexes in Table 5). In sum, we have two dominant types of complexation: (i) H-bonding for PS, PL, TL, TPS, TPL, TAS or (ii) π-stacking for TS, TAL. This can be verified in most of the complexes displayed in Figure 3 

b. Encapsulation energies of DXR in the cavities

At all levels of theory adopted in this study, these complexes show similar stabilities, with encapsulation energies comprised within ~ -34 and ~ -68 kcal mol -1 . The effect of the applied theoretical method on the calculated energies strongly depends on the system. Small differences of 6.1 and 8.5 kcal mol -1 , between the maximum and minimum values obtained with the four approaches listed in Table S1 of the Supporting Information, are seen for DXR@TPS and DXR@PL, respectively, while larger differences are calculated for the other complexes, especially for DXR@TL (33.5 kcal mol -1 ) and DXR@TPL (21.9 kcal mol -1 ). These differences are imputable to both the chosen basis set and method.

At the PBE+D3 / 6-31G (2df,p) level we found the following order of stability: DXR@TL(-68.21 kcal mol -1 ) > DXR@TS(-66.86 kcal mol -1 ) > DXR@TAL(-62.16 kcal mol -1 ) > DXR@TAS(-45.14 kcal mol -1 ) ≈ DXR@PS(-45.13 kcal mol -1 ) > DXR@TPL(-36.02 kcal mol -1 ) > DXR@PL(-35.91 kcal mol -1 ) > DXR@TPS(-34.95 kcal mol -1 ). Empirical analysis based on chemical potentials, hardness and electrophilicity indices confirm this tendency. See Supporting Information for details.

Based solely on the energetics of the encapsulation process, all these systems can be employed as potential drug carriers. Indeed, the computed encapsulation energies of DRX fall in the ideal range for drug encapsulation, since the stabilization induced by complexation will be sufficient to confine DXR inside the dendrimers, while still allowing a relatively easy drug releasing into the blood stream, especially in the case of weakly polar cavities (i.e. those based on P and TP monomers in our case). In the host-guest complexes, the bonding interactions are expected to exhibit some covalent character, with a non-negligible electron transfer occurring between the host and guest entities. Therefore, encapsulation in this case will not be a purely physical process.

c. Vibrational induced shifts upon encapsulation

Dipole moments of the host structures are relatively low for the phenylene-, thiophene-, and phenyl-cored thiophene-based cages, where calculated values at the PBE+D3 / 6-31G (2df,p) level span the range of 0.0-0.72 debye. Due to the larger dipole moment of thiazole (1.61 ± 0.03 debye [47]) compared to thiophene (0.55 ± 0.01 debye [48]) TAS and TAL cages have larger dipole moments of 3.24 and 1.24 debye, respectively. Dipole moments of the complexed cages are larger, as a result of the rather large dipole moment of doxorubicin, which is calculated to be 6.68 debye at the PBE+D3 / 6-31G (2df,p) level (7.03 debye with B3LYP+D3 / 6-31G (2df,p).

The analysis of the IR spectra of DXR can be used to identify this molecular species in its free or complexed form. Additionally, intensity variations and shifts in the absorption peaks of the guest and host molecules can provide information on the structure and formation of these complexes. In Table 3 we give a selection of the most intense stretching and bending vibrational fundamentals for the isolated host cavities, guest molecule, and encapsulation complexes evaluated at the PBE+D3 / 6-31G (2df,p) level within the harmonic normal mode approximation. Inspection of these data shows that the strongest effects are seen in the ν(O5-H8) stretching frequency of DXR (H8 is an internally hydrogen-bonded proton), where red-shifts of roughly 20 cm -1 on average are calculated for the complexed forms, with largest deviations predicted for DXR@ PL (-49 cm -1 ). and DXR@ TL (-41 cm -1 ). As for the ν(N1-H24)

stretching, both positive and negative shifts are calculated: for the complexes involving PS, PL, TPL and TS cages we calculate blue-shifts of around +8 cm -1 on average, while for TPS, TL, TAS, TAL redshifts of around -10 cm -1 are found. Slightly red-shifted fundamentals are also calculated for the ν(C-H) stretching and δ (C=C) bending of DXR from aryl rings, with average absolute differences not exceeding 6 cm -1 . The most intense transitions involving normal vibrations of atoms in the cavities do not display significant variations upon encapsulation, with the notable exceptions of the ν(C-H) stretching from phenylene rings in PS (+8 cm -1 ), the ν(C-H) stretching from thiazole units in TAL, and the δ(C=C)

bending of phenyl rings in TPS. Therefore, the O5-H8 stretching can be used as specific probe of DXR encapsulation.

