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Abstract 1 

Facile and controlled fabrication of homogenously grafted cationic polymers on carbon 2 

nanotubes (CNTs) remains poorly investigated, which further hinders the understanding of 3 

interactions between functionalised CNTs with different nucleic acids and the rational design 4 

of appropriate gene delivery vehicles. Herein, we describe the controlled grafting of cationic 5 

poly(2-dimethylaminoethylmethacrylate) (PDMAEMA) brushes on CNTs via surface-initiated 6 

atom transfer radical polymerisation (SI-ATRP) integrated with mussel-inspired polydopamine 7 

(PDA) chemistry. The binding of nucleic acids with different brush-CNT hybrids discloses the 8 

highly architectural dependent behaviour with dense short brush coated CNTs displaying the 9 

highest binding among all the other hybrids, namely, dense long, sparse long and sparse short 10 

brush-CNTs. Additionally, different chemistries of the brush coatings were shown to influence 11 

the biocompatibility, cellular uptake and silencing efficiency in vitro. This platform provides 12 

great flexibility for the design of polymer brush-CNT hybrids with precise control over their 13 

structure-activity relationship for rational design of nucleic acids delivery systems.  14 

 15 
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Introduction 1 

Efforts to improve synthetic gene delivery have led to the development of various delivery 2 

systems including liposomes1-2, emulsions3, polymeric micelles4, hybrid nanoparticles5, etc. 3 

Carbon nanotubes (CNTs) possess unique features such as the hollow structure, high aspect 4 

ratios, and other physicochemical properties which make them attractive candidates6-7. The 5 

applications of as-prepared CNTs as delivery systems are often limited due to persisting issues 6 

of the poor dispersibility in aqueous solutions and potential toxicity. Various surface 7 

functionalisation strategies of both covalent and non-covalent have been recently thoroughly 8 

reviewed8. Indeed, the role played by the surface functionalisation of CNTs is crucial and will 9 

result in different surface properties such as charge density, hydrophobicity/hydrophilicity, 10 

dispersity, chemical reactivity etc., driving different interactions of CNTs with the 11 

physiological environment.  12 

 For gene delivery systems, one of the most commonly used surface functionalisation strategies 13 

is to render carbon nanotubes positively charged, thus to condense negatively charged nucleic 14 

acids. For instance, aminated tetraethylene glycol modified CNTs were shown to be able to 15 

associate plasmid DNA, resulting in 5–10 times higher levels of gene expression compared to 16 

naked plasmid.9 The surface area and charge density of CNTs were shown to be critical for 17 

interacting with plasmid DNA and the consequent formation of a biologically active complex.10 18 

The development of cationic polymer and dendrimer grafted CNTs has been used to improve 19 

the dispersity, biocompatibility and transfection efficiency of CNTs. Dendrimers containing 20 

large numbers of surface primary amine groups can effectively improve the dispersion of CNTs 21 

in aqueous solution and achieve higher transfection efficiency.11 However, the properties of 22 

dendrimers are mainly dependent on the number of their generations and the synthesis is 23 

usually complicated. Studies have shown linear polyamidoamine functionalised CNTs 24 

possessed comparable level of transfection with free polyamidoamine, but significantly lower 25 
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cytotoxicity.12  However, CNT-assisted delivery of siRNA is still hampered by limitations in 1 

nucleic acid loading capacity and transfection efficiency. Covalent attachment of siRNA to 2 

CNTs was reported to have limited loading amount of siRNA and also the technique relies on 3 

the modifications of siRNAs which may impact potency.13-14 Other cationic polymer e.g. 4 

poly(ethylenimine) functionalised CNTs exhibited relatively low efficiency in delivery of 5 

siRNA.15 6 

Cationic polymer brushes synthesised via surface-initiated atom transfer radical polymerisation 7 

(SI-ATRP) are of great interest as efficient siRNA delivery systems as they offer flexibility for 8 

tailoring the surface chemistries and architectures.16-19 Properties such as chain length, density, 9 

charge and topology of the coatings can be easily tuned and adapted to suit various applications 10 

by changing the type of monomers, initiators, ligands or the polymerisation conditions.17, 19 11 

Previous studies have shown dense cationic polymer brushes e.g. poly(2-12 

dimethylaminoethylmethacrylate) PDMAEMA brushes, were able to capture siRNA stably via 13 

local desorption/re-adsorption and entropic stabilisation.17 However, there is still lack of deep 14 

investigation of the interactions between nucleic acids with this dense cationic crowding. 15 

Moreover, taking advantage of the distinctive properties of CNTs, grafting cationic polymer 16 

brush on the surface provides the possibility of achieving more densely packed polymer chains 17 

compared to spherical particles, as ATRP initiator density is considered to be higher on 18 

cylindrical surfaces.20 19 

Herein, cationic polymer brush grafted CNT hybrids with different chemistries and 20 

architectures were prepared utilising unique characteristics of both CNTs and polymer brushes 21 

for understanding the interactions of different nucleic acids with these brush-CNT hybrids, to 22 

be eventually applied to design efficient siRNA delivery vectors. For this purpose, we 23 

functionalised the CNTs with PDMAEMA brushes via mussel-inspired polydopamine (PDA)  24 

chemistry and SI-ATRP. By changing the density of the bromo initiator moieties and 25 
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polymerisation period, the density and length of the polymer chains were precisely controlled. 1 

Thus, four different types of cationic polymer brush coatings were easily synthesised on CNTs, 2 

namely, sparse short (SS), sparse long (SL), dense short (DS) and dense long (DL) PDMAEMA 3 

brush coatings. The physicochemical properties of brush-CNT hybrids were thoroughly 4 

characterised by different techniques. The binding affinity of different nucleic acids including 5 

siRNA, ssDNA and plasmid was then investigated, providing strong evidence of the 6 

architectural influence of the brush coatings on nucleic acids binding efficiency. The optimal 7 

brush-CNT hybrids were applied as carriers for the delivery of siRNA targeting program death 8 

ligand 1 (PD-L1). Finally, we have also compared the impact of different chemistries of the 9 

brush coatings which have the same architecture on the corresponding cellular response. 10 

 11 

2. Experimental section 12 

2.1 Materials 13 

Pristine multi-walled carbon nanotubes (pCNTs, outer diameter = 20-30 nm, length = 0.5-2 14 

μm, purity >95%) were purchased from Nanostructured & Amorphous Materials Inc., USA. 15 

Sulfuric acid (H2SO4, 98%) was purchased from Honywell FlukaTM, Germany. Nitric acid 16 

(HNO3, 65%) was purchased from Acros Organics, USA. Dopamine hydrochloride (98%), 17 

triethylamine (Et3N, 99%), α-bromoisobutyrylbromide (α-BiBB, 98%), 2-18 

dimethylaminoethylmethacrylate (DMAEMA, 98%), 2,2’-bipyridyl (bipy, 99%), copper (II) 19 

bromide (CuBr2, 99%), copper (I) chloride (CuCl, 99.995%), iodomethane (CH3I, 99.5%), 20 

ethanol (EtOH, >99.8%), N, N-dimethylformamide (DMF, >95%) and sodium azide were 21 

purchased from Sigma-Aldrich. Propionyl bromide (>98%) was purchased from Fluorochem 22 

