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Star polymers with acid-labile diacetal-based cores synthesized by 

aqueous RAFT polymerization for intracellular DNA delivery†  

Thomas J. Gibson,‡a Peter Smyth,‡b Mona Semsarilar,c Aidan P. McCann,b Will iam J. McDaid,b 
Michael Johnston,b Christopher J. Scottb and Efrosyni Themistou*a 

The application of DNA-based therapeutics holds much potential, but it is limited by the ability to successfully deliver and 

tranfect target cells. Here, acid-labile diacetal-based star polymers were synthesized by a facile ‘arm-first’ heterogeneous 

reversible addition-fragmentation chain transfer polymerization in biologically compatible solvents, for use as DNA delivery 

vehicles. Their cytotoxicity, DNA binding and transfection rates were evaluated. The star polymer arms are based on the 

biocompatible oligo(ethylene glycol) methacrylate (OEGMA) monomer, the cationic 2 -(dimethylamino)ethyl methacrylate 

(DMAEMA) monomer and their mixtures. Their cores  were prepared by the acid-labile diacetal bis[(2-

methacryloyloxy)ethoxymethyl] ether (MOEME) or the non-degradable ethylene glycol dimethacrylate (EGDMA) cross-

linker, for comparison. The MOEME-based star polymers showed accelerated degradation in acidic conditions. The fully 

cationic star polymers, PDMAEMA26-MOEME4-star and PDMAEMA26-EGDMA6-star, showed higher cytotoxicity but also 

considerably better DNA complexation. The higher transfection efficiency obtai ned for PDMAEMA26-MOEME4-star (65.5%) 

compared to PDMAEMA26-EGDMA6-star (44.2%) can be attributed to the ability of the former to disassemble at endosomal 

pH, due to its acid-labile MOEME-based core. The ability of the star polymer-DNA complexes to escape the endo/lysosomal 

pathway was shown to be a key determinant of transfe ction efficiency, as assessed by confocal microscopy and flow 

cytometry. In conclusion, these star polymers show promise as biocompatible, pH-labile polymers for DNA delivery that can 

be synthesized without the need of toxic organic solvents.

Introduction 

The development of safe, non-toxic, efficient vehicles is crucia l  

to the success of gene delivery.1,2 Although viral vectors for 

nucleic acid delivery entered clinical trials in the last few 

decades, concerns about their safety have limited their use.  

Polymeric nanocarriers , such as polycations, have attracted the 

interest of many researchers as good substitutes of viral vectors  

due to their lower immunogenicity and pathogenicity. 2,3   

 Polycations, with their numerous positive charges, are 

capable of forming complexes with negatively charged 

molecules, such as DNA, through electrostatic interactions .4 , 5  

Their ability to condense DNA has been known since the 1960s , 

when Olins et al. showed that mixing DNA with cationic 

polypeptides increased its stability against denaturation.5 Since 

cell membranes are inherently anionic or zwitterioni c,  

uncomplexed DNA is unable to pass through the membrane into 

the cell.6 When bound to polycations however, the resulting 

complexes exhibit a partial positive or neutral charge that allow 

for easier uptake by the cell membrane. 7 Recently, attention 

has been given to poly(2-(dimethylamino)ethyl methacrylat e ) 

(PDMAEMA) as a non-viral vector due to its buffering capaci ty 

and improved biocompatibility compared to the commo nl y 

used polyethylenimine (PEI).8 PDMAEMA polymers can be 

synthesized by reversible-deactivation radical polymerizatio ns , 9   

such as reversible addition-fragmentation chain transfer (RAFT) 

polymerization, 10, 11 that allow the facile synthesis of tailor -

made cationic polymers with complex structures, which are 

promising non-viral gene delivery vectors.12 In an effort to 

design better and more efficient cationic polymer vehicles for 

gene therapy, various methodologies are currently employed. 

