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Facile Synthesis of Amphiphilic Fluorescent Phosphorus Dendron-Based Micelles as Antiproliferative Agents: First Investigations

We designed and synthetized several families of original amphiphilic fluorescent phosphorus dendron-based micelles showing relevant antiproliferative activities for use in the field of theranostic nanomedicine. Based on straightforward synthesis pathways, twelve amphiphilic phosphorus dendrons bearing 10 protonated cyclic amino groups (generation one), or 20 protonated amino groups (generation two), and one hydrophobic chain carrying one fluorophore moiety were created.. These original dendron-based micelles showed moderate to high antiproliferative activities against a panel of tumor cell lines. This paper presents for the first time the synthesis and our first investigations of original phosphorus dendron-based micelles for cancer therapy applications.

Introduction

In medicine, nanotechnologies have sparked rapidly growing interest as a result of their potential to revolutionize conventional therapeutic treatments. Over the past several decades, many engineered soft nanoparticles have been used, such as protein-drug conjugates, liposomes, polymer nanoparticles, polymer-lipid nanoparticles, hydrogel-nanoparticles composite system, dendrimers and dendrons. Further, inorganic nanoparticles have been developed for various uses, including to enhance the effectiveness of cancer treatments. [START_REF] Kim | Recent progress in development of siRNA delivery vehicles for cancer therapy[END_REF][START_REF] Tran | Cancer nanomedicine: A review of recent success in drug delivery[END_REF] Among the soft nanoparticles, dendrimers and dendrons, which are tree-like macromolecules that contain a central core, pertain to the "nano-world" by virtue of their size and degree of branching. Properties of dendrimers including nanometric size, multivalence, branch density, flexibility, and surface properties can be controlled, and provide versatility to the final functionalization and surface charge of the dendrimers, which is a feature that is distinct from uncontrollable polymer networks. Consequently, their remarkable properties enable them to play an increasingly important part in a diverse range of applications, including nanomedicine as components in drug-delivery applications that require host-guest interactions.

