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Introduction

Carbohydrate-based drug delivery systems that upon light stimulation combine phototoxic and chemotoxic action in high synergy for tumor treatment are continuously sought [START_REF] Zhang | Carbohydrates based stimulus responsive nanocarriers for cancer-targeted chemotherapy: a review of current practices[END_REF]. Biocompatible, water soluble carrier systems can combine selectively and synergistically anticancer drugs with suitable photosensitizer (PS) molecules that upon illumination can induce formation of reactive oxygen species (ROS) that are deleterious to biological matter. The ideal combination would also be capable of targeting cell organelles as this is critical to achieve high complementary efficacy in inducing cancer cell death [START_REF] Kessel | Critical PDT theory II: Current concepts and indications[END_REF]. Photodynamic therapy (PDT), a modality relying on the preferential retention of PSs in solid tumor tissue, utilizes focused light, e.g. diode lasers, to initiate a photokilling process that spares healthy cells [START_REF] Dolmans | Photodynamic therapy for cancer[END_REF][START_REF] Agostinis | Photodynamic therapy of cancer: an update[END_REF]. Amongst the PSs used, porphyrins hold a prominent position, due to both favorable photophysical characteristics and relative molecular stability, compared to chlorins and bacteriochlorins [START_REF] Dabrowski | Engineering of relevant photodynamic processes through structural modifications of metallotetrapyrrolic photosensitizers[END_REF]. However, their very low aqueous solubility and concomitant loss of photoactivity due to aggregation is a major obstacle for bio-applications, but this is a manageable issue for photochemical internalization (PCI), an advanced intervention that relies on endocytosis and requires that the drug is entrapped exclusively into endocytic vesicles (endosomes, lysosomes) while the PS is anchored in their membranes. Irradiation using a sub-lethal PDT dose results in membrane rupturing and drug release leading to synergistic photo and chemo-toxicity of tumor cells [START_REF] Jerjes | Photochemical internalization for intracellular drug delivery. From basic echanisms to clinical research[END_REF]. PCI has been implemented using chiefly macromolecular toxins that are unable to penetrate the plasma membrane and are thus internalized by endocytosis, co-administered with a suitable photosensitizer [START_REF] Sultan | Disulfonated tetraphenyl chlorin (TPCS2a)-induced photochemical internalisation of bleomycin in patients with solid malignancies: a phase 1, dose-escalation, first-in-man trial[END_REF]. Consequently, examples using small molecule chemotherapeutics in PCI protocols are scarce.

Cyclodextrins (CDs) are cyclic carbohydrate oligomers that form inclusion complexes with hydrophobic drugs and solubilize them in water. Natural or specifically modified CDs are used extensively as excipients in drug formulations [START_REF] Saokham | Solubility of cyclodextrins and drug/cyclodextrin complexes[END_REF]. Simple porphyrin-CD covalent conjugates are attractive because they combine photoactivity with drug inclusion and ease of synthesis.

Although several conjugates have appeared in the literature as [START_REF] Mavridis | Porphyrinoid-cyclodextrin assemblies in biomedical research: an update[END_REF][START_REF] Singh | Glycosylated porphyrins, phthalocyanines, and other porphyrinoids for diagnostics and therapeutics[END_REF] including an example originating from this lab [START_REF] Theodossiou | Photochemical internalization of tamoxifens transported by a "Trojan-Horse" nanoconjugate into breast-cancer cell lines[END_REF][START_REF] Fraix | A multifunctional bichromophoric nanoaggregate for fluorescence imaging and simultaneous photogeneration of RNOS and ROS[END_REF], the importance of prior nanoparticle (NP) formation and optimization has neither been properly recognized nor investigated in detail, to our knowledge, We hypothesized that by connecting the highly photoactive hydrophobic 5,10,15,20tetraphenylporphyrin (TPP) via linker alkyl chains of variable length to hydrophilic βCD we would create stable, small NPs by self-assembly in water. The hydrophobic linkers are expected to further modulate the amphiphilicity of the neutral conjugates, promote their molecular plasticity and capacity for self-assembly and augment their ability for encapsulation and transport of small anticancer drugs. If suitably sized, the photosensitive NPs will target endosomes/lysosomes of cells by endocytosis, carrying the bound drugs along. Apart from tamoxifen, an anticancer drug with multiple phenyl groups that match the βCD cavity size [START_REF] Aggelidou | Protoporphyrin IX-β-cyclodextrin bimodal conjugate: nanosized drug transporter and potent phototoxin[END_REF], gemcitabine, although unsuitably structured, could also be effective if first converted into its N-adamantyl pro-drug. Both were expected to bind tightly enough to NPs to ensure co-delivery to lysosomes. The proposed approach would provide a widened choice of vehicles and small chemotherapeutics for the PCI technology.

Herein we use 2, 5 and 11-carbon chain linkers to connect TPP to βCD (Scheme 1) and demonstrate the successful formation of photoactive NPs that bind and transport the above mentioned small chemotherapeutics, specifically targeting the lysosomes of tumor cells. The NPs, devoid of dark toxicity, exert highly synergistic phototoxic and chemotoxic action upon illumination. Moreover, we employ photoactive liposomes as model vesicles in order to mimic organelles and understand the subcellular fate of our systems. 

