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ABSTRACT  

Splice switching oligonucleotides (SSOs) are a class of single-stranded antisense oligonucleotides 

(ssONs) being used as gene therapeutics and demonstrating great therapeutic potential. The 

availability of biodegradable and biocompatible delivery vectors that could improve delivery 

efficiencies, reduce dosage, and, in parallel, reduce toxicity concerns could be advantageous for 

clinical translation. In this work we explored the use of quaternized amphiphilic chitosan-based 

vectors in nanocomplex formation and delivery of splice switching oligonucleotides (SSO) into cells, 

while providing insights regarding cellular uptake of such complexes. Results show that the chitosan 

amphiphilic character is important when dealing with SSOs, greatly improving colloidal stability 

under serum conditions, as analyzed by dynamic light scattering, and enhancing cellular association. 

Nanocomplexes were found to follow an endolysosomal route with a long lysosome residence time. 

Conjugation of a hydrophobic moiety, stearic acid, to quaternized chitosan was a necessary condition 

to achieve transfection, as an unmodified quaternary chitosan was completely ineffective. We thus 

demonstrate that amphiphilic quaternized chitosan is a biomaterial that holds promise and warrants 

further development as a platform for SSO delivery strategies. 

KEYWORDS: chitosan, trimethylchitosan, hydrophobic, nanoparticles, splice switching 

oligonucleotides 

INTRODUCTION  

Therapeutic antisense oligonucleotides (AONs) hold great potential for the treatment of different 

disease conditions. Especially promising are splice switching oligonucleotides (SSOs). These single-

stranded antisense oligonucleotides (ssONs) have seen enormous development as potential 

pharmaceuticals, which is attributed to the fact that more than 95% of human pre-mRNA undergoes 

alternative splicing(1) and, especially important, a variety of cancers and genetic diseases have been 

linked to alternative splicing aberrations.(2, 3) Mechanistically, SSOs act by specifically binding to 

pre-mRNA in the nucleus and sterically hindering the access of the splicing machinery proteins to the 

pre-mRNA, thereby promoting alteration of splicing patterns.(4) Highly promising results have been 

shown in different areas such as muscular,(5) neuromuscular,(6) immunological,(7, 8) cancer,(9, 10) 

metabolic,(11) and blood(12) disorders. Recent advances in nucleic acid chemistry have enhanced 

both intracellular RNA target recognition and resistance to degradation, allowing the in vivo delivery 

of free SSO. Nonetheless, the cellular uptake processes of naked SSOs are still rather ineffective,(13) 

warranting the development of vectorization systems. 

An interesting vector known for its biocompatibility, low cytotoxicity, and biodegradability is 

chitosan. This is a natural linear copolymer of d-glucosamine and N-acetyl-d-glucosamine in a β-(1–

4) linkage, whose properties are interdependent on the degree of polymerization (i.e., molecular 

weight) and ratio between the repeating units (i.e., degree of acetylation, DA). Chitosan has a 

cationic character under mildly acidic conditions due to protonation of its primary amines at pH lower 

than its pKa, often reported to be around 6.5, although it can slightly vary according to the degree of 

acetylation and ionic strength conditions.(14) This cationic character has thus been used for the 

formation of polyelectrolyte complexes with negatively charged nucleic acids aiming at cellular 

delivery.(15) While chitosan and several chitosan derivatives have been carefully studied regarding 
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complexation with pDNA and siRNA molecules, and also factors affecting delivery efficiencies, there 

are limited reports on their use with ssONs and none specifically dealing with SSOs.(16-21) 

Concurrently, complexation of SSOs (and ssONs in general) with polycationic vectors poses an 

additional challenge, as their small sizes result in low electrostatic binding forces taking place (lower 

than for siRNA). Moreover, despite some flexibility of the single-stranded structure, ssONs are 

unsuitable for “condensation”. 

Thus, development of improved chitosan-based vectors for enhanced complexation and delivery of 

SSOs is warranted. Additionally, a more comprehensive view on complex stability and cellular 

interactions is still lacking. 

To this end, we have here explored quaternization and hydrophobic modification of the chitosan 

backbone. First, quaternization by methylation of primary amine groups confers to the polymer a 

permanent positive charge which enhances both electrostatic interactions during complex formation 

and solubility at neutral pH.(22) This is especially important, as chitosan depends on acidic conditions 

for its protonation, meaning that, under physiological conditions, the surface charge and colloidal 

stability of complexes is reduced, making the particles unstable and prone to aggregation. Second, 

hydrophobization can lead to improved intra- and intermolecular polymer chain interactions, 

resulting in self-assembly and enhanced colloidal stability of chitosan–nucleic acid complexes. In 

addition, the effect of hydrophobic modifications on nucleic acids delivery has been associated with 

increased cell membrane interactions of the complex, resistance to serum destabilization, and 

improved intracellular dissociation kinetics.(23) Different hydrophobic groups have been introduced 

into the chitosan backbone, such as deoxycholic acid,(24) palmitic acid,(25) stearic acid,(26) and α-

tocopherol,(27) among others. 

Specifically in this work, we have synthesized a stearic acid modified quaternary chitosan, and 

investigated it regarding complexation with an SSO, physicochemical characteristics of the 

nanocomplexes, and stability under different physiological conditions, as well as cellular delivery 

concerning the efficiency and mechanisms of intracellular uptake. We, for the first time, both show 

the successful use of a chitosan based vector for the delivery of SSOs in vitro, under serum conditions, 

and report on the influence of a hydrophobic modification in this process. 

Materials and Methods 

Trimethylchitosan purification and modification 

Trimethylated chitosan (TMC) derived from ultrapure chitosan produced from Agaricus bisporus 

mushrooms, under cGMP, was provided by Kytozyme (Belgium) (reported average viscosimetric 

molecular weight obtained from starting chitosan 40 000, N-acetyl-glucosamine content 8.45 mol %, 

and methylation content (O-substituted and N-trisubstituted) 28.82 mol %). Prior to use, the polymer 

was purified by filtration and dialysis. Briefly, TMC was dissolved in 5 mM HCl solution at a final 

concentration of 0.5% (w/v), filtered through a sintered glass filter (pore size 100–160 μm, Duncan), 

dialyzed for 3 days against deionized (DI) water and collected after freeze-drying (−80 °C/72 h, 

Labconco). The purified polymer was then further characterized. Polymer molecular weight was 

determined by gel permeation chromatography (GPC), with measurements performed in 0.33 M 

NaCH3COOH/0.28 M CH3COOH eluent at a flow rate of 1 mL·min–1. The average number molecular 

weight (Mn) of the purified material was found to be 43.3 ± 5.5 kDa. The polydispersity (Mw/Mn) was 
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found to be 2.4 ± 0.3. The degree of acetylation (DA) was determined by Fourier-Transform Infrared 

Spectroscopy (FTIR) according to Brugnerotto et al.,(28) and found to be 11.1 ± 0.9%. The 

quaternization degree (DQ) was assessed by 1H-Nuclear Magnetic Resonance Spectroscopy (1H 

NMR). Polymer samples were dissolved in D2O (2 mg·mL–1) at 60 °C overnight and further analyzed 

in a digital spectrometer (Bruker Avance III 400) at room temperature with a total of 200 scans. The 

calculation of % DQ was performed according to Mourya et al.(29) and was found to be 30.1 ± 4.6%. 