A common strategy used to increase solubility and 

biocompatibili ty of polycations is the incorporation of  

polyethylene glycol (PEG) groups into their structure.13,1 4 PEG-

based polymers are neutral and they appear to have reduced 

cytotoxicity. They are also less likely to interact with blood 

proteins, resulting in enhanced biodistribution in the body. 1 5  

Rungsardthong et al. showed that mixing PEG with DMAEMA 

results in copolymers with increased solubility and superior 

DNA binding, but also lower transfection efficiency.16    

Except from linear polycations, other macromolec ula r 

architectures are also studied for gene delivery.8,1 7 One of these 

architectures is star polymers,1 7 which are branched polymeric 

nanostructures consisting of multiple linear polymer chains , 

called “arms”, tethered together at a central point, referred to 

as the “core”.18,1 9 Star polymers with cationic polymer arms  

have distinct properties that are advantageous for use in DNA 

delivery applications.1 7,2 0 They exhibit better DNA binding than 

linear analogues, which is attributed to their unique star 

architecture.21 –23 Since polymer molecular weight (MW) also 

has a considerable effect on polycation cytotoxicity,2 4 cationic 

star polymers that contain biodegradable cores may confer 

improved biocompatibility25 due to their ability to transform to 

lower MW products inside the body. Star polymers with cores  
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that can break down in the acidic environment of the cell  

endosome, such as acetal-based cores, can also result in more 

efficient gene delivery.26– 36  

The most commonly used strategy for star polymer 

synthesis is the “arm-first” approach, which forms star polymers  

by cross-linking linear polymer chains. Star polymers prepared 

by this methodology appear to suffer from non-controll abl e 

broad arm number distributions , high dispersities (Ð~2.0) 

determined by size exclusion chromatography (SEC),37, 38 low 

yields due to incomplete arm to star conversions giving large 

amounts of unattached arms, and star-star coupling products . 3 9  

All these are major issues in star polymer nanomedi cin e 

applications, highlighting the need for modifying this synthetic 

approach to a more efficient biologically-f riendly methodol o gy .  

Both PEG-based monomers, such as oligo(ethylene glycol ) 

methacrylate (OEGMA),28 ,40 –42 and trialkylamine-ba se d 

monomers, such as DMAEMA,23, 28, 31, 35,3 6,4 0,4 2–5 6 have been 

previously used in the synthesis of star polymers for nucleic acid 

delivery. However, most synthetic procedures for both the star 

polymers and their linear precursors use organic solvents, such 

as tetrahydrofuran (THF),23, 36,4 5,4 7,4 9–5 1,5 5,5 6 N,N-

dimethylformamide (DMF),31 ,35, 51 toluene,43,54 N,N-

dimethylacetamide,4 0,4 4,5 3 pyridine,45 anisole42 acetone28 and 

1,2-dichlorobenzene.5 2 As recently purported by Prat et al.,57 all 

of these solvents were ranked either as ‘hazardous’ that should 

be avoided, or as ‘problematic’, which can affect the toxicity of  

the resulting star polymer. On the other hand, alcohols, such as  

ethanol and methanol, were reported as ‘recommende d ’,  

suggesting that these solvents are good alternatives that can 

potentially improve the star polymer biocompatibility. 

A few studies in the literature indicated that the use of  

emulsions or dispersions, or poorly soluble cross-linkers can 

improve the “arm-first” star polymer Ð values.58,59 Howeve r, 

these studies were performed either in organic solvents  

(acetonitrile),58 and/or high polymerization temperatures (70  

°C)58,59 and/or long reaction times (24 h). An and coworkers , 5 9 –

63 Wang et al.,64 Tucker et al.65  and more recently Chen et al.66  

used a more biologically-f riendly methodology, RAFT 

heterogeneous emulsion and dispersion polymerization in 

water or water/alcohol mixtures, to prepare star polymers with 

low Ð values in high yields and high solid content. This synthetic 

methodology appears to be promising for the development of  

highly biocompatible star polymer vehicles for nucleic acid 

delivery. 

Herein, the preparation of novel star polymers with diaceta l  

bis[(2-methacryloyloxy)ethoxymethyl] ether (MOEME)-ba se d 

cores by a facile polymerization methodology in water at 37 °C 

is presented (Scheme 1). The star polymer arms are prepared 

by the neutral POEGMA,15, 67 the positively charged PDMAEMA, 8  

and their mixtures. The star polymer core has the ability to 

degrade in acidic conditions, such as the low pH of the cell  

endosome, resulting in collapse of the star polymer 

structure.26 ,34 The cytotoxicity, DNA-binding ability and 

transfection efficiency of the degradable MOEME-based star 

polymers is presented and compared to non-degrad abl e 

EGDMA-based star polymers. Based on our knowledge, this is 

the first report on preparation of star polymers with acid-labi le 

cores in biologically-friendly conditions (ethanol, water, body 

temperature), which is very significant for the development of  

these carriers. This is also the first gene delivery study for star 

polymers prepared by “arm-first” heterogeneous RAFT 

polymerization. 