Results and Discussion

Synthesis and structural characterization

Photophysical characterization

UV-Vis spectra in DMF and in aqueous solution:

The spectra of the conjugates and the corresponding parent porphyrins in the monomerizing [START_REF] Shi | Porphyrin-based compounds and their applications in materials and medicine[END_REF] solvent DMF (Figs.

1A and 1B, respectively, Table B1) display characteristic absorption features [START_REF] Panagiotakis | Unsymmetrical, monocarboxyalkyl meso-arylporphyrins in the photokilling of breast cancer cells using permethyl-βcyclodextrin as sequestrant and cell uptake modulator[END_REF][START_REF] Mandal | Photophysical properties and electronic structure of porphyrins bearing zero to four meso-phenyl substituents: new insights into seemingly well understood tetrapyrroles[END_REF][START_REF] Ormond | Effects of substituents on the photophysical properties of symmetrical porphyrins[END_REF] with Soret (418.5 nm) and Q bands (500 -675 nm). The Soret band intensities of TPPOCNHbmC2 and TPPOCNHbmC5 drop by ~75% and ~25%, respectively, relative to that of TPPOCNHbmC11 (Fig. 1A) thus, the shorter the separation of the carbonyl group from the porphyrin π-system the higher the hypochromic effect observed. In phosphate buffer saline containing 4% DMSO (v/v), pH 7.4 (PBS) the spectra of the conjugates are not as severely affected, compared to their parent porphyrins while TPPOCNHbmC11 displays remarkable recovery of its absorbance (Figs. 1C vs 1D). The Soret bands are relatively symmetrical with less pronounced "shoulders" on both sides of λmax and narrower at FWHM by ~ 4 -38 nm, suggesting presence of rather uniform populations of species in PBS, compared to the parent porphyrins. (. _ . _ .) PBS with excess pMβCD (8 μM); H) TPPOCOOHCx, PBS (773 nm band arises from scattering of excitation light). The concentrations in DMF were adjusted to A = 0.02 at λexc = 515 nm to enable comparison with the spectra in PBS.

Emission spectra in DMF and in aqueous solution:

In DMF and λexc= 515 or 510 nm two characteristic emission bands at 653 and 717 nm are observed (Fig. 1E1,F1,G1, Fig. B15, Table B1). In PBS and λexc= 515 nm the intensities of these emission bands are significantly diminished (Fig. 1E2,F2,G2, Fig. B15C, Table B2), but still, two-, three-or ten-fold increased, compared to the parent TPPOCOOHCx (Fig. 1H). To assess the emission properties of the conjugates in monomeric form in aqueous solution, we formed strong inclusion complexes in situ with 2,3,6-per-O-methyl-βCD (pMβCD), that specifically binds the TPP moiety (Table B3) as previously demonstrated with the parent porphyrins [START_REF] Panagiotakis | Unsymmetrical, monocarboxyalkyl meso-arylporphyrins in the photokilling of breast cancer cells using permethyl-βcyclodextrin as sequestrant and cell uptake modulator[END_REF]. Up to 3-fold enhancement of the emission was registered (Fig. 1E3,F3,G3) owing to de-aggregation resulting in emission intensities reaching (TPPOCNHbmC11) or surpassing (TPPOCNHbmC2, TPPOCNHbmC5) those in DMF.

Fluorescence lifetime measurements in DMF and in aqueous solution:

Lifetimes (τ) were obtained from the best fit of the fluorescence decay data with either mono-or bi-exponential functions (Table 1, Fig. B16). In DMF the single species lifetime, τ, obtained is 5 to 20% reduced, compared to that of their parent porphyrins (τ ~ 11 ns). In PBS, two lifetime values, τ1 ~1.0 ns and τ2 ~4.6 ns, were calculated. Each τ1 and τ2 species contributes nearly 50% to the total population (entries 1-3). In contrast, in the respective porphyrins (entries 4-6) the % fraction of the τ1 population increases drastically with linker chain-length whereas the % of the τ2 populations decreases. These results demonstrate that the conjugates behave similarly, nearly irrespective of the linker chain-length, and are organized into two approximately equal populations of aggregated species, with longer τ2 values and increased % fraction, compared to the parent porphyrins. 

Self-assembly into nanoparticles (NPs)

The above measurements strongly indicate the presence of mostly nanoparticles (NPs) rather than random aggregates in the aqueous solution. To optimize NP formation, solutions of the conjugates were prepared according to "good-bad" methodology [START_REF] Karikis | Self-assembly of (borondipyrromethane)-diphenylalanine conjugates forming chiral supramolecular materials[END_REF]: TPPOCNHbmCx were dissolved in the "good-chaotropic" solvent DMSO and then diluted in the "bad" solvent PBS, reaching a final solution of PBS with 4% DMSO (v/v), pH 7.4 and were allowed to self-assemble at room temperature (r.t.) for 24 h.

Scanning and Transmission electron microscopies (SEM, TEM).