Soft nanoparticles facilitate drug-loading either via their interior or peripheral regions. [START_REF] Ulbrich | Targeted drug delivery with polymers and magnetic nanoparticles: Covalent and noncovalent approaches, release control, and clinical studies[END_REF] For instance, polymeric micelles as micellar drug carriers are showing a high potential as nanomedicines to control the distribution of loaded bioactive molecules in the body as well as the biological activity based on adequate pharmacokinetic (PK) / pharmacodynamics (PD) behaviors. [START_REF] Cabral | Block copolymer micelles in nanomedicine applications[END_REF] Several clinical applications of polymeric micelles for the treatment of cancer were described, [START_REF] Varela-Moreira | Clinical application of polymeric micelles for the treatment of cancer[END_REF] such as the Phase II clinical trial of paclitaxel-loaded polymeric micelles against advanced pancreatic cancer. [START_REF] Saif | Phase II clinical trial of paclitaxel loaded polymeric micelle in patients with advanced pancreatic cancer[END_REF] Nowadays, no polymeric micelle has been developed as drug active per se. An avenue recently explored in nanomedicine, involves the use of dendrimers and dendrons as active drugs. [START_REF] Kim | Recent progress in dendrimer-based nanomedicine development[END_REF] Numerous families of dendrimers exist as for example poly(amidoamine) (PAMAM) dendrimers, [START_REF] Esfand | Poly(amidoamine) (PAMAM) dendrimers: From biomimicry to drug delivery and biomedical applications[END_REF] poly(propyleneimine) (PPI) dendrimers, [START_REF] Brabander Van Den Berg | Poly(propylene imine) dendrimers: Large-scale synthesis by hetereogeneously catalyzed hydrogenations[END_REF] poly(L-lysine) (PLL) dendrimers, [START_REF] Picart | Buildup mechanism for poly(L-lysine)/hyaluronic acid films onto a solid surface[END_REF] poly(L-ornithine) (PLO) dendrimers, [START_REF] Darrabie | Characteristics of poly-L-ornithine-coated alginate microcapsules[END_REF] carbosilane dendrimers, [START_REF] Zhou | Synthesis of novel carbosilane dendritic macromolecules[END_REF] phosphorus dendrimers. [START_REF] Launay | A general synthetic strategy for neutral phosphoruscontaining dendrimers[END_REF] Of all types of dendrimers, [START_REF] Caminade | Dendrimers: Towards catalytic, material and biomedical uses[END_REF] phosphorus dendrimers and dendrons appear to be among one of the most useful dendritic systems as a result of the extraordinary reactivity and versatility of phosphorus chemistry. [START_REF] Caminade | Phosphorous dendrimers in biology and nanomedicine: Syntheses, characterization, and properties[END_REF] Through an assessment of properties of phosphorus dendrimers used in nanomedicine, we can highlight their key roles as drugs with activities against cancer, [START_REF] Mignani | Original multivalent gold(III) and dual gold(III)copper(II) conjugated phosphorus dendrimers as potent antitumoral and antimicrobial agents[END_REF] neurodegenerative diseases, [START_REF] Wasiak | Phosphorus dendrimers affect alzheimer's (Aβ1-28) peptide and MAP-tau protein aggregation[END_REF][START_REF] Solassol | Cationic phosphorus-containing dendrimers reduce prion replication both in cell culture and in mice infected with scrapie[END_REF][START_REF] Klajnert | Influence of phosphorus dendrimers on the aggregation of the prion peptide PrP 185-208[END_REF][START_REF] Ottaviani | Time evolution of the aggregation process ofpeptides involved in neurodegenerative diseases and preventing aggregationeffect of phosphorus dendrimers studied by EPR[END_REF][START_REF] Wasiak | Cationic phosphorus dendrimers and therapy for Alzheimer's disease[END_REF][START_REF] Milowska | Phosphorus-containing dendrimers against α-synuclein fibril formation[END_REF][START_REF] Lazniewska | Mechanism of cationic phosphorus dendrimer toxicity against murine neural cell lines[END_REF][START_REF] Klajnert | EPR study of the interaction between dendrimers and peptides involved in Alzheimer's and prion diseases[END_REF] and inflammation. 25,26,27,,28 Further, it may mention their effectiveness for tolerogenic dendritic cells-based immunotherapy, [START_REF] Wei | Anticancer drug nanomicelles formed by self-assembling amphiphilic dendrimer to combat cancer drug resistance[END_REF] and the possibility to use them as nanocarrier [START_REF] Chen | Revisiting cationic phosphorus dendrimers as a nonviral vector for optimized gene delivery toward cancer therapy applications[END_REF] . Diverse types of fluorophores have been used as markers of phosphorus dendrimers, which include pyrene, naphthol, anthracene, dansyl, diketone, phthalocyanine, maleimide, julolidine, rhodamine, fluorescein or fluorene derivatives. [START_REF] Qiu | Fluorescent phosphorus dendrimers: Towards material and biological applications[END_REF] Fluorescent groups can be introduced onto the surface of dendrimers, linked to the core of dendrimers or attached to branches of dendritic structures. [START_REF] Caminade | Multicharged and/or water-soluble fluorescent dendrimers: Properties and uses[END_REF] The first aim of this original study was to prepare original dendron-based micelles with three series of amphiphilic fluorescent cationic phosphorus dendrons (generations 1 and 2) as anticancer agents active per se, that contain two types of protonated cyclic amino groups on their surfaces, namely pyrrolidine and piperidine, a hydrophobic chain that supports a fluorophore moiety such as pyrene and maleimide, and a non-fluorescent azabisdimethyl phosphonate group. In total, twelve macromolecules were prepared and fully characterized (Figure 1). Then, the capacity of amphiphilic dendrons to aggregate in solution, which was mediated by hydrophilic / hydrophobic interactions, to form polymeric micelles was characterized.