Scheme 1 Synthetic sequences employed for the preparation of the star polymers of this study by RAFT polymerization. CADB = 4-cyano-4-(phenylcarbonothioylthio)pentanoic  

acid, RAFT agent; OEGMA = oligo(ethylene glycol)methacrylate, neutral monomer; DMAEMA = 2-(dimethylamino)ethyl methacrylate, cationic monomer; ACVA = 4,4'-azobis(4-

cyanovaleric acid), polymerization initiator; EtOH = ethanol, polymerization solvent; EGDMA = ethylene glycol dimethacrylate; non-degradable cross-linker; MOEME = bis[(2-

methacryloyloxy)ethoxymethyl] ether, degradable cross-linker; VA-044 = 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride, polymerization initiator. 
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Experimental 

Materials 

All chemicals were purchased from Sigma-Aldrich and were 

>97.0% purity unless stated otherwise. Paraformalde h yd e 

(95%) was purchased from Sigma-Aldrich. Methanol (HPLC 

grade) and ethyl acetate (reagent grade) were purchased from 

Fisher Scientific. Ethanol (industrial ) was purchased from 

Laboratory Supplies & Instruments Ltd. Hexane was purchased 

from T.E Laboratories . 2,2'-Azobis[2-(2-imidazoli n- 2-

yl)propane]dihydrochloride (VA-044) was purchased from 

Wako Speciality Chemicals. RAW 264.7 cells and 293T cells were 

obtained from the American Type Culture Collection (ATCC). 

Phosphate buffer saline tablets (PBS tablets), fetal calf serum 

(FCS), Dulbecco's Modified Eagle's medium (high-gluc os e ) 

(DMEM) and penicillin streptomycin were purchased from 

GIBCO (ThermoFisher Scientific). Cell culture treated 

consumables including flasks (T175, T80, T25), plates (96, 24, 12 

and 6 well), petri dishes (P90) and cryotubes (1.8 ml) were 

sourced from Nunc (Life Technologies, Paisley, United 

Kingdom). CellTitre-Glo (CTG) reagent was obtained from 

Promega Corporation. Ethylenediaminetetraacetic acid (EDTA) 

was purchased from Melford Laboratories Ltd. Acetic acid was  

purchased from VWR International. Bluejuice loading buffer 

and UltraPure Agarose were purchased from Invitrogen. Calcein 

and acridine orange were obtained from Life Technologies . 

Vectashield antifade mounting medium with DAPI was acquired 

from Vector Laboratories. eGFP and pDQ EV (His) plasmids were 

kindly provided by Dr. James Burrows (Queen’s Univers i ty 

Belfast). 

 Both OEGMA and DMAEMA monomers were passed 

through a basic alumina column before use to remove any 

radical inhibitors. The diacetal-based MOEME cross-linker was  

prepared in house using the experimental procedure described 

by Themistou et al.32 

Polymer characterization 

All proton nuclear magnetic (1H NMR) spectroscopic analyses  

were performed using a Bruker Advance 400 MHz spectrome te r 

in deuterated chloroform (CDCl3) or CDCl3 / deuterated 

methanol (MeOD) mixtures. SEC measurements to assess the 

molecular weight distributions (MWDs) of the star polymers , 

their linear precursors called macro-chain transfer agents  

(macro-CTAs) and their degradation products were performe d 

using an Agilent Technologies 1260 Infinity SEC system with a 

Cirrus software and a refractive index (RI) detector mainta ined 

at 30 °C. The instrument setup was comprised of a guard column 

followed by two Agilent PL gel 5 μm MIXED-C columns operating 

at 25 °C. The eluent used was THF (HPLC grade) containing 2.0% 

v/v triethylamine and 0.05% w/v butylated hydroxytol u en e 

inhibitor at a flow rate of 1.0 mL min−1. Dimethyl sulfoxide 

(DMSO) was used as a flow rate marker. A series of ten near -

monodisperse Agilent EasiVial poly(methyl methacrylat e ) 

