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ABSTRACT 
Polymer-based gene delivery systems have enormous potential in biomedicine, but their efficiency is often limited by poor biocompatibility. Poly(methacrylate)s (PMAs) are an interesting class of polymers which allow to explore structure-activity relationships of polymer functionalities for polyplex formation in oligonucleotide delivery. Here, we synthesized and tested a library of PMA polymers, containing functional groups contributing to the different steps of gene delivery, from oligonucleotide complexation to cellular internalization and endosomal escape. By variation of the molar ratios of the individual building blocks, the physicochemical properties of the polymers and polyplexes were fine-tuned to reduce toxicity as well as to increase activity of the polyplexes. To further enhance transfection efficiency, a cell-penetrating peptide (CPP)-like functionality was introduced on the polymeric backbone. With the ability to synthesize large libraries of polymers in parallel we also developed a workflow for a mid-to-high throughput screening, focusing first on safety parameters that are accessible by high-throughput approaches such as blood compatibility and toxicity towards host cells and only at a later stage on more laborious tests for the ability to deliver oligonucleotides. To arrive at a better understanding of the molecular basis of activity, furthermore, the effect of the presence of heparan sulfates on the surface of host cells was assessed and the mechanism of cell entry and intracellular trafficking investigated for those polymers that showed a suitable pharmacological profile. Following endocytic uptake, rapid endosomal release occurred. Interestingly, the presence of heparan sulfates on the cell surface had a negative impact on the activity of those polyplexes that were sensitive to decomplexation by heparin in solution. In summary, the screening approach identified two polymers, which form polyplexes with high stability and transfection capacity exceeding the one of poly(ethylene imine) also in the presence of serum. 





INTRODUCTION
Polycationic polymers, either from natural or from synthetic origin, have been widely investigated as vectors for nucleic acid therapeutics, like DNA, siRNA or antisense oligonucleotides [1]. Prominent examples are the poly(ethylene imines) (PEI) [2] and polyamidoamides (PAA) [3] that have shown effectivity in vitro and in vivo. Complexation into so-called polyplexes occurs through electrostatic interactions with the negatively charged nucleic acids. In these complexes, oligonucleotides are protected from degradation. Furthermore, an excess of positive charge on the surface of the polyplexes is supposed to facilitate cellular uptake [4, 5].
To guarantee an efficient delivery, polyplexes have to meet several requirements: Outside the cells effective condensation of oligonucleotides into monodisperse nanoparticles needs to take place. For in vivo applications, these polyplexes need to be stable in serum and free of hemolytic activity. In contact with cells, efficient induction of uptake has to occur. 
According to the present model, cellular uptake involves the interaction of the positively charged polyplexes with the negatively charged glycocalyx. Along with charge, particle size is an important determinant for endocytic uptake. Ideally, polyplexes should have a size of 200 to 600 nm in order to show effective delivery [6-8]. Engagement of the glycocalyx constituent heparan sulfate (HS) has also directly been associated with the induction of endocytic cellular uptake [9, 10]. However, given the capacity of negatively charged oligosaccharides to disassemble polyplexes [11], HS may also sequester the polyplexes on the cell membrane and displace the DNA from the complexes thereby compromising the uptake of oligonucleotides. 
Following endocytosis, endosomal escape is required to guarantee an appropriate delivery of the cargo into the cytoplasm and nucleus. Endosomal escape can occur through two main mechanisms. For membrane viruses and liposomes, release occurs by membrane fusion [12, 13]. For cationic polymers, the “proton sponge effect” has been discussed as the main mode-of-action [14]. Briefly, protonable groups of tertiary amines with a mildly acidic pKa value such as imizadoles sequester protons, which counteract the endosomal acidification leading to further import of protons and chloride counterions that will cause an osmotic swelling and the subsequent rupture of the endo(lyso)somes [4]. Also decomposition of polyplexes leads to an increase in osmolarity [15]. Finally, in the cytoplasm release of the oligonucleotides has to occur.
To further improve internalization efficiency the functionalization of polyplexes with cell-penetrating peptides (CPPs) has been explored [16]. These peptides have been shown to facilitate cellular uptake of membrane impermeable macromolecules. Several classes of CPPs can be distinguished [17]. The well-studied CPP Tat and nonaarginine belong to the class of arginine-rich CPP. For induction of cellular import arginine is a privileged structure as it can effectively interact with glycosaminoglycans on the cell surface and form bidentate hydrogen bonds with negatively charged molecules to partition into lipid bilayers [18].
To improve the transfection efficiency of polyplexes, significant efforts were invested into the synthesis and screening of polymers that possess a better pharmacological profile. However, only a limited set of functionalities was tested so far. In contrast, for polypeptides, the role of a variety of amino acid side chains with respect to oligonucleotide complexation, membrane binding and intracellular trafficking has been explored. For example, complexation of negatively charged nucleic acids can be achieved by incorporation of lysines [19], while histidines can induce endosomal release [20]. Tryptophans can be introduced to promote interaction with the plasma membrane [21]. The solubility can further be modulated by tuning the ratio between hydrophilic and hydrophobic residues. 
Recently, poly(methacrylate)s (PMAs) have been emerging as an alternative vector class in gene delivery, either alone [22, 23] or as co-polymers with PEI [24, 25]. Their applications range from brain-targeted gene delivery [26] to intradermal administration [27]. Their accessible chemistry allows the synthesis of a variety of monomers which mimic the physicochemistry and functionality of amino acid side chains. Utilizing controlled radical polymerization methods (atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain-transfer (RAFT) polymerization [28]), polymers with tunable solubility, complexation capacity and transfection efficiency can be formed. Frequently, complexation with nucleic acids is granted by the presence of dimethylaminoethyl methacrylate (DMAEMA) or diethylaminoethyl methacrylate (DEAEMA) [22],  which also act as a proton sponge and facilitate cytoplasmic delivery; in addition, endosomal escape is often achieved by the hydrophobic butyl methacrylate (BMA) [22, 29], which is known to destabilize cellular membranes. In order to prolong the circulation time and to reduce cell toxicity, PEG monomers (PEG-methylether methacrylate, ethylene glycol dimethacrylate and PEG-DMAEMA) are inserted into the polymer backbone and act as a protective shell [26, 30].
Thus, given the well-established polymerization chemistry and the capacity to vary the side chain, PMAs represent a highly interesting class of polymers to explore the structure space for oligonucleotide delivery.  
The aim of this study was two-fold. First, we aimed at identifying the structure-activity relationship between the polymer structure and the physicochemical and biological properties for PMA copolymers with functionalities intended to cover major structural characteristics relevant to oligonucleotide complexation, cellular uptake and endosomal release. Second, we aimed to do so by establishing a screening strategy that would allow for a rapid and reliable selection of the most promising candidates for pre-clinical trials. Therefore, toxicity tests that can be performed in a high-throughput approach and that conventionally are only conducted at a later stage in testing for those polymers that show transfection activity were introduced early in the test protocol. Following an assessment of the capacity to form polyplexes with oligonucleotides, the resulting polyplexes were then tested for their stability in the presence of serum protein and polyanions, their hemolytic activity and their acute toxicity towards host cells. Finally, the activity in oligonucleotide delivery was determined. For this purpose we made use of a 2’-O-methylated (2-OMe)-oligonucleotide that induces splice correction of an aberrant primary luciferase gene transcript [31]. Moreover, the effect of the presence of HS on host cells was investigated. Using time-lapse confocal microscopy, we furthermore demonstrate that the most active polymer induces a wave of massive endosomal uptake followed by a dispersion of endosomal structures and endosomal release.   

