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This work provides an in vitro methodology to assess the cytotoxicity and cell penetration of Dendrigrafts of poly-L-Lysine (DGL) in order to select the best molecules to be further tested in preclinical models as nanoscale drug carriers for cancer treatment. The data obtained indicate that, despite their higher molecular weight, DGL cause cytotoxicity close to that published for other dendrimers (IC50 > 100nM up to 1.5μM depending on the DGL generation and the colon cancer cell line). Besides, uptake of DGL by cancer cells was observed within 5 minutes through a clathrin-dependent process. At a concentration at least 10-fold lower than the IC50 (10nM), 60-80% of colon cancer cells internalized DGL-G3, -G4 and -G5 within 4 hours, while a cell penetration efficiency of 20-60% was observed for DGL-G2. Finally, DGL cytotoxicity was significantly decreased by serum components. This methodology provides robust data to guide DGL functionalization to further reduce DGL cytotoxicity and safely address anti-cancer drugs to cancer cells, and represents a standardized and easy-to-use approach to characterize nanovectors for biological applications.

Introduction

In recent years, nanoparticles have emerged as powerful tools for the in vitro and in vivo delivery of molecules of biological interest, such as DNA, imaging agents and drugs. One of the most promising clinical applications is their use for the controlled and targeted delivery of pharmaceuticals for personalized medicine [START_REF] Kumari | Nanocarriers for Cancer-Targeted Drug Delivery[END_REF][START_REF] Muhamad | Application of Active Targeting Nanoparticle Delivery System for Chemotherapeutic Drugs and Traditional/Herbal Medicines in Cancer Therapy: A Systematic Review[END_REF] . Indeed, nanovectors can significantly improve the biocompatibility of drugs by increasing their solubility in biological fluids, reducing their toxicity, and decreasing their side effects. They can also greatly improve their bioavailability by increasing their half-life and promoting their sustained delivery.

Moreover, nanovectors can be customized for targeting drugs to specific tissues. Therefore, they are attractive technologies for the management of chronic diseases, including cancer, where the repeated delivery of highly cytotoxic drugs is deleterious to healthy tissues. Doxil/Caelyx™, a liposome-based system used to deliver doxorubicin, was the first nanoscaled system dedicated to cancer treatment to be approved by the Food and Drug Administration in 1995 [START_REF] Stebbing | Pegylated Liposomal Doxorubicin (Caelyx TM ) in Recurrent Ovarian Cancer[END_REF] . In 2019, approximately 250 nano-based drug delivery systems were commercialized or under investigation in clinical trials, and their number is continuously increasing. Oncology represents about 35% of the nanomedicine market [START_REF] Martinelli | Nanostructured Carriers as Innovative Tools for Cancer Diagnosis and Therapy[END_REF] .

Dendrimers are three-dimensional tree-like branched polymeric molecules that can be functionalized, thus representing interesting nano-sized vector material. Indeed, they combine many advantages for nanomedicine, including controllable dimensions and architectures, and good capacity to be functionalized for active targeting [START_REF] Agashe | Investigations on the Toxicological Profile of Functionalized Fifth-Generation Poly (Propylene Imine) Dendrimer[END_REF][START_REF] Caminade | The Key Role of the Scaffold on the Efficiency of Dendrimer Nanodrugs[END_REF] . Moreover, dendrimers are suitable for many different administration routes (intravenous, intranasal, transdermal and ocular routes) [START_REF] Mignani | Expand Classical Drug Administration Ways by Emerging Routes Using Dendrimer Drug Delivery Systems: A Concise Overview[END_REF][START_REF] Sherje | Dendrimers: A Versatile Nanocarrier for Drug Delivery and Targeting[END_REF] . However, the initial studies highlighted their elevated cytotoxicity that could have precluded their use in clinical applications [START_REF] Roberts | Preliminary Biological Evaluation of Polyamidoamine (PAMAM) Starburst Dendrimers[END_REF] . The first dendrimers were synthetized using various approaches in the late 1970s [START_REF] Buhleier | Cascade"-and "Nonskid-Chain-like" Syntheses of Molecular Cavity Topologies[END_REF][START_REF] Tomalia | A New Class of Polymers: Starburst-Dendritic Macromolecules[END_REF] . These macromolecules include a central core (G1) grafted with radiating dendritic branches the number of which doubles at each generation (G2, G3, G4...). Polyamidoamine (PAMAM)based dendrimers have been best characterized for drug delivery [START_REF] Jain | Dendrimer Toxicity: Let's Meet the Challenge[END_REF][START_REF] Mullen | Best Practices for Purification and Characterization of PAMAM Dendrimer[END_REF] , followed by Poly(Propylene Imine) (PPI)-dendrimers. Recently, Poly-L-Lysine (PLL)-dendrimers have received much attention due to significant advances in their use for in vivo drug delivery [START_REF] Niidome | Hydrophobic Cavity Formed by Oligopeptide for Doxorubicin Delivery Based on Dendritic Poly(L-Lysine)[END_REF] .

