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Introduction

Bicontinuous cubic liquid crystalline nanoparticles, universally known as cubosomes, represent a very peculiar class of soft matter-based material that differentiate from their lamellar counterpart, the liposomes. In cubosomes, the threedimensional arrangement of the lipid bilayer is folded in space on an infinite periodic minimal surface of cubic symmetry and separates two interwoven water channels, 1,2 resembling that of the bicontinuous cubic bulk phases. 3,4 In addition, since the lipid matrix completely fills the inner portion of the nanoparticles, compared to single-bilayer liposomes, cubosomes offer a larger (up to three times) hydrophobic volume, at the same time exposing to water only 60 % of their surface with respect to that of liposomes. 5 Such characteristics made cubosomes extremely interesting for pharmaceutical applications as drug delivery vehicles. 6,7 Therefore, cubosomes have been largely explored in nanomedicine, and numerous articles have been published discussing their potential for the topical, [8][9][10] enteral, [11][12][13][14] or parenteral [15][16][17][18][START_REF] Zhai | Faraday Discuss[END_REF][START_REF] Kim | [END_REF][21] administration of drugs. Particularly, cubosomes can be designed to simultaneously transport imaging agents and therapeutic agents, so they can be effectively used in theranostic nanomedicine. [22][23][24] Although numerous investigations demonstrated that cubosomes may be somewhat cytotoxic, and some types of cubosome formulations were also shown to induce hemolysis, 25,26 they can be formulated and administered at a non-toxic concentration still useful for medical purposes. By contrast, only few in vivo experiments were performed so far, and much more are needed to fully understand the relevance of this kind of nanoparticles in medical applications. 10,[27][28][29][30] Among many therapeutic procedures approved by US FDA, Photodynamic Therapy (PDT) has been proven as an interesting and emerging tool for cancer treatment, since its first application. PDT is a minimally invasive approach that can be safely combined with other antitumor treatments, such as chemotherapy, radiotherapy, and surgery. 31 It requires a photosensitizer molecule (PS), light and oxygen. After injection of the PS into the blood stream and its accumulation into the target tissues, light irradiation (600 -800 nm) is applied. After absorption of light and intersystem crossing, the PS in the excited triplet state can transfer its energy to molecular oxygen O2 (Type II process), giving highly cytotoxic 1 O2 or it can react with surrounding biomolecules by electron or proton transfer (Type I process) leading to radical species that further react with oxygen to generate Radical Oxygen Species (ROSs). 32 The effects of the treatment are first the direct tumor cell death, microvascular damage, and later an inflammatory reaction that can lead to a development of systemic immunity. 33 The literature most reported structure for a PS is the tetrapyrrolic macrocycle due to its high absorption peak in the optical window of tissue, no dark toxicity, ability to generate singlet oxygen and relatively rapid clearance from healthy tissues. [34][35][36][37] Recent papers showed how a two-photon photosensitizer for PDT connected to one or two GdDOTA-based complexes could be used as a theranostic tool in PDT and MRI, giving low dark toxicity and promising results on HeLa cells. 38,39 Enhancing the accumulation of the PS in the target tumor cells is one of the most important aims in PDT. Using nanoparticles, soft or hard matter based, represent a strategy to achieve this goal; many examples for tumortropic active-and passivetargeted lipid-based and polymeric nanoparticles have been reported in the last decades, showing how the high loading efficiency and the flexibility of the nanoparticles can improve the biodistribution, the blood circulation time of the photosensitizer, and the efficacy of PDT. [40][41][42] Cubosomes were recently proven useful in PDT. Indeed, polymer-free cubosomes proposed for topical applications were loaded with a photosensitizer, and used for bioimaging PDT of skin malignant melanoma cells. With respect to the free photosensitizer, a superior cytotoxic effect was detected when the latter was encapsulated within the cubosomes. 9 Here, a multifunctional fluorescent cubosome formulation was engineered for cancer PDT and chemotherapy after parenteral administration. Particularly, a newly synthesized fluorescent PS was conjugated to the block copolymer used to stabilize the nanoparticles in water, while Docetaxel, an antineoplastic drug, was encapsulated in the nanoparticles. It deserves noticing that grafting imaging/therapeutic molecules to the cubosome surface instead of encapsulating them between the lipid bilayer could be an effective strategy to avoid the phase transition of the inner phase, taking into account that lipid self-assembly processes are delicately poised, and can be easily altered by inserting molecules within the lipid palisade.

Results and discussion

Synthesis of the copolymer-photosensitizer conjugate.

