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Abstract


Polyhedral oligomeric silsesquioxane (POSS) is a promising scaffold to be used as delivery system. POSS can modify the properties of photosensitizers to enhance their efficacy toward photodynamic therapy (PDT). In this work, we designed, synthesized and characterized five different POSS porphyrin (POSSPs 1–5) derivatives containing hydrophobic (1–3) and hydrophilic (4 and 5) functional groups. In general, all the POSSPs showed a better singlet oxygen quantum yield than the parent porphyrins due to the steric hindrance from the POSS unique structure. POSSPs 1 and 3 containing isobutyl groups showed better PDT performance in cancer cells at lower concentrations than POSSPs 4 and 5. However; at higher concentrations, the POSSP 4 containing hydrophilic groups has an enhanced PDT efficiency as compared with the parent porphyrin. We envision that the chemical tunability of POSSs can be used as a promising option to improve the delivery and performance of photosensitizers.
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1. Introduction


Photodynamic therapy (PDT) is a non-invasive technique for the treatment of various cancers with high selectivity, minimal long-term effect and excellent cosmetic appeal [1,2]. The basic working principle for PDT relies on light, oxygen and a photosensitizer (PS), which together are used to generate reactive oxygen species (ROS) that induces cell apoptosis/necrosis. PSs used in PDT (e.g., porphyrins) aggregate in aqueous media due to their poor solubility resulting in self-quenching and decreasing its bioavailability towards cancer cells. PS molecules are chemically modified to change their physicochemical properties to overcome those issues [3]. Nevertheless, the synthetic approaches are usually time-consuming and costly. Therefore, different approaches such as the physical or chemical incorporation of PSs in nanoparticles and polymeric micelles are being explored [4,5,6,7,8].



Polyhedral oligomeric silsesquioxane (POSS) is a class of nanostructured three-dimensional building blocks used to synthesize hybrid materials with a wide variety of biomedical applications such as tissue engineering, dentistry, drug delivery and bioimaging [9,10,11,12,13,14,15,16,17,18,19]. We hypothesize that polyhedral oligomeric silsesquioxane (POSS) compounds can be an attractive alternative to develop customizable scaffolds to functionalize PSs with a broad variety of groups. POSS compounds combined with porphyrins or chlorins have recently been used as scaffolds to develop nanoparticles for photodynamic therapy (PDT). Wu et al. modified POSS with chlorin e6 (Ce6) and polyethylene glycol (PEG) to produce POSS-Ce6-PEG with a high Ce6 content (19.8 wt%) and remarkable anticancer efficiency under light irradiation against HeLa cells and a U14 xenograft mice model [20]. Kim et al. also fabricated nanoparticles using POSS-Ce6 modified with a cancer-targeting peptide. This POSS-Ce6 platform was successfully evaluated in vitro and in vivo against triple-negative breast cancer (MDA-MB-231 cells) [21]. In another approach, Zhang et al. prepared a block copolymer using POSS and 4-vinylbenzyl-terminated tetraphenylporphyrin as the monomers. The self-assembly of this copolymer afforded nanoparticles with high photochemical yield and phototoxicity against a lung cancer model [17]. In a recent report, Wang et al. demonstrated the use of a tetra-PEG-POSS substituted with porphyrin for PDT treatment of cervical cancer in vitro and in vivo. The platform showed higher water solubility, good PDT efficiency and better anticancer performance compared to Foscan [18]. Despite these inspiring works, to the best our knowledge, the literature lacks a systematic investigation that focuses on the effects of different functional groups on the silsesquioxane cage of the POSS-photosensitizer system for PDT.



Herein, we report on the performance of five polyhedral oligomeric silsesquioxane porphyrin (POSSP) compounds toward PDT (Figure 1). These POSSP molecules were rationally designed to contain different functional groups such as alkyl (isobutyl, POSSP 1), aromatic (phenyl, POSSP 2), amino (POSSP 4) and trimethyl-ammonium (POSSP 5), which can have different interactions with cancer cells due to their hydrophobic/hydrophilic properties. Moreover, to evaluate the steric effect, a tetra-POSS substituted compound was also designed (POSSP 3). These POSSPs were synthesized in a multi-step synthetic approach and characterized using multiple spectroscopic techniques. The photophysical and photochemical features of the POSSPs such as fluorescence and singlet oxygen quantum yields were also determined. The singlet oxygen quantum yield values for POSSP derivatives were higher in comparison with the parent porphyrins. This is most likely due to the steric hindrance effect associated with the unique structure of POSS. The PDT properties of these molecules were evaluated in a triple-negative breast cancer cell line, MDA-MB-231. The PDT performance of these POSSPs at lower concentrations was functional group-dependent, with POSSPs 1 and 3 containing hydrophobic groups showing a higher phototoxicity. We associated this PDT efficacy with better photochemical properties. Nevertheless, when the PDT performance is carried out at much higher concentrations, these POSSPs cannot be further solubilized, but POSSPs 4 and 5 containing hydrophilic groups showed a good PDT outcome. In summary, these results demonstrate that the photophysical, photochemical and in vitro PDT properties of POSSPs can be modified based on different functional groups in the POSS molecule.