In addition, PLL-dendrimers represent a biodegradable alternative to PAMAM-and PPIdendrimers because L-lysine is an essential amino acid that can be recycled by cells for protein biosynthesis following PLL-dendrimer degradation 15 . Starpharma 16 has been a pioneer in developing promising PLL-dendrimer-based products for medical use, particularly VivaGel ® (SPL7013 or astodrimer sodium) for human immunodeficiency virus (HIV) and herpes simplex virus (HSV) that demonstrated good tolerability in animals and humans 17 . The VivaGel ® technology is currently used in health products ranging from condoms to microbicides for the treatment and prevention of bacterial vaginosis and the prevention of sexually transmitted diseases. Starpharma recently developed the PLLdendrimer-based DEP ® technology that is currently tested in clinical trials for the delivery of anti-cancer drugs into solid tumors 18 .

Dendrigrafts of poly-L-Lysine (DGL) represent a new generation of PLL-dendrimer-like structures 19 . They are synthesized following a method described in the WO 2006/114528 patent and by Collet et al [START_REF] Collet | An Expeditious Multigram-Scale Synthesis of Lysine Dendrigraft (DGL) Polymers by Aqueous N-Carboxyanhydride Polycondensation[END_REF] by Ring Opening Polymerization (ROP) of Nε-trifluoroacetyllysine-N-carboxyanhydride (Lys(TFA)-NCA) (instead of the method described by Denkewalter et al for the synthesis of PLL-dendrimers [START_REF] Denkewalter | Preparation of Lysine Based Macromolecular Highly Branched Homogeneous Compound[END_REF] ). The obtained linear oligomer core (G1) includes, on average, eight L-lysine residues (Figure 1a). The next dendritic generations (Gn+1) are performed by ROP of Lys (TFA-)-NCA monomers onto the previous generation (Gn) of DGL, which is used as a macroinitiator. The sequence is repeated until the desired generation number, and the number of lysine residues exponentially increases at each generation (Figure 1b-c). Compared with PLL-dendrimers (Figure 1d, e), the DGL-G1 core has eight L-lysine residues (versus three L-lysine residues), and DGL structures harbor short polymer-pending L-lysine chains per free amine from the previous generation (versus 1 lysine residue per free amine of the previous generation for PLL-dendrimers) (Figure 1, compare b, c to d, e). Moreover, this synthesis method leads to more flexible structures and also has the advantage to produce amino-acid dendritic structures of larger size and higher molecular weight in fewer steps (Table 1). This significantly reduces the production costs for large scale-use. The most exciting property of dendrimers comes from the exponentially increasing number of functional groups obtained at each generation that offers a huge capacity of functionalization and therefore a very high capacity of drug transport and surface modification (from partial guanidinylation of the surface amino groups [START_REF] Tsogas | Interactive Transport of Guanidinylated Poly(Propylene Imine)-Based Dendrimers through Liposomal and Cellular Membranes[END_REF][START_REF] Tsogas | Interaction and Transport of Poly(L-Lysine) Dendrigrafts through Liposomal and Cellular Membranes: The Role of Generation and Surface Functionalization[END_REF] to more complex nanoparticles [START_REF] Ma | Size-Shrinkable and Protein Kinase Cα-Recognizable Nanoparticles for Deep Tumor Penetration and Cellular Internalization[END_REF] ). This is a major distinguishing feature of DGL compared with PLL-dendrimers because DGL-G2 already harbors 48 Llysine residues (versus 7 L-lysine residues in a PLL-dendrimer-G2) and DGL-G5 reaches 963 L-lysine residues (versus 63 L-lysine residues in PLL-dendrimer-G5) (Table 1). However, the high number of surface cationic charges in DGL predicts a significant intrinsic cytotoxic activity that may increase much more than that of PLL-dendrimers at each new generation. Although many studies have evaluated the cytotoxicity of dendrimers or dendrimer-like structures, published data on DGL cytotoxicity are still very limited [START_REF] Tsogas | Interactive Transport of Guanidinylated Poly(Propylene Imine)-Based Dendrimers through Liposomal and Cellular Membranes[END_REF][START_REF] Theodossiou | Guanidinylated Dendritic Molecular Transporters: Prospective Drug Delivery Systems and Application in Cell Transfection[END_REF] .

Moreover, study-by-study comparisons of the cytotoxic properties of different dendrimers, and of DGL and dendrimers or dendrimers-like structures is hampered by the lack of standardized experimental procedures. In a recent review, Janaszewska et al. (2019) [START_REF] Janaszewska | Cytotoxicity of Dendrimers[END_REF] established a non-exhaustive list of cytotoxicity studies that reported the IC50 values of various native and functionalized dendrimers, including PAMAM-and PLL-dendrimers.