The SEM image of the NP assemblies formed by TPPOCNHbmC11, initially examined at 100 μM concentration, revealed three predominant populations of round, granular NPs (Fig. B17A1) with average diameters ~500 nm, ~200-300 nm and ~50-100 nm. However, at 20 μM and as TEM images (Fig. 2A and Figs. B17A2,A3) confirm, smaller, rather uniform nanospheres with average diameters of ~70 nm were formed. Few larger particles (~200 -350 nm, Fig. B17A2) were observed. Imaging did not require any contrasting agent, suggesting that the NPs may be relatively compact and dense. The EDX experiments (Fig. B17B) confirm the identity of the NPs. The corresponding TEM images of TPPOCNHbmC5 revealed a rather diffuse material on the grid (data not shown) suggesting that these NPs are more stable in the aqueous solution. 2), irrespective of the linker between TPP and βCD, in contrast to their parent porphyrins (entries 4-6, Table 2). Note that the DLS raw data (% intensity vs size) are inevitably affected by the absorption of the porphyrin moieties at the detection wavelength (633 nm)

and by the few large NPs that scatter intensely. The conjugates, therefore, seem to share a common self-organization mode. Evidently, the considerable amphiphilic character of the porphyrin-βCD dyad provides π-π stacking domains via the strongly hydrophobic TPP moieties, while the hydrophilic βCD cups are exposed. The NPs of TPPOCNHbmC2 and TPPOCNHbmC5 are stable for 72 h in PBS whereas the NPs of TPPOCNHbmC11 are stable for 48 h and then increase in size (Fig. B17C3). Among other properties, size affects the entrance, traffic and localization of NPs in cells. NPs of ~50 nm are most suitable for endocytic cell uptake, while NPs of greater dimensions are either less internalized or reside on cell membranes, the mechanisms additionally depending on the surface properties of the NPs [START_REF] Dolai | Nanoparticle size effects in biomedical applications[END_REF]. Thus, the present NPs seem suitably sized and sufficiently stable for cell experiments. 

 iii Polydispersity Index; iv Tamoxifen (2-[4-[(Z)-1,2-diphenylbut-1-enyl]phenoxy]-N,N-dimethylethanamine) citrate; v
Gemcitabine hydrochloride; vi 1-Adamantyl-anecarboxylic acid.

Theoretical calculations for self-assembly.

The geometries of the conjugates were optimized using crystallographic coordinates for βCD and porphyrin moieties [START_REF] Giastas | Molecular structures of the inclusion complexes β-cyclodextrin/1,2-bis(4-aminophenyl)ethane and β-cyclodextrin/4,4΄-diaminobiphenyl. Packing of dimeric β-cyclodextrin inclusion complexes[END_REF][START_REF] Charalambidis | A switchable self-assembling and disassembling chiral system based on a porphyrin-substituted phenylalanine-phenylalanine motif[END_REF] at the Molecular Mechanics level of theory using Avogadro software. The calculations showed that due to twisting of the aliphatic linkers near the βCD narrow opening, the maximum molecular dimensions of the optimal geometries of TPPOCNHbmC5 and TPPOCNHbmC11 become very similar, ~2.9 nm (Fig. B18), in support of the experimental results.

Anticancer drug inclusion in the NPs

Two, differently structured drugs were considered for loading in the NPs. Tamoxifen (2-[4-[(Z)-1,2diphenylbut-1-enyl]phenoxy]-N,N-dimethylethanamine) is a selective estrogen receptor modulator drug (SERM) prescribed as citrate salt (TamCit) to prevent and treat estrogen receptor positive breast cancer (Osborne, 1998). We have previously determined a substantial 1:1 binding constant (7.0 ±1.5x10 3 M -1 ) between βCD and N-desmethyltamoxifen (NDTAM) [START_REF] Aggelidou | Protoporphyrin IX-β-cyclodextrin bimodal conjugate: nanosized drug transporter and potent phototoxin[END_REF] owing to the presence of three phenyl groups in the molecular structure suitable for cavity inclusion.

Gemcitabine (GEM, 2',2'-difluoro-2'deoxycytidine, dFdC), is a pyrimidine nucleoside analogue anticancer prodrug used in the treatment of a range of solid tumors, also a broad spectrum antiviral agent [START_REF] Lee | Gemcitabine, a broad-spectrum antiviral drug, suppresses enterovirus infections through innate immunity induced by the inhibition of pyrimidine biosynthesis and nucleotide depletion[END_REF]) and a potent radiosensitizer [START_REF] Vanderveken | Gemcitabine-based chemoradiation in the treatment of locally advanced head and neck cancer: systematic review of literature and meta-analysis[END_REF]. GEM does not carry groups suitable for the cavity of βCD, and binds βCD weakly (46 ± 2 M -1 ), as we derived from NMR titrations (Fig. B19). Since the adamantyl group (ADA) is typically considered as an ideally sized moiety for strong βCD inclusion (10 4 -10 5 M -1 , [START_REF] Rekharsky | Complexation thermodynamics of cyclodextrins[END_REF], it became clear that the best approach would be to employ a hydrolysable ADA derivative of GEM in the studies, as needed, and therefore 4-N-(1-adamantoyl)-2',2'-difluoro-2'-deoxycytidine (GEMADA) was prepared (Scheme A2).