standards with MWs of 1010, 1950, 6850, 13 900, 31 110, 68 

750, 137 800, 320 000, 569 000 and 1 048 000 g mol−1 were used 

for calibrating the SEC instrument. Dynamic light scattering 

(DLS) experiments using a detection angle of 173° (back 

scattering) (conducted in triplicate, star polymer solution 

concentrations of 1 mg mL−1 in PBS buffer) and zeta potentia l  

measurements were recorded using a Malvern Zetasizer Nano 

Series ZS instrument operating at 25 °C with a 633 nm (red) laser 

diode. Transmission electron microscopy (TEM) imaging was  

conducted using a JEOL1200 EXII instrument operating at 120 

kV equipped with a numerical camera. 5 μL of a 0.2 mg mL−1 star 

polymer solution was placed onto a carbon-coated copper grid, 

stained using an aqueous solution of 99.98% ammoniu m  

molybdate, and then dried under ambient conditions. 

Synthesis of macro-CTAs 

The same general RAFT polymerization procedure was used for 

the synthesis of POEGMA26, PDMAEMA26 and P(OEGMA12- s t-

DMAEMA13) macro-CTAs . For the latter, a 1:1 molar ratio 

mixture of the two monomers was used. A typica l  

polymerization yielding the PDMAEMA macro-CTA is detailed 

next. 4-Cyano-4-(phenylcarbonothioyl thio)pentanoic acid 

(CADB) RAFT agent (11.85 mg, 1.00 equiv, 4.2 mmol) and 

DMAEMA monomer (20 g, 30.00 equiv, 127.2 mmol) were 

added to a 100 mL round bottom flask equipped with a 

magnetic stirring bar and a rubber septum. Ethanol (27.19 mL) 

was then added to the flask and the resulting solution was  

purged with nitrogen gas for 20 min. Subsequently, 4,4′-

azobis(4-cyanovaleric acid) (ACVA, 297.16 mg, 0.25 equiv, 1.06 

mmol) was added to the reaction mixture to give a 50% w/w 

solids content and the solution was bubbled for a further 20 

min. The degassed solution was placed in an oil bath at 78 °C 

and the reaction was left to proceed for 5 h. The reaction was  

then quenched by cooling at 0 oC and exposing the contents to 

air (final DMAEMA monomer conversion = 87.6% as judged by 
1H NMR spectroscopy, NMR solvent CDCl3). The pure macro-

CTA was obtained by dialysis of the crude product against 

methanol (10 times, MW cut-off (MWCO) of 1000 g mol−1) and 

drying under vacuum. The polymer was characterized by 1H 

NMR spectroscopy and SEC (THF), giving MW and dispersity (Ð) 

values of 4370 g mol−1 and 1.21, respectively. For P(OEGMA1 2-

st-DMAEMA1 3) macro-CTA the reaction was also left to proceed 

for 5 h, whereas only 3 h were needed for POEGMA26 to reach 

high conversion under the same conditions. The monome r 

conversions and MW by 1H NMR spectroscopy, and the number-

average molecular weight (Mn) and Ð values by SEC, for all 

macro-CTAs are presented in Table 1. 

Synthesis of acid-labile MOEME-based and non-labile EGDMA-

based star polymers in water 

 All PDMAEMA 26, POEGMA26 and P(OEGMA12-st-DMAEM A 1 3 ) 

based star polymers were prepared by RAFT polymerization in 

water using similar conditions (Scheme 1). For the acid-labi le 

MOEME-based star polymers, a 4:1 molar ratio of  

MOEME:macro-CTA was used,  whereas for the EGDMA-ba se d 

star polymers a 6:1 molar ratio of EGDMA:macro-CTA was used. 