Endotoxin levels of the purified polymer extracts were assessed using the Limulus Amebocyte Lysate 

Assay (QCL-1000, Cambrex), following the manufacturer instructions. Endotoxin levels were found 

to be <0.1 EU mL–1, respecting the US Department of Health and Human Services guidelines for 

implantable devices.(30) 

The purified TMC polymer was functionalized with stearic acid (SA) moieties by amidation of 

glucosamine residues through the reaction of TMC with N-succinimidyl stearate (Santa Cruz 

BioTechnologies, USA). In brief, 50 mg of purified and predried (60 °C, 24 h in a vacuum oven) TMC 

was solubilized in 0.1 M MES buffer pH 6.5 (6.2 mL) for 24 h with stirring. It was then transferred to a 

round-bottom flask with a reflux system at 50 °C after which 9.4 mL of methanol was added 

dropwise. The mixture was vigorously stirred for 2 h and a solution of N-succinimidyl stearate in 

methanol (0.26% w/v) was then added dropwise to the TMC solution at 50 °C and left to react for 24 

h. Subsequently the solution was dialyzed (Spectra/Por 3 Dialysis Membrane, MWCO 3.5 kDa) against 

distilled water for 72 h, lyophilized and subsequently washed with ethanol to remove unreacted 

stearic acid. The resulting TMC-SA was then dispersed in DI water and lyophilized for 72 h. NMR 

spectra were recorded in a Bruker Avance III 400 MHz spectrometer in 2.7% DCl in D2O:CD3OD (1:1) 

at 323 K. Chemical shifts are reported in ppm (δ units) downfield from internal 3-(trimethylsilyl)-

propionic acid-d4. 

The degree of substitution (DS) for TMC-SA was determined by integration of the appropriate signals 

(stearic acid methyl group and TMC acetyl groups) in the 1H NMR spectrum, and calculated by the 

following equation. 

 

(1) 

Oligonucleotides 

The splice switching oligonucleotide SSO705, an 18nt single-stranded fully phosphorothioated 2′-O-

methyl RNA oligonucleotide (5′- CCU CUU ACC UCA GUU ACA), is directed against an aberrant splice 

site that is created in β-thalassemic patients by a T to G mutation at nucleotide 705 of intron 2 of the 

human β-globin gene.(31) A Cy5-labeled SSO705 was additionally obtained for flow cytometry and 

fluorescence microscopy analysis. Oligonucleotides were obtained from Integrated DNA 

Technologies, USA. 

Polymer:oligonucleotide complex formation 

Predried polymers (60 °C, 24 h in vacuum oven) were dissolved in a two-step procedure in order to 

obtain a 0.3% (w/v) polymer solution. Initially, 1/2 volume of 5 mM HCl was added to the polymer and 

incubated overnight at 37 °C with no agitation. Then, 1/2 volume of 40 mM HEPES, 10% (w/v) glucose, 
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pH 7.3 was added to the previous solution. The solution was incubated for additional 8 h with 

agitation to complete the dissolution procedure. Subsequently, the polymer solution was filtered 

through a 0.22 μm pore sized filter unit (Millex-GP, Millipore) and polymer concentration was 

corrected by calculating the recovery of the polymer using Cibacron Brilliant Red (CBR) (Sigma-

Aldrich). The method is based on the interactions of the anionic CBR molecule with the cationic 

polymer (electrostatic interactions) giving a shift of its absorbance at 575 nm when in a complexed 

state.(32) In brief, polymer solutions were incubated with CBR (0.75 μg.mL–1, pH 9) and left to react 

for 20 min at room temperature (RT) under mild agitation (800 rpm, Thermomixer). Absorbance (575 

nm) was recorded using a multimode microplate reader (SynergiMX, BioTek, USA), against a 

standard curve (0.2 to 1.2 mg.mL–1) made with an unfiltered polymer sample of known concentration. 

Complexation was achieved by mixing equal volumes of polymer and oligonucleotide diluted in 

buffer (20 mM HEPES, 5% (w/v) glucose, pH 7.3) supplemented with a final concentration of 50 mM 

of Na2SO4. Polymer and ON solutions were heated at 60 °C before mixing under vortex and the 

resulting mixture was further incubated at 60 °C for 10 min under agitation (1000 rpm, Thermomixer). 

The complexes were allowed to stabilize for at least 30 min at RT before use. Complexes with 

different molar ratios of quaternized amine groups (N) to oligonucleotide phosphate groups (P) – N/P 

molar ratio–were prepared. Unless otherwise stated, a final concentration of 1.5 μM of 

oligonucleotide was used during complex formation. 

Polyacrylamide gel retardation assays 

Complexes were prepared at different N/P ratios after which an aliquot corresponding to 6 pmol of 

ON was diluted in H2O and 6x Loading buffer, and loaded in 4–20% (w/v) polyacrylamide-TBE gels 

(Novex TBE Gels, Invitrogen). Gels were stained postrun with SYBRGold (Molecular Probes, 

Invitrogen) in 1x TBE solution. Gels were visualized in a GelDoc XR imaging system (BioRad) and 

analyzed using IMAGELAB software (BioRad). 

For analysis of heparin-induced dissociation of complexes, these were prepared at N/P ratio 80 after 

which an aliquot was diluted in 1x phosphate buffer saline containing different Heparin 

concentrations (previously diluted in 1x PBS also). Complexes and heparin were then incubated for 2 

h at 37 °C. After incubation complexes (corresponding to 6 pmol ON) were loaded in 4–20% 

polyacrylamide-TBE gels and stained postrun with SYBRGold (Molecular Probes, Invitrogen). 