They observed that the comparison of IC50 values was nearly impossible from one study to another because they had been calculated either in mass or molar concentrations, using different cell lines, and with different cytotoxicity assays (MTT viability assay, AlamarBlue assay, neutral red assay, ecotoxilogical assay). As cytotoxicity is a key criterion when screening biomolecules for biological applications, these critical parameters (concentration, cell line, and assay) need to be standardized for useful study-by-study comparisons [START_REF] Jain | Dendrimer Toxicity: Let's Meet the Challenge[END_REF] .

Indeed, study-by-study comparisons could be valuable decision-support-tools for selecting nanovectors and/or functionalization strategies, saving time, and improving the chances of success when moving to preclinical studies.

Up to now, clinical trials in colon cancer focused mainly on liposomal drug delivery systems (n=9 studies using liposomes, and n=4 using unspecified nanoparticles), and no study assessed dendrimers or dendrimer-like structures (Table S1). In the present study, we their stability and cellular uptake. Our in vitro assay provides a standardized procedure for study-by-study comparison of the cytodynamic properties of DGL in colon cancer cells. Moreover, our study provides a solid working basis to assess the cytotoxic, physicochemical and biological properties for native DGL, and a set of critical parameters to efficiently guide the future choices for DGL functionalization. [START_REF] Collet | An Expeditious Multigram-Scale Synthesis of Lysine Dendrigraft (DGL) Polymers by Aqueous N-Carboxyanhydride Polycondensation[END_REF] (Figure 1a). Fluorescent DGL (DGL-FL) were obtained by functionalization in dimethylformamide with fluorescein isothiocyanate (FITC) of the unique alpha amine (at the end of the polymer chain) of the G1 molecule before unblocking. The protected G1-FL was collected by centrifugation (3000G, 15 min) after precipitation upon addition of excess water. Purification was performed by flashchromatography, after unblocking in a highly basic organic (HBO) solution. The resulting unprotected G1-FL was then used as macroinitiator to synthesize the subsequent DGL-FL generations as previously described [START_REF] Collet | An Expeditious Multigram-Scale Synthesis of Lysine Dendrigraft (DGL) Polymers by Aqueous N-Carboxyanhydride Polycondensation[END_REF] . For cell experiments, lyophilized DGL were resuspended in sterile water for long-term storage of concentrated solutions (1-10mM). One to ten microliters of appropriate dilutions were then added to cells in a final volume of 500μl of culture medium.

Experimental

Cells

The human DLD-1, HCT116, RKO, SW480, SW620, HT-29 colon cancer cell lines were from the American Type Culture Collection (ATCC, Manassas, VA). All cell lines were cultured in Dubelcco's Modified Eagles Medium (DMEM) (Gibco, Fisher Scientific, Illkirch, France) supplemented with 10% fetal bovine serum (FBS) (Eurobio, Les Ulis, France) and 1X penicillin/streptomycin (Gibco).

Cytotoxicity

DGL cytotoxicity was evaluated with a previously standardized crystal violet assay [START_REF] Prévostel | SOX9 Is an Atypical Intestinal Tumor Suppressor Controlling the Oncogenic Wnt/ß-Catenin Signaling[END_REF][START_REF] Blache | A Short SOX9 Peptide Mimics SOX9 Tumor Suppressor Activity and Is Sufficient to Inhibit Colon Cancer Cell Growth[END_REF][START_REF] Dupasquier | Modulating PKCα Activity to Target Wnt/β-Catenin Signaling in Colon Cancer[END_REF] .

Briefly, 5000 colon cancer cells per well were seeded in 24-well plates. DGL-G2 to G5 were added to cells 24 hours later, at the concentrations indicated in the figures and/or figure legends. Six days later, cells were stained with crystal violet (0.2% crystal violet; 2% ethanol) and lysed in 1% sodium dodecyl sulfate (SDS). The amount of deoxyribonucleic acid (DNA) intercalating agent, which is proportional to the cell number, was measured at 570nm with a POLARstar plate reader (BMG Labtech, Champigny sur Marne, France).