Ltd. All chemicals and solvents were of analytical grades and used as received unless otherwise 23 

stated. Dopamine hydrochloride and CuCl were kept sealed until use and purged with N2 gas 24 

after every use to avoid oxidation when exposed to air. Tris-HCl buffer (10 mM, pH 8.5) was 25 
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made from tris(hydroxymethyl)aminomethane (tris base, 99.5%) purchased from Formedium 1 

and hydrochloric acid (HCl, 37%) purchased from Sigma Aldrich. Sodium-borate-buffers (SB, 2 

pH-8) was made from sodium hydroxide (0.4 g, >98%) purchased from Honeywell FlukaTM 3 

and boric acid (2.25 g, ≥98%) purchased from Santa Cruz Biotechnology Inc. USA, dissolved 4 

in 1 L deionised water (DI H2O, resistivity 18.2 MΩ-cm) obtained through PURELAB ultrapure 5 

water system. Gel loading dye purple (6X, no SDS) was purchased from New England Biolabs 6 

and mixed in equal ratio with GelRed® (6X in nuclease free water) purchased from Biotium. 7 

InvitrogenTM UltrapureTM Agarose, RPMI-1640 medium, pen-strep, glutamine, fetal calf serum 8 

(FCS), trypsin, 10 X phosphate buffered saline (PBS) were purchased from ThermoFisher 9 

Scientific. Noncoding siRNA (siNEG) (anti-sense sequence, 5′-10 

CAUCGUCGAUCGUAGCGCAA-3′), Atto 655 siNEG (Seq: 11 

UGCGCUACGAUCGACGAUG55), siPD-L1 (Seq: GAGGUAAUCUGGACAAACA), 12 

ssDNA (Seq: TCCATGAGCTTCCTGATGCT) were purchased from Eurogentec. OX40 13 

plasmids were purchased from Stratech. Phycoerythrin (PE) anti-PD-L1 and its corresponding 14 

isotype were purchased from Biolegend. 15 

2.2  Synthesis of cationic polymer brush coated carbon nanotubes 16 

Cationic polymer brush coated CNTs were synthesised via SI-ATRP from bromo initiator 17 

moieties using a ‘grafting from’ approach. The reaction route is shown in Scheme 1. Four 18 

different types of hybrids, namely SS, SL, DS and DL brush coated CNTs with varied polymer 19 

chain length and density, were synthesised by changing the initiator density and polymerisation 20 

time, as shown in Scheme 2. 21 
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 1 

Scheme 1. Synthesis of cationic polymer brush grafted carbon nanotubes. 2 

 3 

2.2.1 Oxidation of pristine carbon nanotubes (oCNT) 4 

Oxidation of pristine carbon nanotubes (pCNTs) was performed adapting protocols from 5 

literature to purify, shorten and functionalise the pCNTs.21 Briefly, a mixed acid solution of 6 

H2SO4 and HNO3 with a volume ratio of 3 was prepared by adding 45 mL of H2SO4 into 15 7 

mL of HNO3 dropwise with stirring in an ice bath. 200 mg of pCNTs (20-30 nm in width) was 8 

weighed in a 250 mL round bottle flask. The mixed acid solution was added to the pCNTs 9 

under stirring by a dropping funnel at room temperature (RT). The reaction was kept stirring 10 

at RT for 3 h and then sonicated for another 3 h, after which, the reaction was kept stirring at 11 

RT overnight. The reaction was stopped by slowly pouring into 400 mL of DI H2O whilst 12 

stirring and the products were subsequently purified through a 0.1 µm hydrophilic PC 13 

membrane filter. The oxidised carbon nanotubes (oCNTs) were collected, washed three times 14 

with DI H2O to get rid of residual acid and finally re-dispersed in 20 mL of DI H2O and stored 15 

in the fridge. 16 
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2.2.2 Polydopamine coating of oxidised carbon nanotubes (oCNT-PDA) 1 

Polydopamine (PDA) was coated on oCNTs through - interaction with spontaneous 2 

oxidative polymerisation of dopamine hydrochloride according to a previous protocol22-23 . 3 

oCNT dispersion (1 mg/mL, 100 mg) and dopamine hydrochloride solution (0.1 mg/mL) were 4 

prepared in 100 mL of 10 mM tris-HCl buffer (pH 8.5). The reaction mixture was kept stirring 5 

for 24 h, at RT, after which it was purified by filtering through a 0.1 µm hydrophilic PC 6 

membrane filter. The polydopamine functionalised carbon nanotubes (oCNT-PDA) were 7 

collected, washed three times with DI H2O and finally re-dispersed in 10 mL of DI H2O and 8 

stored in the fridge. 9 

2.2.3 ATRP initiator deposition on oCNT-PDA (oCNT-BiBB) 10 

ATRP initiator was anchored onto oCNT-PDA adapting protocols from literature17, 22. The 11 

dispersion solvent for oCNT-PDA (DI H2O) was substituted with DMF by centrifugation at 12 

10,000 rpm for 30 min and subsequent re-dispersion multiple times. A final concentration of 13 

oCNT-PDA in DMF of 1 mg/mL was obtained. The mixture was then divided into 2 halves. 14 

Depending on the targeted grafting density (100% or 10%), they were either coated with 100% 15 

ATRP initiator or with a mixture of ATRP initiator diluted with its non-reactive analogue at a 16 

ratio of 1:9. 17 

2.2.3.1 Dense initiator coating (oCNT-BiBB-D) 18 

oCNT-PDA (100 mg) was firstly dispersed in 100 mL of DMF, under N2 protection at RT. 19 

Then 5 mL of Et3N was added dropwise whilst stirring followed by 4.5 mL of α-BiBB initiator 20 

added dropwise whilst stirring. The reaction was left to stir overnight at RT and then the 21 

mixture was diluted with 200 mL of EtOH. Afterwards, it was purified via centrifugation 22 

(10,000 rpm, 30 min). The dense ATRP initiator coated carbon nanotubes (oCNT-BiBB-D) 23 

were collected and washed three times with EtOH centrifugation-sonication cycles and finally 24 

dispersed in 10 mL mixture of DI H2O and EtOH (v/v 4:1) and stored in the fridge. 25 
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2.2.3.2 Sparse initiator coating (oCNT-BiBB-S) 1 

This was done in the same way as the dense initiator coating except 0.45 mL of α-BiBB initiator 2 

(10% molar ratio) was mixed with 2.95 mL of propionyl bromide (non-reactive analogue, 90% 3 

molar ratio) before dropwise addition to the reaction under N2 protection. The sparse ATRP 4 

initiator coated carbon nanotubes (oCNT-BiBB-S) were finally dispersed in 10 mL mixture of 5 