Dynamic light scattering, zetapotential and cryo-scanning 
electron microscopy 

Hydrodynamic mean diameter of nanocomplexes was determined by dynamic light scattering (DLS) 

studies using a Zetasizer Nano ZS (Malvern, UK). Complexes were prepared at different N/P ratios 

and analyzed either undiluted or, in the case of stability studies, further diluted 3-fold in 1x PBS or 

DMEM with 10% fetal bovine serum (FBS). 

Zetapotential of the free polymer or nanocomplexes, diluted 3-fold in complexation buffer or DMEM 

with 10% FBS, was measured using the above instrument. 

SEM analysis of the nanocomplexes was performed using a High-Resolution Scanning Electron 

Microscope and CryoSEM experimental facilities (JEOL JSM 6301F/Gatan Alto 2500). The samples 
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were rapidly cooled (plunging it into subcooled nitrogen–slush nitrogen) and transferred under 

vacuum to the cold stage of the preparation chamber. The samples were then fractured, sublimated 

(“etched”) for 120 s, at −90 °C, and coated with Au/Pd by sputtering for 40 s, after which they were 

transferred to the SEM chamber. Analysis was performed at −150 °C. 

Cell transfections 

HeLa/Luc705 cells (a kind gift from Prof. R. Kole and Prof. R. Juliano) stably transfected with pLuc705 

plasmid where the luciferase sequence, used as a reporter gene, is interrupted by a mutated β-globin 

intron,(31) were grown at 37 °C, 5% CO2 in DMEM with Glutamax (Invitrogen) supplemented with 

10% FBS (Gibco) and 35 μg/mL gentamycin (Sigma). 

Cells were seeded (6 × 104 cells in 500 μL) into 24-well plates, 24 h prior to transfections (resulting in 

approximately 75% confluency at the day of transfection). TMCs/ON nanocomplexes were prepared 

at different N/P ratios as previously described. Cell medium was replaced prior to transfections with 

fresh medium with no antibiotics and nanocomplexes added corresponding to maximum 20% of the 

final volume (60 μL of nanocomplexes in 300 μL final volume). Lipofectamine 2000 (L2k) (Invitrogen) 

was used as a control according to the manufacturers instructions. Complexes were incubated with 

cells for different time periods (8, 24, 48, and 72 h). For periods longer than 24 h an additional 300 μL 

of medium with no antibiotics was added. At the end of the incubation periods, cells were lysed using 

300 μL 0.15% (v/v) Triton X-100 in HEPES-buffered Krebs Ringer (HKR) buffer for 5 min on ice after 

which they were frozen at −80 °C. Luciferase activity was measured using Promega’s luciferase assay 

system with luminescence readings on a multimode microplate reader (SynergiMX, Biotech) that 

were normalized to protein content (BCA assay, ThermoFisher/Pierce, USA). For RT-PCR, cells were 

incubated with chitosanase (CALBIOCHEM) (6.5 mU per ug chitosan) for 1.5 h at 37 °C, prior to 

proceeding with total RNA isolation. RNA isolation was performed using mirVana miRNA isolation 

kit (AMBION). A total of 10 ng of RNA was then used in each reaction (total volume per reaction was 

25 μL) with the ONE STEP RT-PCR kit (QIAGEN) and following the manufacturers protocol. The 

primers used were: Fwd-TTGATATGTGGATTTCGAGTCGTC; Rev-

TGTCAATCAGAGTGCTTTTGGCG. The program for the RT– PCR was as follows: (55 °C, 35 min +95 

°C, 15 min) x 1 cycle + (94 °C, 30 s + 55 °C, 30 s + 72 °C, 30 s) x 29–30 cycles +72 °C, 10 min final 

extension. The PCR products were analyzed in a 2% agarose gel in 1x TAE buffer previously stained 

with SYBRGold (Invitrogen, Molecular Probes). Gel images were captured with a GELDOC system 

(BioRad) with the ImageLab software (BioRad). 

In experiments with chloroquine (CQ), a final concentration of 100 μM was used. CQ was added to 

cells 20 h post-transfection to promote endosomal escape of endosomal-retained complexes. Four 

hours after addition of CQ to cells, cell medium was replaced with fresh medium in order to avoid the 

toxic effects of CQ, and incubation proceeded for further 24 h (total incubation time of 48 h post-

transfection). 

Cell metabolic activity assay 

HeLa/Luc705 were seeded in 24-well plates (4 × 104 cells), 24 h prior to transfection in order to have 

50% confluency. Nanocomplexes prepared as described previously and L2k based complexes were 

incubated with cells for 24 h. Medium was then replaced with 300 μL of fresh complete medium 

containing 10% (v/v) resazurin (from an initial stock of 0.1 mg/mL in PBS, Sigma). Cells were 
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incubated for 1.5 h at 37 °C after which 200 μL of the medium was transferred to a black 96-well plate 

(Brand Plates, Brand GMBH, Germany) and fluorescence was measured (kexc = 530 nm, kem = 590 nm, 

SynergiMX, Biotech). To determine background fluorescence levels, nontreated cells were incubated 

for 45 min with 0.5% (v/v) Triton X-100, to achieve total cell lysis, before resazurin incubation. Results 

are expressed as percentage of metabolic activity of treated cells relative to untreated cells. 

Internalization assays 

For flow cytometry analysis, cells were seeded (6 × 104 cells) 24 h prior to transfections in 24-well 

plates. Cells were incubated with nanocomplexes as previously described, for 4 or 24 h. After the 

mentioned time periods, cells were washed twice with 1x PBS, trypsinized, again washed twice with 

PBS and finally resuspended in PBS containing 2% (v/v) FBS. Cells were run on a FACSCalibur flow 

cytometer (BD Biosciences) and data analyzed using FlowJo software (version 10, FLOWJO, LLC). 

For laser scanning confocal microscopy, HeLa/Luc705 cells were seeded on an 8-well IBIDI μ-slide, 

IBItreat (IBIDI, Germany) the day before transfection. Complexes of TMC-SA/Cy5-ON at N/P 80 and 

Tetramethylrhodamine-Dextran (70 kDa) (Molecular Probes, Life Technology, USA) were 

coincubated with cells for 4 or 24 h. After washing with PBS, cells were counterstained with Hoechst 

33342 in 1x PBS for nuclei identification (Molecular Probes, Life Technology, USA) for 5 min and again 

extensively washed with PBS. Finally OPTI-mem (no phenol red) (Invitrogen, Life Technologies, USA) 

was added to the wells. Live cell imaging was performed on a Leica SP2 AOBS SE (Leica 

Microsystems, Germany) inverted microscope equipped with a Plan-Apochromat 63x/1.4 oil 

objective with a 0.8 aperture. Images were acquired using Z-stack mode with 30 slices corresponding 

to steps of 0.204 μm, and a pinhole of 1 AU in all channels. ImageJ software, (version 2.0.0-rc-

15/1.49m), was used for analysis and preparation of images. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0. One-way or two-way ANOVA was used 

accordingly and as mentioned in each figure. 