d. Electronic transitions

Figures 4 and5 show HOMO and LUMO molecular orbitals (MOs) with the corresponding energy gaps for isolated and complexed DXR, involving small and large cavities, obtained at the PBE/6-31G(2df,p) level. The fact that in all complexes, apart from DXR@TAS, HOMO and LUMO orbitals are not localized on the same molecular entity (either guest or host), suggests that the encapsulation process will modify the electronic structure of the DXR molecule to an appreciable extent. This further emphasizes the expected partial covalent character of the binding interaction within encapsulated DXR.

We note that the HOMO is localised in most cases on the dendrimer cage, while the LUMO lies on the DXR unit. The HOMO-LUMO gaps are comprised within 0.43 and 1.30 eV, so the corresponding transitions fall in the near IR spectrum and should be accompanied by significant charge transfer, with the cage acting as an electron donor and the DXR as an acceptor.

The comparison of the calculated frontier MO energy gaps indicates that complexed DXR will be more chemically active than free DXR. In particular, large negative energy gap variations are calculated for TPS (-0.871 eV), TPL (-0.626 eV) and TL (-0.626 eV). Similarly, energy gaps are smaller in the complexed cages compared to the free host structures. This is particularly the case for PS and PL, for which the energy gaps get smaller by -1.714 and -1.686 eV, respectively.

As for the IR spectra, the formation of supramolecular assemblies can be effectively monitored by inspecting the variations of the absorption peaks in the inherent UV-Vis spectra induced by complexation. In the present study we used the TD-DFT approach to identify the most intense lowenergy electronic transitions that could be used to distinguish complexed from free DXR. The results of this study are summarized in Table 4, where the wavelength maxima of the most intense electronic bands of DXR, host cavities and complexes are reported together with the corresponding oscillator strengths.

These data are obtained with the B3LYP functional and the 6-31G(2df,p) basis of atomic functions, because this methodology leads to the most accurate predictions of transition peaks and relative intensities for the UV-Vis spectrum of isolated DXR.

Strong absorption wavelengths for isolated DXR are calculated at 476, 298 and 264 nm. The experimental spectrum of DXR presents two intense bands, one at around 480 nm and another one at 290 nm [49], that is in excellent agreement with the calculated values. These bands corresponds to the HOMO LUMO (S0 S1 at 476 nm), HOMO LUMO+2 (S0 S3 at 298 nm) and HOMO-2 LUMO+1 (S0 S4 at 264 nm) transitions.

Strong absorption bands are calculated for all the considered cages, where, respectively, PS / PL have maximum absorption peaks at 316 / 365 nm, TPS / TPL at 580 / 618 nm, TS / TL at 594 / 596 nm, and TAS / TAL at 556 / 570 nm. We note that, for a given dendrimer type, the absorption maximum in the large cage is generally red-shifted with respect to the small one, as one would expect from delocalization of the molecular orbitals involved in the transition over a larger region. Bare cage spectra present intense bands in the UV-Vis region that are quenched after complexation with DXR, notably in the case of DX@PS where the reduction in the total absorption intensity is ~ 75%. From the comparison of the absorption maxima of complexed DXR with respect to bare cages, we note that appreciable red shifts are calculated for PS and TPS, while blue shifts are predicted for TPL, TS, TL and TAL.

IV. Conclusions

Using first principle methodologies, we showed that encapsulation of DXR inside dendritic structures from polymerization of phenylene-, thiophene-, phenyl-cored thiophen-and thioazolemonomeric units is feasible. These systems are good candidates to be employed as drug carriers in biological media. Encapsulation in these molecular cages occurs by various types of weak interactions including van der Waals, electrostatic and hydrogen bonding, where the most stable encapsulation geometries include a variety of π-π stacking configurations and σ-type interactions. Specifically, we show that encapsulation is governed by both π-π stacking and σ-type interactions, with important contributions, for some of the considered structures, from hydrogen bonding as well. Encapsulation energies are comprised within around -30 and -70 kcal mol -1 , that is in the ideal range for reversible encapsulation. The cages considered in this study are highly flexible, and can be used to arrange several types of substituted DXR, or similar molecular guests. Improvements of the present models can be provided by full account of the dendritic structures, and by introducing explicit/implicit simulations of the water solvent. However, explicit solvent simulations with the full dendrimer complexes, given the large size of the inherent molecular frameworks, would be computationally very demanding. In addition, we showed that shifts of the O5-H8 stretching frequency of DXR, and UV-Vis spectroscopy can be used as specific probes of encapsulation-induced effects. 