DI H2O and EtOH (v/v 4:1) and stored in the fridge. 6 

2.2.4  PDMAEMA brush growth on oCNT-BiBB (oCNT-PDMAEMA) 7 

For the formation of each hybrid, a monomer solution was prepared according to our previous 8 

work17 by dissolving the DMAEMA (13.2 g, 42 mmol), bipiridyl (640 mg, 2.05 mmol) and 9 

CuBr2 (36 mg, 80 mmol) in 30 mL of DI H2O and EtOH (v/v 4:1) mixed solvent and degassed 10 

with N2 whilst stirring for 30 min. Then CuCl (168 mg, 0.828 mmol) was added quickly to this 11 

solution and it was further degassed with N2 whilst stirring for 5 min. oCNT-BiBB-D and 12 

oCNT-BiBB-S with 5 mg/mL in DI H2O and EtOH (v/v 4:1) mixed solvent were also degassed 13 

with N2 purging whilst stirring for 30 min. An equal volume of monomer solution was injected 14 

under inert atmosphere via a syringe to each of the oCNT-BiBB batches and polymerisation 15 

was allowed to proceed under N2 at RT. For the short brush, polymerisation was terminated at 16 

15 min, whereas for the long brush, it was terminated at 240 min. Hereby, the four types of 17 

PDMAEMA brush coated carbon nanotube hybrids (oCNT-PDMAEMA) were formed, named 18 

as oCNT-SS for SS PDMAEMA brush-CNT hybrids, oCNT-SL for SL brush coatings, oCNT-19 

DS for DS coatings and oCNT-DL for DL coatings, respectively (Scheme 2). Polymerisation 20 

was terminated by immediate exposure to atmosphere and immersion of each sample in 100 21 

mL of DI H2O followed by bubbling with air whilst stirring until a colour change from dark 22 

brown to blue was observed (oxidation of CuCl). The four different types of polymer brush 23 

coated CNTs were collected via centrifugation (10,000 rpm, 30 min) and each was washed 24 

with DI H2O and EtOH successively in centrifugation-sonication cycles until the filtrate turned 25 
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clear to get rid of the residual monomer, ligand and catalysts. oCNT-PDMAEMA was finally 1 

dispersed in 10 mL of DI H2O each and stored in the fridge. 2 

 3 

Scheme 2. Schematic illustration of different architectures of cationic polymer brush 4 
grafted carbon nanotubes. Different brush-CNT hybrids were prepared by precious control 5 
over polymerisation conditions and the deposition of initiators with different densities.  6 
 7 
 8 
2.2.5 Synthesis of oCNT-PMETAI 9 

The tertiary amines of PDMAEMA brushes on CNT were quaternised by methyl iodide to 10 

obtain poly{[2-(methacryloyloxy)ethyl] trimethylammonium iodide} (PMETAI) brushes 11 

coated CNTs (oCNT-PMETAI). First, the dispersion solvent for each type of oCNT-12 

PDMAEMA (DI H2O, 50 mg) was replaced with 10 mL of DMF by centrifugation and 13 

subsequent redispersion. Then 0.1 mL of CH3I was added to each reaction and left to stir in the 14 

dark for 24 h, at RT. Afterwards, the reactions were purified by centrifugation (10,000 rpm, 20 15 

min) and the product was washed with DI H2O in centrifugation-sonication cycles for three 16 

times and finally re-dispersed in 5 mL of DI H2O and stored in the fridge. Each brush-CNT 17 

hybrid was named as oCNT-SSI+, oCNT-SLI+, oCNT-DSI+ and oCNT-DLI+, respectively, 18 

after quaternisation. 19 
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2.3  Physicochemical characterisation of cationic polymer brush coated carbon 1 

nanotubes 2 

Each step of the synthesis was monitored using various qualitative and quantitative techniques 3 

to ascertain the correct functionalisation had occurred. 4 

2.3.1 Dispersion quality  5 

The dispersibility of the CNTs in a polar solvent and resulting stability of said colloidal 6 

suspensions were examined for pCNTs after each functionalisation step. Samples of 1 mg/mL 7 

were dispersed in 1 X PBS at RT and sonicated for 10 min and finally left to settle for 30 min 8 

before digital images of their dispersions were taken. 9 

2.3.2 Zeta Potential 10 

The change of surface charges of CNTs was investigated by zeta potential measurements at 11 

each stage of functionalisation. Samples were prepared by dispersing ~ 1 mg particles in 1.5 12 

mL of 10 mM PBS and sonicated for 5 min at RT. The zeta potential for samples were measured 13 

using Zetasizer Nano ZS (Malvern Panalytical, UK), at RT, in triplicates and repeated for three 14 

independent batches. The average result was taken as the final zeta potential for each step.  15 

2.3.3 Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) 16 

The different functional groups expected on the surface of the carbon nanotubes were 17 

characterised by ART-FTIR at each reaction step. All samples were prepared by drying at 80oC 18 

for at least 24 h until all the dispersion solvent had evaporated completely. Using FrontierTM 19 

FTIR spectrometer (PerkinElmer, USA), each sample was analysed at RT in the spectral range 20 

of 4000-800 cm-1 with a total of 32 scans per run.   21 

2.3.4 Transmission electronic microscope (TEM) 22 

The successful coating of PDMAEMA brush on carbon nanotubes were morphologically 23 

characterised by TEM. Samples were prepared by dropping the diluted dispersions onto a 300-24 

mesh carbon coated copper grid and air dried at RT, after which they were observed using a 25 
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Philips CM12 transmission electron microscope (FEI Electron Optics, Netherlands) with a 1 

Tungsten filament and a Veleta – 2k x 2k side-mounted TEM CCD Camera (Olympus, Japan). 2 

The TEM was operated at an accelerating voltage of 80 kV, the spot size was set at 2 and an 3 

objective aperture was used.  4 

2.3.5 High resolution transmission electronic microscope (HRTEM) 5 

HRTEM images were acquired on a FEI Tecnai G2 F20 microscope operated at 200 kV. 6 

Samples were prepared by dropping the diluted dispersions onto a 300-mesh lacey carbon 7 

coated copper grid and air-dried at RT. Prior to imaging, all the samples underwent a beam 8 

showering procedure of about 30 minutes under the electron beam to avoid contamination 9 

during subsequent imaging at high magnification.  10 

2.3.6. Energy dispersive X-Ray spectroscopy (EDX) 11 

EDX analyses on the samples were performed on a FEI Magellan 400L HRSEM coupled to an 12 

Oxford Instruments windowless Ultim Extreme EDX with 100 mm2 sensor area, which is 13 

especially suitable to detect light elements. Experiments were carried out at 10 kV operating 14 

voltage to allow for the detection of all the elements present in the sample. Diluted dispersions 15 

of the samples were drop casted on Si wafer chips and left to dry in air. The composition values 16 

are the average of 3-5 measurements.  17 

2.3.7. Thermogravimetric analysis (TGA) 18 

The dry mass of functional groups synthesised on the carbon nanotubes was studied by TGA 19 

at each reaction step. All samples were prepared by drying at 80oC for at least 24 h until all the 20 

dispersion solvent had evaporated completely. Using Q500 Thermogravimetric Analyzer (TA 21 

instruments, USA), under N2 atmosphere, ~ 5 mg of the dried samples were analysed from RT 22 

to 1000oC at a heating rate of 10oC/min. Percentage weight losses were determined at 600oC 23 

as previously reported 24 25.  24 
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2.4 Nucleic acids loading on polymer brush coated carbon nanotubes 1 