Results 

Characterization of trimethylchitosan functionalized with 
hydrophobic moieties 

Purified TMC (Mn = 43.3 kDa) was functionalized with a fatty acid chain, stearic acid (SA), by reaction 

between free primary amines from its glucosamine residues and succinimidyl-stearate (Scheme 1). 

The grafting of the stearate chains was confirmed by 1H NMR due to the appearance of the signals 

corresponding to the stearic acid protons: a triplet at 0.8 ppm (methyl group), a sharp singlet at 1.30 

ppm (methylene protons), and a multiplet at 1.44–1.51 ppm (α-methylene protons) (Figure 1). The 

average degree of substitution (DS), defined as the number of SA groups per 100 sugar units of TMC, 

was calculated by comparing the ratio of methyl protons of stearic acid (δ = 0.8–0.9) to acetyl protons 

of the N-acetyl glucosamine residue of TMC (δ = 2.0–2.1 ppm) and was found to be 2.1 ± 0.6% (mol 

%). 

TMC and TMC-SA complexation with SSOs 
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The interaction strength between the polymer and oligonucleotide was initially assessed by a 

polyacrylamide gel retardation assay (Figure 2). Polyacrylamide gel electrophoresis (PAGE) was 

chosen, as it gives a higher resolution for ssONs detection and separation, in comparison to agarose 

gels. Under the gel running conditions, it was possible to verify an almost complete retention of the 

SSO from N/P ratio 4 for TMC and from N/P ratio 3 for TMC-SA. 

Complexes between the polymers and SSO were also characterized using DLS (Figure 3). Both TMC 

and TMC-SA based complexes show a rather narrow particle size distribution between the different 

N/P ratios (ranging from 115 to 180 nm in average diameter). Particle size decreases with increasing 

N/P ratios until N/P 20–40, above which sizes start to slightly increase again, although no statistically 

significant differences have been found. 

Significant differences between the complexes of both polymers are observed for the polydispersity 

index (PdI), which is maintained rather constant at values ≤0.3 for TMC-SA, whereas for TMC this 

rises above 0.5 for N/P ≥ 40. 

Transfection efficiency of the nanocomplexes 

As the average diameters found for the complexes showed sizes in line with transfection competent 

particles, they were tested in a splice correction model system cell line, HeLa/Luc705.(31) 

Hence, transfection efficiency of nanocomplexes was tested at different N/P ratios for both the 

unmodified TMC and TMC-SA in serum containing cell culture medium (Figure 4A). A clear increased 

efficiency for complexes of TMC-SA was seen, especially at higher N/P ratios (above N/P 40). The 

hydrophobic modification was indeed crucial to achieve significant levels of transfection efficiency, 

as the unmodified TMC clearly lacked any appreciable capacity to deliver these oligonucleotides. 

When compared to a known commercial transfection reagent (Lipofectamine 2000) used as a gold 

standard for this type of in vitro transfections, the efficiency of TMC-SA was just approximately 2-

fold less under the conditions tested. As an additional control, free SSO705 (without any transfection 

reagents) was incubated with the cells at 1 μM final concentration for 48 h, showing no increase of 

luciferase activity even at this high concentration (Figure 4A, graphical insert). To confirm correction 

at the level of RNA, cells were transfected with the nanocomplexes at different SSO concentrations, 

at N/P ratio 80 (shown to be of highest efficiency), and total RNA was isolated and subjected to RT-

PCR (Figure 4B). Results confirmed the correction of the aberrant Luciferase RNA after transfection. 

Transfection activity was also evaluated at different time points (Figure 4C) with complexes formed 

at N/P ratio 80. Transfection, as measured by the increase in luciferase activity over untreated cells, 

increased up to the 48 h time point. 

Cytocompatibility of the nanocomplexes was evaluated by measuring cellular metabolic activity. 

When incubating the nanocomplexes with cells for a period of 24 h, a slight decrease of the 

cytocompatibility was observed as cell metabolic activity was reduced by around 30%, for N/P ratios 

20–80 and around 45% for N/P ratio 160. In comparison, L2k control used at the same SSO dose gave 

a reduction of metabolic activity of 80% (Figure 4D). 

Colloidal stability and zeta potential of transfection competent 
nanocomplexes 
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To further unravel the contributions of hydrophobically modified TMC-SA in the formation of 

transfection competent complexes, size and zeta potential were measured after incubation in serum 

containing medium (Figure 5 and Table 1). Nanocomplexes were thus analyzed by DLS before and 

after dilution with 1x PBS or DMEM + 10% FBS. The intensity versus size profile obtained clearly 

indicates that incubation of the TMC particles (Figure 5A) with serum containing medium induced an 

increase of the maximum intensity peak width and a shift toward increased sizes, but also the 

appearance of small sized peaks distinct from the serum protein background. For TMC-SA 

nanocomplexes (Figure 5B) no significant difference is seen between the size profiles. 

Zeta potential of the nanocomplexes was also measured (Table 1). Both types of particles displayed 

positive values (from +7.2 to 8.9 mV), which significantly decrease when incubation with serum 

containing medium is performed. This likely reflects the tendency for proteins to adsorb to the 

surface of the nanoparticles, thereby shielding part of the surface charge. For comparison, the zeta 

potential of the free polymers in HEPES buffer solution is shown, revealing a much higher zeta 

potential (from +18.0 to 19.6 mV). The difference from the formed nanocomplexes reflects the 

influence of the SSOs and sodium sulfate used for particle formation. 

The morphology of transfection competent nanocomplexes was assessed using cryo-SEM, where it 

was observed that particles were mostly regular spherical shaped, with sizes, in line with the DLS 

measurements (Supporting Information Figure 1). 

Another important parameter for the cellular activity of the transfection complexes relates to their 

capacity to release the nucleic acids once inside the cell. Thus, to test the reversibility of complex 

formation, we incubated the complexes with heparin, a model polyanion commonly used to test 

destabilization and release of nucleic acids from polyplexes.(33, 34) The incubation was performed at 

37 °C and at physiological salt and pH conditions (Figure 6). Both TMC-SA and TMC-based complexes, 

formed at N/P ratio 80, were tested, and both showed extensive release of SSOs when challenged 

with heparin. 