MATERIALS AND METHODS
Materials
N,N’-(Dimethylamino)ethyl methacrylate (DMAEMA), oligo(ethyleneglycole) methacrylate (OEGMA), 2-cyano-2-propyl benzodithioate (CPDB), and 2,2′-azobis(2-isobutyronitrile) (AIBN) were purchased from Sigma-Aldrich. The monomers were passed over a column of inhibitor remover (Sigma-Aldrich) preliminary to the reaction. AIBN was recrystallized from methanol whereas CPDB was used without further purification. 2-(N-Imidazol)ethyl methacrylate (ImEtMA) and but-3-ene-1-yl methacrylate (BEMA) were synthesized by conversion of the corresponding alcohol with methacrylic acid chloride in chloroform/triethylamine at 25 °C. An acetylated cysteinyl tetraarginyl amide CPP (Ac-CRRRR-NH2) was purchased from EMC microcollections, Tuebingen, Germany. 
Resazurin, heparin from porcine intestinal mucosa (average MW 5kDa) and 25,000 g/mol branched PEI were obtained from Sigma-Aldrich, Zwijndrecht, NL. Peri-phosphorothioate Cy5-labelled 2’-OMe-ON-705 was purchased from Biolegio, Nijmegen, NL. A luciferase assay system was purchased from Promega, Leiden, NL. Rhodamine-labelled dextran (neutral, 10000 Da) was obtained from Invitrogen, Bleiswijk, NL. Heparinase III was purchased from Ibex, Montreal, Canada. cDNA encoding for a Rab5-GFP protein was kindly donated by Dr. Sandra de Keijzer, Dept. of Tumour Immunology, Radboud University Medical Centre, Nijmegen.
Methods
Polymer synthesis
The polymerization conditions are described for the typical example IM-1: In a microwave vial, 505 µL (471 mg, 3 x 10-3 mol) DMAEMA, 429 µL (463 mg, 9.75 x 10-4 mol) OEGMA, and 108 mg (6 x 10-4 mol) ImEtMA were mixed with 4.4 mg (2 x 10-5 mol) CPDB and 0.8 mg (5 x 10-6 mol) AIBN. Subsequently, 1.258 mL ethanol were added, and the vial was capped. The mixture was flushed with argon for 30 minutes to remove the oxygen and placed in an oilbath at 60 °C for 12 hours. After the reaction, the polymer was precipitated into hexane and dried under vacuum. The polymers were analyzed by size exclusion chromatography (SEC) as well as 1H NMR spectroscopy. The polymerization of the other polymers was performed in a similar manner using the corresponding amounts of each monomer (Table S1). 
Polymer series IM+V-1-3 was functionalized with a cell-penetrating peptide via UV induced thiol-ene coupling reaction using 2,2-dimethoxy-2-phenylacetophenone (DMAP) as photoinitiator. The representative procedure is presented for polymer IM+CPP-1:
The polymer IM+V-1 (50 mg, 2 x 10-6 mol) and Ac-CRRRR-NH2 (3 mg, 4 x 10-6 mol) were dissolved in 3 mL ethanol. 2 mg DMAP (8 x 10-6 mol) were added, and the whole mixture was flushed with argon for 30 minutes. The reaction solution was irradiated with UV light for 24 hours. Afterwards, the solvent was evaporated and the residues taken up with chloroform, intensively washed with water to remove unbound Ac-CRRRR-NH2, and dried under vacuum.
Polymer characterization 
1H NMR spectra were recorded in CDCl3 or DMSO-d6 on a Bruker AC 300 MHz using the residual solvent resonance as an internal standard. Size exclusion chromatography (SEC) was performed on a Shimadzu system equipped with an SCL-10A system controller, an LC-10AD pump, an RID-10A refractive index detector and both, a PSS Gram30 and a PSS Gram1000 column in series, whereby chloroform or N,N-dimethylacetamide (DMAc) with 5 mmol lithium chloride (LiCl) were used as an eluent at 1 mL/min flow rate and a column oven temperature of 60 °C (for DMAc). The system was calibrated with polystyrene (370 g/mol – 67,500 g/mol) and poly(methyl methacrylate) (2000 g/mol – 88,000 g/mol) standards, respectively.
Formation of polyplexes and their characterization
Polyplexes of polymers and oligonucleotides were formed by mixing polymers and Cy5-labelled 2’-OMe-ON-705 in water, in a N/P ratio 3:1, to a final polymer concentration of 200 g/mL. ON-705 is a splice correcting oligonucleotide, directed to the -globin intron 2, with the following sequence: 5'-CCUCUUACCUCAGUUACA-3'. Upon mixing and vigorous vortexing for 30 seconds, polyplexes were left for annealing for 30 minutes at room temperature. After annealing, the size of ON/polymer complexes in water or upon 1:5 v/v dilution in RPMI 1640 culture medium supplemented with 10% FCS, was measured at 25 °C by dynamic light scattering (DLS) at a backscatter angle of 173°, using a Malvern Nanosizer ZS (Malvern, UK). The zeta-potential of the complexes in water was measured by Laser Doppler Anemometry, using the Malvern Nanosizer ZS.
Polyanion decomplexation assay
To probe for polyanion-induced decomplexation, polyplexes were incubated for 30 minutes with heparin at heparin/ON molar ratios of 0:1, 0.1:1, 0.5:1 and 1:1. Immediately after incubation, samples were measured by DLS, using a backscatter angle of 173° at 25 °C
Cell culture conditions
HeLa pLuc 705 cells stably transfected with a reporter construct for determination of delivery of a splice-correcting oligonucleotide [31] were grown as monolayers in RPMI 1640 medium, supplemented with 10% fetal calf serum (FCS) and 200 mM L-glutamine, at 37 °C, in a humidified atmosphere containing 5% CO2. Cells were passaged every 2 days or at 80 to 90% confluency.
Determination of hemolytic activity of polyplexes
Hemolytic activity was determined with red blood cells (RBCs) from RBC units of blood group 0, Rhesus-positive donors that had been collected and processed according to standard Dutch blood bank protocols, including leukoreduction and storage in saline-adenine-glucose-mannitol. RBCs were washed and resuspended in complete Ringer solution (125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 32 mM HEPES, 5 mM glucose and 1 mM CaCl2). All experiments with RBCs were performed at room temperature. In an Eppendorf tube, 3 x 107 RBCs were suspended into 300 µL of Ringer buffer, and polyplexes were added to the cell suspension at the indicated concentrations. After 2 hours of incubation, RBCs were centrifuged (3000 rpm for 3 minutes) and the supernatant (containing the free hemoglobin) was collected. Non-treated cells were used as negative control, while burst cells induced by incubation with water were used as a positive control. 60 µL of the supernatant were transferred into a 96-well plate and diluted to 300 µL with water. Absorbance for each sample was measured at 405 nm.
The degree of hemolysis was calculated as follows:



Removal of HS from the cell surface
Removal of HS chains from the cell surface was accomplished by a 1-hour incubation at 37°C with RPMI 1640 culture medium supplemented with 1% FCS and 3 mIU/mL of heparinase III. Afterwards, cells were washed in order to remove cleaved HS chains in the medium.
Acute cellular toxicity induced by polyplexes
The impact of polyplexes on cell viability, either on untreated cells or after removal of heparan sulfates (HS), was assessed using the resazurin assay. Briefly, 8 x 104 cells/well were seeded in a 96 well plate. After 24 hours, HS chains were removed, if required, as described above and polyplexes were added at a concentration of 100 g/mL for an incubation of 2 hours. Cells were washed, and resazurin (100 g/mL in RPMI 1640 culture medium supplemented with 10% FCS) was added. Non-treated cells were used as a negative control, culture medium was used as a blank. After 4 hours, readings of fluorescence intensity (Ex: 540/25 nm, Em: 620/40 nm) were taken on a BioTek Synergy 2 plate reader. Cell viability was calculated as follows:



Transfection efficiency/splice correction assay
Polyplexes in a range of concentrations between 10 and 100 g/mL were incubated in a 96-well plate for 2 hours at 37 °C, with HeLa pLuc 705 cells (8 x 104 cells/well) in RPMI 1640 culture medium supplemented with 10% FCS. After incubation, polyplex-containing medium was replaced with fresh medium and cells were incubated for a further 24 hours. Then, the growth medium was removed and cells were rinsed twice with HBS. 20 L of lysis reagent were added into each well, and the total protein concentration in each sample was determined by Bradford assay [32]. Upon normalization to total protein content, lysates were mixed with 100 L of luciferase assay reagent. Bioluminescence was measured after 3 minutes using a BioTek Synergy 2 plate reader.
Intracellular distribution of polyplexes
HeLa pLuc 705 cells were transfected with cDNA encoding for a Rab5-GFP fusion protein as a marker for early endosomes using Lipofectamine 2000. 24 hours after transfection, cells were incubated with polyplexes at a concentration of 100 g/mL for 1 hour in RPMI 1640 culture medium supplemented with 10% FCS.
Colocalization with early endosomes and heparan sulfates 
Upon incubation with polyplexes, heparan sulfate chains were stained by immunocytochemistry, using an anti HS4C3V primary antibody [33] and an anti-vsv-Zenon IgG1-AlexaFluor 546 secondary antibody. Cells were imaged using a TCS SP5 confocal microscope (Leica Microsystems, Mannheim, Germany), equipped with an HCX PL APO 63x NA 1.2 water immersion lens. Excitation/detection wavelengths of 488 nm/500-520 nm, 561 nm/570-600 nm and 633 nm/650-700 nm were used for Rab5-GFP, HS immunofluorescence and Cy5-ON, respectively. Images were captured sequentially (1: Rab5-GFP and Cy5-ON; 2: HS) to reduce crosstalk between the fluorescent probes. Images were processed using the FIJI image processing package (Fiji.sc, version win32-20110307). Colocalization was quantitated using the Colocalization Threshold plugin in FIJI, using a total of 30 cells per condition from 3 independent experiments (10 cells per experiment).
Colocalization with early endosomes and dextran
Cells were incubated for 1 hour with polyplexes (100 g/mL) and Rhodamine-B labelled dextran 10 kDa (1 mg/mL). Dextran was used as a marker for macropinocytosis. Cells were imaged right after incubation and after allowing 1, 2 and 3 hours recovery following removal of polyplexes, using the excitation and detection settings indicated in the previous paragraph.
Statistical analysis 
All the data reported in this article are the result of at least three independent experiments. Statistical significance was calculated by one-way ANOVA or t-test, as appropriate. The confidence interval was set at 95%. Data were analyzed using The R Project for Statistical Computing (http://www.r-project.org, version 2.14).

RESULTS
Polymer synthesis and characterization
To explore the structure space of polymers for oligonucleotide delivery we chose poly(methacrylates) as the basic polymer structure. The structural variety of methacrylate monomers enables the inclusion of all functionalities deemed necessary to provide a powerful platform for gene delivery. The copolymer series were synthesized by reversible addition–fragmentation chain transfer polymerizations (RAFT) using CPDB as chain transfer agent and AIBN as initiator (Scheme 1). RAFT is a controlled radical polymerization technique working under mild conditions and tolerating a variety of monomer functionalities, thus, enabling the synthesis of well-defined copolymers with specific monomer composition [28].  The polymer design was inspired by the knowledge of the physicochemical and biological requirements: At least one cationic species is required for a successful formation of the polyplexes with anionic oligonucleotides and the generation of a positive charge surplus for interaction with cell membranes. In the present study, two amine-species were used for this purpose, namely N,N’-dimethyl-aminoethyl methacrylate (DMAEMA) and 2-(N-imidazol)ethyl methacrylate (ImEtMA). The imidazole functionality was also included to provide a significantly different pKa value and, thus, to promote endosomal escape in analogy to oligohistidines and histidine-modified polymers [20]. Furthermore, to enhance the overall solubility and to reduce the membrane-disturbing potential, hydrophilic species like hydroxyethyl methacrylate (HEMA) and oligoethyleneglycol methacrylate (OEGMA), were incorporated into the polymer. Finally, to enable the coupling of a tetraarginine (R4) to serve as a model CPP for promoting cellular uptake, a but-3-ene-1-yl methacrylate (BEMA) monomer was included. This building block allows selective and efficient coupling of thiol-containing systems to the polymer backbone via a thiol-ene reaction [34]. Due to the possibility of cross reaction of the free vinyl groups, for those polymers in which this functionality was not present, a methyl methacrylate monomer (MMA) was included as a place holder (Scheme 1). Structural elements of lysine, histidine, serine/threonine, and alanine are found respectively in DMAEMA, ImEtMA, HEMA/OEGMA, and MMA to presumably achieve a good biocompatibility and activity. The copolymers obtained were all characterized by 1H NMR spectroscopy to gain information about purity and monomer composition (Table S1, Figure S1, 1H NMR signals of each monomer can be quantified for the determination of the single monomer fractions). The size exclusion chromatography (SEC) results confirmed low PDI values meaning narrow molar mass distributions. The polymers exhibited molar masses (Mn) in the range from 24,000 to 34,000 g/mol. 
[image: scheme]
Scheme 1. Schematic representation of the chosen PMA building blocks and copolymer structures.