Lastly, we evaluated the anti-proliferative activities of particles against a panel of tumor cell lines including lung carcinoma A549, breast carcinoma MCF7, breast carcinoma metastasis MDA-MB-231, prostate carcinoma PC3, brain glioblastoma U87-MG, acute promyelocytic leukemia HL60, chronic myelogenous leukemia K562, myelogenous leukemia K562R (imatinib resistant), and colorectal carcinoma HCT116. This research is within our global research goal to develop novel nanotechnology-derived materials for the delivery of drugs, genes, and imaging molecules in the oncology domain.

Results and Discussion

Synthesis of amphiphilic phosphorus dendrons

All the reactions were monitored via 31 P NMR, and compounds were characterized using 31 P-NMR, 1 H-NMR, [START_REF] Launay | A general synthetic strategy for neutral phosphoruscontaining dendrimers[END_REF] C-NMR, and elemental analysis. UV-vis spectroscopic analysis was used to assess fluorescent macromolecules. Purification of the reaction mixture was performed using silica column chromatography. Phosphorus dendrimers are frequently synthesized using a method based on a divergent strategy that consists of the iteration of two key steps using commercially available hexachlorocyclotriphosphazene (P3N3Cl6) (1) as a core. [START_REF] Lartigue | Large dipole moments of phosphorus-containing dendrimers[END_REF] Fluorescent amphiphilic phosphorus dendrons, were formed with an asymmetric structure containing one hydrophobic fluorophore directly grafted to this core on one side, and five other groups that facilitated the development of dendron structures of generations 1 and 2 on the other side. As shown in Scheme 1, the starting point for the synthesis of fluorescent phosphorus dendrons was the preparation of the building block (3) obtained from (1), which involved grafting of five 4-hydroxybenzaldehyde (2). Then, the remaining P-Cl bond was modified via a substitution reaction to incorporate a fluorescent group, either phenol 4a or 4b, or a non-fluorescent group, phenol 4c. For this purpose, two fluorescent groups including 4-(1-pyrenyl) butyric acid (P) and 2,3-diphenyl maleic anhydride (D) as well as non-fluorescent azabisdimethylphosphonate (T) were prepared and reacted with tyramine to produce a functionalized pyrene monomer (4a), a maleimide functionalized monomer (4b) and an azabisdimethylphosphonate monomer (4c). Then, substituted phenols 4a-c were grafted on the core via nucleophilic substitution of the chlorine atom within THF or acetone solvent in the presence of cesium carbonate to produce 5a-c (83-85% yield). The next step involved a condensation of monomethylhydrazinodichlorothiophosphate (6) to five aldehyde end groups (compounds 5a-c) in chloroform in the presence of sodium sulfate at 0°C, which produced dendrons 7a-c with yields of 90% (7a), 91% (7b) and 84% (7c), respectively. The formation of amphiphilic dendrons requires two additional steps. First, nucleophilic substitution of -P(S)Cl2 end groups of 7a-c with 2-(pyrrolidin-1-yl)ethan-1-amine (8a) or 2-(piperidin-1-yl)ethan-1-amine (8b) give rise to generation 1 phosphorus dendrons including P1G1, D1G1, T1G1, P2G1, D2G1, and T2G1 at yields of 80-90%. These reactions occurred using ten equivalents of 8a or 8b in THF at 0°C in the presence of sodium sulfate and DIPEA (N, N-diisopropylethylamine).

The final step of the reactions involved protonation of P1G1, D1G1, T1G1, P2G1, D2G1, and T2G1 through addition of ten equivalents of hydrogen chloride in THF at 0 °C to produce P1G1.HCl, D1G1.HCl, T1G1.HCl, P2G1.HCl, D2G1.HCl, and T2G1.HCl at yields > 80%. As depicted in the Scheme 1, a similar strategy was used to prepare phosphorus dendrons of generation 2. The phosphorus dendrons of generation 2 were prepared from dendrons 7a-c, which were reacted with 10 equivalents of 4-hydroxy-benzaldehyde (2) in THF in the presence of cesium carbonate. This produced dendrons 9a-c at yields of 86-92%. Subsequently, condensation of the aldehyde end groups of 9a-c with 6, and subsequent addition of nanoparticles 7a, 7b or 7c (20 eq.) in the presence of sodium sulfate and DIPEA produced dendrons P1G2, D1G2, T1G2, P2G2, D2G2, and T2G2. These compounds were protonated with hydrogen chloride in THF at 0 °C to afford P1G2.HCl, D1G2.HCl, T1G2.HCl, P2G2.HCl, D2G2.HCl, and T2G2.HCl at generally good yields (> 50% for all three steps of synthesis).