Figure 6. Heparin dissociation assay. Complexes formed between TMC and TMC-SA with SSOs, using 

a N/P ratio of 80, were incubated with increasing concentrations of heparin at 37 °C in physiological 

salt and pH conditions for 2 h. Samples were then run using PAGE to verify the extent of dissociated 

SSOs from the complexes. In the SSO lane the same amount of free oligo as occurring in the 

nanocomplexes was loaded. 

Cellular association and intracellular distribution of transfection 
competent nanocomplexes 

The correlation between the functional effect of TMC-based SSO complexes, as evaluated by the 

luciferase activity assays, and the degree of cellular association of the complexes was then examined. 

Nanocomplexes formed with a fluorescently labeled SSO were used in flow cytometry experiments 

(Figure 7). Cells were analyzed after 4 or 24 h incubation with the nanocomplexes. Of notice is the 

fact that this method can only give information on the total cellular association without 

discriminating between membrane-associated or internalized SSO-complexes. The results showed, 

for both time periods, a complete shift in the population of cells associated with Cy5 fluorescence. 

Cells treated with TMC-SA-based nanoparticles show, for both time points, a higher fluorescence 

intensity in comparison to the ones treated with TMC nanoparticles and control free ON, but below 
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L2k. As expected, the highest shift in fluorescence intensity is seen at 24 h for all the conditions; 

however, comparing the fluorescence intensity of free ON with both polymer-based nanoparticles 

and L2k one can distinguish two populations of cells, one with fluorescence intensities similar to free 

ON and another with higher fluorescence intensity (highlighted area in graph, Figure 7). 

To more closely examine the uptake and intracellular distribution of the transfection competent 

nanocomplexes, cells were treated with complexes containing Cy5-SSO, while fluorescently labeled 

70 kDa-Dextran was concomitantly used during the incubation periods to assess for fluid phase 

endocytosis (Figure 8). Live cell imaging was used, as fixation is often associated with uptake and 

intracellular distribution artifacts of positively charged molecules.(35) As chitosan is known to 

present slow transfection kinetics, imaging was done at 4 h (Supporting Information Figure 2) and 24 

h (Figure 8) time points (post-transfection).(36) At both time points, clear punctuated structures are 

visible, indicating preferential localization in vesicles, with the presence of some colocalization spots 

between dextran and Cy5-SSO showing trafficking through the endosome/lysosome pathway. In 

addition, at the 24 h time point, a diffuse nuclear fluorescence is clearly visible, indicating that the 

Cy5-SSO has been released from the endo/lysosomes and dissociated from polymer (Supporting 

Information Figure 3). Interestingly, bright fluorescence was also visible at the cell membrane, at both 

time points, indicating accumulation or aggregation of Cy5-SSO containing complexes for an 

extended period of time. 

In addition, at this time point, the nucleus presents a diffuse red fluorescence indicating accumulation 

of Cy5-SSO that escaped from the vesicles and dissociated from the polymer. 

Finally, to further confirm the presence and evaluate the extent of localization of nanocomplexes 

inside lysosomes, transfection activity was evaluated after CQ was added to cells incubated with 

nanocomplexes. Chloroquine is a known disruptor of endo-/lysosomal vesicles acting through a 

buffering mechanism that increases vesicle osmotic pressure.(37) When added 24 h post-

transfection, a 100% increase in efficiency (2-fold) was appreciated (with the effect paralleling that 

of L2k) (Figure 9). 

Discussion 

Splice switching oligonucleotide-based therapies have harnessed a great deal of interest due to the 

increasing number of human diseases known to occur because of defective splicing. Nevertheless, 

SSO delivery and efficacy still need to be improved for this strategy to fulfill its potential.(38) 

Chitosan, a natural biodegradable and biocompatible polysaccharide-based polymer, is seen as a 

very promising nucleic acids delivery system aiming at future clinical applications.(16) However, to 

the best of our knowledge, chitosan has never been explored as a vector for the delivery of SSOs. In 

this work, we address the capabilities of a chitosan-based vector to form stable nanocomplexes with 

an SSO and assess its delivery efficiency. SSOs belong to the category of single-stranded 

oligonucleotide therapeutics and are inherently different, regarding their physicochemical 

properties, from both pDNA and siRNA. As short single-stranded oligonucleotides (usually around 

14–25 nucleotides in length), they present low negative charge density and have a slight apolar 

character, as the nucleobases are not participating in the formation of hydrogens bonds, as in the 

double-helix structure. Hence, the favorable polymer properties and complexation conditions for 

SSO delivery are intrinsically different from the ones found for pDNA or siRNA.(39, 40) 
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Considering the properties of SSOs, here we explored the use of a trimethylchitosan (TMC) 

conjugated with hydrophobic 18-carbon acyl chains (stearate chain), as an SSO delivery vector. 

Upon comparing the association strength of the stearylated trimethylchitosan (TMC-SA) and the 

unmodified TMC with an SSO, no major differences were seen as both associated strongly from N/P 

ratio 3–4, respectively with >90% of SSO bound to the polymers. Particles were run in a 

polyacrilamide gel (at pH 8), and under these conditions no apparent effect of the extra 

hydrophobicity imparted by the stearyl units was visible. Of notice is the fact that complex formation 

was performed using a coacervation method aided by sodium sulfate. Sodium sulfate is known to 

participate in chitosan particle formation through a mechanism of ionic cross-linking but also acting 

as a desolvating agent that, by aiding removal of water molecules from polymer chains, increases 

intramolecular hydrophobic interactions.(41, 42) Thus, this extra stabilization conferred by sodium 

sulfate could explain the apparent similarities between TMC-SA and TMC in the gel retardation assay. 

In terms of particle average sizes, no significant differences were found between polymers, except 

for the lowest ratios tested (N/P ratios 5 and 10), where TMC-SA formed slightly smaller sized 

particles. The result for the lower N/P ratios can be explained by the increased tendency for self-

association (aggregation) of hydrophobically modified chitosan.(24, 43) On the other hand, a big 

difference was observed regarding PdI values. From N/P ratio 20 onward, whereas TMC-SA 

maintained a constant PdI around 0.3, unmodified TMC presents a very heterogeneous population 

with PdIs above 0.5. This effect can be accounted for by the different aggregation behavior between 

unmodified TMC and hydrophobic TMC. While the aggregation behavior of chitosan and 

hydrophobic chitosan derivatives have been reported, the diversity of characteristics of the polymers 

being used makes it difficult to draw precise conclusions through comparison of data.(44) 

Nevertheless, the presence of hydrophobic groups imparts a self-association behavior onto chitosan 

with formation of stronger intermolecular interactions and stable core–shell structures, which 

contributes to the formation of stable complexes in a wider range of polymer concentrations (in this 

case, defined by the N/P ratio).(44, 45) 