The functionalization of the vinyl-bearing polymers with the CPP was performed in a click-like reaction using DMAP as UV initiator. Two equivalents of the tetra-arginine peptide with a cysteine moiety (with respect to vinyl functionalities) were added to one polymer molecule of the IM+V-series. The mild conditions allowed a chemoselective conjugation of the CPP to the polymer backbone. Unfortunately, the low conversion rates could not be quantified via NMR spectroscopy or other analytical tools since the bulk polymer characteristics are predominant. 
Consequently, five series of polymers, which differed in their hydrophilicity and in their degrees of complexity, were generated: PEI-like polymers  (O-1 and H), polymers carrying imidazole functionalities to promote endosomal escape (IM), polymers including both imidazoles and vinyl groups to allow the conjugation with a CPP-like molecule (IM+V) as well as polymers carrying a tetra-arginine peptide (IM+CPP).
A mid-to-high throughput screening of the biological properties of polyplexes
The polymethacrylate copolymer synthesis strategy enables the generation of tens to hundreds of different polymers from lab-scale to industrial products such as EUDRAGIT [35, 36]. Therefore, not the synthesis but rather the identification of those polymers with the most desirable physicochemical and biological characteristics constitutes a bottleneck. As a consequence, we aimed at creating a streamlined workflow, in which assays that can be conducted in high throughput and with little effort are conducted first, while those that are more cost and labour intensive are conducted later. Also, those polymers that would fail later in pre-clinical development due to toxicity should be eliminated early in the selection procedure. 
The absence of hemolytic activity has a high predictive power for pre-clinical safety, yet can be conducted in high-throughput. Nevertheless, in current practice, such a test is only performed for gene delivery systems that have shown activity in vitro. In line with our synthesis and selection strategy, testing for hemolytic activity was introduced early in the workflow (Scheme 2). With each step, the complexity of the polymer collection is reduced so that finally more detailed mechanistic studies are restricted to those polymers with a beneficial toxicity profile.

Scheme 2: Workflow for the identification of biologically active polymers from large polymer collections. Assays with predictive power for pre-clinical safety are conducted first, followed by more labour and cost-intensive tests.



Characterization of polyplexes (number of polymers tested: 15)
First, we assessed the capacity of the polymers to form polyplexes, using an N/P ratio of 3:1, which describes the ratio of moles of the protonable amine groups of cationic polymers to the phosphates/phosphorothioates in the oligonucleotide. This N/P ratio is commonly used for PEI-based polyplexes. At this specific N/P, polyplexes of PEI and ON, as well as DNA, show the ideal complexation, accompanied by relatively small fraction of free PEI, which can cause toxicity to cells. In our calculation, we took into account only the amine groups of the DMAEMA monomers and did not include the imidazole-carrying monomer. Polyplexes derived from polymers of our library and PEI as a reference were characterized in terms of size distribution by DLS. Their size and stability were assessed in MilliQ water and in culture medium, supplemented with 10% FCS (Table S2). The lack of activity in the presence of fetal calf serum is the major shortcoming of most current transfection agents. However, for potential in vivo use, resistance of polyplexes towards FCS is an absolute requirement. We evaluated the DLS data with respect to the maintenance of polyplexes as well as with respect to the absence of aggregate formation.
The formation of polyplexes was observed for all the polymers, except for O-1 and H-3. The size of ON/polymer complexes in water ranged from 130 nm to 400 nm, with PDI values from 0.118 to 0.256. The low PDI values indicate that the polyplexes formed a relatively monodisperse population (Table S2). The introduction of R4 as a CPP functionality resulted in a significant increase in size. Polyplexes derived from the IM+CPP series were larger by a factor of 1.5 to 1.7 than the ones derived from the same polymer backbone lacking the CPP functionality (IM+V), with the exception of IM+CPP-3/IM+V-3. 
Addition of serum had a detrimental effect on most of the polyplexes (Table S2). Polyplexes from the IM+V series (imidazole-carrying polymers with free vinyl groups) were within a size range of 350 to 390 nm, which is acceptable for intravenous administration and is expected to be taken up by cells via endocytosis. Once again, the introduction of the CPP functionality led to an increase in size by 100 to 200 nm with the exception of the IM+CPP-3 polyplexes. However, the presence of R4 did not affect the stability of polyplexes.
With respect to the structure-activity relationship, there was a decrease in diameter with increasing MMA content (for the H series) and an increase with increasing imidazole fraction (for both, the IM and IM+V series). The introduction of the vinyl functionality contributed to a decrease in particle size and prevented aggregation in serum. This effect may be either due to hydrophobic interactions occurring between the free vinyl groups the side chains, that compact the structure and shield the positively charged groups in the polyplexes from serum protein or from cross linking. Due to the rapid decomplexation of the polyplexes in the presence of heparin (see below) we favor the hydrophobic interactions as the possible explanation. 
Since one of the aims of this study was to screen polymers which can form polyplexes with suitable characteristic for in vivo delivery, only polyplexes that showed stability in serum and had a size that fell in the optimal range of 200 to 600 nm [6-8] were tested further. 
Hemolytic activity [number of polymers tested: 7]
Hemolytic activity was assessed for serum-stable polyplexes (H-1, IM+V series, IM+CPP series and PEI) in a range of concentrations between 10 g/mL and 250 g/mL. As a threshold, hemolytic activity should not exceed 10% for a formulation to be considered safe [37].
All polyplexes induced hemolysis on RBCs in a dose dependent manner up to 100 µg/mL, while the increase in hemolytic activity was less evident between 100 g/mL and 250 g/mL. For most of the polyplexes, the safety threshold of 10% was reached at a concentration of 100 g/mL. There was no clear-cut correlation between molecular structure and hemolytic activity. However, the introduction of the tetraarginine led to some variations in the behavior of the polyplexes. While the degree of hemolysis induced by the IM+V-2 and the IM+CPP-2 polyplexes was quite comparable, IM+CPP-1 polyplexes showed significantly less hemolysis than IM+V-1 polyplexes, and IM+CPP-3 polyplexes induced a higher degree of hemolysis than polyplexes derived from the parent IM+V-3 polymer in particular at high concentrations. This observation seems counterintuitive, as it is known that introduction of protonable (and protonated) groups is often correlated with a higher degree of hemolysis [37]. Nevertheless, it has to be highlighted that all the polyplexes derived from the PMA polymers showed an improved safety over PEI (p<0.05) at all the concentrations tested (Figure 1).