Cell uptake

Colon cancer cells were seeded (50000 cells per well) in 24-well plates for 24 hours. Cells were then incubated with standard medium containing 10 or 100nM of native DGL-FL-G2 to G5 from 5 minutes up to 4 hours. After two washes in 1X Phosphate Buffered Saline (PBS), cells were dispersed with 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA), collected in supplemented DMEM medium and centrifuged at 1000 rpm for 10 min. Cell pellets were washed with PBS and centrifuged again at 1000 rpm for 10 min. The final pellets were fixed with 1% paraformaldehyde and transferred to Fluorescence Activated Cell Sorting (FACS) tubes for analysis. Cell uptake was then evaluated by measuring the cell fluorescence intensity with a Gallios flow cytometer (Beckman Coulter) with the 488 nm laser line and the 525/40nm filter [START_REF] Depreester | Flow Cytometric Assessment of Myeloperoxidase in Bovine Blood Neutrophils and Monocytes[END_REF][START_REF] Kainz | Fluorescence Energy Transfer in the Bi-Fluorescent S-Layer Tandem Fusion Protein ECFP-SgsE-YFP[END_REF] . Cells incubated only with complete medium were used as negative control and as a standard to set up the appropriate gating system and voltages for the flow cytometry analysis. Voltages were adjusted for micron-scale particles and the flow rate was set at "low". All sample plots were collected according to size (Forward Scatter (FS)) and granularity (Side Scatter (SS)) in linear mode to remove cell debris (Figure S1). Doublets were excluded by plotting the FS-Area vs FS-Height, both in linear mode. The events collected in the newly created gate were designed as singlet. The fluorescence plot of control cells (non-fluorescent cells) was used to create gates to classify cells as green fluorescent or non-fluorescent events. These gates, set up for each cell line, were applied to all corresponding samples. For each FACS analysis, 5000 events were examined, resulting in the analysis of approximately 3000 individual cells per sample. Data were analyzed with the Kaluza Analysis 1.5 software.

Endocytosis routes

DLD-1 cells were seeded at 50000 cells per well in 24-well plates. Twenty-four hours later, endocytosis pathways were inhibited by incubation with 1μM phenylarsine oxide (PAO), 4μM filipin (FIL), 50μM genistein (GEN) and/or 0.1μM wortmannin (WORT) for 1 hour (as illustrated in Figure 5a), followed by one additional hour of co-incubation with 100nM of native DGL-FL-G2 to G5 [START_REF] Avaritt | Internalization and Subcellular Trafficking of Poly-l-Lysine Dendrimers Are Impacted by the Site of Fluorophore Conjugation[END_REF] . Cells were then collected and processed for FACS analysis, as described above.

Antibodies

Mouse anti-clathrin and rabbit anti-EEA1 (early endosome-associated protein 1) antibodies were from Abcam (Paris, France). Alexa Fluor 543-conjugated F(ab')2 fragments of goat anti-mouse or anti-rabbit immunoglobulin G (IgG), and Hoechst were from Thermo Fisher Scientific (Strasbourg, France).

Cell imaging

DLD-1 cells were seeded on 12 mm diameter round coverslips, cultured for 24 hours, incubated with 100nM DGL-FL for 30 minutes, fixed in 4% paraformaldehyde, and permeabilized in 0.2% Triton X-100. Blocking was performed in 1X PBS containing 0.1% Triton X-100, 10% bovine serum albumin (BSA). Cells were incubated with primary antibodies at 4°C overnight, and then with Alexa Fluor 543-conjugated secondary antibodies at room temperature for 1 hour. Cell nuclei were stained with 1μg/ml Hoechst for 10 minutes. Coverslips were mounted in City fluor AF1 Plus DAPI mounting medium (Biovalley, Nanterre, France), and cells were observed using a Zeiss AxioImager M2 and the Apotome system (Objective x40). 

Statistical analyses

Statistical

Results

DGL are cytotoxic at concentrations ranging from hundreds of nM up to higher than 1μM

Cytotoxicity is a key criterion when screening native and functionalized DGL for biological applications. To standardize its evaluation, in the present study, we decided to focus on a single cell type (i.e. human colon cancer cells) and to use a low cost and easy-to-use method (i.e. a crystal violet assay) to evaluate the cytotoxicity of native DGL. First, we performed a dose-response and time-dependent analysis in the human colon cancer cell line DLD-1 to determine the time and dose windows of DGL-G2 to G5 cytotoxicity. As previously described for dendrimers [START_REF] Janaszewska | Cytotoxicity of Dendrimers[END_REF] , cell viability decreased in a generation-dependent manner (from 10μM for DGL-G2 to 100nM for G5) and in a time-dependent manner (from the first 24 hours up to 6 days of incubation) (Figure 2, a-d). Analysis of different colon cancer cell lines with the same cytotoxicity assay (1μM of DGL for 6 days) showed similar profiles, with some differences in cell viability among the tested cell lines (Figure 2, e). For example, DGL-G2 to G5 tended to be more cytotoxic in DLD-1 and RKO cells than in SW480 and SW620 cells. This is possibly due to their different mutational (KRAS, BRAF, PI3K, P53…) and MSI or MSS status [START_REF] Berg | Multi-Omics of 34 Colorectal Cancer Cell Lines -a Resource for Biomedical Studies[END_REF] which associates with different resistances to cytotoxic compounds (including therapeutic ones). To calculate the half maximal inhibitory concentration (IC50) of the potency of DGL in inhibiting cell growth, we selected two colon cancer cell lines that showed high (DLD-1) and low (SW480) cytotoxicity in the cytotoxicity assay. The IC50 values obtained after incubation with DGL concentrations from 100nM to 1μM for 6 days ranged from hundreds of nM for DGL-G4 and -G5 in the DLD-1 cell line, to values higher than 1.5μM for DGL-G2 in SW480 cells (Figure S2 and Table 2). 