As complexes were displaying properties favorable for cell delivery, the transfection capacity of both 

polymers was screened at different N/P ratios. Strikingly, the unmodified TMC showed an almost 

complete lack of activity for all N/P ratios tested, while use of the modified TMC-SA resulted in 

efficient transfection, with N/P ratio 80 displaying the highest activity (Figure 4A). Under the 

conditions tested, the maximum transfection efficiency achieved corresponded to 50% of the levels 

reached by the commercial in vitro transfection reagent L2k. Additionally, the activity of the SSO 

delivered by the TMC-SA nanocomplexes was verified at the level of RNA, where a significant degree 

of correction was observed; albeit, the highest concentration tested was necessary for this effect 

(Figure 4B). This confirmed the potential of the hydrophobic modification in significantly increasing 

the single-stranded oligonucleotide transfection potential of chitosan. Of notice is the fact that a 

rather high N/P ratio was needed to achieve good transfection activity. Despite some studies 

reporting the use of low N/P ratios for complexation and transfection of ssONs, a clear relation 

between N/P ratio and transfection activity has not been established.(17, 46, 47) 

Possibly, under our study conditions, the high N/P ratios used to achieve good transfection efficiency 

relate to the stabilization of the nanocomplex, but also the influence of the excess of free polycation 

on promoting lysosomal release of polyplexes has recently been suggested.(48) Use of high N/P 
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ratios is comparable to what has been described for siRNA, as one can find very broad N/P ratios 

being used ranging from low (N/P 5–10)(49) to very high (N/P 150).(50) 

Cell viability was evaluated by measuring metabolic activity after incubation with the nanocomplexes 

at different N/P ratios. TMC-SA nanocomplexes proved to be much less cytotoxic than L2k. While a 

decrease of 30% in metabolic activity was observed, this could be a consequence of the high N/P 

ratios used under these conditions (Figure 4D); still, this level of toxicity needs to be taken into 

consideration and improved when developing this system further for in vivo applications. 

To further characterize the transfection activity of TMC-SA/SSO nanocomplexes, kinetic studies 

were performed. A late onset of activity was verified as maximum luciferase induction (fold increase) 

occurred at the 48 h time point (Figure 4C), in line with the slow transit kinetics previously described 

for chitosan-based vector systems.(36) These kinetics have been linked with a long residence time of 

chitosan-based systems in lysosomes.(36, 51) In agreement with this hypothesis, a 100% increase in 

transfection activity (2-fold increase) was observed when challenging cells with CQ, 24 h 

postincubation with nanocomplexes (Figure 9). This strong increase implies that a significant 

protection of the oligonucleotide from degradation is achieved when trafficking through the 

endolysosomal pathway. Additionally, it indicates that also in the case of our chitosan-SSO system 

there would be an added benefit of improving the buffering capacity of the polymer, as previously 

attempted, including by us.(36, 52, 53) Nevertheless, stable chitosan–DNA polyplexes may benefit 

from some degree of chitosan degradation in lysosomes in order to weaken the polyplex and 

facilitate subsequent cytoplasmic dissociation of the nucleic acid.(36, 54) 

To elucidate the mechanisms responsible for the difference of activity between both polymers, the 

colloidal stability of nanocomplexes challenged with serum containing medium was evaluated 

(Figure 5). Binding of negatively charged proteins and other components found in serum can lead to 

both aggregation and disassembly of polyplexes in the extracellular medium, and determination of 

this effect is crucial for predicting the biological activity of nanocomplexes.(55-57) Indeed, results 

showed a different behavior of unmodified TMC and TMC-SA even in the presence of diluted serum 

containing medium. Whereas TMC-SA based nanocomplexes showed a very good colloidal stability, 

verified by the similar size distribution profile of the particles incubated with or without serum, 

unmodified TMC displayed both a broadening of its size distribution profile, indicating an 

aggregation behavior, and the appearance of smaller sized peaks (different from the obtained when 

only measuring serum containing medium–blank), indicative of disassembly of the nanocomplex into 

smaller components. Thus, this distinct behavior is well correlated with the transfection activity 

differences obtained between both polymers. Surface charge of the complexes (Table 1) was found 

at the same level (between +5 to 10 mV) with other reports where complexation is performed with 

the aid of sodium sulfate as an electrostatic cross-linker.(41, 58) Zeta potential is then mostly 

influenced by the close interaction of sulfate ions with positively charged amine groups from the 

macromolecular chitosan coils.(42) After incubation with serum containing medium, a decrease in 

the zeta potential for both TMC polymers was observed. This indicated that negatively charged 

proteins are in close interaction with the polyplexes, with unmodified TMC being the most affected 

by this process, as described above. While stability of the polyplexes is an important feature, 

especially when in the extracellular milieu, it is important that, during the intracellular stages, 

especially when in the cell cytoplasm, the complexes are reversible, meaning that the SSOs are able 

to dissociate from the polyplexes in order to be active. To this end, we investigated the behavior of 

the polyplexes when incubated with heparin, a model polyanion.(33, 34) Additionally, the incubations 
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were performed at intracellular salt and pH conditions to more closely resemble intracellular 

conditions. Competition by increasing concentrations of the polyanion showed the possibility of 

dissociation of the SSO for the higher end of concentrations tested. Together with the results from 

the colloidal stability when in the presence of serum, the dissociation of the polyplexes after heparin 

incubation demonstrated that at the N/P ratio of 80 (used for successful transfection) there can still 

be a good equilibrium in terms of extracellular stability and intracellular release of the SSOs. 