2. Results and Discussion


2.1. Synthesis of POSS-Porphyrin Derivatives


POSS contains a wide variety of chemical properties that allow multiple functionalization [22,23]. In this work, POSS-porphyrin molecules (POSSP) were designed to contain different functional groups such as alkyl, aromatic, amino and ammonium, (Figure 1). The synthesis of the POSS-porphyrin derivatives containing hydrophobic groups, isobutyl (POSSP 1) and phenyl (POSSP 2), was carried out through a multi-step approach (Scheme 1). First, commercially available heptaisobutyl- or heptaphenyl-trisilanol POSS was functionalized with aminopropyl trimethoxysilane via a corner capping reaction under basic conditions to obtain compounds 1 and 3 [22]. The amine group on these compounds were transformed to an isocyanate group by using triphosgene to produce molecules 2 and 4. The successful formation of the cyanate group was shown by the FT-IR stretching vibration at 2273 cm−1. Finally, mono-aminophenyltriphenyl porphyrin was reacted with either compound 2 or 4 via the formation of a urea bond to obtain POSSP 1 or 2, respectively. We also synthesized a tetra-substituted POSS-porphyrin (POSSP 3) by reacting an excess of compound 2 with tetra-aminophenylporphyrin following the same reaction as described above. The spectroscopic characterization of POSSPs 1–3 demonstrated the successful synthesis of these compounds. Characteristic vibrations in the FT-IR spectra showed the presence of the urea bond at ~1650 cm−1 and the Si-O-Si framework at ~1084, 966 and 700 cm−1, which are characteristic of the siloxane cage. Confirmation for the fabrication of these POSSP molecules was obtained by 29Si NMR with diagnostic signals at −67.0, −67.1 and −67.3 ppm for POSSPs 1 and 3; and at −65.3, −77.8 and −78.1 ppm for POSSP 2. In addition, MALDI-TOF mass spectro−metry was used to further corroborate the synthesis of the actual POSSP products, showing the expected molecular ions at [M − H]+ = 1527.55, [M − 3H]+ = 1665.24 and [M − 4H]+ = 4267.39, for POSSPs 1–3, respectively. The complete description for the synthesis and characterization for the intermediate POSS molecules 1–4 and POSSPs 1–3 is provided in the Supplementary Materials.



To synthesize the POSSP molecules containing hydrophilic groups, amine (POSSP 4) and trimethylammonium (POSSP 5), a different synthetic approach was utilized (Scheme 2). Here, octaaminopropyl-POSS (compound 5) was synthesized via the hydrolytic condensation approach of aminopropyltriethoxy silane (APTES) [24]. The synthesis of POSSP 4 was performed through an acyl nucleophilic addition of the amine group in molecule 5 to the activated carboxylic acid in compound 7 followed by purification using column chromatography. Compounds 6 and 7 were synthesized following a procedure reported in the literature; the experimental details and spectroscopic characterization are described in the Supplementary Materials [25]. The synthesis of POSSP 5 was afforded via a methylation reaction of POSSP 4 using methyl iodide in the presence of potassium carbonate [11]. The characteristic vibrational frequencies for the amide bond at 1658–1660 cm−1, the Si-O-Si framework 1100–1000 and 950–850 cm−1 and the Si-C bond at 822 and 758 cm−1 were observed. 29Si NMR was used to confirm the integrity of the cage; three diagnostic signals at −61.2, −70.7 and −70.9 ppm were determined. The complete description for the synthesis and characterization for the intermediate compounds 5–7 and POSSPs 4 and 5 is provided in the Supplementary Materials.




2.2. Spectroscopic Characterization


The UV–Vis and fluorescence spectra of the POSSPs was measured and compared with the parent porphyrins. Normalized absorption spectra of the POSSP 1–3 solutions in tetrahydrofuran (THF), and POSSP 4 and 5 solutions in dimethyl sulfoxide (DMSO) showed the typical Soret and Q-bands for porphyrins in the ranges of 410–420, 510–530, 545–565, 585–595 and 645–660 nm (Figure 2a). The Soret band wavelengths and the corresponding extinction coefficient values are presented in Table 1. The steady-state fluorescence emission spectra with normalized intensities showed two characteristic emission peaks for free-base porphyrins in the ranges of 650–660 and 715–720 nm (Figure 2b and Figure S2). The specific emission wavelengths for the POSSPs are provided in Table 1. The S- and Q-bands of POSSPs 1–3 are slightly blue-shifted with respect to their parent porphyrin, ATPP or TAPP (Table S1 and Figure S1), most likely due to the change in the electron-donating effect of the nitrogen substituent in the para (4-phenyl) position when it is chemically transformed from an amine to an urea group, as has been reported in the literature [26]. On the contrary, the S- and Q-band for POSSPs 4 and 5 are slightly red-shifted in comparison to compound 6 (Table S1 and Figure S1).



The fluorescence quantum yields (ΦF) were determined to indirectly characterize the efficiency with which the POSSP compounds undergo intersystem crossing (ISC) from the excited state to the triplet state, an essential step in ROS generation [27]. Porphyrin derivatives typically generate low ΦF, indicating that the majority of photons absorbed by porphyrins undergo ISC to the excited triplet. ΦF in THF for POSSPs 1–3 and in DMSO for POSSPs 4 and 5 were calculated relative to tetraphenylporphyrin (TPP) in benzene. The data show that the POSSPs 1–3 have lower ΦF values compared to the parent porphyrins (Table 1 and Table S1), as a possible indication of a more efficient ISC. In the case of POSSPs 4 and 5, no differences in the ΦF values were observed.



The 1O2 quantum yield (ΦΔ) of the POSSP compounds in dimethyl formamide (DMF) was indirectly determined using 9,10-dimethylanthracene (DMA) as 1O2 probe. DMA reacts with 1O2, undergoing a 1,4-cycloaddition that is detected as a decrease in the intensity of the DMA absorption band at 379 nm. The ΦΔ was calculated relative to the reference TPP (ΦΔ = 0.62) [28]. using the slope of the time-dependent decomposition of DMA plots (Ln([DMA0]/[DMA]) versus irradiation times (Figure S3) and Equation (1) [28].


ΦF,Sample = ΦF,Reference (mSample/mRerefence) (η2Sample/η2Rerefence)



(1)




where ΦF,Reference represents the fluorescence quantum yield of a fluorophore reference (TPP), m is the slope of the plotted data relative to the area of the emission peak against the absorption of the fluorophore and η is the refractive index [29].



The experimental protocol was validated by comparing tetrahydroxy-phenyl-porphyrin and tetraamino-phenyl-porphyrin molecules with known ΦΔ in DMF (ΦΔ = 0.57 ± 0.03 and ΦΔ = 0.58 ± 004) [30]. The measured quantum yield values matched the literature values within ±3% error, with a ΦΔ values of 0.59 ± 0.01 and 0.58 ± 0.01 for tetrahydroxy-phenyl-porphyrin and tetraamino-phenyl-porphyrin molecules, respectively.