DGL at non-cytotoxic concentrations penetrate cells in the first few minutes of incubation

Cytotoxicity is influenced by the kinetics and efficiency of cell uptake, two key parameters to be taken into account when guiding the functionalization choice to ensure a selective and efficient drug delivery to the target cells. To assess DGL uptake by colon cancer cells, we set up a FACS assay by using "fluorophore inside" versions of DGL (DGL-FL) in which a FITC-functionalized G1 was used as template for the subsequent G2 to G5 generations.

After incubation of DLD-1 and SW480 cells with 10 or 100nM of DGL-Fl (non-cytotoxic concentrations) from 5 minutes to 4 hours, we quantified the number of cells in function of their fluorescent intensity (as illustrated for DLD-1 cells in Figure S3), and the percentage of FITC-positive cells in function of time (Figure 3) according to the FACS analysis settings established for control cells (i.e. not incubated with DGL-FL) for each cell line (Figure S1). The number of FITC-positive cells in gate [C] (Figure S1) drastically increased with the DGL generation (G2 up to G5), concentration (10nM versus 100nM), and time of incubation (Figure S3). In agreement, DGL-FL internalization (namely the percentage of FITC-positive cells in gate [D] (Figure S1)) was generation-, concentrationand time-dependent (Figure 3). In addition, DGL internalization was highly efficient because it occurred within the first few minutes of incubation (Figure 3). However, cellular uptake was delayed in SW480 compared with DLD-1 cells, as indicated by the cytometry

DGL DLD-1 SW480 G2 > 0.7 > 1.5 G3 > 0.3 > 0.5 G4 > 0.1 > 0.2 G5 > 0.1 > 0.1 IC50 (µM)
and immunofluorescence assays (Figure 3 and Figure 4). This is in line with the lower DGL cytotoxicity observed in SW480 than in DLD-1 cells (Figure 2e). An intrinsic parameter that might influence the cytotoxicity of native DGL is the nature of the counter ion used to protect the amine epsilon during synthesis. To test this hypothesis, we incubated DLD-1 cells with DGL-G2 or G3 prepared using as counter ion TFA (DGL used for all the previous experiments) or HCO3. After 6 days of incubation, we assessed their cytotoxicity with the crystal violet assay, and found no difference in function of the counter ion used (Figure S5). As DGL could be administered intravenously as drug nanocarriers, we also investigated whether DGL cytotoxicity was affected by contact with serum. To this aim, we incubated DLD-1 cells for 6 days with 1 and 10μM of DGL-G2 to G5 that had been pre-incubated in culture medium containing (S) or not (C) 10% FBS at 37°C for 24 hours. DGL cytotoxicity was significantly reduced by pre-incubation with serum (Figure 7a). We observed this effect only with DGL-G2 and G3 at the concentration of 1μM due to the higher cytotoxic effects of DGL-G4 and G5 at this concentration. To determine whether this decrease in DGL cytotoxicity was caused by DGL degradation by serum proteases, we incubated DGL-FL-G2 and G5 in water or in culture medium with or without 10% FBS, at room temperature or at 37°C for 24h, and then analyzed them by HPLC/UV-vis (Figure 7b). DGL-FL-G2 and G5 integrity was preserved in all tested experimental conditions, as indicated by the similar chromatography signals. We then hypothesized that the serum-induced decrease of DGL cytotoxicity was due to interactions between the DGL cationic charges and negatively charged serum components that could prevent DGL interaction with the plasma membranes and decrease cell penetration. To test this hypothesis, we analyzed by FACS DLD-1 cells incubated with 100nM of DGL-FL-G2

G2 G3 G4 G5 C o n t r o l P A O F I L G E N W O R T P A O + W O R T P A O + F I L P A O + G E N G E N + W O R T F I L + W O R T P A O + G E N + W O R T 0 
to -G5 for 5, 30 and 240 minutes after pre-incubation with culture medium containing (S) or not (C) 10% FBS at 37°C for 24 hours (Figure 7c). As the cell penetration kinetics are influenced by the DGL generation, we took into account the results obtained in Figure 3b and chose the three incubation times (i.e. 5min, 30min and 240min) that led to a percentage of cell penetration higher than 20% and lower than 95% at the concentration of 100nM to evaluate the serum effect on cell penetration. The percentages of fluorescent cells in gate

[D] (Figure S1) clearly showed that cell penetration efficiency was reduced for DGL-FL pre-incubated in serum-containing medium (S) compared with DGL-FL pre-incubated in serum-free medium (C). As DGL cell penetration kinetics are strongly influenced by the DGL generation, these effects were not observed for DGL-FL-G5 at the incubation times used for the experiment, but were clearly detected after 5 min of incubation with DGL-FL-G3 and -G4, and after 240 minutes of incubation with DGL-FL-G2 (Figure 7c). 