To simultaneously provide cubosomes with both imaging and therapeutic properties, Docetaxel (DTX) was loaded within the lipid bilayer, while the PS DPP-ZnP-NH2 38 was covalently linked to the block copolymer PF108 typically used to stabilize cubosomes in water. The diketopyrrolopyrrole-Zn(II)porphyrin conjugate DPP-ZnP was chosen as PS based on our previous studies that revealed its fluorescence properties (quantum yield of 0.15 in DMSO), its good capacity to generate singlet oxygen (quantum yield of 0.54 in DMSO) and its ability to be an effective PS for PDT. 37,43 After activation of the PF108 with carbonyldiimidazole, an addition-elimination reaction with DPP-ZnP-NH2 was performed in CH 3 CN to obtain the conjugate PF108-(DPP-ZnP) 2 (Scheme 1).

Scheme 1 Synthetic scheme of PF108-(DPP-ZnP)2.

Physicochemical and spectroscopic characterization of the cubosome formulation.

Cubosomes loaded with DTX in the lipid bilayer were prepared, as reported in section 3.3, using monoolein as molecular building block and stabilizing the dispersion in water by 40 % of PF108-(DPP-ZnP)2 and 60% of classical PF108. The concentrations of DTX and PS in such a formulation were 1.1 mM with an EE% of 99.5% and 188 µM, respectively. The 40/60 ratio among the conjugated and non-conjugated Pluronic was used to allow a proper stabilization of the nanoparticles in water. Indeed, when 100 % of the newly synthesized stabilizer was used, the formulation promptly phase separates.

Cubosomes morphology was evaluated by cryo-TEM (Fig. 1).

The nanoscopic inspection of the formulation disclosed the presence of polydisperse cubic and round shaped nanoparticles characterized by the dense inner lipid matrix usually shown by cubosomes. Analysis of the cryo-TEM picture in Fig. 1 also revealed the presence of unilamellar vesicles, as frequently observed in cubosomes formulations. According to DLS, the cubosomes average hydrodynamic diameter, polydispersity index, and ζ-potential were found to be 159 nm, 0.20, and -21.9 mV, respectively. These values are well within the range typically found for this kind of formulations. 44-
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The inner bicontinuous cubic structure of the nanoparticles was definitely proven by SAXS. Particularly, the SAXS diffractogram reported in Fig. S1 (ESI) is characterized by the superimposition of two patterns given by two different cubic bicontinuous liquid crystalline phases, one belonging to the Pn3m space group, the other to the Im3m. The coexistence of these two phases had been already reported in literature. It is worth recalling here that, according to the monoolein/water binary phase diagram, at room temperature, excess of monoolein in water gives only the Pn3m phase, and the presence of the Im3m phase in this system can be ascribed to the interaction of the block copolymer with the lipid bilayer. In a seminal work, Nakano demonstrated that the Im3m phase growths at the expense of the Pn3m phase as the Pluronic content (PF127 in that case) is increased. 47 On the basis of that observation he suggested that the Im3m nanostructure originated from the incorporation of the surfactant in the bilayer. From the Bragg peaks detected in SAXS experiments on our nanoparticles, the calculated lattice parameters were 136.8 ± 0.2 and 100.1 ± 0.2 Å for, respectively, for the Im3m and the Pn3m phases, while the calculated radius of the water channels (see section 3.5) were 24.8 ± 0. Mitotracker green (λex: 488 nm, λem: 500-600 nm), and (c) Lysotracker blue (λex: 405 nm, λem: 425-500 nm). Scale bar: 50 μm.

A colocalisation between the Lysotracker blue and cubosomes fluorescence in lysosomes was observed. This lysosomal localization was also observed by other groups for this type of surfactant. 48 Quite surprisingly, a colocalization between the fluorescence of the mitotracker and the cubosomes was also detected, suggesting mitochondria as extra targeting site.