Physical properties of original amphiphilic phosphorus dendron-based micelles

Twelve different amphiphilic phosphorus dendrons were produced throughout generations 1 and 2, eight of which As shown in Figure 3, the fluorescence spectra of amphiphilic pyrene dendrons reveal excitation bands at 330 and 345 nm, which is consistent with characteristic luminescence peaks typically observed for pyrene monomers.

Fluorescence after excitation at 345 nm produced emission bands at 379, 399 and 420 nm. No emission band was observed between 450 and 600 nm, which corresponds to emission patterns of pyrene excimers. The above results indicate that the grafting of pyrene to phosphorus dendrons does not seem to alter the fluorescent properties of pyrene. Also, the formation of pyrene dimers in the excited state, should greatly modify fluorescent wavelength as previously observed, [START_REF] Brauge | Segmental mobility in phosphoruscontaining dendrimers. Studies by fluorescent spectroscopy[END_REF] but is not observed in Figure 3. Characterization of the amphiphilic azabisdimethylphosphonate dendron (macromolecule T1G1.HCl) that lacked a hydrophobic fluorescent group was also examined for comparison. The UV-vis absorption spectrum of the dendron displayed a broad band around 283 nm which corresponded to aromatic groups of phosphorus dendron (Figure S3, supplementary information).

Self-assembled micelles are created from amphiphilic compounds that spontaneously form nanosized aggregates after individual surfactants are directly dissolved in aqueous solution above a threshold concentration (critical micelle concentration or CMC). [START_REF] Chakraborty | The methods of determination of critical micellar concentrations of the amphiphilic systems in aqueous medium[END_REF] A similar phenomenon can be expected with amphiphilic dendrons (Figure 4). self-assembled, since decreased I373/I393 ratios were observed, and CMC values were determined to be 76.9, 73.3, 35.3 and 26.3 µM respectively (Table 1). Low CMC values, such as those observed here, indicate that amphiphilic dendron micelles remain self-assembled under highly diluted conditions. In addition, our results demonstrated that amphiphilic maleimide dendrons of generation 2 have lower CMC values than their counterparts from generation 1 (D1G1.HCl > D2G1.HCl > D1G2.HCl > D2G2.HCl). Within each generation, the size and the protonation of the cyclic amino ring on the surface also affected steric hindrance (pyrrolidine < piperidine ring). As depicted in Table 1, determined CMC values of azabisdimethylphosphonate dendron (T) micelles followed similar trends as were described for maleimide dendrons (D)

previously, in which increased generation number corresponded to decreased CMC value. The higher values of CMC observed with the T series might be explained by the possible protonation of the nitrogen of the azabisphosphonate units which decrease the hydrophobicity of the core, as a consequence formation of micelles is less favorable. Similar to amphiphilic dendrons D and T, amphiphilic pyrene dendrons of series (P) of generation 2 had lower CMC values than those of previous generations. Interestingly, the I373 / I393 ratios decreased within the same generation, for D and T series dendrons relative to P series dendrons (e.g. T1G1.HCl > D1G1.HCl >> P1G1.HCl, T2G2.HCl > D2G2.HCl >> P2G2.HCl), which indicates that quenching effects occur in pyrene series dendrons. Interestingly, as shown in Figure 5, negligible differences between each micelle formed at different concentrations greater than CMC for the pyrene series were observed. This indicated that unimolecular micelles were formed and remained unaltered regardless of dilution (above the CMC), which is an attribute that has the potential to be highly useful for in vivo applications. In nanomedicine, hydrodynamic size and zeta potential are important general features of nanoparticles, particularly of micelles. These factors affect micelle cytotoxicity, intracellular uptake profiles, their capacities to release drugs to specific tissues, and pharmacokinetic (PK) / pharmacodynamics (PD) profiles. [START_REF] He | Effects of particle size and surface charge on cellular uptake and biodistribution of polymeric nanoparticles[END_REF] Dynamic light scattering (DLS)