The ΦΔ values obtained for POSSPs 1–5 are shown in Table 1. Interestingly, all the ΦΔ values for the POSSP compounds containing hydrophobic groups POSSPs 1–3 are higher than those corresponding to the parent porphyrins (p < 0.0001, Table S1). POSSPs 1–3 showed an increase in the ΦΔ values by 82%, 33% and 19%, respectively. In the case of the POSSPs with hydrophilic groups, only the ΦΔ value for POSSP 4 was higher than the compound 6 (p < 0.001, Table S1) with an increase of 9%. Hence, the ΦΔ values for the POSSPs follow this trend POSSP 1 > POSSP 3 ≈ POSSP 4 > POSSP 5 > POSSP 2. To confirm that this increase is indeed associated with the POSSP molecules and not due to the effect of physical mixture of POSS and the parent porphyrin in solution, the ΦΔ values for the physical mixture of compound 2 + ATPP and compounds 5/6 were determined. As shown in Table S1, the ΦΔ values for the mixtures are lower than the corresponding POSSP 1 or 4 (p < 0.0001), which confirms that the enhancement in ΦΔ is intrinsic to the POSSPs. The ΦΔ value could depend on the following factors: (i) triplet state properties, including quantum yield, lifetime and energy; (ii) the ability of substituents to quench 1O2; and (iii) the efficiency of energy transfer from the excited triplet state to ground state molecular oxygen [31]. In the case of porphyrins, the triplet state after irradiation could be inhibited by mutual energy transfer since these molecules favor π-stacking, also known as self-quenching effect [32]. This effect results in a decline of the ability of porphyrins to generate 1O2. However, due to the unique 3D structure of POSS, its steric hindrance suppresses self-quenching of the excited states of porphyrins resulting in the observed enhancement of ΦΔ for POSSPs [17,18]. It is also relevant to point out that the increase in the ΦΔ values for the POSSPs may have a major impact on their PDT performance.




2.3. Photodynamic Therapy of Triple-Negative Breast Cancer Using POSS-Porphyrin Molecules


Triple-negative breast cancer (TNBC) subtype is characterized by the lack of targetable markers, which accounts for about 10–20% of the newly diagnosed breast cancer cases [33]. Approximately 50% of the patients diagnosed with early-stage TNBC experience recurrence, and 37% die within the first five years after surgery [34]. As TNBC lacks targetable receptors, patients with TNBC are treated with conventional chemotherapy and radiotherapy, which are associated with toxic side effects and development of resistance leading to aggressive relapse and distant metastasis [35]. PDT has been used to treat different types of cancer such as those originated in the skin, head and neck, breast and lung [2,36]. Recently, PDT has been explored as a promising alternative to treat TNBC [6,8,37,38]. In this work, the cytotoxicity and phototoxicity of POSSPs in a tripe negative breast cancer cell line (MDA-MB-231) were evaluated using the MTS assay. As expected, no major cytotoxicity was observed in the range of concentration tested in the absence of light (Figure S4). Photosensitizers are only toxic through the generation of reactive oxygen species after excitation with light and in the presence of molecular oxygen [3]. To compare the PDT performance of all the POSSPs developed in this work, due the hydrophobicity of POSSP 1–3, a non-toxic amount of DMSO was used to carry out these experiments. As shown in Figure 3, at the highest concentration evaluated (0.5 µM), POSSP 1 showed a reduction in cell proliferation of 43 ± 4% followed by POSSP 3 with 19 ± 3% and POSSP 4 with 11 ± 2%. Interestingly, this trend in cell phototoxicity, POSSP 1 > POSSP 3 > POSSP 4, follows a similar trend as the ΦΔ values. This corroborates the importance of the singlet oxygen generation for the PDT effect. POSSPs 2 and 5 did not show significant phototoxicity at the highest concentration.



To investigate the interaction of the POSSPs with cells, we used confocal microscopy. MDA-MB-231 cells were incubated for 24 h in the presence of POSSPs (0.5 µM). Fluorescence associated with porphyrins was observed in the range of 600–700 nm (Red-channel). Moreover, cell nuclei were DAPI-stained and observed in the range of 500–550 nm (Blue-channel) (Figure S5). The merged image between both channels showed the presence of POSSPs (Figure 4a–e). It is clear that the number of red spots follow the trend: POSSP 2 > POSSP 3 > POSSP 1 > POSSP 4 ≈ POSSP 5. The overlapped image and the corresponding differential interference contrast (DIC) micrograph allowed us to confirm the presence of POSSPs within the cell bodies of MDA-MB-231 cells (Figure 4a–e). To corroborate these observations, we used flow cytometry. MDA-MB-231 cells were inoculated with POSSPs 1–5 at a concentration of 0.5 µM for 24 h. The flow cytometry data show that POSSPs 2 and 3 are indeed internalized in a much higher percentage than the other POSSPs. Interestingly, these two POSSPs that were designed with hydrophobic properties did show higher uptake by cells; however, that was not the case for POSSP 1. One approach to indirectly evaluate the interaction of porphyrins with cells is by determining the partition coefficients, which is the ratio of the concentration of a compound in a biphasic organic/aqueous system. Here, we determined the n-octanol/water partition coefficients (log POW) and used the obtain values to calculate n-butanol/water partition coefficients (log POW) (Table S2) [39,40]. POSSPs 1 and 2 show positive values of log POW as an indication of their affinity toward lipid phases. Nevertheless, these values were lower than the parent porphyrins as an indication that the POSS cage added hydrophilic character to the POSSPs. This is confirmed with POSSP 3, which present the lowest negative log POW value for the series of POSSPs. Negative log POW values for POSSPs 4 and 5 were also determined, which indicates that the compounds are slightly hydrophilic. In the case of functionalized porphyrins, previous reports have shown that the log POW can be associated with their interaction with cells; in particular, the cellular uptake increased proportionally with their partition coefficients [32]. Moreover, the phototoxicity of functionalized porphyrins in cancer cells follow a trend with more lipophilic compounds being more phototoxic than the hydrophilic ones [41]. In our study, POSSP 1 which has a larger value of log POW shows increased PDT effect; nevertheless, the internalization according to confocal and flow cytometry data is lower than the other two hydrophobic POSSPs. It seems that, in this case, the photochemical properties of the POSSPs, in particular 1O2 generation, play a major role in the PDT outcome. This hypothesis is supported by the results obtained with the porphyrin control (ATPP) where a low ΦΔ value was obtained, but a high internalization in MDA-MB-231 cells was observed, and minimal PDT effect was obtained (Figure S6), most likely because a low ΦΔ value was obtained (Table S1). Nevertheless, it is important not to rule out other factors such as the subcellular localization of these compounds.