The effect of architectures of PDMAEMA brush-CNT hybrids on their interaction with nucleic 2 

acids (siRNA, ssDNA and plasmid) were assessed using gel electrophoresis. Nucleic acids (1 3 

g) were used to complex with each oCNT-PDMAEMA at different N/P ratios.  The N/P ratio 4 

is the ratio of amine groups (N, nitrogen) on positively charged polymers to the phosphate 5 

groups (P) on the negatively charged nucleic acid. It is important to determine the N/P ratio of 6 

a cationic polymer-based nucleic acid complex as this character can influence many other 7 

properties such as the surface charge, size, and stability of the nucleic acid complex. The 8 

calculation of the N/P ratio is described as follows, and the units used are based on the 9 

international unit system. A 20−21 bp siRNA double strand contains 40−42 phosphate atoms. 10 

The total phosphate atoms can be calculated as n × P, where n is the total number of moles of 11 

siRNA used and P is the phosphate atoms per molecule. Nitrogen moles in the cationic polymer 12 

are calculated as M × V × N, where M is the molarity of the cationic polymer stock solution 13 

based on the repeat unit, V is the volume of the cationic polymer, and N is the number of 14 

nitrogen atoms in one monomer unit of the cationic polymer. Thus, the N/P ratio can be 15 

calculated as (M × V × N)/(n × P). After complexation, the corresponding gel loading dye 16 

purple or GelRed was added to each sample before loading to 2% agarose gel in sodium boric 17 

buffer (pH 8). The gel was run at 220 V for 10 min and subsequently imaged using ChemiDoc 18 

MPTM Imaging system (Bio-Rad Laboratories Inc., USA) and analysed using Image LabTM 19 

software. 20 

2.5 Cell viability 21 

B16-F10 cell line (mouse melanoma cell line) was used for the in vitro studies. B16-F10 cells 22 

were cultured in RPMI-1640 medium supplied with 10% FCS, 1% pen-strep (Penicillin-23 

Streptomycin) and 1% glutamine. The cell culture medium was changed every other day and 24 

cells were passaged before becoming confluent. In this study, a modified lactate dehydrogenase 25 
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(LDH) assay was applied to assess the cell viability of B16-F10 cells after incubation with 1 

different siRNA negative control complexes. Briefly, 50 k/well of B16-F10 cells were seeded 2 

in a 24 well plate one day prior the study. Subsequently, the medium was discarded and cells 3 

were washed with PBS once. OPTI-MEM serum free medium (400 μL) was added to each well.  4 

siRNA complexes (oCNT-DS/siRNA, oCNT-DSI+/siRNA or Lipo/siRNA, 100 μL for each 5 

complex) were prepared at N/P ratios of 0.5, 1, 2, 5 and 10 in OPTI-MEM serum free medium 6 

and added dropwise to B16-F10 cells with a final siRNA concentration of 50 nM and left to 7 

culture for 4 h before the medium was replaced with 500 μL complete culture medium for a 8 

further 48 h culturing. After 48 h, the medium was removed, and cells were washed with PBS 9 

once. Cells were then lysed with 500 μL of 1% Triton X-100 PBS solution for 1 h at 37°C. The 10 

plate was then centrifuged at 4,000 rpm for 30 min at RT. Supernatant (30 μL) was transferred 11 

to a new 96-well plate, followed by adding 30 μL of LDH reagent. The plate was incubated in 12 

dark for 20 min before adding 30 μL of stop solution. The bubbles were removed with a needle 13 

before reading the absorbance at 490 nm with a plate reader. The cell viability was calculated 14 

using the equation below.  15 

Cell viability %=
A490 (treated cells)-A490 (negative control)

A490(untreated cells)-A490(negative control)
×100                        Equation 1 16 

2.6 Cellular uptake 17 

The cellular uptake study of different siRNA complexes was performed in B16-F10 cells. Here, 18 

a fluorescent Atto 655 siRNA was used to complex different carbon nanotube hybrids. These 19 

complexes (oCNT-DS/siRNA and oCNT-DSI+/siRNA) were prepared using the protocol 20 

described in cell viability study with N/P varied from 0.5 to 10 and a final siRNA concentration 21 

of 50 nM. Consequently, siRNA complexes were incubated with B16-F10 cells (50 k/well in 22 

24 well plate) for 4 h in serum free OPTI-MEM medium and followed by replacing medium 23 

with full culture medium a further 48 h culturing. Free Atto siRNA (50 nM) was used as control 24 

and Lipofectamine 2000/Atto 655 siRNA was prepared according the product manual. After 25 
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48 h, cells were harvested and collected in polystyrene round bottom 12 x 75 mm2 flow tubes. 1 

Cells were washed three times with PBS, centrifuged at 400 g for 5 min and resuspended in 2 

200 μL of ice-cold PBS with 10% FCS,1% sodium azide. Cells were analysed with flow 3 

cytometry (BD FACSCalibur, using CellQuest software) using 640 nm excitation and a 670 4 

nm bandpass filter, 10,000 events per sample are analysed. The fold increase of mean 5 

fluorescence intensity compared to untreated cells for each sample was used to express degree 6 

of cell uptake.  7 

2.7 siPD-L1 transfection 8 

PD-L1 is highly expressed on B16-F10 cells so they were chosen to test the transfection 9 

efficiency of the prepared hybrids. In this transfection assay, 100 k/well of B16-F10 cells were 10 

seeded in a 12 well plate 24 h prior study. oCNT-DS/siPD-L1 and oCNT-DSI+/siPD-L1 were 11 

prepared at N/P ratios of 2, 5, and 10 with a final siPD-L1 concentration of 50 nM. The medium 12 

was removed, and cells were washed with PBS once before adding 800 μL of OPTI-MEM 13 

serum free medium. 200 μL of siPD-L1 complex in OPTI-MEM serum free medium was added 14 

dropwise to the cells and left incubation for 4 h in cell culture incubator. Lipofectamine 15 

2000/siPD-L1 was prepared according the product manual and used as a positive control. For 16 

control cells, 1 mL of serum free OPTI-MEM media was added. After 4 h, the medium was 17 

replaced with full culture medium and cultured for additional 48 h. B16-F10 cells were then 18 

harvested and collected in polystyrene round bottom 12 x 75 mm2 flow tubes. Cells were 19 

washed with PBS and resuspended in 100 μL of PBS with 3% FCS, in which 50 μL of cell 20 

suspension was transferred to a new tube for isotype staining. Phycoerythrin (PE) anti-PD-L1 21 