Nanocomplexes formed by both polymers were also evaluated regarding their cellular association 

behavior and at two different time-points (4 and 24 h) post-transfection. Flow cytometry results 

revealed, independently of the evaluation time point, a complete shift in the population of cells 

associated with Cy5 fluorescence for all the conditions tested (Figure 7). The fluorescence intensity 

observed for cells treated with free SSO can be explained by the fact that being a phosphorothioate 

(PS) modified oligonucleotide it has a tendency to associate with cell membranes especially when in 

the presence of serum proteins. This is a well-known effect responsible for free PS-modified 

oligonucleotide uptake in vitro and in vivo,(59) albeit being mainly a nonproductive uptake, as most 

of the material accumulates in endosomes/lysosomes without cytoplasmic release.(60) Comparing 

the fluorescence intensities given by free SSO versus polymers and L2k, one could distinguish and 

categorize two populations of cells with low and high fluorescence intensities (Figure 7). This 

population of cells with high FL intensity could refer to cells containing free Cy5-SSO in the 

cytosol/nucleus after disassembly from cationic polymer and escape from endo-/lysosomes (i.e., cells 

with efficient transfection). Supporting this is the fact that Cy5 dyes are known to self-quench when 

in close proximity due to resonance energy transfer,(61) which can occur when the oligonucleotide is 

in a complex with a polymer or lipid(62, 63) (the complexed state would be more likely during vesicle 

transport but also possible to exist in the cytosol). The same fluorescence quenching effect could 

occur with free ON, as its PS backbone can promote unspecific interactions with serum proteins 

(especially albumin), effectively leading to the creation of low affinity ON–protein complexes, which 

can be uptaken by cells.(64, 65) Indeed, all cell uptake and transfection experiments were done in the 

presence of serum, thus promoting this effect. Having the above-mentioned in consideration, a 

higher level of association of the TMC-SA-based polyplexes with cells, in comparison to TMC 

polyplexes, was verified. Moreover, the fact that a higher fluorescence intensity was also observed 

indicates that the Cy5-SSO is being productively taken up by cells (i.e., trafficking through the endo-

/lysosomal pathway and being released in the cytoplasm, especially at the 24 h time point). It is 

expected that the lower FL intensity achieved with unmodified TMC is linked to its lower colloidal 

stability, as observed above. In addition, TMC polyplexes could suffer from disassembly in the cell 

culture medium, which can also explain the similar fluorescence intensity shift when compared to 

free SSO. Thus, these results support the transfection efficiency activity differences observed 

between both polymers. 

To further complement the previous observations regarding transfection activity and flow cytometry 

experiments, live cell confocal imaging was performed using transfection competent TMC-SA 

polyplexes containing Cy5-SSO. At both time points tested, colocalization between polyplexes and 

dextran (a fluid phase endocytosis marker known to accumulate in lysosomes(66)) is apparent, but 

also the presence of separate fluorescence spots is visible (Figure 8 and Supporting Information 

Figure 2). A spread fluorescence coming from the cell membrane region at both time points, 

indicating some aggregation and extended residence time of the polyplexes at the membrane, was 

also visible. This membrane localization could be attributed to some degree of incorporation of the 

stearyl chains of the polymer in the hydrophobic cell membrane, leading to accumulation and 
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possibly aggregation of the polyplexes at some membrane regions. This effect has been reported in 

cell surface modification studies with amphiphilic polymers and peptides.(67, 68) The lack of 

complete colocalization between dextran and TMC-SA can be explained by the multiple endocytic 

pathways that hydrophobic modified polymers can take during cell uptake, as previously reported for 

both modified PEI and chitosan.(25, 69) The extensive localization of TMC-SA polyplexes at the 

membrane could also affect the kinetics and routes of cell uptake. 

Nevertheless, the polyplexes seem to traffic through the endolysosomal pathway and reside for 

extended periods of time in lysosomes, as colocalization between dextran and Cy5-SSO is observed 

at both the 4 h (which is sufficient for dextran to accumulate in lysosomes(66)) and 24 h time points. 

The increased transfection activity when adding CQ (Figure 9) also corroborates this hypothesis, as 

mentioned above. 

After 24 h, escape of SSO from the lysosomes is visible as a diffuse nuclear Cy5 fluorescence is 

observed, indicating an accumulation in the nucleus (an effect attributed to phosphorothioate 

modified oligonucleotides(70, 71)) (Supporting Information Figure 3). Also, the diffuse Cy5 

fluorescence observed indicates that SSOs disassemble from the polymer either during lysosomal 

escape or once in the cytoplasm, since a spotted pattern would be expected if the polyplexes were 

still assembled when in the nucleus, as previously observed.(36) 

Conclusions 

In this study we propose that providing chitosan with an amphiphilic character is essential for 

formation of stable complexes with single-stranded oligonucleotides under physiological conditions 

(including the presence of serum). Thus, by grafting stearyl units to trimethylchitosan, we achieved 

formation of nanocomplexes with a splice switching oligonucleotide (SSO) and demonstrate efficient 

delivery in a splice correction model. Our study provides perspectives on factors governing efficient 

complexation, cell uptake, and transfection by chitosan–oligonucleotide complexes, which have not 

been clearly addressed by the field so far. 

In conclusion, new avenues were opened for the use of amphiphilic chitosan-based vector systems 

for the delivery of therapeutic oligonucleotides with splice switching activity. 
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Scheme 1. Schematic Representation of Stearylated Trimethylchitosan (TMC-SA) and Synthetic Chemical Route 

Followed 
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Figure 1. 1H NMR spectra of unmodified TMC (A) and TMC-SA (B) (400 MHz, D2O:MeOD, DCl). As spectra were 

recorded in (D2O:MeOD:DCl), the MeOH-d4 quintuplet (3.25 ppm) overlaps the N(CH3)3 peak (3.24 ppm). The 

peaks corresponding to the grafted stearyl units, the N-acetyl group peak, and the trimethyl group from TMC are 

indicated. The integrations of signals corresponding to the methyl group from stearic acid (−CH3, δ = 0.8–0.9 ppm) 

and the acetyl groups (NAc, δ = 2.0–2.1 ppm) from TMC were used to calculate the degree of substitution (DS). 
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Figure 2. Gel retention assay. Polymer–SSO complexes and free SSO (control) were loaded in a 4–20% (w/v) TBE–

polyacrylamide gel, and electrophoresis was run at 140 V. Brackets for the TMC PAGE (top gel) indicate a region of 

smear bands denoting delayed release of SSO. 
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Figure 3. Characterization of polymer–SSO complexes by dynamic light scattering (size and PdI) at different N/P 

ratios (n = 3, average ± SD). Two-way ANOVA with Bonferroni post-test was used for statistical analysis: *** P < 

0.001, ** P < 0.01; (n = 3, ± SD). 

 

 

Figure 4. Splice correction activity in HeLa/Luc705 by transfection of SSO mediated by TMC-based polyplexes. 

Results are expressed as fold increase in luciferase activity over untreated cells. (A) Cells were incubated at 37 °C 

for 24 h with SSO–polymer complexes at different N/P ratios, and at a fixed SSO concentration of 0.3 μM. 