  Figure 1b. Complexation tends to favour π stacking interactions in the case of TS and TAL, mainly because of the non-zero dipole moment and the more positive Qzz electric quadrupole component in thiophene and thiazole compared to benzene, while for the other complexes sigma type interactions are dominant. We note that π stacking is correlated, with the only exception of TL, with a significant cage squeezing.
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 12 Figure 1: a) PBE+D3 / 6-31 G(2df,p) optimized equilibrium geometry of DRX. The C, O, H, and N atoms are grey, red, white, and blue, respectively. b) 3D molecular electrostatic potential (3D MEP) of DRX (from -0.068 to 0.068 a.u.) mapped over the ground-state electronic isodensity surface (set at 0.02 a.u.).
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 3 Figure 3: Electrostatic potential (from -0.068 to 0.068 a.u.) of small and large dendrimer cages, with (left) and without (right) encapsulated doxorubicin, mapped over the ground-state electronic isodensity surface (set at 0.02 a.u.).
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 4 Figure 4: HOMOs and LUMOs, their energies and their energy gaps for (a) DXR@PS, (b) DXR@TS, (c) free DXR, (d) DXR@TPS and (e) DXR@TAS clusters. The isosurfaces are drawn at 0.02 a.u.
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 5 Figure 5: HOMOs and LUMOs, their energies and their energy gaps for (a) DXR@PL, (b) DXR@TL, (c) free DXR, (d) DXR@TPL and (e) DXR@TAL. The isosurfaces are drawn at 0.02 a.u.

Table 1 :

 1 Selected optimized bond lengths (Å) and dihedral angles (degrees) for isolated doxorubicin cal culated using the B3LYP+D3 and PBE+D3 DFTs. For atom numbering see Figure1.

		B3LYP+D3	PBE+D3
	Bond/Angle	6-31G 6-31G (2df,p) 6-31G 6-31G (2df,p)
	C14 -H3	1.082	1.081	1.091	1.090
	C11 -O1	1.376	1.345	1.382	1.351
	C5 -O4	1.367	1.339	1.366	1.336
	C2 -O5	1.368	1.344	1.372	1.346
	C19 -O7	1.457	1.421	1.464	1.426
	C17-O6	1.475	1.437	1.488	1.448
	C21 -O9	1.446	1.407	1.455	1.415
	C24 -N1	1.467	1.465	1.470	1.469
	O4 -H7	1.006	0.993	1.041	1.028
	O5-H8	0.991	0.974	1.010	0.990
	O10 -H23	0.985	0.968	1.002	0.980
	C8 = O2	1.276	1.241	1.296	1.261
	C7 = O3	1.247	1.215	1.262	1.229
	C20= O8	1.246	1.214	1.258	1.226
	C19 -C20	1.522	1.550	1.522	1.528
	H5-C15-O1-C11	-179.79	-179.08	-179.56	-179.08
	H7-O4-C5-C6	-179.61	-179.52	-179.92	-179.52
	H8-O5-C2-C3	-176.42	-174.52	-175.20	-174.52
	C21-O6-C17-C1 140.77	131.22	137.81	131.22
	H23-O10-C25-C24 -161.91	-160.96	-158.96	-158.74
	H24-N1-C24-C25 -153.19	-166.69	-154.41	-166.69
	H28-O11-C21-C20 0.177	-1.35	-0.33	-1.35

Table 2 :

 2 PBE+D3 / 6-31G (2df,p) cavity widths (W, Å) and heights (H, Å) with and without DRX. For DRX encapsulated species, we give also the dipole moments (µ, debye) and the encapsulation energies (E, kcal mol -1 ) of doxorubicin trapped in PS, PL, TS, TL, TPS, TPL, TAS and TAL cavities. TableS1

	lists the corresponding values as computed at the B3LYP+D3 / 6-31G, B3LYP+D3 / 6-31G (2df,p) and
	PBE+D3 / 6-31G levels of theory.				
	Cavity type	W	H	µ	E
	PS	22.34	18.64	0.13	
	PL	30.42	19.92	0.25	
	TS	35.66	18.94	0.72	
	TL	36.34	23.48	0.57	
	TPS	33.87	21.19	0.16	
	TPL	40.84	22.23	0.00	
	TAS	33.51	17.63	3.24	
	TAL	41.73	15.70	1.24	
	DXR@PS	22.52	16.86	6.57	-45.13
	DXR@PL	32.50	16.86	5.78	-35.91
	DXR@TS	37.52	10.25	4.18	-66.86
	DXR@TL	35.78	13.45	5.70	-68.21
	DXR@TPS	34.24	21.52	4.77	-34.95
	DXR@TPL	40.94	21.56	6.37	-36.02
	DXR@TAS	33.67	10.74	7.81	-45.14
	DXR@TAL	45.15	7.96	4.46	-62.16