(or the corresponding isotype) with a concentration of 0.1 μg/mL was added to the cell 22 

suspension and left to incubate at RT for 20 min in dark. Cells were then washed three times 23 

with PBS, centrifuged at 400 g for 5 min and resuspended in 200 μL of ice-cold PBS with 10% 24 

FCS, 1% sodium azide. Cells were analysed with flow cytometry (10,000 events per sample) 25 
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using 488 nm excitation and a 585 nm bandpass filter. The knock-down efficiency of PD-L1 1 

was calculated using the equation below. 2 

Knock down efficiency %= ቆ1-
MFIsiRNA complex-MFIsiRNA complex isotype

MFIuntreated cells-MFIuntreated cell isotype
ቇ *100          Equation 2 3 

2.8 Statistics 4 

Quantitative data were expressed as mean ± SD (standard deviation). Significant differences 5 

were examined using one-way ANOVA followed by Tukey’s multiple comparison test. 6 

 7 

3. Results and Discussions 8 

3.1 Synthesis and characterisation of cationic polymer brush coated carbon nanotubes 9 

Covalent grafting polymers onto CNTs has been extensively accomplished by the ‘grafting-to’ 10 

technique via esterification26 or amidation27 reactions in the past few decades. However, the 11 

loss in conformational entropy of the polymer significantly suppresses chains from diffusing 12 

to and reacting with CNTs, which leads to inefficient grafting. Growth of polymer chains using 13 

‘grafting-from’ strategy is one of the best alternatives to produce dense polymer brushes on 14 

CNTs. However, anchoring the initiators on CNTs still remains one of the most challenging 15 

steps of synthesising polymer brushes via ‘graft from’ method due to the lack of chemical 16 

reactivity of CNTs. Several approaches have been developed to tackle this problem. Yan et 17 

al.28-29 reported a typical initiator anchoring process from the CNTs, which involves the 18 

oxidation of CNTs, modification with thionyl chloride to form CNT-COCl, reacting with 19 

glycol to form CNT-OH and finally initiator coated CNTs were obtained by reacting with 2-20 

bromo-2-methylpropionyl bromide. These functionalisation methods usually involve serious 21 

steps of complicated chemical reactions in harsh conditions, either with direct functionalisation 22 

of CNTs or pre-synthesis of initiators30 that are specifically designed to suit the surface 23 

chemistry of functionalised CNTs. Additionally, the grafting density was limited and difficult 24 
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to control, as it depends on the availability of the functional groups on CNTs. It was reported 1 

that the end and sidewall were usually the most chemical reactive sites of CNTs.31  2 

In this study, oxidation was applied to reduce the length of pCNTs, which is around several 3 

microns as presented with TEM images in Figure S1. Inspired by the adhesive behaviour of 4 

mussel proteins, biocompatible and uniform PDA coating can be formed on the surfaces of 5 

CNTs by spontaneous self-polymerisation of dopamine under mild alkaline conditions, which 6 

significantly alters the surface properties of CNTs, such as hydrophilicity, biofunctionality, 7 

dielectricity, mechanical properties etc.22 The high concentration of catechol and amine groups 8 

on the PDA surface provide an opportunity for homogenously anchoring initiator molecules 9 

with high density on the surface of CNTs. Subsequently, SI-ATRP was employed for the 10 

controlled grafting of cationic PDMAEMA brushes from CNTs. Four types of brush grafted 11 

CNTs with precisely controlled polymer chain density and length, namely DL, DS, SL and SS 12 

brush coated CNTs were synthesised by varying the initiator concentration and controlling the 13 

polymerisation time. Dispersibility, zeta potential measurements, ATR-FTIR, TGA and TEM 14 

were applied collectively to monitor the progress of the modification and polymerisation.  15 
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 1 

Figure 1. Characterisation of cationic polymer brush grafted carbon nanotubes. a) 2 
Dispersity in 1 X PBS. b) Zeta potential measured in 10 mM PBS, values are expressed as 3 
mean ± SD, where n=3.  c) TEM (top two images with 500 nm scale bar) and HRTEM (bottom 4 
two images with 20 nm scale bar) of oCNT and oCNT-DS, highlighted area in HRTEM marks 5 
the polymer brush coatings. d) TGA of each reaction step measured from 100-600 ºC for the 6 
synthesis of DS brush coated carbon nanotube. e) FTIR of each reaction step with wavenumber 7 
range from 800-3200 cm-1 for the synthesis of DS brush coated carbon nanotube, with dash 8 
lines indicating the characteristic peaks after functionalisation.  9 
 10 

3.1.1 Dispersion and zeta potential characterisation 11 

Dispersion for CNTs at each stage of functionalisation in 1X PBS is dictated by their 12 

physicochemical properties. Figures 1a and S2 show that before any modification, pCNTs 13 

underwent sedimentation in PBS due to the highly hydrophobic surface properties and lack of 14 

functional groups, which was also indicated of their neutral zeta potential shown in Figure 1b. 15 

After oxidation, the dispersion of oCNT in PBS was improved as there was only slight 16 
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aggregation of nanotubes occurring after two hours. Together with the highly negative zeta 1 

potential measured for oCNT (-37.1 ± 0.6 mV), it showed successful oxidation of pCNTs, in 2 

which a large numbers of oxygen containing polar moieties including –COOH, -C=O and -OH 3 

were efficiently incorporated at the open ends and defect sites along the CNTs surface after 4 

treating with strong acids32. Zeta potentials after PDA coating or initiator deposition remained 5 

negative charge around -30 mV, which is attributed to the negatively charged -OH groups on 6 

oCNT-PDA and the bromo groups on oCNT-BiBB. As a result, dispersion of oCNT-PDA and 7 

oCNT-BiBB in PBS was better than oCNT, yielding a dark dispersion of homogenous colour 8 

with complete absence of aggregation for long term storage. After polymerisation, the charge 9 

on the carbon nanotube surface was reversed from highly negative to positive indicating 10 

successful grafting of the carbon nanotubes with a cationic PDMAEMA shell. There zeta 11 

potential for the SS brush type (13.6 ± 2.6 mV in Figure S3) was slightly lower than the other 12 

three brushes which all had a zeta potential of ~ 20 mV. In PBS (pH 7.4), the tertiary amines 13 

of pH sensitive PDMAEMA are only slightly positively charged, hence, the SS brush with a 14 

lower abundance of the cationic charges present was expected to have a lower zeta potential in 15 

comparison to the other brush types which was observed. All types of oCNT-PDMAEMA were 16 

easily suspended forming stable colloidal dispersions in PBS  (Figure S2). After quaternisation, 17 

the zeta potential for each hybrid became highly positive (> 30 mV) owing to the permanent 18 

positive charge of the quaternary amines, regardless of the surrounding pH.  19 

3.1.2 Morphology characterisation 20 

Morphological changes before and after polymerisation were visualised through TEM and 21 

HRTEM. pCNTs have highly crystalline structure with low defects degree on its outer surface 22 

walls33 displaying a tubular structure with neat, undamaged edges. TEM images also confirmed 23 

successful oxidation of pCNT, with obvious shortening of the tubes for oCNT (Figure 1c). 24 