For example, for the synthesis of the acid-labile PDMAEMA 2 6-

MOEME4-star at 15% w/w solids content in water, PDMAEMA 2 6  

macro-CTA (3.00 g, 1.00 equiv., 0.689 mmol), MOEME cross -

linker (844.6 mg, 4.00 equiv, 2.748 mmol) and 22.42 mL of  

deionized water were added  to a 50 mL round bottom flask 
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Table 1 Reaction times, monomer conversions, MWs and PDI values for the synthesized macro -CTAs prepared via RAFT solution polymerization in ethanol at 78 °C 

       Data obtained by a)1H NMR (400 MHz, NMR solvent = CDCl3); b)SEC (THF). 

equipped with a magnetic stirring bar and a rubber septum. The 

contents were sonicated and vortexed until a homogene o us  

mixture was obtained. The resulting solution was bubbled with 

nitrogen gas for 20 min. VA-044 (111.07 mg, 0.50 equiv., 0.344 

mmol) was added to the flask and the solution was degassed 

further using nitrogen gas for 20 min. The mixture was inserted 

in an oil bath at 37 oC and the reaction was quenched after 1.5 

h by cooling at 0 oC and exposing the contents to air. Different 

reaction times were used for each reaction (Scheme 1) for star 

polymer formation due to differences between the reactivities  

of the macro-CTAs and the cross-linkers. The final star polymer 

reaction products were characterized by SEC.    

Star polymer purification 

After their synthesis, the star polymers were diluted 1:9 with 

deionized water and subsequently purified from their linear 

precursors by filter centrifugation using Amicon Ultra-15 filter 

units (Merck, MWCO = 30,000 g mol−1) and an Eppendorf 5804 

centrifuge at 4200 rpm (6 washes). After purification the star 

polymers were freeze dried to give a pink powder and 

characterized by 1H NMR and SEC. 

Star polymer degradation in acidic conditions 

The MOEME-based star polymers were degraded successfully in 

water in the presence of hydrochloric acid at room 

temperature. 60.0 mg of each purified and freeze-dried star 

polymer were dissolved in 2 mL of 2 M HCl and stirred at 600 

rpm at room temperature for 17 days. The degradatio n 

products were analyzed using SEC. For the SEC sample 

preparation, 1 mL of each sample was diluted with 9 mL SEC 

eluent (THF), resulting in the formation of two distinct layers . 

The pink/brown color of the bottom aqueous layer indicated 

the presence of the polymer. The solutions were neutralized by 

addition of 4 drops of 10 M NaOH and shaken vigorous l y, 

resulting in the transfer of the polymers to the organic (THF) 

layer, as indicated by the presence of color in the top layer. The 

samples were left to equilibrate for 3 h before 2 mL of the 

organic layer was extracted using a pipette and filtered through 

a 0.45 μm syringe filter. The filtered solutions were analyzed by 

SEC. After 17 days, the degradation of the MOEME-based star 

polymer structures to linear polymers reached almost 

completion based on the observed SEC MWDs, whereas the 

non-degradable EGDMA-based star polymers showed no (or 

minimal) formation of linear polymers. 

Star polymer cytotoxicity 

Cytotoxici ty of the star polymers was investigated in RAW264. 7 

macrophages. This cell line was chosen as it has been previous ly 

shown to be capable of achieving high levels of polymer 

nanoformulation uptake/internalization. As such, it has been 

used extensively in the literature for evaluation of formulatio n 

cytotoxicity.68, 69 RAW 264.7 cells were acquired from ATCC and 

cultured in high glucose DMEM supplemented with 10% EFFCS. 

Cell viability was assessed via CTG assay (Promega). RAW 264.7 

cells were seeded in 96-well plates at 2500 cells/well and 

allowed to adhere overnight. Cells were subsequently treated 

and incubated at 37 °C for 48 h. After the treatment period, CTG 

assay was performed as per manufacturer’s instructions. 

Luminescence was measured (Biotek Synergy II) and viabili ty 

of treated cells was expressed relative to that of control cells. 

Star polymer-DNA conjugation 

The complexation of pDQ EV (His) plasmid DNA with the star 

polymers was investigated by electrophoresis on agarose gel .  

1.5% w/v agarose gels were prepared in Tris-acetate-EDT A 

buffer containing 0.01% v/v ethidium bromide. Complexes were 

prepared at varying polymer:plasmid DNA ratios. These samples  

were then mixed using a vortex mixer and incubated at room 

temperature for 30 min. Complexes were mixed with Bluejuice 

loading buffer (Invitrogen), volumes equilibrated using TE 

buffer and added to the gel alongside controls for free plasmid 

and free polymer. Gel electrophoresis was conducted at a 

constant 100 mV for 1 h, with the gel then imaged on a UV trans -

illuminator (MiniBIS Pro, DNR Bio-imaging systems). 