Remarkably, localization studies performed with PF85 (having a structure analogue to PF108 linked to a fluorophore (tetramethylrhodamine) also showed mitochondria localization. 49 DTX is an antineoplastic drug, which causes cell death acting on the microtubular network, preventing cell division. 50 It had been already demonstrated that dispersing DTX in a cubosomes formulation increases its cytotoxicity by about one order of magnitude with respect to the molecularly dispersed drug. 5 As PDT does not induce anticancer resistance, and could be useful in killing localized resistant cells, a cubosome formulation was engineered, carrying both DTX and a PS, with the aim of providing a synergic toxic effect in cancer cell killing. 51 The cytotoxicity studies were performed on HeLa cells, 4h after incubation of the cubosome formulation loaded or not with DTX. The cubosome concentrations were between C5000 and C50, corresponding to a concentration of DPP-ZnP-NH2 between 0.04 µM and 3.8 µM, and of DTX between 0.21 µM and 21 µM. The cell viability was evaluated with an MTT test and the results are represented in Fig. 3. Cubosome stabilized with PF108-(DPP-ZnP)2 and incorporating DTX became toxic for a concentration of C750 and the IC50 was estimated between C750 and C500. It is interesting to note that cubosomes without DTX are not toxic at these concentrations suggesting that toxicity derived from the drug and not from the PS. This finding is in good agreement with results previously obtained. It was reported a toxicity of 30 % for a DTX concentration of 0.8 µM after 4 h incubation in HeLa cells. 5 In the present study, the cubosomes induced 40 % of cell death at a concentration of DTX of 1.4 µM. This journal is © The Royal Society of Chemistry 20xx
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The studies of phototoxicity induced by monophotonic excitation were performed on HeLa cells after incubation with a dispersion of cubosomes formulation stabilized with PF108-(DPP-ZnP)2, with or without DTX. Cells were incubated at C750, corresponding to a concentration of 0.25 µM for the PS and of 1.4 µM for the DTX, for 4 h. The cells were then irradiated at 660 nm for 1 h with a fluence rate of 36 mW/cm². Cell viability was evaluated 24 h after the irradiation with MTT test (Fig. 4). According to the results obtained from this experiment, cubosomes formulation stabilized with PF108-(DPP-ZnP)2 without DTX did not induce any toxic effect, while irradiation of the same formulation with a high light dose of 130 J/cm² caused a phototoxicity at around 20 %. It should be noticed that such light dose did not induced cell death. When the cubosomes were loaded with DTX, the toxicity increased, reaching about 50 %, while irradiation of cubosomes incorporating DTX caused a further slight increase of the toxicity up to 60 %, showing some additive effect among the photosensitizer and DTX in cell killing.

Experimental

Materials

Monoolein (MO, 1-monooleoylglycerol, RYLO MG 19 PHARMA, glycerol monooleate, 98.1 wt %) was kindly provided by Danisco A/S, DK-7200, Grinsted, Denmark. Pluronic F108 (PF108, PEO132-PPO50-PEO132) was purchased from Sigma Aldrich, and Docetaxel (DTX) from TCI Europe. Distilled water was used to prepare the sample and for the dilution, after passing through a Milli-Q water-purification system (Millipore). All the materials were used without further purification. Compound DPP-ZnP-NH2 and the CDI-Activated Pluronic F108 (F108-CDI) were prepared according to the literature. 23,38 

Synthesis of the conjugate PF108-(DPP-ZnP)2

To a solution of Pluronic F108-CDI (0.16g, 0.011 mmol) in dry acetonitrile (10 mL) DPP-ZnP-NH2 (40 mg, 0.022mmol) was added and the mixture was kept stirring under nitrogen atmosphere in the dark for 24h. Then, the solution was concentrated and recrystallized in diethyl ether. The product was dried under reduced pressure and collected as a green powder. Yield: 80% 1 

Cubosomes preparation

Cubosomes were prepared by melting MO at 37 °C and then adding the appropriate amount of an aqueous solution of the stabilizers (PF108/PF108-(DPP-ZnP)2, molar ratio 60/40). Finally, the mixture was homogenized using an UP100H ultrasonic processor developed by Hiescher (cycle 0.9, amplitude 90%) for 5, 3, and 2 min cycles. Cubosomes loaded with DTX were obtained by dispersing the drug in the melted MO with the help of an ultrasonic bath before adding the Pluronics solution. The cubosome formulation used for the cellular studies was usually 2 mL with approximately 96.4 wt % water, 3.3 wt % MO, and 0.3 wt % of the Pluronics mixture.

Dialysis and encapsulation efficiency

The cubosomes dispersion loaded with the drug was purified from the non-encapsulated DTX by dialysis as follows: 2 mL of cubosomes dispersion were loaded into a dialysis tubing cellulose membrane (14 kDa MW cutoff, purchased by Sigma-Aldrich) and dialyzed against 2 L of water for 2 h at room temperature, replacing the water after 1 h. The encapsulation efficiency (EE%) of DTX was determined by UV-Vis spectroscopy after the disruption of cubosomes with ethanol reading the absorption of the DTX at 283 nm in a Thermo Nicolet Evolution 300 UV-Vis Spectrophotometer. EE% was calculated by the following equation: 52 EE% = (weight of the drug in nanoparticles)/(weight of the feeding drug)×100%.