Table 4 :

 4 Wavelength maxima (λmax, nm) and oscillator strengths (f) of bands in the electronic spectra of the cavities, DRX and their complexes obtained at the TD-DFT B3LYP/6-31G level of theory.

	Transition		DXR	PS	DXR@PS	PL	DXR@PL TPS DXR@TPS TPL DXR@TPL	TS	DXR@TS	TL	DXR@TL TAS DXR@TAS TAL DXR@TAL
	HOMO → LUMO	λ f	476 0.22				580 4.26				622 0.11
	HOMO-1 → LUMO	λ f				365 5.72					556 2.63	555 0.84	570 5.66	615 0.29
	HOMO-2 → LUMO	λ f				325 0.76					576 0.40	507 0.43	503 0.19
	HOMO-3 → LUMO	λ f		287 0.14			475 0.30	477 0.15	518 0.14		476 0.49	505 0.45	502 1.09	555 2.41
	HOMO-4 → LUMO	λ f			479 0.19		477 0.19				493 0.25	491 0.59
	HOMO → LUMO+1	λ f		316 3.71					618 5.64	640 1.23	594 4.10	625 0.41	596 2.53	551 1.67	579 1.23
	HOMO → LUMO+2	λ f	298 0.05	286 0.27		323 0.17	376 1.08				512 0.51	546 0.46	515 0.47	553 0.72
	HOMO → LUMO+3	λ f								518 1.56
	HOMO-1 → LUMO+1	λ f					566 0.22	602 4.05			588 0.67	586 0.36	537 0.79
	HOMO-1 → LUMO+2	λ f			337 1.05		483 1.53			587 3.77	557 0.75	560 3.06	543 1.82
	HOMO-1 → LUMO+3	λ f						502 0.92			511 0.15
	HOMO-2 → LUMO+1	λ f	264 0.06				367 4.31		522 1.78		538 1.28	518 0.25

Table 5 :

 5 DRX encapsulated in PS, PL, TS, TL, TPS, TPL, TAS and TAL cavities. Structures are optimized at the PBE+D3/6-31G (2df,p) level of theory. We give also the main XH (X = N,O,S) guesthost bond lengths (Å). For the cavity type designation, see text. The images have been zoomed in to highlight the guest-host interactions.

					Wiberg
	Cavity type	DXR@dendrimer cavities complex	Bond	Bond length	bond
					index
			O4-Ha	2.79	0.0021
			O7-Ha	2.60	0.0515
			O10-Ha	2.62	0.0063
	PS		O11-Ha	2.98	0.0013
			O1-Ha	2.61	0.0050
			O3-Ha	2.66	0.0028
			O4-Ha	2.72	0.0034
	PL		O5-Ha	3.02	0.0037
			O7-Ha	2.64	0.0095
			O10-Ha	3.05	0.0014
			O11-Ha	2.60	0.0117
			O2-Hb	2.83	0.0030
	TS		O5-Hb O8-Hb	2.84 2.81	0.0034 0.0027
			O10-Hb	2.58	0.0139
			S-H13	2.80	0.0272
			O2-Hb	2.91	0.0020
			O3-Hb	2.30	0.0239
			O5-Hb	2.54	0.0029
	TL		O7-Hb	2.30	0.0216
			O11-Hb	2.39	0.0165
			S-H28	2.66	0.0317
			O2-Hc	2.45	0.0050
			O3-Hc	2.51	0.0045
	TPS		O4-Hc O7-Hc	2.36 2.58	0.0127 0.0056
			O10-Hc	2.76	0.0057
			O11-Hc	2.58	0.0089

Table 3: Some selected PBE+D3 / 6-31G (2df,p) harmonic vibrational frequencies in cm -1 (ν = stretching, δ = bending) of isolated hosts, DRX and host-guest complexes. Index ph is for aryl rings of DXR, phy for phenylen rings, thio for thiophen rings and thiaz for thioazol rings of the host cavities. Anharmonic frequencies can be deduced from harmonic ones after applying the scaling factors defined in Ref. [50].