DLS experiments.

Solutions of the pre-assembled NPs were co-incubated with model guest 1adamantylcarboxylic acid (ADACOOH), TamCit and GEM (Table 2, Fig. 2E). Incubation with ADACOOH results in doubling (TPPOCNHbmC2/C5) and tripling (TPPOCNHbmC11) of the NP diameters, reaching ~ 200 nm. On the contrary, the aggregates of the parent porphyrins do not seem to be particularly disturbed (Fig. 2F). Consequently, the NPs seem to maintain a number of available cavities and the entering guests push the linker chains away causing the NPs to expand. Incubation with the very poor guest, GEM, causes moderate growth of NPs, suggesting that non-cavity entanglement can be also a loading mechanism. TamCit causes the NPs to grow considerably (TamCit), exceeding 100 nm for the conjugate with C5 and C11 linkers (Table 2), suggesting both cavity encapsulation and entanglement in the NPs. Table B4 lists λmax shfits in the presence of guests. Overall, NPs seem to grow with the length of the chain between βCD and TPP moieties, remaining below 200 nm thus still considered suitable for cell studies [START_REF] Dolai | Nanoparticle size effects in biomedical applications[END_REF][START_REF] Oh | Endocytosis and exocytosis of nanoparticles in mammalian cells[END_REF]. The PDI values remained reasonably low, ranging from 0.14 to 0.29 nm.

Inclusion studies by NMR. Direct proof of guest encapsulation in the βCD cavity of

TPPOCNHbmCx was provided by NMR spectroscopy using pMβCD to cap, isolate and solubilize the TPP part. The spectra confirm strong and specific TPP moiety inclusion in pMβCD (Fig. B20A-D, Fig. B21). Table B3 lists the stoichiometries and binding constants (K ~ 10 11 M -2 , Fig. B22) of pMβCD/conjugate inclusion complexes. The tight pMβCD/TPPOCNHbmCx complexes form additional complexes with TamCit via the available βCD moiety (Fig. B21A, Fig. B21B-D).

UV-Vis spectral analysis.

Analysis of the absorption spectra in DMF and in PBS of the NPs alone and drug-loaded (Fig. B23) was performed with 2 nd derivatives (Fig. B24). In DMF all conjugates display a single sharp peak at the same λmax = 418.5 nm (Fig. B24A) confirming the presence of monomers only. In contrast, the conjugates reveal rather broadened and both red-and blue-shifted Soret bands in PBS (Fig. B24B-D): those at ~ 403 nm suggest formation of H-aggregates while the redshifted ones at ~ 422 nm suggest formation of J-aggregates [START_REF] Maiti | J-and H-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF][START_REF] Villari | Spontaneous self-assembly of water-soluble porphyrins having poly(ethylene glycol) as branches: dependence of aggregate properties from the building block architecture[END_REF][START_REF] Pescitelli | Application of electronic circular dichroism in the study of supramolecular systems[END_REF]. Upon addition of the drugs, the intensities of both bands change suggesting redistribution of the respective populations while bathochromic shifts and further broadening reveal the enhancement of J-aggregates and the enlargement of the NPs, in agreement with the DLS results.

Theoretical calculations, as in section 2.3.3, show that entry of ADACOOH in the cavity of TPPOCNHbmC11 untwists the aliphatic chain, resulting in extension of the conjugate from 2.9 nm to 3.6 nm (Fig. B24E).

Photostability and 1 O2 production

The decrease in absorption intensity of the Soret bands in the UV-Vis spectra (Fig. B25A-C) was monitored upon irradiation at λ = 630 ± 10 nm, 0-28.34 J/cm 2 corresponding to 0-120 min, in PBS.

At ~4 J/cm 2 , used for irradiation of the cells (section 2.8) the photobleaching of all conjugates is only ~ 10% reaching ~30% at the end (Fig. B25D). The similar behavior is attributed to the common assembly mode of NPs in the aqueous medium. Moreover, irradiation of the conjugates in PBS in the presence of 9,10-anthracenediylbis(methylene)dimalonic acid (ABDA) confirmed the generation of 1 O2 by all conjugates (Fig. B26), even in as NPs. ABDA is known to react instantly with 1 O2 to form an endoperoxide product thus resulting in its photobleaching [START_REF] Entradas | The detection sensitivity of commonly used singlet oxygen probes in aqueous environments[END_REF][START_REF] Song | Phytoalexin phenalenone derivatives inactivate mosquito larvae and root-knot nematode as type-II photosensitizer[END_REF]. The rate constants of 1 O2 production for TPPOCNHbmC5/C2 (~10 x 10 -4 M -1 ) are similar to or greater than that of the known PS meso-5,10,5,20-(3-hydroxyphenyl)porphyrin (mTHPP) (~ 6.6 x 10 -4 M -1 , Table B5) thus indeed, the NPs are photoactive.