Small-angle X-ray scattering (SAXS)

SAXS patterns were recorded using a S3-MICRO SWAXS camera system (HECUS, X-ray Systems, Graz, Austria). The Cu K α wavelength (1.542 Å) was provided by a GeniX-X-ray generator (50 kV and 1 mA). A 1D-PSD-50M system (HECUS, X-ray Systems, Graz, Austria) containing 1024 channels (54.0 μm) was used for the detection of scattered X-rays in the small angle region. The working q range was 0.003 ≤ q ≤ 0.6 (Å -1 ), where q = 4πsin(θ)λ -1 is the scattering vector. Thin-walled (2 mm) glass capillaries were filled with the cubosomes dispersions. The SAXS patterns were recorded for 2 h. The camera volume was kept under vacuum during the measurements to minimize scattering from air. Silver Behenate (CH3-(CH2)20-COOAg, d spacing value of Please do not adjust margins Please do not adjust margins 58.38 Å) was used as standard to calibrate the angular scale of the measured intensity. The lattice parameter, a, for the bicontinuous cubic phases was calculated using the relation a = d (h 2 + k 2 + l 2 ) 1/2 (1) where d = 2π/q and h, k, and l are the Miller indices. The water channel radii (rW) of the cubic phases were calculated by the equation rW = [(A0/-2πχ) 1/2 a] -LMO (2) where LMO is the length of the monoolein hydrophobic chain (17 Å), while A0 and χ are, respectively, the surface area and the Euler characteristic of the IPMS geometries (Pn3m, A0 = 1.919, χ = -2; Im3m, A0 = 2.345, χ = -4 ). The length for the MO used in this study was originally calculated in the binary MO/water system. 53 Herein, it is assumed this value does not vary significantly due to the presence of the Pluronics mixture at the interface.

Dynamic light scattering (DLS)

Each sample was diluted 1:50 in Milli-Q water prior to any measurements. The intensity-weighted size distributions based on the apparent mean hydrodynamic diameter (Dh) and polidispersity indexes (PdI) of cubosome formulations were determined by DLS. To this aim, a Nano Series Zetasizer from Malvern Instruments (Worcestershire, U.K.) at an angle of 173° in optically homogeneous square polystyrene cells was used. The measurements were performed at 25 °C and obtained as an average of three runs with at least 10 measurements. The ζ-potential of the nanoparticles was measured using the micro-electrophoretic method by the Malvern Zetasizer Nano ZS apparatus. Each value was obtained as an average of three subsequent runs of the instrument at 25 °C, with at least 20 measurements.

Spectroscopic measurements

The cubosomes stock dispersion was diluted 100 times with distillated water. UV-vis spectra were recorded on a UVIKON XL spectrophotometer. Emission spectra were obtained using a spectrofluorometer FluoroMax from Horiba-Jobin Yvon.

Cell culture and MTT cell viability test

HeLa cells were cultured at 37 °C in DMEM complete culture medium containing phenol red with 5% CO2. They were seeded and maintained in 25 mL Falcon culture flask or multi well LabTek (Lab-Tek® II) culture flasks. Cell viability was assessed in pentaplicate by adding a solution of 3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (50 μL of a 5 mg mL -1 solution in DMEM by well). After an incubation period of 45 minutes, the media was removed and replaced by DMSO (150 μL). The absorbance was measured using the Safas Xenius spectrofluorimeter 96 well plates reader at 550 nm.

Dark cytotoxicity

HeLa cells were seeded in 96 wells culture plates. After one day, the cells were incubated with different concentrations of cubosomes with or without DTX (C5000 -C100 refers to concentration obtained from the original formulation with the index number representing the dilution factor). After 4 h incubation the cell viability was assessed using the MTT test described in section 3.7.

Phototoxicity tests

One-photon phototoxicity tests were performed as described in the literature using a homemade apparatus 39,43 with 800 mA high power LED Deep Red (640-660 nm) (FutureEden™) adapted for Corning® 96 well special optic plates. HeLa cells were seeded in these plates for 24 h and incubated with a cubosomes solutions (C750) with or without DTX for 4 h. The medium was replaced by new DMEM free of cubosomes and the plates were irradiated for 1 h at a light power of 36 mW/cm². The LEDs power was measured with a Thorlabs PM100D powermeter. The cell viability was then assessed 24 h after irradiation using the MTT test previously described.