and zeta potential measurements were used to determine the hydrodynamic size of amphiphilic dendron micelles formed from series (P, D and T) dendrons. An outstanding examination by Haag et al. [START_REF] Khandare | Multifunctional dendritic polymers in nanomedicine: opportunities and challenges[END_REF] revealed the relationship between the area under the curve (AUC) pharmacokinetic parameter and hepatic and renal clearance. Further, the researchers assessed the physicochemical properties (size and charge) of dendrimers. Neutral, amphiphilic, weak anionic and weak hydrophobic dendrimers displayed high plasma residence times and long half-lives, which corresponded to low clearance levels. [START_REF] Qiao | Synthesis and characterization of multi-functional linear-dendritic block copolymer for intracellular delivery of antitumor drugs[END_REF] A recent review by Mignani, Rodrigues, Shi and Majoral et al. assessed the key in-vivo factors important for the development of dendrimers for nanomedical applications. [START_REF] Mignani | Exploration of biomedical dendrimer space based on in-vivo physicochemical parameters: Key factor analysis (Part 2)[END_REF] As shown in Figure 6 (1) and Figure S6, the sizes of amphiphilic dendron micelles ranged from 200 to 500 nm, and increased with generation number. Micelles formed from amphiphilic dendrons containing protonated pyrrolidinium end groups were a bit larger than those formed from amphiphilic dendrons with protonated piperidinium groups of the same generation (micelles of P1G1.HCl > P2G1.HCl, D1G1.HCl > D2G1.HCl, D1G2.HCl > D2G2.HCl, and T1G1.HCl > T2G1.HCl). This trend was not observed when the micelle size of T1G2.HCl was compared with that of T2G2.HCl.

Polydispersity index (PDI) values of the twelve amphiphilic dendron micelles were assessed to range from 0.3 to 0.5, indicating that the mean particle size and homogeneity evaluated were valid (Table S1, supplementary information). To explore the stability of the T2G2.HCl micelles in both PBS and cell culture medium, their hydrodynamic sizes in both PBS and cell culture medium at 37 °C were monitored by DLS at different time points. As shown in Figure S7, the hydrodynamic size of T2G2 micelles remains constant for different time periods in both media, indicating their good colloidal stability.

The slightly larger hydrodynamic size in cell culture medium than that in PBS could be due to the slight protein adsorption, resulting in the formation of protein corona on the surface of the micelles.

Furthermore, the positive surface potential of amphiphilic dendron micelles is an important parameter, which affects their intracellular uptake efficiency and toxicity. The Figure 6 (2) shows the zeta potentials of all the twelve amphiphilic dendron micelles prepared. Zeta potentials determined for amphiphilic pyrene, amphiphilic maleimide, and amphiphilic azabisdimethylphosphonate dendron micelles were determined to be approximately 20, 40, and 36 mV, respectively. The mean diameters determined using TEM (see supplementary information, Figure S8) were approximately 30-40 nm for all micelles measured, and all were of uniform size distribution. TEM analysis revealed that the mean size of P1G1.HCl, P2G1.HCl, P2G2.HCl and D2G1.HCl micelles was 40, 28, 30 and 31 nm, respectively. Size determined via TEM was smaller than that determined via DLS (vide supra). Such a discrepancy can be reasonably expected as a result of differences between the hydrodynamic diameters of micelles in solution versus the sizes of dry/dehydrated micelles. 3 and Figure S11). Furthermore, the safety indexes of T2G2.HCl and DOX are shown in Table 4.