Confocal Laser Scanning Microscopy

Live imaging of human breast adenocarcinoma MCF-7 cells incubated for 24 h with NPs of TPPOCNHbmC5 (Fig. 3A1) and TPPOCNHbmC2 (Figs. supporting localization of the conjugates in the lysosomes. Mander's Coefficients (M1 and M2) [START_REF] Manders | Measurement of co-localization of objects in dual-colour confocal images[END_REF][START_REF] Pike | Quantifying receptor trafficking and colocalization with confocal microscopy[END_REF] were calculated and M1 (fraction of red fluorescence, i.e. TPPOCNHbmC2 in areas with green fluorescence, i.e. LysoTracker) was found >0.80 (Fig. B28E) proving the exceptional selectivity of TPPOCNHbmC2 NPs in targeting the lysosomes. Further confirmation of FRET was obtained in solution: upon addition of TPPOCNHbmC2 gradual quenching of the lysotracker emission band at 510 nm solution was registered, either using λex = 488 (Fig. 3C) or 470 nm (Fig. B29C). Concomitant increase of the bands at 654 and 716 nm due to the emission of the porphyrin moiety was noted. The rate of quenching was nearly identical at both λex settings (Fig. B29D) and there was no TPPOCNHbmC2 emission (Fig. B29E). The LysoTracker used is a BODIPY derivative that when in lysosomes, can presumably enter available βCD cavities of co-localized conjugates keeping the chromophores at FRET distance. Similar effects have been recently reported in cells between a BODIPY-pMβCD conjugate (donor) and an included porphyrin (acceptor) [START_REF] Nakagami | FRET-based in-cell detection of highly selective supramolecular complexes of meso tetraarylporphyrin with peptide/BODIPY-modified per-Omethyl-β-cyclodextrins[END_REF].

The self-assembled NPs are apparently taken up by the cells via endocytosis thus they end up in vesicles within the cells. The very bright fluorescence intensity in the images suggests that it is possible to find monomeric conjugates anchored in the organelle membranes, thus model liposomes were employed as mimics of subcellular compartments to investigate such a possibility.

Liposomes as models of vesicular organelles-incorporation of the conjugates in the membranes

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes were prepared by the Bangham method [START_REF] Bangham | Diffusion of univalent ions across the lamellae of swollen phospholipids[END_REF] in the presence of TPPOCNHbmC5 ,TPPOCNHbmC11 or TPP.

The incorporation efficiency of the conjugates was very high (> 99%). The size, size distribution, zeta potential, and morphology of the resulting liposomes were indicative of stable and well-formed entities (Table B6, Fig. B30). Comparison of the UV-Vis absorption of the DOPC/conjugates liposomes in water with those of the respective conjugates in DMF (Fig. B31), where the conjugates are presumably monomeric, reveals complete similarity regarding both λmax and band shape. This remarkable result suggests that the conjugates have been incorporated in the liposome membranes as monomers and the absorption bands do not arise from NPs enclosed in the liposome aqueous interior, where they are expected to aggregate and give rise to much broadened bands. Additionally, overnight co-incubation of blank DOPC liposomes with a 2 μM PBS solution of pre-assembled porphyrin-βCD NPs resulted in increased absorption intensity and decreased broadness of the Soret band for TPPOCNHbmC2/C5 NPs (Figs. B32A,B,D), suggestive of their effective interaction with the liposome membranes. In contrast, TPPOCNHbmC11 displayed slightly greater broadness of the Soret band (Fig. B32C) probably due to the prevailing enlargement of the NP size with time (Fig. B17C3).

Using a liposome irradiation setup (~50 mW/cm², 300-400 nm centered at 350 nm) the successful production of ROS by TPPOCNHbmC5 in DMF was confirmed using the ROS scavenger methyl linoleate, (Fig. B33). The DOPC/TPP/CF liposomes loaded with carboxyfluorescein (CF) as model cargo showed clear release of CF with irradiation time (Fig. B34A), demonstrating that the integrity of the liposome membrane has been compromised due to the ROS generated by TPP. Surprisingly, the release profile of CF from the formulation DOPC/TPPOCNHbmC5/CF (Fig. B34B) was practically that of the blank liposomes loaded with CF. Excitation of a CF solution in PBS at λexc = 470 nm (Massu et al., 2000) and gradual increase the amounts of TPPOCNHbmC5 added (no absorption at 470 nm) revealed decreased CF emission (Fig. B34C). The emission spectrum of CF (λem = 480 -600 nm), overlaps with the absorption region of TPPOCNHbmC5 (350 -680 nm, Fig. 1) and FRET between the CF donor and the porphyrin moiety acceptor in TPPOCNHbmC5 mediated by the βCD cavity can result in decreased CF emission and emergence of TPPOCNHbmC5 fluorescence (653 and 715 nm, Fig. B34C). Indeed, the 2D ROESY NMR spectrum of βCD/CF confirmed very strong binding (Fig. B34D) undisturbed by the addition of the competitive guest ADACOOH.

The liposome experiments show that the conjugates, even as assembled NPs, can be incorporated in the bilayers as monomers. Moreover, guest release from the interior of the liposomes can be greatly affected by the formation of strong inclusion complexes with available βCD cavities. The incell FRET between TPPOCNHbmC2 and LysoTracker described previously (Fig. 3) suggests that by analogy, molecules entrapped in the lysosomes can also form inclusion complexes with the available cavities of the membrane-embedded conjugates.