Figure 1: Hemolytic activity induced by polyplexes at 10 g/mL, 50 g/mL, 100 g/mL and 250 µg/mL. Results are expressed as mean values ± SEM (n=3).

Acute toxicity towards HeLa cells and dependence on HS (number of polymers tested: 7)
Next, we tested for acute toxicity on HeLa cells. At this time, we also explored the effect of proteoglycans on the cell surface by removing HS chains.
In the presence of HS on the plasma membrane, PEI-like polyplexes (H-4) and CPP-carrying polyplexes with a high fraction of imidazole monomers (IM+CPP-2 and IM+CPP-3) were extremely toxic, as they reduced the mitochondrial activity by 55 to 75% after 2 hours of incubation at 100 g/mL. On the other hand, polyplexes derived from the IM+V series and the IM+CPP-1 polymer had only a moderate, sometimes negligible, effect on cell viability (Figure 2A). In general, all the PMA polyplexes were less toxic than the ones derived from PEI (p<0.01). Moreover, the presence of the OEGMA building block, which is missing in H-4, seemed to shield the complexes and protect the cells, as proposed by Mathew and coworkers [30].
Upon enzymatic removal of HS, we had expected an increase in cell toxicity, as the presence of HS could shield the cells from a potentially detrimental effect of the polyplexes. However, this was not always the case. While upon removal of HS mitochondrial activity decreased significantly by 20 to 30% for the IM+V-1, IM+V-3 and IM+CPP-1 polyplexes, it increased for the polyplexes derived from IM+CPP-2, IM+CPP-3 and PEI (Figure 2B), which showed high toxicity in the presence of HS (Figure 2A). Overall, differences in toxicity were more pronounced for wild-type cells than for cells lacking HS.
[image: ] Figure 2: HeLa cell viability after 2-hour incubation with serum-stable polyplexes at 100 g/mL; cells without (A) and with (B) enzymatic removal of HS. Results are expressed as mean ± SEM (n=3). 

Because of their toxicity, polyplexes derived from IM+CPP-2 and IM+CPP-3 were not tested further. Despite its clear toxicity, which would have excluded it from further screening steps, H-4 was tested as a model of a polymer backbone with only limited functionalities that could be compared to PEI.
Transfection efficiency and dependence on HS (number of polymers tested: 5)
The remaining set of polyplexes (H-4, IM+V series and IM+CPP-1) were tested for their ability to deliver an antisense oligonucleotide to HeLa pLuc 705 cells, which express an aberrant luciferase transcript. Upon successful delivery of the ON, a fully functional luciferase transcript is restored through the process of splice correction, in which the oligonucleotide redirects the activity of the splicing machinery. The efficiency of the correction can be tested by measuring the bioluminescence emitted by cell lysates after addition of the luciferase substrate. The transfection efficiency was compared to the one of PEI. In these analyses we again also included cells, on which heparan sulfates had been enzymatically removed to assess a role of these glycosaminoglycans in the delivery of the polyplexes. To provide a solid comparison between all the polyplexes and correct for potential differences in toxicity, all the samples were normalized to the total protein content (10 g/mL).
At concentrations lower than 100 g/mL, polyplexes showed negligible transfection efficiency, regardless of the presence of HS on cell surface (Figure S2).
At a concentration of 100 g/mL, the activity of the polyplexes on HS-containing cells was comparable to the one of PEI (p<0.05). In particular, polyplexes derived from H-4 and IM+CPP-1 showed the highest transfection efficiency. This is remarkable, as the structure of the two polymers is rather different; while H-4 contains only one cationic group (DMAEMA) and two modulators of solubility (HEMA and MMA), IM+CPP-1 contains all the functionalities that were introduced to improve uptake and endosomal release. Nevertheless, IM+CPP-1 performed significantly better than the CPP-free analogue IM+V-1 (p<0.05), showing that the coupling of a CPP to the polymer indeed results in a better transfection efficiency (Figure 3A). Upon removal of HS, however, all the polyplexes performed significantly better than PEI (Figure 3B). Moreover, samples treated with polyplexes derived from IM+V series showed a significant increase in bioluminescence (p<0.05), indicating that the interaction of these polyplexes with HS leads to decomplexation that eventually prevents the internalization of the complexes (Figure 3C).


[image: ]
Figure 3: Bioluminescence after oligonucleotide delivery. Cells without (A) and (B) with enzymatic removal of HS were incubated with polyplexes for 2 hours at 100 g/mL followed by a further 22 hours of incubation in the absence of polyplexes. (C) HS-/WT bioluminescence ratio. Samples were normalized to the total protein content (10 g/mL). Results are expressed as mean ± SEM (n=4).

In order to address this hypothesis, polyplexes were tested for their stability in the presence of heparin, a polyanion, structurally similar to heparan sulfate on the cell surface, that can compete with the ON for the formation of complexes with the positively charged polymers. Polyplexes were incubated for 30 minutes at heparin/polymer molar ratios of 0:1, 0.1:1, 0.5:1 and 1:1. Immediately after incubation, size distributions were measured by DLS.
Polyplexes derived from H-4 and IM+CPP-1 formed stable complexes with the oligonucleotide even in the presence of heparin (0.5:1), while IM+V-2 and IM+V-3 polyplexes underwent decomplexation at a lower concentration of heparin (0.1:1). Polyplexes derived from IM+V-1 were stable at low concentration of heparin (0.1:1) but showed decomplexation at higher concentrations (0.5:1) (Figure S3). 
These results correlate with the observations in the transfection assays. Indeed, delivery efficiency of H-4, IM+V-1 and IM+CPP-1 polyplexes did not change after removal of HS from the cells, while IM+V-2 and IM+V-3 polyplexes performed significantly better (up to 1.8-fold) in the absence of HS. Transfection efficiency for IM+V-1 polyplexes was affected less by HS removal than the one of the more heparin-sensitive polyplexes.
While for the PEI polyplexes the impact of HS removal has been related to a reduced uptake, our results identify HS-induced decomplexation as a critical factor, by which the glycocalyx may have a negative impact on the biological activity of polyplexes.
For a further evaluation of the polyplexes, we performed a risk/benefit analysis by investigating the relationship between induction of viability and transfection efficiency. Especially for HS-bearing cells polyplexes with similar transfection efficiencies strongly differed in their biocompatibility. While the IM+CPP-1 polyplexes showed high activity and good biocompatibility, both, H-4 and PEI polyplexes were toxic. Two polyplexes revealed an appropriate pharmacological profile in both conditions. Polyplexes derived from IM+CPP-1 showed excellent biocompatibility and successfully delivered ON into the host cells; polyplexes derived from IM+V-2 restored luciferase expression in an amount comparable to PEI without affecting cell viability in cells decorated with HS, and this effect was enhanced upon removal of HS chains (Figure 4). 
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Figure 4: Transfection efficiency vs. cell viability of polyplexes in (A) the presence or (B) absence of HS chains. Mean values of three independent experiments.