Antiproliferative activities of amphiphilic phosphorus dendron-based micelles

Obviously, T2G2.HCl micelles are much safer than free DOX when they treat A549, PC3, HCT116 and MDA-MB-231 tumor cell lines. To sum up, the T2G2.HCl micelles has a great potential to be used as a drug-free nanoplatform to cure these tumor cells with a high safety and antiproliferative activity.

Conclusion and perspectives

In medicine, nanotechnology has sparked rapidly growing interest as a result of its potential to solve important issues related to nanomedicine. Nanoformulations have already been used to improve cancer treatments, and several nanoformulated drugs have been FDA approved. Dendrimers represent a new generation of nanoparticle-based therapy.

In this article, we describe the straightforward synthesis, full characterization, and antiproliferative activities of novel amphiphilic fluorescent phosphorus dendron-based micelles active per se (generations one and two). These original macromolecules possess both protonated cyclic amino groups and a hydrophobic (fluorescent) moiety, and have the capacity to aggregate in solution via hydrophilic and hydrophobic interactions, which facilitate the formation of polymeric micelles.

This first exploration fully encourages us to design and develop this type of new micelles with the aim to fully control their dimensions, shape and morphology to get nanodevices for in vitro and in vivo biological applications.

Interestingly, several compounds displayed significative antiproliferative activities against acute promyelocytic leukemia HL60, colorectal carcinoma HCT116, breast carcinoma metastasis MDA-MB-231, lung carcinoma A549 and brain glioblastoma U87-MG. The further studies will be to design phosphorus dendron-based micelles with better safety ratio by increasing the length and the nature (e.g. introduction of double bounds) of the chain between the fluorophore and the scaffold as well the nature of the amino groups on the surface. Numerous studies have been carried out to evaluate the in vitro and in vivo cytotoxicity of dendrimers using different cell lines, concentrations, incubation times, and assay methods. The cytotoxicity is strongly influenced by the nature of the functional groups on the dendrimer surface. In the cationic series, like our series presented in this paper, nitrogen functions with decreased basicity display lower cytotoxicity, because of their decreased interactions with cell membranes. , [START_REF] Mignani | Exploration of biomedical dendrimer space based on in-vivo physicochemical parameters: Key factor analysis (Part 2)[END_REF][START_REF] Mignani | Exploration of biomedical dendrimer space based on in-vitro physicochemical parameters: key factor analysis (Part 1)[END_REF] Another point, will be to evaluate the mechanism of action. Another point will be to evaluate the mechanism of action of these compounds and to determine in more details if they could induced apoptosis and or necrosis cell death. The presented original strategy regarding the development of amphiphilic fluorescent phosphorus dendron-based micelles constitutes a potentially new approach for treating different types of cancer.

The authors declare no competing financial interest.

Figure 1 .

 1 Figure 1. Chemical structure of prepared G1-2 amphiphilic phosphorus dendrons, P1G1.HCl, D1G1.HCl, T1G1.HCl, P2G1.HCl, D2G1.HCl, T2G1.HCl, P1G2.HCl, D1G2.HCl, T1G2.HCl, P2G2.HCl, D2G2.HCl, and T2G2.HCl.

Scheme 1 .

 1 Scheme 1. Synthetic pathways of P1G1.HCl, D1G1.HCl, T1G1.HCl, P2G1.HCl, D2G1.HCl, T2G1.HCl, P1G2.HCl, D1G2.HCl, T1G2.HCl, P2G2.HCl, D2G2.HCl, and T2G2.HCl.

Figure 2 .

 2 Figure 2. UV-vis absorption spectra of amphiphilic pyrene dendrons dissolved in water.

Figure 3 .

 3 Figure 3. Excitation and emission spectra of amphiphilic pyrene dendrons dissolved in water

Figure 4 .