8. Cytotoxicity and photokillinga synergistic PCI effect

MCF-7 cells were incubated in 96-well plates for 24 h with either the pre-assembled NPs alone or with the drug-loaded NPs (with TamCit and GEMADA) or with the drugs alone. The appropriate sample groups were then irradiated at 640 nm with a custom-made LED array lamp at light-doses suitable to achieve LD50 or the highest synergistic effect (4.18 J/cm 2 , Figs. B35A-C). Irradiation of the untreated cells confirmed that light alone does not induce toxicity (Fig. B35D). Subsequently, all plates including dark, media only, and drug only controls, were evaluated for cytotoxicity with the MTT assay at the 24 h and 48 h time-points (Fig. 4).

The dark experiments of Fig. 4A reveal that TamCit and GEMADA alone confer low toxicity on the cells at 24 h (< 20% cell death), compared to dark control, and have similar effects after 48 h.

The conjugates alone at the selected concentrations (Figs. 4B-D) are devoid of toxicity in the dark at 24 h and the cells seem to recover with time (48 h). Similarly, the cells with the NPs loaded with either TamCit or GEMADA largely retain their viability at 24 h and even proliferate at 48 h, demonstrating lack of dark toxicity, despite the chemotoxic payload (Fig. 4B-D).

Upon irradiation, the drugs alone at 24 h and 48 h (Fig. 4A) confer little damage, and the viability of the cells is retained at ~80% with a tendency to recover with time. On the contrary, the conjugates TPPOCNHbmC2 (Fig. 4B) and TPPOCNHbmC5 (Fig. 4C) elicit considerable toxicity as only ~30% of the cells remain viable at 24 h, displaying strong phototoxic (PDT) effects. Nevertheless, the cells proliferate after additional 24 h (~60 % viability) indicating that at the given set of experimental conditions the phototoxicity effect is temporary. In sharp contrast, the TPPOCNHbmC2 and TPPOCNHbmC5 NPs loaded with either TamCit or GEMADA not only confer stronger PDT effects on the cells at 24 h (~15-20% viability) but they also halt the proliferation of the cells for the next 24 h suggesting action of the drugs and manifestation of PCI.

Under the same conditions, cells incubated with TPPOCNHbmC11 NPs alone or loaded with the drugs, show poor PDT effects (~70% viability at 24 h) and questionable PCI effects (Fig. 4D), evidently due to low uptake (Fig. 3A3). The unloaded conjugates' phototoxicity compares sufficient well with that of mTHPP used as a positive control (Fig. B36) which, however, has very different localization preferences in the cells. Different localization locci had also been observed in our previously reported water soluble conjugates (Aggelidou et al. 1013), which were also less efficient regarding PDT than the current, insoluble amphiphilic systems. The results with the drug-loaded TPPOCNHbmC2/C5 NPs show strong synergy between the photodynamic and chemotherapeutic effects (Table B7): the values of the calculated synergy index, α, [START_REF] Christie | Synergistic chemotherapy by combined moderate hyperthermia and photochemical internalization[END_REF], Appendix A) are ~1.5 at 24 h and ~3 at 48 h. This outcome can be convincingly explained by 1 O2 photogeneration that compromises lysosome membranes and subsequently induces drug release (PCI). Strong synergy is observed not only with TamCit, a drug suitable for treatment of the estrogen-receptor β-positive MCF-7 cell line, but also with GEMADA. The first line anticancer drug GEM requires nucleoside transporters for cell uptake [START_REF] Mackey | Gemcitabine transport in xenopus oocytes expressing recombinant plasma membrane mammalian nucleoside transporters[END_REF]. When intracellularly, GEM undergoes sequential phosphorylation steps to attain the active form that inhibits both DNA synthesis and the enzymes of nucleotide metabolism of cancer cells [START_REF] Baker | 2'-Deoxy-2'-methylenecytidine and 2'-deoxy-2',2'-difluorocytidine 5'-diphosphates: potent mechanism-based inhibitors of ribonucleotide reductase[END_REF][START_REF] Mini | Cellular pharmacology of gemcitabine[END_REF]. In our comparison experiments, the cell viability using GEM alone is found to decrease to ~60% after either 24 h or 48 h incubation, with or without irradiation (Fig. B37) suggesting low uptake. GEMADA alone, under the same conditions, appears to be even less toxic than GEM (Fig. B36) as cell viability only drops to ~80%. On the contrary, under irradiation conditions, the cells treated with GEMADA-loaded NPs suffer profound reduction of their viability (Figs. 4B-C), as discussed above. We can postulate, therefore, that due to the presence of the adamantyl group GEMADA binds strongly with the βCD cavities of the NPs and is endocytosed along with them, thus bypassing considerably its difficulty for uptake and potentially minimizing off-target effects. Under irradiation the drug is released to exert its toxic effects on-site. Various GEM modifications to overcome current drawbacks and improve its clinical efficacy have been reported [START_REF] Moysan | Gemcitabine versus modified gemcitabine: a review of several promising chemical modifications[END_REF]. Here, the adamantyl group is bonded to the 4-(N)-position of GEM (Scheme A2) leaving the -OH site free for phosphorylation and possibly also protecting the molecule against immediate deamination by cytidine deaminase, a process considered responsible for resistance to the drug. Our approach to GEM modification may prove suitable for other drugs of the nucleoside analogue family for delivery via similar nano-platforms.