After PDMAEMA brush growth, the thickness across the side walls of the nanotubes increased. 25 
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oCNT-DS (Figure 1c, highlighted dash lines) showed an obvious organic layer of polymer 1 

brush around the CNTs compared with oCNT under HRTEM, which indicated successful 2 

polymerisation. The organic layer was also visible for the other brush coated CNTs, namely 3 

oCNT-SS, oCNT-SL and oCNT-DL, as shown in Figure S4. The coating degree was observed 4 

to be higher for the dense brush coatings than for the sparse coated samples. The different 5 

modification steps were also followed by EDX spectroscopy (Figure S5). EDX analysis on 6 

oCNT sample showed carbon and oxygen peaks, as expected after the oxidation of the purified 7 

CNTs. Upon polymerisation, presence of N from the PDMAEMA structure became evident 8 

(see oCNT-DS spectra). Bromine peaks should also appear but overlap in energy with 9 

aluminium, which is an artefact of the measurement. After the quaternisation step, additional 10 

peaks corresponding to iodine became visible in oCNT-DSI+ spectra, proving the success of 11 

the quaternisation reaction. The analysis of light elements from EDX is semiquantitative as 12 

sometimes these elements could be resourced from the air and silicon wafer support. The atom 13 

percentages of C, N, and O of oCNT-DL, oCNT-DS, oCNT-SL, and oCNT-SS are shown in 14 

Table S1, where the N/C ratios related to the amount of the polymer brush on CNTsincreased 15 

in the following order: DL > DS > SL > SS. The same trend of increasing brush 16 

functionalization was observedby TGA.   17 

3.1.3 TGA characterisation 18 

TGA was employed to measure the degree of functionalisation and thermal stability of the 19 

CNTs at each synthesis step through characterisation of decomposition behaviour of the 20 

different samples. Pristine carbon nanotubes underwent minimal decomposition at 21 

temperatures up to 600oC due to their high thermal stability34 and any significant weight loss 22 

for CNTs observed prior to 500oC is likely due to presence of impurities generated during its 23 

manufacture, which decompose at lower temperatures35. Figure 1d and S6 showed that the 24 

weight loss percentage of the CNTs increased with each successive functionalisation measured 25 
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at 600ºC. After polymerisation, a characteristic two-stage PDMAEMA decomposition was 1 

observed during the TGA study. The first degradation occurred in the range 210-280ºC, which 2 

was attributed to the elimination of side-chain groups of PDMAEMA. The second degradation 3 

stage was from 280-400ºC and was mainly attributed to the decomposition of carbon skeletons, 4 

especially in the central chain backbone. Expectedly, this behaviour was less evident with the 5 

TGA thermogram for sparse brush formation in Figure S6 compared to dense brush formation 6 

since the overall PDMAEMA amount grafted onto the carbon nanotubes was significantly 7 

lower. The overall decomposition percentage at each reaction step was summarised in Table 8 

S2 to quantify the amount of cationic polymer brush on CNTs. 9 

3.1.4 FTIR characterisation 10 

The chemical composition of the CNTs was studied through ATR-FTIR after each step of 11 

modification. Figure 1e and S7 showed that all CNTs displayed peaks in the region 1900-2300 12 

cm-1 corresponding to the C-C bonds from the graphitic backbones. After oxidation, the spectra 13 

remained the same for oCNT probably because the degree of oxidation was not high enough 14 

for it to be detected. After PDA coating, new peaks at 1700 cm-1 (C=O stretching) and 1150 15 

cm-1 (C-O stretching) appeared for oCNT-PDA due to the ester groups introduced.  After 16 

ATRP initiator deposition, no obvious spectral change was detected for oCNT-BiBB-S 17 

compared to oCNT-PDA due to detectable chemical structure of the initiator is similar to that 18 

of the PDA coatings. It could also probably because of the ultrathin layer of the initiator to be 19 

detected within the sensitivity of the FTIR machine, as indicated by TGA showing the sparse 20 

initiator coating was only 0.5% (Table S2). However, the spectra for oCNT-BiBB-D showed 21 

slightly more intense peaks for C=O and C-O stretching indicative of the increase in surface 22 

ester moieties brought by dense initiator depositions. The peaks between 2770−2820 cm-1 were 23 

attributed to the −N(CH3)3 stretching vibrations, which are only found in spectra for 24 

PDMAEMA.17 This further demonstrated successful polymerisation from the initiators for all 25 
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the oCNT-PDMAEMA hybrids. Other feature band at 1450 cm-1 corresponding to the -1 

N(CH3)3 deformational stretching vibrations. In addition, there were more intense bands for 2 

C=O vibrations at 1700 cm-1 and for C-O-C at 1150 cm-1 compared to previous 3 

functionalisation steps indicting extra incorporation of ester groups from the PDMAEMA 4 

brushes. The intensities of the PDMAEMA feature bands amongst each brush type also varied 5 

with dense brush hybrids displayed higher frequencies of these characteristic bands compared 6 

to sparse brush hybrids. Finally, after quaternisation with methyl iodide, the quaternary 7 

ammonium salts in oCNT-PMETAI displayed weaker intensity of the characteristic 8 

PDMAEMA peaks, which were slightly shifted to higher wavenumbers.  9 

 10 

3.2 Nucleic acids loading on polymer brush coated carbon nanotubes 11 

PDMAEMA is a weak poly base since its DMAEMA monomeric units possess tertiary amines 12 

which are cationic depending on the surrounding pH.36 At physiological conditions, 13 

PDMAEMA possesses a slightly positive charge which allows them to spontaneously associate 14 

with the anionic nucleic acids.37 Dense crowding of cationic polymer brushes have been shown 15 

to provide unique environments for highly stable RNA uptake.17 However, comprehensive 16 

investigation on how the architectures of brush modified CNTs affect the binding of different 17 

shapes and types of nucleic acids have not yet been studied. In this context, the binding of 18 

siRNA, ssDNA and plasmid DNA with the four types of brush-CNT hybrids were assessed. 19 

Figure 2 showed the gel electrophoresis study for siRNA binding onto the four types of oCNT-20 