Complexes were then washed out and cells continued in incubation for an additional 24 h before proceeding to 

lysis and luciferase activity determination. Additionally, as a further control, cells were incubated for 48 h with free 

SSO705 (without transfection reagents) at 1 μM. Two-way ANOVA with A Bonferroni post-test was used for 

statistical analysis: *** P < 0.001, ** P < 0.01; (n = 3, ± SD). (B) RT-PCR. Cells were incubated with SSO–polymer 

complexes at different SSO final concentrations, for 48 h. Total cellular RNA was isolated and subjected to RT–

PCR. The upper band (268bp) and lower band (142bp) correspond to the aberrant and correct luciferase mRNA. 

Each lane under the corresponding concentration represents one independent experiment. (C) Cells were 

incubated for different periods of time with TMCSA/SSO complexes with the most effective N/P ratio of 80, after 

which they were immediately analyzed for luciferase expression. Cell confluency at the day of transfection was 

around 50% for all time points tested in order to allow incubation up to the 72 h time point while maintaining equal 

conditions at start of transfection between the time points. (D) Cytotoxicity assay as evaluated by metabolic 

activity determination through the resazurin assay. TMC-SA/SSO complexes were incubated with HeLa/Luc705 
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cells for 24 h, at a final SSO concentration of 0.3 μM. Data is presented as percentage of metabolic activity relative 

to nontreated cells. One-way ANOVA with Dunnett’s multiple comparison test (vs nontreated cells, NT) was used 

for statistical analysis (n = 3, average ± SD). 

 

 

Figure 5. Stability of SSO/polymer complexes in different media. (A) TMC/SSO; (B) TMC-SA/SSO. Complexes were 

formed at N/P ratio 80, diluted 3-fold in either complexation buffer, PBS (final 1x PBS) or DMEM with 10% serum, 

and incubated for 1 h at 37 °C. Average size was then determined by DLS. Profile of DMEM with serum and no 

nanoparticles (Blank (no NP)) was taken in order to distinguish protein-related aggregates. 

 

Figure 6. Heparin dissociation assay. Complexes formed between TMC and TMC-SA with SSOs, using a N/P ratio 

of 80, were incubated with increasing concentrations of heparin at 37 °C in physiological salt and pH conditions for 

2 h. Samples were then run using PAGE to verify the extent of dissociated SSOs from the complexes. In the SSO 

lane the same amount of free oligo as occurring in the nanocomplexes was loaded. 
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Figure 7. Characterization of cellular association of SSO/polymer complexes by flow cytometry. Complexes 

containing Cy5 labeled SSO (Cy5-SSO705) were incubated for 4 and 24 h with HeLa/Luc705 cells at a final SSO 

concentration of 0.3 μM. Highlighted area corresponds to populations of cells with high relative fluorescence (FL) 

(above free SSO), which can be attributed to the release of SSO from vesicles and dissociation from polymer. 
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Figure 8. Live cell imaging by confocal laser scanning microscopy. TMC-SA/Cy5-SSO complexes (represented in 

red) at N/P 80 and 70 kDa Rhodamine-Dextran (represented in green) were coincubated with HeLa/Luc705 cells for 

24 h. After extensive washing with PBS, OPTIMem (no phenol red) was added to the wells and cells were imaged. 

The two orthogonal view images (top) of the same cell represent different xyz coordinates (dashed lines indicate 

the xy, xz, yz planes of view). Arrows point to examples of colocalization of dextran and Cy5-SSO (identified by 

appearance of yellow color). Arrowhead points to a region of accumulation of TMC-SA/Cy5-SSO complexes at the 

cell membrane. The lower image represents a maximum intensity z-projection of 15 slices, giving an overview of 

the vesicle spread throughout the cell and the aggregation of Cy5-SSO polyplexes at the periphery of the cell. Co-

localization spots, in yellow, are present in high amounts, as observed in the z-projection and confirmed through 

the orthogonal view analysis. 
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Figure 9. Cells were incubated with TMC-SA/SSO complexes at N/P ratio 80 for 24 h, after which chloroquine (CQ) 

was added at a final concentration of 100 μM and incubated for 4 h. Cell medium was then exchanged with fresh 

medium and cells finally incubated for 20 h, giving a total of 48 h, post-transfection, before proceeding to 

luciferase activity determination. One-way ANOVA with Bonferroni post-test was used for statistical analysis: *** 

P < 0.001; (n = 3, average ± SD). 
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Table 1. Zeta Potential Measured by DLS (n = 3, average ± SD)a 

 

 

Zeta Potential (mV) 

NP (HEPES) NP (DMEM/FBS) Free polymer (HEPES) 

TMC-SA 8.9 ± 1.5 3.8 ± 0.7 19.6 ± 2.1 

TMC 7.3 ± 1.2 2.3 ± 0.4 18.0 ± 2.8 

aFree polymer (no complexation) or polymer/SSO nanoparticles (NP) formed at N/P ratio of 80 were diluted 3-fold 

in the respective media. 
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Supplementary Figure 1. Cryo-SEM image of transfection competent TMC-SA/SSO polyplexes at N/P ratio 80. 

White arrows indicate polyplexes. A mostly regular spherical morphology can be observed 
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Supplementary Figure 2. Live cell imaging by confocal laser scanning microscopy. TMC-SA/Cy5-SSO complexes 

(represented in red) at N/P 80 and 70 kDa Rhodamine-Dextran (represented in green) were co-incubated with 

HeLa/Luc705 cells for 4 h. After extensive washing with PBS, OPTI-MEM (no phenol red) was added to the wells 

and cells were imaged. HOECHST (represented in blue) was used for counterstaining the nuclei. Top image 

represents an orthogonal view with dashed lines indicating the xy, xz, yz planes of view. Arrows point to examples 

of co-localization of dextran and Cy5-SSO (identified by appearance of yellow color). Arrowheads point to regions 

of accumulation of TMC-SA/Cy5-SSO complexes at the cell membrane. The lower image represents a maximum 

intensity z-projection of 15 slices giving an overview of the vesicle spread throughout the cell and the aggregation 

of Cy5-SSO polyplexes at the periphery of the cell. Co-localization spots, in yellow, are present in high amounts as 

observed in the z-projection and confirmed through the orthogonal view analysis.  

 

 

 



 

Version: Postprint (identical content as published paper) This is a self-archived document from i3S – Instituto de 

Investigação e Inovação em Saúde in the University of Porto Open Repository For Open Access to more of our 

publications, please visit http://repositorio-aberto.up.pt/  

 

A
0

1
/0

0
 

 

Supplementary Figure 3. View of Figure 1 focused on the nuclear (Hoechst staining, Blue) and Cy5-SSO (Red) 

fluorescence co-localization. A) Orthogonal views of the merged fluorescence channels. B) TMC-SA/Cy5-SSO 

fluorescence channel image. C) Hoechst fluorescence channel image 

 