Intracellular distribution of polyplexes 
Having seen clear differences in the response of the polyplexes to HS removal, next we addressed whether these characteristics translated into different degrees of colocalization of polyplexes and HS during internalization. For this purpose, the colocalization of polyplexes derived from H-4, the IM+V series and IM+CPP-1 with HS and endosomes was assessed by confocal microscopy of HeLa cells, transiently transfected with a GFP-tagged Rab5 as a marker for early endosomes. Heparan sulfate chains were stained by immunocytochemistry on living cells. Cells were imaged by multichannel confocal microscopy.
In control untreated cells, endosomes appeared as bright spots in the cytoplasm. Treatment of cells with polyplexes led to a diffuse cytoplasmic distribution of fluorescence also of Rab5-GFP (Figure 5A). However, quite interestingly, this dissipation of endosomal structures occurred at a concentration of polyplexes that had shown only little toxicity and may be associated with release of oligonucleotides into the cytoplasm. 
The presence of polyplexes also affected the distribution of HS. While these sugars were normally localized at the plasma membrane, the incubation with complexes led to an internalization of HS, as demonstrated by the intracellular staining. Some polyplexes seemed to enter the cells in complex with HS (H4, IM+V-1 and IM+CPP-1), while for IM+V-2 and IM+V-3 colocalization of polyplexes with HS was low (Figure 5A and  5B).
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Figure 5: (A) Confocal microscopy images of HeLa cells, incubated for 1 hour with polyplexes (cyan, ON). Rab5 (green) was used as a marker for early endosomes; HS chains stained by immunofluorescence are displayed in red. Scale bars = 20 m. (B) Colocalization of polyplexes (ON) with early endosomes (Rab5) and HS-chains. Rcoloc: Colocalization coefficient (0: No colocalization; 1: Perfect colocalization). Results are expressed as mean ± SEM (n=30). (C-D) Transfection efficiency vs. Rcoloc plot, (C) early endosomes, (D) HS. Mean values of 3 independent experiments.

To verify whether there was a relationship between transfection efficiency and cellular localization, the bioluminescence values were plotted versus the degree of colocalization with the endosomal marker and HS (Figure 5C-D and Supplement:  Colocalization studies). Consistent with expectations, polyplexes with the lowest endosomal colocalization showed the highest transfection efficiency while there was no clear-cut correlation for the colocalization with HS.  Moreover, we observed that the highest degree of transfection was observed for those polyplexes that showed low endosomal colocalization and a concomitant high HS colocalization (H-4, IM+CPP-1).
Dose dependence of endosomal perturbation
As observed above, all the tested polyplexes entered cells after 2 hours of incubation at 100 g/mL. Nevertheless, at this concentration the uptake was always accompanied by a profound perturbation of Rab5-positive endosomal structures. To assess whether this effect depended on the concentration of the polyplexes, cells were incubated with IM+V-1- and IM+CPP-1-derived polyplexes for 2 hours at the concentrations of 50 g/mL and 100 g/mL. These two polymers were chosen because they clearly differed in their degree of colocalization with Rab5. The concentrations were chosen based on pilot experiments, which had shown that below 50 g/mL polyplexes did not show transfection efficiency and that the fluorescence of the ON was barely detectable in confocal microscopy.
At 50 g/mL, incubation with IM+V-1 polyplexes caused the same perturbation of endosomal structures as observed before. Although the structural changes were also prominent in cells incubated with IM+CPP-1, at this concentration some defined endosomal structures could still be observed (Figure S4). As before, incubation of cells with polyplexes at higher concentrations caused massive endosomal perturbation (Figure S4). Even though we did not test lower concentrations of IM+V-1 these data indicate that the polyplexes differ strongly in the dose dependence of the structural changes of endosomes.
To understand the reason for the lack of toxicity in spite of the perturbation of endosomal structures, we determined whether the observed changes were reversible. For this purpose, we monitored the intracellular distribution of fluorescence for up to four hours after exposure of cells to IM+CPP-1-based polyplexes, the polymer that showed the best risk/benefit ratio. 
Indeed, after 1 hour recovery, punctate Rab5-positive structures reappeared and part of the ON-associated fluorescence colocalized with these structures. However, a fraction of Cy5 fluorescence was located in the cytoplasm. After 2 hours recovery, Rab5-positive structures were fully reconstituted, and, surprisingly, ON fluorescence was fully associated with them rather than being homogenously distributed throughout the cytoplasm. Finally, after 4 hours recovery, endosomes were still intact but ON-associated fluorescence was localized in the cytoplasm and only partly in the endosomes (Figure 6). While endosomal release of ON was expected given the observed activity of the delivered oligonucleotides, the initial dispersion of fluorescence was more difficult to explain. 
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Figure 6: Reconstitution of endosomes (green) upon incubation with IM+CPP-1 polyplexes (100 g/mL, cyan, ON). Cells were allowed up to 4 hours recovery prior to imaging with confocal microscopy at the indicated time points. Rec: Recovery. Scale bar = 20 m.

As a possible explanation, the polymer may overwhelm the endocytic machinery so that Rab5 is associated with endocytic carriers that have not fused yet to form early endosomes. This idea was supported by colocalisation experiments carried out with rhodamine-labelled dextran (Supplement: Mechanism of endosomal perturbation).