To further show the PDT performance of hydrophilic POSS, the phototoxicity and cytotoxicity of POSSPs 4 and 5 in MDA-MB-231 cells were evaluated at higher concentrations. Figure 5 shows that POSSP 4 has a similar concentration-dependent phototoxicity profile as the porphyrin control. The IC50 values calculated for POSSP 4 and compound 6 were 6.2 and 7.3 µM, respectively. In the case of POSSP 5, the structural properties of the molecule also play a role in its toxicity (Figure S7). The toxicity is associated with the amphiphilic character of POSSP 5, and the permanent positive charge that most likely disrupt the cell membrane of MDA-MB-231 cells, producing an effect similar to a surfactant.





3. Materials and Methods


3.1. Materials


All commercial solvents were of reagent grade or higher and used as received. All experiments with moisture/air-sensitivity were performed in anhydrous solvents under a nitrogen atmosphere. Column chromatography was performed using silica G60 (70–230 mesh) (SiliCycle Inc., Quebec City, Quebec, Canada). Trisilanol hepta(isobutyl) POSS and trisilanol hepta(phenyl) POSS were purchased from Hybrid Plastics Inc (Hattiesburg, MS, USA). (3-aminopropyl) triethoxysilane (APTES) were purchased from Alfa Aesar (Haverhill, MA, USA). Pentahydrate tetramethyl ammonium hydroxide in methanol (TMAOH), N,N’-diisopropylethylamine, triphosgene, pyrrole, benzaldehyde, 4-formylbenzoic acid, boron trifluoride etherate (BF3∙Et2O), p-chloranil, N-hydroxysuccinimide (NHS), N,N’-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), iodomethane and dimethylanthracence (DMA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 5-(4-aminophenyl)-10,15,20-(triphenyl)porphyrin (ATPP), 5,10,15,20-tetra(4-aminophenyl) porphyrin (TAPP) and 5,10,15,20-(tetraphenyl)porphyrin (TPP) were purchased from Frontier Scientific (Logan, UT, USA). Potassium carbonate was purchased from EMD Millipore (Burlington, MA, USA). Sterile-filtered DMSO was used for all cell experiments and purchased from Sigma-Aldrich (St. Louis, MO, USA). Roswell Park Memorial Institute (RPMI 1640), fetal bovine serum (FBS), penicillin–streptomycin (pen-strep), phosphate buffer saline (PBS, 1X) and trypsin were purchased from Corning (Corning, NY, USA). CellTiter 96® AQueous Assay was obtained from Promega (Madison, WI, USA).



NMR spectra were recorded at room temperature in CDCl3 and DMSO-D6 solvents using a 300 MHz or 500 MHz JEOL NMR spectrometer (Peabody, MA, USA). Mass spectra were collected by a Voyager Biospectrometry Laser MALDI-TOF and a spectrometer thermal Scientific MSQ Plus ESI spectrometer (Waltham, MA, USA). Infrared spectra of liquid and solid samples were collected on a Perkin-Elmer 100 IR spectrophotometer from 4000 to 700 cm−1 (Waltham, MA, USA). Steady-state absorption and fluorescence spectra were recorded on a Varian Cary Bio50 UV-Vis absorption spectrophotometer and a Cary Eclipse fluorescence spectrophotometer, respectively (Varian, Sidney, Australia). Photophysical properties were measured using a RF-5301 PC spectrofluorophotometer Shimadzu (Kyoto, Japan). A homemade LED device emitting at 630 nm (24.5 mW/cm2) was used for the in vitro experiments (Laboratory of Technological Support, São Carlos Institute of Physics, São Carlos, Brazil).




3.2. Photophysical Characterization


3.2.1. UV–Vis/Fluorescence Spectroscopy


The UV–Vis spectra were recorded from 300 to 800 nm using solutions of POSSPs 1–3 in THF (6.6 µM) and POSSPs 4 and 5 in DMSO (100 µM) in quartz cuvettes (1 cm path length). Similar conditions were used for the parent porphyrins (TPP, ATPP, TAPP and compound 6). The fluorescence spectra for POSSPs and parent porphyrins were obtained in the same solutions described above using an excitation wavelength of 520 nm. The fluorescence spectra were recorded from 600 to 800 nm.



The extinction coefficients were obtained using the Beer’s Law equation from the linear regression of absorption values vs. concentration. For POSSPs 1–3, several concentrations in THF ranging from 0.1 to 10 µM were used. In the case of POSSPs 4 and 5, several concentrations in DMSO ranging from 0.1 to 10 µM were utilized. Similar conditions were used for the parent porphyrins (TPP, ATPP, TAPP and compound 6).




3.2.2. Fluorescence Quantum Yield


The fluorescence quantum yields for air-saturated solutions (ΦF) in THF (POSSPs 1–3) or DMSO (POSSPs 4 and 5) were determined using the comparative method. TPP was used as a reference with a fluorescence quantum yield of 0.12 in benzene [42]. The POSSPs concentrations ranged from 0.1 to 10 µM (THF) for POSSPs 1–3 and from 3 to 15 µM (DMSO) for POSSPs 4 and 5. The excitation wavelength was 520 nm and the excitation and emission slit width were 2 nm. The fluorescence quantum yields were measured according to the comparative method described by Equation (1).




3.2.3. Singlet Oxygen Quantum Yield


The 1O2 quantum yields (ΦΔ) were determined through an indirect method using dimethylanthracence (DMA) as the singlet oxygen probe. Several solutions containing DMF were air saturated and prepared with DMA (50 μM) and the POSSPs or parent porphyrins (TPP, ATPP, TAPP and compound 6) (5 μM). These solutions were covered with aluminum foil to avoid any premature quenching. Quartz cuvettes (1 cm × 1 cm) were filled with 1 mL of the solution, placed in a spectrofluorophotometer (xenon lamp, Shimadzu RF-5301 PC) and irradiated at 515 nm for 600 s. The absorbance decay of DMA was monitored at 380 nm, which was corrected from light scattering by subtracting the spectra of POSSPs. The ΦΔ was calculated using Equation (2).