PDMAEMA materials tested at different N/P ratios of 1, 5 and 10. Free siRNA was used as 21 

control in each group. The images presented were the unbound siRNA, in which higher 22 

intensity of siRNA indicates less siRNA capture by the brush-CNT hybrids. Overall, the siRNA 23 

binding for each vector increased with increasing N/P ratios, demonstrating the highest siRNA 24 

loading capacity at N/P=10 due to more cationic polymers present.  25 
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oCNT-DS displayed the highest siRNA loading of the four brush types, which suggested the 1 

architecture of the brush plays a crucial role in binding with siRNA regardless of the amount 2 

of cationic polymers has been introduced. The polymerisation process can be ascertained from 3 

a linear first-order kinetic plot, accompanied by a linear increase in polymer molecular 4 

weights.38 Therefore, when growing in the linear range, PDMAEMA could have formed 5 

densely grafted brush-like chain conformation, which provides a stronger entropic drive for the 6 

adsorption of anionic nucleic acids to stabilise the structure (Figure 2, oCNT-DS).17, 19 The 7 

deactivation of the polymerisation was pronounced when the growth kinetics was not in a linear 8 

fashion,39 typically occurred with long polymerisation time that only part of the polymer chains 9 

were able to extend. Consequently, a mushroom-like conformation could have formed on top 10 

of the brush-like structure (Figure 2, oCNT-DL), resulting in steric hindrance to allow further 11 

penetration of nucleic acids into the brush-like region compared to DS brush. When cationic 12 

polymer chains were initiated from a surface coated with sparse initiators, meaning the distance 13 

between two initiators sites was much longer than the polymer chain length,20 the formation of 14 

lose and mushroom like morphology of polymer coatings occured20, 40 on CNTs (oCNT-SS and 15 

oCNT- SL).  16 

 17 

Figure 2. siRNA binding with different brush-CNT hybrids. Gel electrophoresis study of 18 
oCNT-SS, oCNT-SL, oCNT-DS and oCNT-DL complexed with 1 µg siRNA at N/P ratio of 1, 19 
5 and 10 in 1 X PBS respectively . Free siRNA was used as control and the images presented 20 
were the unbound siRNA with higher intensity indicates less siRNA binding to the brush-CNT 21 
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hybrids; schematic illustrations were presented beside each gel image, indicating the different 1 
interaction mechanisms. 2 
 3 

In this study, the adsorption of siRNA on the two types of sparse brushes exhibited similar 4 

trends, demonstrating minimal architectural impact of the polymers on siRNA binding. 5 

However, the amount of the sparse brush modified CNTs were enormously higher than dense 6 

brush coated CNTs as show in Table S3. Almost ten times of sparse brush CNT hybrids in 7 

weight was required to complex the same amount of nucleic acids as compared to dense brush 8 

CNTs. This could limit the further application of sparse brush modified CNTs for in vitro 9 

studies to meet the safe dosage of the CNTs hybrids whilst still maintain similar level of siRNA 10 

delivery efficiency.  11 

Further gel electrophoresis studies were carried out for ssDNA(CpG) and plasmid (Figure 12 

S8a,b), which showed similar trend and correlated with the findings for siRNA adsorption on 13 

four different types of hybrids (Figure 2). Likewise, the DS brush exhibited the highest binding 14 

to both ssDNA and plasmid at all tested N/P ratios. This provides the evidence that DS brush 15 

modified CNTs could be applied to load various types of nucleic acids with different shapes, 16 

molecular weight, size, etc. more efficiently than its counterparts due to its unique architecture.  17 

To achieve more condensation with nucleic acids, higher N/P ratios to render the polyplexes 18 

with a net positive charge were usually introduced. However, excess cationic charge could 19 

possibly lead to more cytotoxicity, hence the delivery vector that achieves maximal loading at 20 

lower N/P ratio is more desirable. Therefore, oCNT-DSI+ were investigated for their siRNA 21 

loading as shown in Figure S8c. Owing to their highly permanent positive charge, these strong 22 

polyelectrolytes exhibited higher binding efficiencies compared with the non-quaternised 23 

brushes (Figure 2). Taken together, DS brush-CNT hybrids are of more interest for further in 24 

vitro studies. 25 
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3.3 Cell viability 1 

The expansion of CNTs based materials for biomedical applications makes researchers more 2 

cautious regarding their safety issues.41 In recent years, conflicting results have been reported 3 

that some have shown CNT induced morphological alterations of cellular structures42, DNA 4 

damage43 and cell apoptosis44 etc., while others demonstrated CNTs do not induce apparent 5 

cytotoxicity9, 45-46. Numerous studies have underlined the relation between the biocompatibility 6 

of CNTs and their physicochemical properties and how the purity and surface modifications of 7 

CNTs have made huge impact to their cytotoxicity.47-49 Meanwhile, different assays including 8 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction (MTT)50, 9 

lactate dehydrogenase (LDH)48, flow cytometry-based Annexin V/PI (propidium iodide) 10 

staining51, and other water soluble tetrazolium salt-based assays have been introduced to assess 11 

the cytotoxicity of CNTs, which may partially explain the variety in cell toxicity of CNT-based 12 

materials. We have previously reported the modified LDH assay 48 as a sensitive and reliable 13 

assay for the accurate assessment of cell viability of CNTs, which was used in this study.  14 

 15 

Figure 3. Viability test of B16-F10 cells treated with different siRNA complexes. Cell 16 
viability was tested with modified LDH assay. B16-F10 cells were treated with oCNT-17 
DS/siRNA and oCNT-DSI+/siRNA complexes at different N/P ratios from 0.5 to 10 in OPTI-18 
MEM serum free medium for 4 h, followed by replacing with full culture medium for further 19 
48 h incubation. Values are expressed as mean ± SD, where n=3. Statistical analysis was done 20 
on oCNT-DS/siRNA and oCNT-DSI+/siRNA (ns: no significant difference, p**<0.01). 21 
 22 
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The viability of B16-F10 cells was measured by modified LDH assay after treatment with 1 

oCNT-DS/siRNA and oCNT-DSI+/siRNA complexes at a series of N/P ratios. 2 

Lipofectamine/siRNA complexes as controls were prepared according to manufacturer’s 3 

instruction. As shown in Figure 3, lipofectamine/siRNA displays strong cytotoxicity with only 4 

50 % of the cells survived after treatment. Both CNT based vectors showed a dose-dependent 5 

response on the cell viability that more cell deaths were exhibited with increasing N/P ratios. 6 

No obvious cytotoxicity was shown in both cases when N/P was below 5. Interestingly, oCNT-7 

DS/siRNA displayed a significantly higher cytotoxicity compared with its quaternised form, 8 

oCNT-DSI+/siRNA, that the cell viability for oCNT-DS/siRNA was around 75% at N/P ratio 9 

of 5 and only 52% when N/P ratio increased to 10. However, oCNT-DSI+/siRNA exhibited 10 

above 80% of cell viability at the highest concentration despite the only difference being the 11 

type of amine groups for the two vectors.  12 

Some studies have demonstrated cationic polymers drastically disrupt the cells above a certain 13 

concentration52 which occurs only when the polycation has a certain hydrophobicity. The 14 

stronger the hydrophobicity of the cationic polymer is, the more cooperatively the cells are 15 

disrupted.52 At pH of 7.4, PDMAEMA brush is only partially protonated36-37, which may result 16 

in more pronounced hydrophobic interactions between polymer chains rather than the 17 

hydration with the polar surroundings. Conversely, after quaternisation, PMETAI brushes 18 

became highly positively charged and hydrated in physiological conditions, as reported in other 19 

studies36, which have shown a reduction of the contact angle between the two types of brushes, 20 

meaning the PMETAI is more hydrophilic than PDMAEMA53. Therefore, it is evident in our 21 

study that the hydrophobicity of the polymer brush type dominates and contributes to the 22 

cytotoxicity rather than the positive charge density. 23 

 24 

3.4 Cellular uptake 25 
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Efficient cellular uptake represents one of the major hurdles towards the therapeutic use of 1 

siRNAs.54 To compare different brush-CNT hybrids with their ability to deliver siRNAs to 2 