Discussion

Despite the increasing interest for dendrimers as drug nanocarriers [START_REF] Sherje | Dendrimers: A Versatile Nanocarrier for Drug Delivery and Targeting[END_REF] Moreover, using a cytometry flow assay, we showed that DGL penetrate rapidly (within the first 5 minutes of contact with cells) and efficiently into colon cancer cells at concentrations 50 to 100 times lower than the cytotoxic concentrations, further increasing the safety margin.

Furthermore, unlike PAMAM-dendrimers, DGL are biocompatible dendrimers that upon degradation can be recycled by the organisms as essential amino acids for protein biosynthesis. Unlike Avaritt et al (2015) [START_REF] Avaritt | Internalization and Subcellular Trafficking of Poly-l-Lysine Dendrimers Are Impacted by the Site of Fluorophore Conjugation[END_REF] who reported that PLL-dendrimers uptake is mediated through caveolae-, clathrin-and macropinocytosis-dependent mechanisms, we observed that DGL preferentially entered cells via a clathrin-dependent process.

Nevertheless, like PLL-dendrimers, DGL accumulated also in early endosomes. Finally, our data indicate that the counter ion nature does not significantly affect DGL cytotoxicity. As the counter ion affinity is expected to be proportional to the ratio of its ionic charge to its molar mass, and as the cell culture medium contains 150mM NaCl (i.e. a drastic excess of Cl-compared with the counter ion), any counter ion used for DGL synthesis (including TFA-) should be exchanged by a chloride anion in contact with the cell culture medium, and the resulting DGL that enter the cells were chlorinated. Moreover, unlike the HCO3-counter ion, TFA-is not a physiological ion and could have an intrinsic cytotoxicity when released in the culture medium. Here, we found that cytotoxicity was not significantly different with TFA-or HC03-as DGL counter ions, regardless of the DGL generation. As previously reported for PAMAM-dendrimers [START_REF] Mukherjee | Mechanistic Studies of in Vitro Cytotoxicity of Poly(Amidoamine) Dendrimers in Mammalian Cells[END_REF] , DGL appeared to interact with serum components.

Indeed, upon incubation in medium containing 10% serum, the efficacy of penetration into cells and the cytotoxicity of DGL significantly decreased. In a previous study, Coussot et al.

(2015) [START_REF] Coussot | On-Line Capillary Electrophoresis-Based Enzymatic Methodology for the Study of Polymer-Drug Conjugates[END_REF] reported a lower sensitivity of dendritic architectures to trypsin digestion compared with PLL-dendrimers. Here, we found that DGL integrity is not affected by serum proteases, suggesting that negatively charged serum components may interact with DGL cationic charges to prevent DGL interaction with plasma membranes, decrease cell penetration, and reduce cytotoxicity. These data not only indicate an additional level of safety, but also demonstrate that DGL are stable in the presence of serum. This is particularly important in view of clinical applications.

Conclusion

Our study provides a solid working basis and an easy-to-use guideline for future studies on multi-functionalized DGL to deliver high concentrations of active principles into cancer cells. On the basis of DGL loading capacity and IC50 obtained with the present work, we envision that functionalized DGL will have a comfortable safety margin. Beyond this, and in view of recent developments in the design of nanoscale systems to improve the selectivity, efficacy and safety of anti-cancer treatments delivery [START_REF] Ye | Enhanced Endosomal Escape of Dendrigraft Poly-L-Lysine Polymers for the Efficient Gene Therapy of Breast Cancer[END_REF][START_REF] Liu | Dendrimeric Nanosystem Consistently Circumvents Heterogeneous Drug Response and Resistance in Pancreatic Cancer[END_REF][START_REF] An | Rationally Designed Modular Drug Delivery Platform Based on Intracellular Peptide Selfassembly[END_REF] , our methodology could represent an early, rapid and easy-to-implement screening step for nanooncology.

Figure 1 .

 1 Figure 1. Structural properties of Poly-L-Lysine-dendrimers (PLL-dendrimers) and Dendrigrafts of poly-Llysine (DGL). a) Schematic view of the chemical steps of DGL synthesis (modified from Francoia and Vial, 2018 25 ). The chemical structures of the third generation (G3) of b) a dendrigraft of poly-L-lysine and d) a PLL-dendrimer are schematically depicted in c) and e), respectively. Each dot represents a lysine residue and each color a new generation; the generation number indicates the number of synthesis steps (a new generationimplies a new branching in the structure). For PLL-dendrimers, the white dot represents the first core residue (generation zero, or G0). For DGL, the first generation G1 (blue dots) represents the core structure from which the following generations are initiated: G2 (orange dots) and G3 (green dots).

  evaluated the cytotoxicity of native DGL in several colon cancer cell lines by taking into account a set of well-defined criteria: DGL generation, effectiveness of cell uptake, mechanisms involved in cell internalization, nature of the counter ion, incidence of serum on

  analyses were performed with GraphPad Prism version 5.0. Data represent the mean ± SEM (Student's t-test). P values are indicated as follows: * p<0.1; **p<0.01; ***p<0.001; ****p<0.0001.