Conjugate Conjugate +TamCit

Conjugate

The aggregating properties of glycosylated or "sugar-coated" porphyrinoids have been recognized, investigated and assessed and their importance in the diagnostic and therapeutic outcome has been highlighted [START_REF] Singh | Glycosylated porphyrins, phthalocyanines, and other porphyrinoids for diagnostics and therapeutics[END_REF]. Many parameters contribute to the size and stability of the aggregates that affect both the photophysical properties and cell uptake. The results presented herein demonstrate that uncomplicated porphyrin-βCD conjugates form suitable NPs and that loading with small molecular weight chemotherapeutic drugs or tailored pro-drugs, is feasible.

Interaction with cell membrane components is expected to destabilize the NPs, however, it is also expected that even <60 nm entities would be large enough (MW ~2 kDa) to become endocytosed and end up in endosomes and lysosomes. Further, the fact that upon irradiation GEM alone confers little damage to the cells and GEMADA alone even less, but the GEMADA/conjugate formulation becomes highly toxic, highlights a method to bypass natural cell uptake mechanisms and direct the drug together with the conjugate into the lysosomes for PCI. Our present NPs, completely devoid of dark toxicity, can be enlisted as a promising new set of biocompatible systems and can be considered, in addition to other nano-assemblies [START_REF] Xue | Porphyrin-based nanomedicines for cancer treatment[END_REF], as efficient vehicles for the photodelivery of small drugs.

Conclusions

In a few synthetic steps we have prepared three conjugates of βCD with monocarboxy-methyl-, - 

  Scheme 1. Molecular structure of the porphyrin-βCD conjugates, TPPOCNHbmCx, and % yields of their synthesis from porphyrins TPPOCOOHCx and mono(6-amino-6-deoxy)-βCD (bmNH2).

Fig. 1 .

 1 Fig. 1. UV-Vis absorption spectra (2 μΜ solutions): A) TPPOCNHbmCx, DMF; B) TPPOCOOHCx, DMF; C) TPPOCNHbmCx, PBS; D) TPPOCOOHCx, PBS. Emission spectra (2 μΜ solutions, A = 0.02, λexc = 515 nm) of: E) TPPOCNHbmC2; F) TPPOCNHbmC5; G) TPPOCNHbmC11 in 1: (---) DMF; 2: (---) PBS; 3:

FFig. 2 .

 2 Fig. 2. (A) TEM image of TPPOCNHbmC11 NPs at 20 μM (without contrasting agent); (B-D) Number (%) vs size DLS profiles of (B) TPPOCNHbmC2, (C) TPPOCNHbmC5 and (D) TPPOCNHbmC11 NPs at 2, 5, 10 and 20 μΜ concentrations in PBS*. DLS profiles of number (%) vs size of (E) TPPOCNHbmCx in comparison with (F) TPPOCOOHCx (2 μM in PBS) and in the presence of guest molecules (GEM.HCl, TamCit, ADACOOH). *PBS is with 4% DMSO (v/v), pH 7.4

  2.3.2. Dynamic light scattering (DLS). The pre-assembled conjugates in the range 2 to 20 μΜ behave uniformly (Fig. 2B-D, Figs. B17C1,C2) and form ~ 60 nm NPs with polydispersity indices (PDI) ≤0.22 (entries 1-3, Table

  3A2) using λex = 514 nm and λem = 637 -670 nm, revealed abundant and very intense punctate red fluorescence, suggestive of high uptake, in contrast to TPPOCNHbmC11 (Figs. 3A3, B27) that is not efficiently internalized. The dotted fluorescent patterns observed indicate that the conjugates are localized at numerous intracellular vesicular organelles such as endosomes and lysosomes. There are no indications of either cytoplasm or nuclear membrane localization. Brief co-incubation of the TPPOCNHbmC2-treated cells with LysoTracker® Green DND-26 (λex = 488 nm, λem = 501 -538 nm) resulted in multiple yellow dotted areas in the overlaid images (Figs. 3B1-B3, B28),

  Fig. 3. (A-B): Confocal microscopy images of MCF-7 cells incubated for 24 h with NPs of conjugates (10 μΜ): (A1-3, B1) images with λex = 514 nm, laser intensity 3% and λem = 637 -670 nm: (A1) TPPOCNHbmC2; (A2) TPPOCNHbmC5; (A3) TPPOCNHbmC11; B1) TPPOCNHbmC2 NPs treated with LysoTracker® Green DND-26 (0.3 μM); (B2) cells of B1 imaged with λex = 488 nm, laser intensity 1%, λem = 501 -538 nm; (B3) overlay of images B1 and B2 with yellow spotted areas indicating high co-localization; (B4) cells in B1 imaged with λex = 488 nm and laser intensity 3% but detected with λem = 637 -670 nm indicates FRET between the lysotracker and the porphyrin moiety of TPPOCNHbmC2; (C) Decreased emission at λem = 510 nm (green arrow) of a LysoTracker® Green DND-26 solution (0.3 μM) in the presence of increased amounts of TPPOCNHbmC2 (0-12 μM) and emergence of TPPOCNHbmC2 fluorescence at λem = 625 -760 nm (red arrow) registered following λexc = 488 nm in PBS* indicate FRET between the two molecules.. * PBS is with 4% DMSO (v/v), pH 7.4.