Φ∆,S = Φ∆,R (mSample/mRerefence) (1−10−absReference/1−10−absSample)



(2)




where Φ∆,S is the singlet oxygen quantum yield of the sample and m is the slope of the plotted data relative to the area of the emission peak against the absorption of the reference [42].





3.3. Partition Coefficient (log POW)


The log POW values of the POSSPs and controls were first measured in an n-butanol/water mixture, and then correlated with corresponding values in n-octanol/water using a calibration curve reported in the literature [39,40]. Distilled water and butanol were thoroughly mixed for 24 h at 25 °C to achieve solvent saturation in both phases. Then, the porphyrin derivatives were added to the mixture and the phases separated through a separatory funnel. The UV–Vis absorbance of the compounds in water and n-butanol was recorded at 420 nm.


logPBW = log[(Ab/Aw)(Vw/Vb)]



(3)




where Ab is the absorbance of n-butanol phase; AW is the absorbance of water phase; VW is the volume of water; and Vb is the volume of n-butanol. The partition coefficient of porphyrin derivatives in n-butanol/water was obtained using Equation (3). The log POW values were calculated using Equation (4) [39].


logPOW = −0.54 + 1.55 log(PBW)



(4)








3.4. Cell Culture


MDA-MB-231, a human invasive TNBC cell line, was purchased from American Type Culture Collection (ATCC). Breast cancer cells were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% pen-strep at 37 °C with 5% CO2 atmosphere. The culture media was changed every other day. All cell cultures were maintained in 25 or 75 cm2 cell culture flasks and the cells were passaged at 70–80% confluency every 2–4 days.




3.5. In Vitro Cyto- and Phototoxicity


The phototoxicities of ATPP, TAPP, compound 6 and POSSPs 1–5 were tested by using the MTS assay. For this study, MDA-MB-231 cells were seeded in a 96-well plate at a density of 5 × 103 cells per well in 100 µL of complete media and incubated at 37 °C in 5% CO2 atmosphere for 24 h. After removing the cell culture medium, POSSPs 1–5 at different concentrations (0.01–0.5 µM) were prepared in cell media from a stock solution in DMSO with a final volume of the organic solvent not larger than 1% vol. After 48 h of incubation in the presence of POSSPs, the culture media was removed, and the cells were washed twice with phosphate buffer solution. MDA-MB-231 cells were illuminated with the red light (630 nm) at a fluence rate of 24.5 mW/cm2 for 20 min. Control experiments were maintained in the same conditions, but in the dark for the same interval of time. After irradiation, the media was replaced by fresh media and the cells were allowed to grow for an additional 24 h. The cyto- and phototoxicities of compound 6 and POSSPs 4 and 5 were also evaluated following the above described protocol, but using concentrations ranging 0.01–100 µM.



To quantify the phototoxic or dark toxicity effects of the experiments above described, the treated MDA-MB-231 cells were subjected to cell viability assay using the CellTiter 96® Aqueous solution assay. To perform the assay, the cell media was removed, and the cells were washed once with phosphate buffer solution. Fresh media (100 µL) together with 20 µL of CellTiter 96® was added into each well and incubated for 2–3 h at 37 °C in 5% CO2 atmosphere. Cell viability (%) was calculated as follows: viability = (Asample/Acontrol) × 100%, where Asample and Acontrol denote absorbance values of the sample and control wells measured at 490 nm, respectively. The results are reported as the average ± SD of three experiments. The IC50 values were determined using GraphPad Prism (v8.1.2 for macOS, La Jolla California, CA, USA) fitting the viability data to a sigmoidal curve mathematical model.




3.6. Flow Cytometry


Six-well plates were prepared with 1 × 105 MDA-MB-231 cells per well in complete RPMI media (2 mL) and incubated at 37 °C in 5% CO2 for 48 h. The media was removed from each well and media solutions of control porphyrin (ATPP) and POSSPs 1–5 (2 mL, 0.5 µM) were added to the wells. The cells were incubated at 37 °C in 5% CO2 atmosphere for 24 h. The cell media was removed from the wells, and the cells were washed with phosphate buffer solution two times. The cells were incubated for 3–5 min in the presence of trypsin (500 µL). Cells were removed and transferred to a centrifuge tube. Media (500 µL) was added to each well to remove any remaining cells and mixed with the previous solution. The cell pellet was obtained after centrifugation (2.5k RPM, 10 min). The supernatant was discarded, and phosphate buffer solution (500 µL) was added to each tube. The cell pellet was mixed and transferred to flow cytometry tubes. The cell internalization of POSSP compounds was measured as the percentage of positive cells using a flow cytometer (BD LSRFortessa).




3.7. Confocal Microscopy


Six-well plates containing a cover glass were prepared with 5 × 104 MDA-MB-231 cells per well in complete RPMI media (2 mL) and incubated at 37 °C in 5% CO2 for 48 h. The media was removed from each well and media solutions of POSSPs 1–5 (2 mL, 0.5 µM) were added to the wells. The cells were incubated at 37 °C in 5% CO2 atmosphere for 24 h. The cell media was removed from the wells, and the cells were washed with phosphate buffer solution two times. The cell nuclei were stained with Hoechst 33,342 for 15 min. All microscopy images were acquired with an Olympus Fluoview FV 1000 CLSM.




3.8. Statistical Analysis


All data in the manuscript are presented as mean ± SD unless mentioned otherwise. To compare ΦΔ values, the statistical analysis was performed with one-way ANOVA using Tukey’s multiple comparison test. To calculate the singlet oxygen quantum yields (n = 3) and IC50 values (n = 6) for the cell viability studies, GraphPad prism software was used. Cellular uptake using flow cytometry was evaluated with a minimum of 5000 gated cells. All the statistical analyses were performed using GraphPad Prism (v8.2.0 for Windows) with α = 0.05 and reported as asterisks assigned to the p-values: **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05 and ns p > 0.05.





4. Conclusions


A series of polyhedral oligomeric silsesquioxane porphyrin derivatives was synthesized and characterized. The effect of the POSS substituents on the photochemical properties of the POSSPs showed that hydrophobic groups produced an increase on the singlet oxygen quantum yield as compared with their parent porphyrins. Moreover, a better phototoxic efficacy was achieved with these molecules at lower concentrations. POSSPs with hydrophilic substituents presented an improved PDT effect at higher concentrations in MDA-MB-231 cells. We envision that, by using POSS as a scaffold for functionalization of photosensitizers, the outcome of PDT against cancer can be improved.