 4 Figure 4. Self-assembly of amphiphilic dendrons to form nanostructured aggregates (micelles).

(

  P1G1.HCl, P2G1.HCl, P1G2.HCl, and P2G2.HCl), amphiphilic maleimide dendron D series (D1G1.HCl, D2G1.HCl, D1G2.HCl and D2G2.HCl) and azabisdimethylphosphonate dendron T series (T1G1.HCl, T2G1.HCl, T1G2.HCl, and T2G2.HCl) to self-assemble. Values were determined using pyrene as a fluorescent probe for D and T series. Amphiphilic pyrene dendron series (P) CMCs were determined via an assessment of their auto-fluorescence spectra. 37 CMC was determined by evaluating the ratio of fluorescence intensities measured at emission wavelengths of 373 nm (I373) and 393 nm (I393) for pyrene fluorescence bands at room temperature against the dendron concentration. I373 / I393 ratio decreases when hydrophobic domains are present in solution since amphiphilic phosphorus dendrons self-assemble into micelles. All tested amphiphilic maleimide phosphorus dendrons (compounds D1G1.HCl, D2G1.HCl, D1G2.HCl, and D2G2.HCl)

Figure 5

 5 Figure 5 CMC evaluation in the pyrene dendron series. Intensity ratios (I373/I393) as function of logarithm of amphiphilic pyrene dendron concentrations.

Figure 6 .

 6 Figure 6. Mean particle size (left) and the zeta potential (right) of the amphiphilic dendron micelles (mean ± SD, n = 3).

Figure 7 .

 7 Figure 7. TEM morphology of the amphiphilic fluorescent phosphorus dendron-based micelles.

Finally, the cytotoxicity

  of P1G1.HCl, D1G1.HCl, T1G1.HCl, P2G1.HCl, D2G1.HCl, T2G1.HCl, P1G2.HCl, D1G2.HCl, T1G2.HCl, P2G2.HCl, D2G2.HCl, and T2G2.HCl was assessed using a (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cell viability assay that measured their effects on a panel of tumor cell lines including lung carcinoma A549, breast carcinoma MCF7, breast carcinoma metastasis MDA-MB-231, prostate carcinoma PC3, brain glioblastoma U87-MG, acute promyelocytic leukemia HL60, chronic myelogenous leukemia K562, myelogenous leukemia K562R (doxorubicin resistant due to high P-glycoprotein (PGP) expression), and colorectal carcinoma HCT116. The diploid human fibroblast cell culture line, MRC5, was used to perform safety profiles of compounds. IC50s values ranged between ~0.2 and 50 μM, and displayed great heterogeneity between the antiproliferative activities of compounds (see supplementary information). Taken together, antiproliferative activities of compounds against the HCT 116 cell line shown in the Table 2 reveal that dendrons (series P, D and T) containing piperidinium terminal groups (compounds P2G1.HCl, P2G2.HCl, D2G1.HCl, D2G2.HCl and T2G2.HCl) displayed higher cytotoxicity (IC50s ~ 0.2-1.3 µM) than corresponding dendrons containing pyrrolidinium terminal groups (compounds P1G1.HCl, P1G2.HCl, D1G1.HCl, D1G2.HCl, T1G1.HCl and T1G2.HCl, IC50s ~0.6-6 µM, IC50 of T1G1.HCl ~52 µM) created within the same generation.Cytotoxicity increased as generation increased. Compounds of generation 2 were more cytotoxic than those of generation 1, and compounds containing terminal piperidinium groups were particularly effective. This trend was not generally applicable for all cell lines. For instance, against the K562 cell line, the most cytotoxic compounds were those of generation 1. As such, the most potently cytotoxic dendrons were P2G1.HCl and D2G1.HCl (IC50s ~ 0.4-1 µM) of series P and D, but not series T. Concerning HL60 cell lines, no clear structure activity relationships were observed, and the most potent antiproliferative compound assessed was P2G1.HCl. Unlike doxorubicin (DOX), amphiphilic phosphorus dendrons displayed cell selectivity.

Table 1 .