Figure 2 .

 2 Figure2. DGL-G2 to G5 are all cytotoxic at concentrations higher than 1μM and in all tested human colon cancer cell lines. a-d) Crystal violet assays to assess the cytotoxicity of DGL-G2 to G5 (from 1pM up to 10μM for 6 days) in DLD-1 cells. e) Cytotoxicity of 1μM DGL-G2 to -G5 (6 days of incubation) was assessed in a panel of colon cancer cell lines using the crystal violet assay.

Figure 3 .Figure 4 .

 34 Figure 3. At non-cytotoxic concentrations, DGL uptake by cells is positively influenced by the DGL generation and concentration and occurs within the first few minutes of contact with the cells. Percentage of fluorescent cells in gate [D] (Figure S1) in function of time in DLD-1 (a, b) and SW480 (c, d) colon cancer cells incubated with 10nM (a, c) and 100nM (b, d) of DGL-FL.

  through a clathrin-dependent mechanismSeveral studies suggested that dendrimer cytotoxicity is caused by plasma membrane disruption rather than intracellular toxicity. For example,Hong et al. (2004) [START_REF] Hong | Interaction of Poly(Amidoamine) Dendrimers with Supported Lipid Bilayers and Cells: Hole Formation and the Relation to Transport[END_REF] reported that PAMAM-G7 promotes the formation of nanoscale holes (15-40nm in diameter), whereas PAMAM-G5 expands the size of preexisting defects in the bilayer.Leroueil et al (2008) [START_REF] Leroueil | Wide Varieties of Cationic Nanoparticles Induce Defects in Supported Lipid Bilayers[END_REF] confirmed these observations for several nanoparticles, including cell-penetrating peptides (MSI-78), proteins (TAT), dendrimers (PAMAM) and polycationic polymers (PPI and diethylaminoethyl-dextran). Their interaction with cell membranes induces nanoholes, membrane thinning and/or membrane erosion and finally cell disruption. Conversely, Manunta et al. (2004)[START_REF] Manunta | Gene Delivery by Dendrimers Operates via a Cholesterol Dependent Pathway[END_REF] showed that dendrimer-DNA complex (dendriplexes) can be internalized through membrane rafts and cholesterol-dependent pathways in endothelial cells. Such dendrimer-DNA complexes may use different internalization pathways, depending on the cell type, and caveolin enhances internalization in HeLa, HepG2 and endothelial cells 38 . More recently, Avaritt and Swaan (2015) 33 used endocytosis inhibitors and a fluorescentbased quantification assay to demonstrate that PLL-dendrimers can exploit multiple endocytosis routes, including cholesterol-mediated uptake, clathrin and caveolae-mediated endocytosis, and macropinocytosis. To characterize DGL uptake routes, we used a similar inhibitor-based approach (Figure 5a) and our FACS assay to analyze the impact of endocytosis inhibitors on DGL-FL uptake. We found that for all DGL generations, the number of FITC-positive cells in gate [C] (Figure S4) and DGL internalization (i.e. percentage of FITC-positive cells in gate [D] (Figure 5b-c) reproducibly and significantly decreased upon incubation or co-incubation of DLD-1 and SW480 cells with PAO (inhibitor of clathrin-mediated endocytosis). Unlike what described for PLL-dendrimers, inhibitors of caveolae-mediated endocytosis (FIL and GEN) and of macropinocytosis (WORT) did not significantly affect DGL uptake. Thus, without excluding other possible internalization routes, DGL internalization in colon cancer cells clearly involves clathrin-mediated endocytosis. Consistent with this finding, immunostaining of DLD-1 cells with anti-clathrin and anti-EEA1 (early endosome marker) antibodies after incubation with DGL-FL-G5 for 1 or 4 hours confirmed the accumulation of DGL-G5-FL in clathrin-coated vesicles (white arrowheads) and in early endosomes (empty arrowheads) (Figure 6).

Figure 5 .

 5 Figure 5. DGL uptake by colon cancer cells is mediated by clathrin-dependent endocytosis. a) Schematic illustration of the strategy implemented to identify the DGL cellular internalization routes (created with BioRenders) 39 . Wortmannin (WORT) prevents macropinocytosis, phenylarsine oxide (PAO) inhibits clathrindependent endocytosis, and filipin (FIL) and genistein (GEN) inhibit caveolae-mediated endocytosis. Flow cytometry analysis of the uptake of 100nM DGL-FL (30min incubation) by b) DLD-1 and c) SW480 colon

  the presence or absence of the indicated endocytosis inhibitors. DGL penetration into cells was significantly inhibited only in the presence of PAO, indicating the involvement of a clathrin-dependent process. Statistical values were calculated relative to control cells (no inhibitor).