Supplementary Materials


The following are available online. Synthesis and characterization of POSSPs molecules, UV–Vis and fluorescence spectra of porphyrin controls, time-dependent decomposition of DMA plots, cell viability graphs of POSSPs and porphyrin controls, photophysical and photochemical properties of porphyrin controls and partition coefficients.





Author Contributions


P.S. and A.J. contributed equally to this work. P.S., P.L.-C. and Z.Z. synthesized and characterized POSSPs. P.S. and P.L-C. carried out the photochemical and photophysical characterization of POSSPs. P.S. performed the partition coefficient experiments. A.J. and J.L.V.-E. carried out the phototoxicity, flow cytometry and confocal microscopy experiments. P.S. and A.J. provided the first draft of the manuscript. J.L.V.-E. wrote the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Science Foundation (EAGER-NSF #1835688).




Acknowledgments


This work was supported by the National Science Foundation (EAGER-NSF #1835688) and FRG award (UNC Charlotte) to J.L.V.-E., P.L.-C. thanks the Conacyt Mexico Fellowship #440854 for financial support. We acknowledge the use of a homemade LED device for the phototoxic experiments provided by Bagnato (Laboratory of Technological Support, São Carlos Institute of Physics, Brazil). We thank Michael Walter (UNC Charlotte) for help with the RF-5301 PC spectrofluorophotometer Shimadzu.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Celli, J.P.; Spring, B.Q.; Rizvi, I.; Evans, C.L.; Samkoe, K.S.; Verma, S.; Pogue, B.W.; Hasan, T. Imaging and photodynamic therapy: Mechanisms, monitoring, and optimization. Chem. Rev. 2010, 110, 2795–2838. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yanovsky, R.L.; Bartenstein, D.W.; Rogers, G.S.; Isakoff, S.J.; Chen, S.T. Photodynamic therapy for solid tumors: A review of the literature. Photodermatol. Photoimmunol. Photomed. 2019, 35, 295–303. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



O’Connor, A.E.; Gallagher, W.M.; Byrne, A.T. Porphyrin and nonporphyrin photosensitizers in oncology: Preclinical and clinical advances in photodynamic therapy. Photochem. Photobiol. 2009, 85, 1053–1074. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yi, G.; Hong, S.H.; Son, J.; Yoo, J.; Park, C.; Choi, Y.; Koo, H. Recent advances in nanoparticle carriers for photodynamic therapy. Quant. Imaging Med. Surg. 2018, 8, 433–443. [Google Scholar] [CrossRef] [Scilit]

	



Gift, M.; Ann, K.; Mfouo Tynga, I.; Abrahamse, H. A Review of Nanoparticle Photosensitizer Drug Delivery Uptake Systems for Photodynamic Treatment of Lung Cancer. Photodiagnosis Photodyn. Ther. 2018, 22. [Google Scholar] [CrossRef] [Scilit]

	



Juneja, R.; Lyles, Z.; Vadarevu, H.; Afonin, K.A.; Vivero-Escoto, J.L. Multimodal Polysilsesquioxane Nanoparticles for Combinatorial Therapy and Gene Delivery in Triple-Negative Breast Cancer. ACS Appl. Mater. Interfaces 2019, 11, 12308–12320. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Vivero-Escoto, J.L.; Elnagheeb, M. Mesoporous Silica Nanoparticles Loaded with Cisplatin and Phthalocyanine for Combination Chemotherapy and Photodynamic Therapy in vitro. Nanomaterials (Basel) 2015, 5, 2302–2316. [Google Scholar] [CrossRef] [Scilit]

	



Lyles, Z.K.; Tarannum, M.; Mena, C.; Inada, N.M.; Bagnato, V.S.; Vivero-Escoto, J.L. Biodegradable Silica-Based Nanoparticles with Improved and Safe Delivery of Protoporphyrin IX for the In Vivo Photodynamic Therapy of Breast Cancer. Adv. Ther. 2020, 3, 2000022. [Google Scholar] [CrossRef] [Scilit]

	



Feher, F.J.; Wyndham, K.D.; Scialdone, M.A.; Hamuro, Y. Octafunctionalized polyhedral oligosilsesquioxanes as scaffolds: Synthesis of peptidyl silsesquioxanes. Chem. Commun. 1998, 1998, 1469–1470. [Google Scholar] [CrossRef] [Scilit]

	



John, L.; Malik, M.; Janeta, M.; Szafert, S. First step towards a model system of the drug delivery network based on amide-POSS nanocarriers. Rsc. Adv. 2017, 7, 8394–8401. [Google Scholar] [CrossRef] [Scilit]

	



Manickam, S.; Cardiano, P.; Mineo, P.G.; Lo Schiavo, S. Star-Shaped Quaternary Alkylammonium Polyhedral Oligomeric Silsesquioxane Ionic Liquids. Eur. J. Inorg. Chem. 2014, 2014, 2704–2710. [Google Scholar] [CrossRef] [Scilit]

	



Olivero, F.; Reno, F.; Carniato, F.; Rizzi, M.; Cannas, M.; Marchese, L. A novel luminescent bifunctional POSS as a molecular platform for biomedical applications. Dalton Trans. 2012, 41, 7467–7473. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, W.J.; Hai, X.; Mao, Q.X.; Chen, M.L.; Wang, J.H. Polyhedral Oligomeric Silsesquioxane Functionalized Carbon Dots for Cell Imaging. Acs Appl. Mater. Interfaces 2015, 7, 16609–16616. [Google Scholar] [CrossRef] [Scilit]

	



Chatterjee, S.; Ooya, T. Hydrophobic Nature of Methacrylate-POSS in Combination with 2-(Methacryloyloxy)ethyl Phosphorylcholine for Enhanced Solubility and Controlled Release of Paclitaxel. Langmuir 2019, 35, 1404–1412. [Google Scholar] [CrossRef] [Scilit]

	



McCusker, C.; Carroll, J.B.; Rotello, V.M. Cationic polyhedral oligomeric silsesquioxane (POSS) units as carriers for drug delivery processes. Chem. Commun. 2005, 8, 996–998. [Google Scholar] [CrossRef] [Scilit]

	