 1 Critical micelle concentrations (CMC) of amphiphilic phosphorus dendrons in water.

				Azabisdimethyl
	CMC (μM)	Pyrene series (P)	Maleimide series (D)
				phosphonate series (T)
	Generation 1 with pyrrolidinium		
		3.56 (P1G1.HCl)	76.9 (D1G1.HCl)	153.7 (T1G1.HCl)
	end groups		

Table 1 ,

 1 CMC values in water[START_REF] Kalyanasundaram | Environmental effects on vibronic band intensities in pyrene monomer fluorescence and their application in studies of micellar systems[END_REF] were based on the capacities of amphiphilic pyrene dendron P series

Table 2 .

 2 Antiproliferative

			activities of phosphorus dendron micelles and DOX against HCT116, K562 and
	HCT116 tumor cell lines (IC50, µM).			
			Antiproliferative activities IC50 (µM)	
	Series	Compounds	HL60	K562	HCT116
		P1G1.HCl	1.17±0.13	4.62±0.16	1.54±0.12
	P	P2G1.HCl	0.28±0.06	0.36±0.02	1.07±0.05

Table 3 .

 3 Antiproliferative activities of T2G2.HCl and DOX against normal L929 cells, A549, MCF7, PC3, U87-T2G2.HCl showed broad antiproliferative activity against a panel of tumor cell lines as shown in

	MG, HL60, HCT116, K562, K562R and MDA-MB6231 tumor cell lines (IC50 µM).	
		T2G2.HCl	DOX		T2G2.HCl	DOX
	L929	8.75±0.06	0.51±0.007 HL60	4.1±0.15	0.01±0.001
	A549	0.36±0.02	0.06±0.001	HCT116	0.86±0.02	0.09±0.003
	MCF7	2.89±0.17	0.12±0.009 K562	1.1±0.06	0.005±0.003
	PC3	0.56±0.03	0.10±0.003 K562R	2.47±0.07	>50
	U87-	0.27±0.03	0.01±0.002 MDA-MB-	0.31±0.01	0.03±0.002
	MG			231		
	HL60	4.1±0.15	0.01±0.001			
	Table 4 Safety indexes of T2G2.HCl and DOX against A549, MCF7, PC3, U87-MG, HL60, HCT116, K562,
	K562R and MDA-MB6231 tumor cell lines.				
		T2G2.HCl	DOX			T2G2.HCl	DOX
	A549	24.31±1.18	8.5±0.03	HCT116	10.17±0.17	5.67±0.11
	MCF7	3.03±0.16	4.25±0.26	K562	7.95±0.38	102±9.34
	PC3	15.63±0.73	5.1±1.60	K562R	3.54±0.07	>0.010
	U87-MG	32.41±3.42	51±9.89	MDA-MB-231	28.22±0.71	17±0.90
	HL60	2.02±0.06	51±4.44		

Table 3 .

 3 Indeed, strong antiproliferative activities were observed for T2G2.HCl against aggressive A549 (lung carcinoma), PC3 (prostate carcinoma), U87-MG (acute promyelocytic leukemia) and MDA-MB-231 (breast carcinoma metastasis) cells in which IC50 values produced were less than 0.4 µM. Importantly, T2G2.HCl effectively inhibited proliferation of MDA-MB-231(IC50 = 0.31 µM), which is a highly aggressive, invasive and poorly differentiated triple-negative breast cancer (TNBC) cell line. In TNBC, estrogen and progesterone receptors are negative, and treatment options for TNBC are limited. Surgery and chemotherapy, either individually applied, or used in combination, appear to be the only available means to treat the disease, and prognosis remains poor. 42 T2G2.HCl produced no adequate safety ratio versus the MRC5 cell line, which was derived from normal lung tissue. Very interestingly, T2G2.HCl displayed antiproliferative activity against K562R cell line which is resistant to DOX due to its strong PGP expression (IC50 > 50 µM). Meanwhile, T2G2.HCl micelles and free DOX showed IC50s of 8.75±0.06 and 0.51±0.007 µM against L929 cells, respectively (Table
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