Figure 6 .

 6 Figure 6. DGL-FL-containing vesicles colocalize with clathrin-coated vesicles and early endosomes. DLD-1 cells were incubated with 1μM of DGL-FL-G5 for 1 hour and 4 hours, stained with a) anti-clathrin or b) EEA1 antibodies and counterstained with Hoechst (x40). Images show that DGL-FL-containing vesicles (green) overlap with the anti-clathrin and anti-EEA1 antibody signal.

Figure 7 .

 7 Figure 7. DGL cytotoxicity and cell penetration are decreased by contact with serum. a) Crystal violet assay to assess the cytotoxicity in DLD-1 cells of a 6-day exposure to 1 and 10μM of DGL-G2 to G5 pre-incubated in

  

Table 1 .

 1 Comparison of the number of L-lysine residues and molecular weight (g/mol) of PLL-dendrimers and DGL[START_REF] Collet | An Expeditious Multigram-Scale Synthesis of Lysine Dendrigraft (DGL) Polymers by Aqueous N-Carboxyanhydride Polycondensation[END_REF] .

Table 2 .

 2 IC50 values of the different DGL. IC50 values were approximated from Figure S2 as the closest value within 0.1μM below the concentration leading to 50% of DLD-1 or SW480 cell death compared with control condition (absence of DGL).

  whereas in the study by Tsogas et al, A549 human lung carcinoma cells were incubated with DGL only for 3 hours[START_REF] Tsogas | Interaction and Transport of Poly(L-Lysine) Dendrigrafts through Liposomal and Cellular Membranes: The Role of Generation and Surface Functionalization[END_REF] . Similarly, Klainert et al (2006)[START_REF] Klajnert | Biological Properties of Low Molecular Mass Peptide Dendrimers[END_REF] reported IC50 values from 280μM to 1590μM for the PLL-dendrimers R169, 155, 124, 132, 121, 131 after incubation with Chinese hamster fibroblasts for 1 hour. Moreover, the significantly lower size and the As the transport of equivalent concentrations of active principles is expected to require lower amounts of DGL than PAMAM of the same generation, it can be hypothesized that DGL offer a greater margin of safety in terms of intrinsic cytotoxicity.

	positive charge content of these PLL-dendrimers, compared with DGL, already predicts
	lower cytotoxicity. Interestingly, the IC50 values of 1-2μM native PAMAM-G4, G5 and G6
	in SW480 colon cancer cells 41 are close to those reported here for DGL in colon cancer
	cells (hundreds of nanomolar for DGL-G5 in DLD-1 cells to >1.5μM for DGL-G2 in
	SW480 cells), although the size and positive charges are significantly higher for DGL than
	for PAMAM-G4 to G6.
	taking into account DGL generation, cell uptake, mechanisms involved in cell
	internalization, nature of the counter ion, and incidence of serum on DGL stability and
	cellular uptake. We found that DGL-G2 to G5 are cytotoxic at concentrations ranging from
	hundreds of nM up to higher than 1M, which is significantly higher than the threshold of
	cytotoxicity previously reported by Tsogas et al. 2007 23 in A549 human lung carcinoma
	cells (100μM for DGL-G2 and 10μM for DGL-G3). As highlighted by other authors 12 ,

and the many clinical trials
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on "nanoparticles" (n=456 referenced studies), currently there are only six referenced clinical studies on "dendrimer" among which only two are conducted in patients with cancer. The first one (NCT04214093) is a multi-site phase 1 study carried out in the United States to evaluate the safety, tolerability, maximum tolerated dose, recommended phase 2 dose, and pharmacokinetics of AZDO466 in patients with advanced solid tumors or hematologic tumors for whom there is no standard therapy. The second (NCT03255343), carried out in China, evaluates the efficacy and safety of treating patients with inoperable liver cancer who do not respond to conventional therapy by in situ introduction of ImDendrim (i.e. [ 188 Re] rhenium complex coupled with an imidazolic ligand and associated with a DGL). As the Achilles's heel of DGL is their non-negligible intrinsic cytotoxicity, we set up an easy-to use assay dedicated to evaluate DGL cytotoxicity in colon cancer cells by DGL cytotoxicity is not only concentration-and generation-dependent, but also time-and cell type-dependent, thus explaining the discrepancies between our results and those of the previous study. In our study, colon cancer cells were incubated with DGL for 6 days,
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Dendrigrafts of poly-L-Lysine (DGL) combine features that predict good safety when used to deliver anti-cancer drugs compared with other dendrimers: similar cytotoxicity but higher drug transport capacity, rapid and efficient uptake by cancer cells at concentrations at least 10-fold lower than the IC50, stability and reduced cytotoxicity in contact with serum.