B16-F10 cells, Atto 655-labeled siRNAs were complexed with both oCNT-DS and oCNT-3 

DSI+ at a series of N/P ratios. Free siRNA and Lipofectamine/siRNA complex were also used. 4 

Cell-associated fluorescence was determined by flow cytometry and the mean fluorescence 5 

intensity (MFI) of the cells was used as a measure for the amount of internalised siRNA in 6 

Figure 4a. Free Atto siRNA exhibited negligible cellular uptake (Figure 4b) with no obvious 7 

histogram shift compared with untreated blank cells. The level of lipofectamine-assisted uptake 8 

was around 3.5 times higher than the free siRNA with histogram showing a broader shift 9 

compared to other groups. The uptake of oCNT-DS/siRNA and oCNT-DSI+/siRNA remains 10 

relatively low at N/P ratios below 5. At the highest N/P ratio, it showed 12 times and 9 times 11 

higher uptake than free siRNA for oCNT-DS/siRNA and oCNT-DSI+/siRNA, respectively, 12 

indicating the presence of more cationic polymers facilitates the uptake of siRNA complexes. 13 

The findings were also in agreement with the cell viability result considering the cell membrane 14 

disruption caused by oCNT-DS/siRNA may promote its cellular internalisation. 15 

 16 

Figure 4. B16-F10 cellular uptake of atto 655 siRNA complexes. B16-F10 cells were treated 17 
with of oCNT-DS/atto 655 siRNA and oCNT-DSI+/atto 655 siRNA complexes at different 18 
N/P ratios from 0.5 to 10 in OPTI-MEM serum free medium for 4 h, followed by further 48 h 19 
incubation with full culture medium before analysis with flow cytometry. a) Mean fluorescence 20 
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intensity (MFI) fold increase as compared with blank cells, values are expressed as mean ± SD, 1 
where n=3. Statistical analysis was done on oCNT-DS/siRNA and oCNT-DSI+/siRNA (ns: no 2 
significant difference, p**<0.01, p***<0.001). b) Histograms of the fluorescent intensity of 3 
the cells quantified by flow cytometry. 4 
 5 

3.5 In vitro gene silencing  6 

The high expression of checkpoint molecules such as PD-1 (programmed cell death protein 1) 7 

often causes immunosuppression.55 Eliminating this resistance has emerged as a powerful 8 

approach to cancer therapy in recent years. Specifically, blocking PD-1 expressed on T cells 9 

or its receptors (PD-L1) expressed on antigen-presenting cells or tumour cells removes the 10 

immune suppression of nascent or dampened immune responses in the host. The use of siRNA 11 

to knockdown PD-L1 has been shown to be a promising strategy to sensitise cancer cells to T 12 

cell killing56. 13 

 14 

Figure 5. Knock down efficiency of PD-L1 for B16-F10 cells treated with siPD-L1 15 
complexes. B16-F10 cells were transfected with oCNT-DS/siPD-L1 and oCNT-DS/siPD-L1 16 
complexes at N/P=2, 5 and 10. Lipofectamine 2000 (Lipo)/siPD-L1 was used as a positive 17 
control according to manufacturer’s instruction. Cells were incubated with siRNA complexes 18 
in OPTI-MEM serum free medium for 4 h, followed by replacing with full culture medium for 19 
further 48 h incubation. a) Dot blots of representative figures by flow cytometry with red 20 
showing the expression of PD-L1 and black representing the corresponding isotype for the 21 
same sample. b) Knock down efficiency quantified according the mean fluorescent intensity 22 
of each sample using Equation 2, values are expressed as mean ± SD, where n=3. Statistical 23 
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analysis was done on oCNT-DS/siRNA and oCNT-DSI+/siRNA (ns: no significant difference, 1 
p * < 0.05). 2 

 3 

Given the high siRNA adsorption of DS brush modified CNT, the knockdown efficiencies of 4 

PD-L1 on B16-F10 cells with oCNT-DS/siPD-L1 and oCNT-DSI+/siPD-L1 were assessed. 5 

Lipofectamine/siPD-L1 was used as the positive control. Post transfection, B16-F10 cells were 6 

harvested and stained with PE anti-PD-L1 antibodies and the corresponding isotype, then 7 

analysed with flow cytometry. Representative dot plots for blank cells, Lipofectamine 8 

transfected cells and brush-CNT hybrids transfected cells were shown in Figure 5a and Figure 9 

S9. The MFI of the cells was used to calculate the knock down efficiencies of different siRNA 10 

carriers according to Equation 1 and showed in Figure 5b. B16-F10 cells exhibited a high 11 

expression of PD-L1 on the cell surface with above 90% of cells population showed PD-L1 12 

positive. After transfection, an evident reduction of PD-L1 expression presented on 13 

lipofectamine group with around 60% of knock down efficiency. With increasing N/P ratios of 14 

siPD-L1 complexes of both brush-CNT hybrids, the enhancement in silencing activities was 15 

observed with 66 ± 5% and 62 ± 5% of knockdown efficiencies at the highest N/P ratios for 16 

oCNT-DS/siPD-L1 and oCNT-DSI+/siPD-L1 respectively, of which, oCNT-DS groups is 17 

significantly higher than Lipofectamine. This result demonstrated the capability of the brush 18 

coated vectors on efficient delivery of siPD-L1 to B16-F10 cells. No significant difference was 19 

observed between oCNT-DS/siPD-L1 and oCNT-DSI+/siPD-L1 groups although the uptake 20 

level of PDMAEMA brush coated CNTs is slightly higher than its quaternised form. This may 21 

be attributed to membrane disruption discussed in cell viability section and the mechanism of 22 

siRNA silencing that a low dose of siRNA was typically required to have effective silencing. 23 

However, in many cases, the actual siRNA amount that released in cytosol and incorporated to 24 

RNAi machinery was unclear. Conclusively, dense cationic polymer brush functionalised 25 
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CNTs demonstrated their potential as siRNA carriers to achieve efficient silencing of PD-L1 1 

on B16-F10 cells. 2 

 3 

Conclusion 4 

By employing the mussel-inspired polydopamine chemistry and SI-ATRP, the synthesis of 5 

cationic polymer brush grafted CNTs was achieved with control over the coating chemistry 6 

and architecture. We concluded that DS cationic polymer brush coatings are superior in 7 

efficiently binding different nucleic acids compared to other architectures. DS brush coated 8 

CNTs also demonstrated higher levels of cellular uptake and transfection efficiency compared 9 

to commercially available agent. This novel cationic polymer brush grafted CNTs offers new 10 

capabilities for the rational design of delivery systems for genetic materials and potentially 11 

other combinatory approaches.  12 

 13 
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