DISCUSSION
In this study we aimed at establishing a mid-to-high-throughput screening strategy for drug delivery polymers that would allow for a reliable selection of candidates for pre-clinical trials and to understand molecular characteristics of active polymers. Current in vitro validation strategies frequently lead to unsuccessful pre-clinical and clinical trials as they lack of critical steps to predict the in vivo behavior of the tested compounds. High-throughput workflows for gene delivery systems mainly focus on the optimization of transfection efficiency of polymers synthesized in a high-throughput fashion [38, 39]. In some cases, the attention moves to the in vivo biodistribution of gene delivery complexes [40]. However, a high-throughput method should be employed for an early-stage screening of the crucial parameters that can limit the application of a drug in clinical experimentation such as hemolysis and serum stability. A parallel testing scheme with automated polyplex preparation and characterization, cytotoxicity and transfection efficiency, was recently proposed [41]. The workflow presented here introduces a logical order of testing steps starting with those that can be conducted robustly in high-throughput and that have a high predictive power for pre-clinical safety (Scheme 2). Especially for polymer collections of even higher complexity, the early stage elimination of candidates based on clear cut-off criteria will be a prerequisite.
Of particular interest in the generation of a polymer collection, was the possibility to introduce peptide-like functionalities into the polymer side chains. The inclusion of amines and peptide-like functionalities during RAFT polymerization can be achieved thanks to the mild and controlled conditions applied. In different reaction conditions, like the ones employed in anionic or free radical polymerization [42], the presence of non-protected nucleophiles would lead to unspecific reactions or chain termination and therefore require protecting group strategies with subsequent deprotection (Scheme 1). 
The inclusion of R4 showed an impact on the characteristic of the derived polyplexes, in terms of both physicochemical and biological properties. In our approach, we conjugated the tetraarginine via UV-mediated thiol-ene with a high yield. In spite of the high positive charge density of the polymers, the inclusion of this class of molecules on the surface of drug delivery systems is known to facilitate the cellular import of the latter, as shown for liposomes [43] and PEI [44]. Very likely this may be attributed to the specific characteristics of the guanidino group to engage in interactions on the cell surface [18]. However, recently it has also been shown that a stretch of arginines promotes uptake of polymers more efficiently than arginines dispersed over the polymer [45]. Therefore, coupling of an oligoarginine should be superior to introduction of guanidino functionalities directly into the polymer. The size of the complexes increased, while there was no significant difference in their zeta-potentials when compared to that of polyplexes generated from the non-functionalized polymers (Table S2). A similar zeta-potential suggests that polyplexes would have a similar reactivity towards polyanions; however, their behaviors towards heparin-mediated decomplexation differed strongly. This observation is in line with what was described for CPP-siRNA oligoplexes [46]. The inclusion of the CPP functionality promoted the formation of tighter complexes which showed high stability even at high concentrations of heparin (Figure  S3). The increase of particle size up to 600 nm in the presence of serum proteins, may lead to undesired uptake by RES cells, as well limit the chance of taking advantage of the enhanced permeation and retention effect [47, 48]. However, uptake by RES cells, and particular macrophages, is mainly determined by the surface charge of the particles, which mediates their coating by opsonines and the subsequent phagocytosis [49-51]. The almost-neutral zeta-potential of the polyplexes should reduce the risk of opsonisation. Moreover, the increase in size is possibly due to the formation of a protein corona around the particles, which act as a protective coating and appear to be beneficial in terms of biodistribution and cellular uptake [52, 53].
Remarkably, there was a strong correlation between polyanion sensitivity and impact of HS removal on delivery efficiency. Polyplexes that showed a high sensitivity to heparin decomplexation showed an increase in activity upon HS removal, while the transfection efficiency of heparin-stable polyplexes was not affected by the presence of negatively charged sugars (Figure 3). Moreover, the intracellular trafficking, and especially the colocalization with HS during endocytosis, further supports this observation (Figure 5). Polyplexes which were stable to the presence of heparin entered the cells as complexes with HS, while the colocalization of heparin-sensitive polyplexes with HS was lost. These observations suggest that the evaluation of decomplexation by heparin can be a good predictor for the activity of polyplexes and should be therefore included into a screening workflow. Furthermore, there is still debate on the role of HS on the cellular uptake of polyplexes [54]; our results demonstrate that this needs to be determined for each indivdual case. Again, the induction of decomplexation is a molecular mechanism that has not received sufficient attention so far.
The presence of R4 increased transfection efficiency and had an effect on the intracellular trafficking of polyplexes. In particular, CPP-bearing polyplexes were poorly colocalized with endosomes, whereas the complexes derived from CPP-free parent polymer were confined in endocytic vesicles (Figure 5 and S5). For the CPP-bearing polyplexes, a clear, distinctive trafficking was observed; upon endocytosis, first a highly disperse distribution of fluorescence was observed. Analysis of the time dependence of uptake and counterstaining with dextran revealed that this diffusive staining did not correspond to material released into the cytoplasm but instead to highly dispersed endosomes (Figure S5). Only when the polymer was washed off, clearly distinguishable endosomal structures reorganized from which endosomal release of oligonucleotides occurred. The effect was dose dependent, as at lower concentration no perturbation of the endosomes was observed. This sequence of events is different from the one described by Rehman and coworkers for PEI polyplexes [55]. Here, uptake via clearly distinguishable endosomes was followed by burst release of oligonucleotides. However, as also shown here, PEI shows a stronger membrane-disruptive behaviour than the PMA polyplexes.
In establishing our workflow we limited ourselves to an N/P ratio of 3:1 in analogy to what has been reported for PEI polyplexes, before. In particular when forming polyplexes with ON of a different nature such as siRNA and plasmid DNA adaptations will be required as polyplex formation depends on the type of ON. For plasmid DNA higher N/P ratios were required to form polyplexes stable to serum (not shown). 

CONCLUSION
In this study, we have applied a mid-to-high throughput approach to show that it is possible to synthesize polymers suitable as gene delivery systems and to identify the optimal characteristics to guarantee safety and effectiveness. Despite of the fact that the work was conducted on a mid-throughput scale, the workflow can be considered as highly suited for “high-throughput” as high-throughput-accessible read-outs were conducted in the initial phases of the screening. The inclusion of side chains in the methacrylate polymer backbone that facilitate the import of the polyplexes and mediate their endosomal release did not only result in a considerable degree of transfection efficiency, but also contributed to a better toxicological profile. However, the findings show that characteristics of the polyplexes do not follow structure-activity relationships that can be interpreted in a straight-forward manner. The proposed trial and error method can identify promising polymer samples out of polymer libraries for detailed future in vitro and in vivo studies.  
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Table S1: Composition of methacrylate polymers represented as molar (%) fraction of each monomer (determined by 1H NMR) with the exception of the CPP and the corresponding polymer characteristics (molar masses and polydispersity indexes as determined by SEC).

	Polymer
	DMAEMA
	HEMA
	OEGMA
	MMA
	ImEtMA
	BEMA
	CPP
	Mn
(g/mol)
	PDI

	H-1
	50
	50
	
	
	
	
	
	19,800
	1.24

	H-2
	50
	40
	
	10
	
	
	
	16,000
	1.29

	H-3
	50
	30
	
	20
	
	
	
	18,000
	1.26

	H-4
	50
	10
	
	40
	
	
	
	16,000
	1.25

	O-1
	50
	
	50
	
	
	
	
	33,300
	1.21

	IM-1
	65
	
	21
	
	13
	
	
	30,600
	1.19

	IM-2
	61
	
	15
	
	24
	
	
	24,400
	1.27

	IM-3
	57
	
	9
	
	34
	
	
	23,800
	1.23

	IM-4
	53
	
	4
	
	43
	
	
	34,400
	1.34

	IM+V-1
	62
	
	20
	
	12
	6
	
	30,800
	1.28

	IM+V-2
	57
	
	14
	
	23
	6
	
	30,800
	1.29

	IM+V-3
	51
	
	4
	
	40
	5
	
	24,000
	1.35

	IM+CPP-1
	62
	
	20
	
	12
	6
	R4
	
	

	IM+CPP-2
	57
	
	14
	
	23
	6
	R4
	
	

	IM+CPP-3
	51
	
	4
	
	40
	5
	R4
	
	






Table S2: Size and polydispersity index of polyplexes in water or in RPMI+10% fetal calf serum. Zeta-potential of serum-stable polyplexes. [sd]: standard deviation, n.d.: no complex was detected

	Polymer
	Size in H2O (nm) [sd]
	PDI in H2O
	Size in serum (nm) [sd]
	PDI in serum
	Zeta-potential (mV) [sd]

	O-1
	n.d.
	
	n.d.
	