Fig. 4 .

 4 Fig. 4. Viability of MCF-7 cells following 24 h incubation with porphyrin-βCD NPs (10 μM) without or with anticancer drugs (7.5 μM), without (white and light grey bars) or with irradiation at 4.18 J/cm 2 , λ = 640 nm (dark grey and black bars). The MTT assays were performed at 24h (dark grey bars) or 48 h (black bars) postirradiation: (A) Control experiments with cells alone (control), TamCit or GEMADA; (B) TPPOCNHbmC2; 425 (C) TPPOCNHbmC5; (D) TPPOCNHbmC11, alone and loaded with the drugs. Error bars are shown in each case.

  butyl and -decyl-TPP. The conjugates show similar photophysical properties both in DMF and in aqueous media, regardless of the different length of the aliphatic chain linkers between the TPP and βCD moieties. Importantly, the conjugates self-assemble into very similarly sized, photoactive NPs that specifically target and accumulate in the lysosomes of MCF-7 cells. Liposome experiments show that the NPs can interact with lipid membranes wherein they can be lodged as monomers. We demonstrate high overall photo and chemo-toxicities following irradiation of cells incubated with NPs loaded with TamCit or GEMADA due to significant synergy developed that suggests operation of PCI, the effects lasting for at least 48 h. Dark experiments demonstrate complete lack of toxicity of the NPs, either empty or drug-loaded, thus the drugs are released only with the action of light. Moreover, attachment of an adamantyl group can direct GEM along with the NPs to endocytic vesicles, enabling use of this potent small drug in PCI treatments. The radiosensitizing properties of GEM also point to the possibility that the NPs could be interesting vehicles for combined chemo-, photo-and radio-treatment of tumors.CRediT authorship contribution statementS.P.: Investigation, Methodology, Analysis, Writing & Editing; B.M. and A.A.: Methodology, Analysis & Editing; L. B.-M. Investigation, Analysis, & Writing; T.R.: Methodology & Analysis; A.R.R.: Investigation & Analysis; N.B.: Methodology & Review; G. C.: Methodology & Editing;

Table 1

 1 Emission

	Entry	Compound	Lifetime (

lifetimes (τ) of the porphyrin-βCD conjugates and parent porphyrins alone and with pMβCD, in DMF i and in PBS ii , λexc = 515 nm, 2 μM, 25 ºC.

ns) DMF Lifetime (ns) PBS Lifetime (ns) +pMβCD, PBS τ1

  

				(%)	τ2 (%)	τ1 (%)	τ2 (%)
	1 TPPOCNHbmC2	9.1	1.3 (44.1) 4.6 (55.9)	2.6 (5.9)	14.5 (94.1)
	2 TPPOCNHbmC5	9.9	0.8 (47.8) 4.5 (52.2)	1.4 (1.9)	12.6 (98.1)
	3 TPPOCNHbmC11	10.7	1.2 (50.4) 4.8 (49.6)	1.8 (21.1)	6.6 (78.9)
	4	TPPOCOOHC2 i	11.2	1.3 (19.4) 5.3 (80.6)	12.0 (100)	-
	5	TPPOCOOHC5 i	10.9	0.7 (69.5) 3.7 (30.5)	0.7 (7.8)	11.1 (92.2)
	6 TPPOCOOHC11 i	11.2	0.8 (97.7) 2.7 (2.3)	1.0 (94.7)	5.9 (5.3)

i

Panagiotakis et al., 2022, ii 

Phosphate buffer saline containing 4% DMSO (v/v), pH 7.4. 9

Table 2

 2 DLS measurements of self-assembled conjugates and the corresponding porphyrins, 2 μM in PBS i and in the presence of drugs.

	#	Compound ii		Size (nm) (PDI iii )	
			NP	+ TamCit iv	+ GEM v	+ ADACOOH vi
	1	TPPOCNHbmC2	57 ± 12 (0.22)	90 ± 7 (0.25)	71 ± 5 (0.23)	100 ± 6 (0.23)
	2	TPPOCNHbmC5	60 ± 3 (0.17)	121 ± 19 (0.24)	102 ± 4 (0.29)	125 ± 10 (0.27)
	3	TPPOCNHbmC11	60 ± 4 (0.19)	146 ± 16 (0.23)	119 ± 25 (0.23)	190 ± 31 (0.14)
	4	TPPOCOOHC2	88± 14 (0.39)	-	-	64± 40 (0.69)
	5	TPPOCOOHC5	79± 12 (0.81)	-	-	87± 20 (0.91)
	6	TPPOCOOHC11	105± 37 (0.79)	-	-	101± 44 (0.84)
	 i Phosphate buffer saline containing 4% DMSO (v/v), pH 7.4, r.t; ii Measured 24 h after preparation of the solutions.
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