Laine, R.M. Nanobuilding blocks based on the OSiO1.5 (x) (x = 6, 8, 10) octasilsesquioxanes. J. Mater. Chem. 2005, 15, 3725–3744. [Google Scholar] [CrossRef] [Scilit]

	



Jin, J.G.; Zhu, Y.C.; Zhang, Z.H.; Zhang, W.A. Enhancing the Efficacy of Photodynamic Therapy through a Porphyrin/POSS Alternating Copolymer. Angew. Chem.-Int. Edit. 2018, 57, 16354–16358. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chen, J.; Xu, Y.; Gao, Y.; Yang, D.; Wang, F.; Zhang, L.; Bao, B.; Wang, L. Nanoscale Organic-Inorganic Hybrid Photosensitizers for Highly Effective Photodynamic Cancer Therapy. ACS Appl. Mater. Interfaces 2018, 10, 248–255. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xie, M.; Ge, J.; Lei, B.; Zhang, Q.; Chen, X.; Ma, P.X. Star-Shaped, Biodegradable, and Elastomeric PLLA-PEG-POSS Hybrid Membrane With Biomineralization Activity for Guiding Bone Tissue Regeneration. Macromol. Biosci. 2015, 15, 1656–1662. [Google Scholar] [CrossRef] [Scilit]

	



Zhu, Y.X.; Jia, H.R.; Chen, Z.; Wu, F.G. Photosensitizer (PS)/polyhedral oligomeric silsesquioxane (POSS)-crosslinked nanohybrids for enhanced imaging-guided photodynamic cancer therapy. Nanoscale 2017, 9, 12874–12884. [Google Scholar] [CrossRef] [Scilit]

	



Kim, Y.J.; Lee, H.I.; Kim, J.K.; Kim, C.H.; Kim, Y.J. Peptide 18–4/chlorin e6-conjugated polyhedral oligomeric silsesquioxane nanoparticles for targeted photodynamic therapy of breast cancer. Colloids Surf. B: Biointerfaces 2020, 189, 110829. [Google Scholar] [CrossRef] [Scilit]

	



Cordes, D.B.; Lickiss, P.D.; Rataboul, F. Recent Developments in the Chemistry of Cubic Polyhedral Oligosilsesquioxanes. Chem. Rev. 2010, 110, 2081–2173. [Google Scholar] [CrossRef] [Scilit]

	



Dong, F.; Lu, L.; Ha, C.-S. Silsesquioxane-Containing Hybrid Nanomaterials: Fascinating Platforms for Advanced Applications. Macromol. Chem. Phys. 2019, 220, 1800324. [Google Scholar] [CrossRef] [Scilit]

	



Janeta, M.; John, L.; Ejfler, J.; Szafert, S. High-Yield Synthesis of Amido-Functionalized Polyoctahedral Oligomeric Silsesquioxanes by Using Acyl Chlorides. Chem. Eur. J. 2014, 20, 15966–15974. [Google Scholar] [CrossRef] [Scilit]

	



Matsumoto, J.; Matsumoto, T.; Senda, Y.; Shiragami, T.; Yasuda, M. Preparation and characterization of porphyrin chromophores immobilized on micro-silica gel beads. J. Photochem. Photobiol. A: Chem. 2008, 197, 101–109. [Google Scholar] [CrossRef] [Scilit]

	



Giovanelli, L.; Lee, H.L.; Lacaze-Dufaure, C.; Koudia, M.; Clair, S.; Lin, Y.P.; Ksari, Y.; Themlin, J.M.; Abel, M.; Cafolla, A.A. Electronic structure of tetra(4-aminophenyl)porphyrin studied by photoemission, UV–Vis spectroscopy and density functional theory. J. Electron Spectrosc. Relat. Phenom. 2017, 218, 40–45. [Google Scholar] [CrossRef] [Scilit]

	



Hurst, A.N.; Scarbrough, B.; Saleh, R.; Hovey, J.; Ari, F.; Goyal, S.; Chi, R.J.; Troutman, J.M.; Vivero-Escoto, J.L. Influence of Cationic meso-Substituted Porphyrins on the Antimicrobial Photodynamic Efficacy and Cell Membrane Interaction in Escherichia coli. Int. J. Mol. Sci. 2019, 20, 134. [Google Scholar] [CrossRef] [Scilit]

	



Caminos, D.A.; Spesia, M.B.; Durantini, E.N. Photodynamic inactivation of Escherichia coli by novel meso-substituted porphyrins by 4-(3-N,N,N-trimethylammoniumpropoxy)phenyl and 4-(trifluoromethyl)phenyl groups. Photochem. Photobiol. Sci. 2006, 5, 56–65. [Google Scholar] [CrossRef] [Scilit]

	



Marin, D.M.; Payerpaj, S.; Collier, G.S.; Ortiz, A.L.; Singh, G.; Jones, M.; Walter, M.G. Efficient intersystem crossing using singly halogenated carbomethoxyphenyl porphyrins measured using delayed fluorescence, chemical quenching, and singlet oxygen emission. Phys. Chem. Chem. Phys. 2015, 17, 29090–29096. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ormond, A.B.; Freeman, H.S. Effects of substituents on the photophysical properties of symmetrical porphyrins. Dye. Pigment. 2013, 96, 440–448. [Google Scholar] [CrossRef] [Scilit]

	



van Leeuwen, M.; Beeby, A.; Fernandes, I.; Ashworth, S.H. The photochemistry and photophysics of a series of alpha octa(alkyl-substituted) silicon, zinc and palladium phthalocyanines. Photochem. Photobiol. Sci. 2014, 13, 62–69. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Engelmann, F.M.; Mayer, I.; Gabrielli, D.S.; Toma, H.E.; Kowaltowski, A.J.; Araki, K.; Baptista, M.S. Interaction of cationic meso-porphyrins with liposomes, mitochondria and erythrocytes. J Bioenerg. Biomembr. 2007, 39, 175–185. [Google Scholar] [CrossRef] [Scilit]

	



Hudis, C.A.; Gianni, L. Triple-negative breast cancer: An unmet medical need. Oncologist 2011, 16, 1–11. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-Negative Breast Cancer. N. Engl. J. Med. 2010, 363, 1938–1948. [Google Scholar] [CrossRef] [Scilit]

	