	

	H-1
	238 [6]
	0.118
	n.d.
	
	

	H-2
	203 [8]
	0.131
	n.d.
	
	

	H-3
	n.d.
	
	n.d.
	
	

	H-4
	128 [8]
	0.126
	299 [10]
	0.398
	4.1 [0.8]

	IM-1
	262 [17]
	0.213
	886 [26]
	0.389
	

	IM-2
	312 [14]
	0.184
	1106 [20]
	0.114
	

	IM-3
	343 [22]
	0.239
	1257 [77]
	0.498
	

	IM-4
	403 [40]
	0.256
	1245 [147]
	0.527
	

	IM+V-1
	183 [14]
	0.222
	354 [17]
	0.227
	3.2 [1.2]

	IM+V-2
	191 [18]
	0.254
	387 [17]
	0.242
	4.6 [0.1]

	IM+V-3
	228 [21]
	0.246
	360 [21]
	0.205
	5.3 [1.0]

	IM+CPP-1
	323 [14]
	0.160
	572 [56]
	0.342
	4.2 [0.6]

	IM+CPP-2
	327 [12]
	0.176
	495 [22]
	0.248
	4.5 [0.6]

	IM+CPP-3
	219 [15]
	0.184
	347 [26]
	0.293
	5.7 [0.9]

	Branched PEI
	197 [13]
	0.156
	228 [28]
	0.286
	3.6 [0.7]









[image: Figure S1]Figure S1: 1H NMR spectrum of IM+V-2 in CDCl3 including assignments of the peaks

[image: ]
Figure S2: Bioluminescence after incubation with polyplexes for 2 hours at 10, 25 and 50 g/mL. Samples were normalized to the total protein content (10 g/mL). Cell lysis was performed 24 hours post-exposure incubation. Results are expressed as mean ± SEM (n=3)
[image: ]
Figure S3: DLS volume graphs of (A) H-4, (B) IM+V-1, (C) IM+V-2, (D) IM+V-3 and (E) IM+CPP-1 polyplexes, in the presence of 10% FCS and different heparin/ON molar ratios. One representative experiment is shown for each condition. (F) Size of polyplexes incubated in serum at increasing concentrations of heparin. Results are expressed as  mean ± SEM (n=3).
Colocalization studies
Colocalization of polyplexes with HS and endosomes was assessed by image analysis. In particular, colocalization coefficients (Rcoloc) were calculated on at least 30 cells per condition. There was no clear-cut relationship between polymer structure/composition and localization with cell compartments: H-4, which lacks imidazoles that can trigger endosomal escape, showed lower colocalization with Rab5 than IM+V-3, in which the molar fraction of imidazoles is approximately 40%. Moreover, polyplexes with identical imidazole content (IM+V-1 and IM+CPP-1) showed a different degree of colocalization with Rab5 (Figure 5A). However, due to the diffuse staining of Rab5, it was difficult to interpret these various degrees of colocalization with respect to degrees of endosomal localization. 
Consistent with endosomal release as a requirement for activity bioluminescence was higher for those polyplexes (H-4, IM+V-2 and IM+CPP-1), which showed the lowest colocalization with Rab5. On the other hand, transfection efficiency did not correlate with the colocalization with HS (Figure 5C and 5D).  However, there seemed to be a correlation between colocalization with HS and the impact of HS removal on uptake of individual polyplexes. For polyplexes, which showed high or moderate colocalization with HS (H-4, IM+V-1 and IM+CPP-1), the removal of HS did not have a major impact on transfection efficiency. On the other hand, polyplexes that were poorly colocalized with HS promoted a higher gene correction upon HS removal and were decomplexed even at low concentrations of heparin.
Dose dependence of endosomal  perturbation

[image: ]

Figure S4: Confocal microscopy images of HeLa cells, incubated with polyplexes (cyan, ON), for 2 hours at the concentrations of 50 g/mL and 100 g/mL. Rab5-GFP (green) was used as a marker for early endosomes. Scale bar= 20 m. 

Mechanism of endosomal perturbation

To test the hypothesis that the homogenous distribution of fluorescence was a result of a dispersion of endosomal vesicles rather than membrane rupture, we investigated whether other endocytic mechanisms were also affected, including fluid phase uptake. Rhodamine B-labeled 10,000 g/mol dextran as a marker for macropinocytosis was co-incubated (1 mg/mL) with the polyplexes derived from IM+CPP-1  (100 g/mL) on HeLa cells transfected with Rab5-GFP. After incubation for 1 hour, the distribution of fluorescence was imaged by confocal microscopy straight after incubation and after 1, 2 and 3 hours of recovery. In the absence of polyplexes, dextran-positive macropinosomes were only partly colocalized with Rab5-positive early endosomes. Consistent with a dispersion of endosomal structures, most of the dextran fluorescence was localized homogenously throughout the cytoplasm and the nucleus. Also, fluorescence of polyplexes was distributed homogeneously throughout the cytoplasm and some moderate nuclear staining could be observed. Cellular distribution changed over time. After 1 hour recovery, distinct endocytic structures reappeared, as shown by the more punctuated staining for Rab5 and dextran. Both dextran and polyplexes were highly colocalized with these vesicles; however, their fluorescence was also detected in the cytoplasm and nucleus. After a 2 hour recovery, endocytic vesicles were clearly detectable and contained both dextran and polyplexes, as demonstrated by the high degree of colocalization. Finally, after 3 hours of recovery, next to the endosomal structures Cy5-fluorescence was again visible in the cytoplasm and nucleus (Figure S4). Remarkably, this endosomal escape was not observed for the dextran-associated fluorescence. These results support the idea that endosomes were not properly formed due to the saturation of endocytic capacity of the cells and rather were in a constant sorting state. Cells require at least 1 hour recovery in the absence of polyplexes to regulate this process and allow the formation of typical endocytic vesicles. However, ultimately endosomal release of oligonucleotides occurs.

[image: ]

Figure S5: Effect of polyplexes on endosomal uptake of dextran. Rab5-GFP (green) expressing HeLa cells, incubated with polyplexes (100 g/mL, cyan, ON) and rhodamine-labeled dextran (1 mg/mL, red) were imaged with confocal microscopy at the indicated time points. Rec: recovery. Scale bar = 20 m.
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