Conclusions

With the aim of engineering a multifunctional cubosome formulation useful for imaging and therapeutic applications, a fluorescent PS, DPP-ZnP-NH2 was conjugated to the block copolymer PF108, used to stabilize the nanoparticles against phase separation. In addition, Docetaxel, an antineoplastic drug, was loaded within the lipid bilayer to induce higher cell death, exploiting possible synergic toxic effects. The physicochemical characterization demonstrated that a stable cubosomes formulation was obtained by using a mixture of the newly synthesized PF108-(DPP-ZnP)2 and the commercial PF108 in a 40/60 ratio. Interestingly, after incubation with HeLa cells, the imaging experiments indicated localization of the fluorescence in lysosomes and mitochondria, while a slight but significant synergic effect in increasing cytotoxicity was observed when Docetaxel containing cubosomes incubated with HeLa cells were also irradiated to induce the monophotonic excitation of the photosensitizer. On the whole, these results suggest the proposed fluorescent formulation possesses some potential in combined chemo-and photodynamic therapy of cancer. This journal is © The Royal Society of Chemistry 20xx
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Fig. 1

 1 Fig. 1 Cryo-TEM image of the cubosomes formulation stabilized 40 % of PF108-(DPP-ZnP)2 and 60 % of PF108. The dark areas on the left are part of the support film.

43 2. 3 .

 433 1 and 22.8 ± 0.1 Å. These values are in good agreement with those typically found in similar systems, evidencing that the tiny amount of DTX added, and the conjugation of the PS to the PF108 (rather than encapsulating it in the nanoparticles), did not modify the original cubosome nanostructure. The absorption of an aqueous suspension of PF108-(DPP-ZnP)2 stabilized cubosomes without DTX showed two bands with low resolution due to light scattering from the turbid suspension (ESI, Fig S2). They were ascribable to the Soret Band at 456 nm and a Q band at 663 nm of the DPP-ZnP unit. The emission spectra recorded at room temperature (ESI Fig S3) showed an unstructured large emission band at 666 nm with a shoulder at 695 nm. Both absorption and emission features are in line with those reported for DPP-ZnP. Cellular imaging and cytotoxic activity The PS DPP-ZnP-NH2 conjugated to PF108 in the cubosomes formulation is fluorescent, thus allowing cell localization studies. Cells were incubated with the cubosome formulation at a concentration of C500 (the original formulation was diluted 500 times) for 4 h. One hour before the acquisition of the images, Hoescht 33258, Mitotracker green or Lysotracker blue were also added (Fig. 2 and Fig S4).

Fig. 2

 2 Fig. 2 Confocal fluorescence images of HeLa cells after 4 h incubation with cubosome formulation (C500) detected by its red fluorescence (λex: 488 nm, λem: 700-800 nm) ; the cells are costained with (a) Hoechst 33258 (λex: 405 nm, λem: 425-500 nm), (b)

Fig. 3

 3 Fig. 3 Cytotoxicity induced on Hela cells by cubosome formulation with PF108-(DPP-ZnP)2 and with or without DTX, after 4 h incubation. The index numbers correspond to the dilution factor of the original formulation.

Fig. 4

 4 Fig. 4 Phototoxicity on HeLa cells incubated 4 h with a cubosome formulation with PF108-(DPP-ZnP)2 and with or without DTX, after 1h irradiation at 660 nm at 36 mW/cm². Cell viability was evaluated 24 h after the irradiation. *: Statistically significant difference (p < 0.05) via the t test.

  H NMR (500 MHz, DMSO-d6 , 298 K): δH 1.05 (d, J = 6 Hz, 3H×50,-CH3 of PPO), 2.65-2.75 (m, 2H×2 protons adjacent to the terminal amine), 2.96 (q, J = 6 Hz, 2H×2 protons adjacent to the amide bond), 3.185-3.646 (m, peg chain), 3.47-3.54 (m, 3H×50, 4H× 264,-CH2-CH(CH3)-O-of PPO and-CH2-CH2-O-of PEO), 7.00 (ar-H), 7.04 (ar-H), 7.35 (ar-H), 7.63 (ar-H), 8.26 (ar-H), 8.93 (d, pyr), 9.75 (d, pyr), 12.09 (-NH).

  The cryo-TEM work was performed at the Technion Center for Electron Microscopy of Soft Matter, supported by the Technion Russell Berrie Nanotechnology Institute (RBNI). C.C. and G.P. thank MIUR for PRIN 2017 (project 2017EKCS35).
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