Sambi, M.; Haq, S.; Samuel, V.; Qorri, B.; Haxho, F.; Hill, K.; Harless, W.; Szewczuk, M.R. Alternative therapies for metastatic breast cancer: Multimodal approach targeting tumor cell heterogeneity. Breast Cancer (Dove Med. Press) 2017, 9, 85–93. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Shi, X.; Zhang, C.Y.; Gao, J.; Wang, Z. Recent advances in photodynamic therapy for cancer and infectious diseases. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 11, e1560. [Google Scholar] [CrossRef] [Scilit]

	



Kadri, N.B.; Gdovin, M.; Alyassin, N.; Avila, J.; Cruz, A.; Cruz, L.; Holliday, S.; Jordan, Z.; Ruiz, C.; Watts, J. Photodynamic acidification therapy to reduce triple negative breast cancer growth in vivo. J. Clin. Oncol. 2016, 34, e12574. [Google Scholar] [CrossRef] [Scilit]

	



Medina, M.A.; Oza, G.; Sharma, A.; Arriaga, L.G.; Hernández Hernández, J.M.; Rotello, V.M.; Ramirez, J.T. Triple-Negative Breast Cancer: A Review of Conventional and Advanced Therapeutic Strategies. Int. J. Environ. Res. Public Health 2020, 17, 2078. [Google Scholar] [CrossRef] [Scilit]

	



Ran, Y.Q.; He, Y.; Yang, G.; Johnson, J.L.H.; Yalkowsky, S.H. Estimation of aqueous solubility of organic compounds by using the general solubility equation. Chemosphere 2002, 48, 487–509. [Google Scholar] [CrossRef] [Scilit]

	



Engelmann, F.M.; Rocha, S.V.; Toma, H.E.; Araki, K.; Baptista, M.S. Determination of n-octanol/water partition and membrane binding of cationic porphyrins. Int. J. Pharm. 2007, 329, 12–18. [Google Scholar] [CrossRef] [Scilit]

	



Peng, C.-L.; Lai, P.-S.; Chang, C.-C.; Lou, P.-J.; Shieh, M.-J. The synthesis and photodynamic properties of meso-substituted, cationic porphyrin derivatives in HeLa cells. Dye. Pigment. 2010, 84, 140–147. [Google Scholar] [CrossRef] [Scilit]

	



Angell, N.G.; Lagorio, M.G.; San Roman, E.A.; Dicelio, L.E. Meso-substituted cationic porphyrins of biological interest. Photophysical and physicochemical properties in solution and bound to liposomes. Photochem. Photobiol. 2000, 72, 49–56. [Google Scholar] [CrossRef] [Scilit]












	
	
Sample Availability: Samples of the compounds POSSPs 1-5 are available from the authors.












[image: Molecules 25 04965 g001] 





Figure 1. POSSP derivatives synthesized in this work. POSSPs 1–3 contain hydrophobic groups. POSSPs 4 and 5 are functionalized with hydrophilic moieties. Schematic representation of the internalization of POSSPs in cancer cells and PDT effect. 
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Scheme 1. Synthetic scheme for the synthesis of POSSPs 1–3. The synthesis of POSSPs 1 and 2 follow a similar approach. First, heptaisobutyl- or heptapheyl-trisilanol POSS was functionalized with aminopropyl trimethoxysilane under basic conditions, followed by transforming the amine to a cyanate group using triphosgene. Finally, 5-(4-aminophenyl)-10,15,20(triphenyl)porphyrin reacted with either the isobutyl (compound 2) or the phenyl (compound 4) version of POSS cyanate derivative to afford POSSP 1 or 2, respectively. The synthesis of POSSP 3 was carried out by reacting compound 2 with 5,10,15,20-tetrakis(4-aminophenyl)porphyrin. 
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Scheme 2. Synthetic scheme for the synthesis of POSSPs 4 and 5. First, octaaminopropyl-POSS (compound 5) was synthesized using aminopropyltriethoxy silane (APTES). This compound was reacted with compound 7 to afford POSSP 4. POSSP 5 was obtained after the methylation of POSSP 4. 
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Figure 2. (a) Normalized absorption; and (b) emission spectra for 6.6 μM solutions of POSSPs 1 (blue), 2 (red) and 3 (green) in THF and 100 μM solutions of POSSPs 4 (purple) and 5 (orange) in DMSO. The four Q absorption bands are shown in the inset. 
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Figure 3. (a) Dose–response plot for the phototoxicity of POSSPs 1 (blue), 2 (red), 3 (green), 4 (purple) and 5 (orange) in MDA-MB-231 cells. (b) The table shows the cell viability at 0.5 µM of POSSPs. 
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Figure 4. Confocal micrographs of MDA-MB-231 cells inoculated with POSSPs 1–5, respectively (a–e). The cell nuclei are observed in the blue channel after staining with Hoechst 33342. The fluorescence in the red channel shows the presence of POSSPs. The merged micrographs show the of POSSPs inside MDA-MD-231 cells. Scale bar, 30 μm. The internalization of POSSPs 1 (blue), 2 (red), 3 (green), 4 (purple) and 5 (orange) in MDA-MB-231 cells was quantified using flow cytometry (f). 
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Figure 5. Dose–response plot for the phototoxicity of POSSPs 4 (purple) and 5 (orange) and compound 6 (light gray) in MDA-MB-231 cells. 
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Table 1. Photophysical and photochemical properties of POSSPs.
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	Sample
	λSoret (nm)

[ε × 103 (M−1 cm−1)] (n = 3)
	λEmission ( nm)
	ΦΔ (n = 3)
	ΦF (n = 3)





	POSSP 1
	416, 22.1 ± 8.3
	653, 720
	0.82 ± 0.01
	0.14 ± 0.01



	POSSP 2
	419, 46.2 ± 9.0
	653, 719
	0.60 ± 0.02
	0.13 ± 0.01



	POSSP 3
	422, 117.3 ± 34.4
	663,719
	0.70 ± 0.01
	0.13 ± 0.02



	POSSP 4
	417, 2.7 ± 0.1
	648,712
	0.70 ± 0.01
	0.15 ± 0.01



	POSSP 5
	420, 2.6 ± 0.2
	647,711
	0.66 ± 0.01
	0.10 ± 0.01
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