Star polymer-DNA transfection 

Transfection was investigated in the 293T cell line, a more 

biologically relevant model for the investigation of transfection 

efficiency. HEK293 and 293T cells have a long-standing history 

of use in the expression of recombinant proteins. The populari ty 

of these cell lines for this purpose is predominantly as a result 

of their amenability to transfection using a variety of  

approaches and the subsequently high transfection efficiency 

that can be obtained.70, 71 293T cells were acquired from ATCC 

and cultured in high glucose DMEM supplemented with 10% 

FCS. Cells were seeded in 6-well plates at 70 000 cells/well and 

allowed to adhere overnight. Complexes of star polymers and 

eGFP plasmid were prepared at varying plasmid DNA:star 

polymer mass ratios. These samples were then mixed using a 

vortex mixer and incubated at room temperature for 30 min. 

Cells were subsequently treated and incubated at 37 °C for 48 

h. After the treatment period, transfection was assessed 

qualitatively by fluorescence microscopy (EVOS FL Cell Imaging 

System) and quantitatively by flow cytometry (BD Accuri C6 Plus  

Flow Cytometer). 

 

 

Entry Macro-CTA 

targeted structure 

Reaction time 

[h] 

OEGMA  

% conversion 

DMAEMA  

% conversion 

MWa)  

[g mol−1] 

Mn
b)  

[g mol−1] 

Ð valueb 

M1 POEGMA30 3 88.0 - 8080 8800 1.23 

M2 PDMAEMA30 5 - 87.6 4370 4800 1.21 

M3 P(OEGMA15-st-DMAEMA15) 5 77.9 88.0 5920 7300 1.22 
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Star polymer induced endo/lysosome destabilization 

The ability of the star polymers to escape the endo/lysos o m al  

compartments was assessed by two methods; calcein 

localization by confocal microscopy and acridine orange 

staining by flow cytometry. 

For calcein localization studies, RAW 264.7 cells (acquired 

from ATCC and cultured in high glucose DMEM supplemen te d 

with 10% endotoxin free FCS) were seeded in 8-well confocal  

slides at 20 000 cells/well and allowed to adhere overnight. Cell s  

were subsequently treated with calcein (2 mg mL−1 in cell  

culture media) +/- SSP (0.25 mg mL−1 in PBS buffer) for 3 h. On 

the completion of the treatment period, cells were washed with 

PBS (3x) and fixed with 4% w/v paraformaldehyde in PBS for 20 

min. Following further washes in PBS (3x), cells were  

permeabilized with 0.5% v/v Triton X-100 in PBS for 5 min. Cell s  

were then washed with PBS buffer (3x) and coverslips were 

added post application of Vectashield antifade mountin g 

medium with DAPI (Vector Laboratories ). Slides were viewed on 

a SP8 confocal microscope (Leica Microsystems) equipped with 

LAS AF software. Images were captured with a x40 lens zoomed 

x1-4, 512 x 512 frame and 200 Hz scanning speed.  

For acridine orange endo/lysosomal integrity assays RAW 

264.7 cells were seeded in 6-well tissue culture plates at 70 000 

cells/well and allowed to adhere overnight. Cells were 

subsequently treated with star polymer (0.125 mg mL−1) for 24 

h. After the treatment period, cells were washed with PBS 

buffer, trypsinized and pelleted by centrifugation. Cells were 

then resuspended in PBS buffer containing 1 μg mL-1 acridine 

orange and incubated for 15 min at 37 oC. Sample analysis was  

then conducted by flow cytometry (BD Accuri C6 Plus Flow 

Cytometer). 

Statistical analyses 

Statistical tests were performed using GraphPad Prism software 

(version 6.0). Statistical tests were employed as detailed in each 

figure legend. Where three or more groups were present, one 

way analysis of variance (ANOVA) was utilized. Statistica l  

significance is highlighted by asterisks on the graphs, which are 

then defined in the corresponding figure legends. 

Results and discussion 

In order to investigate the effect of changing the star polymer 

arm and core composition on their properties, a series of six star 

polymers was prepared (Scheme 1). Their synthesis, via ‘arm-

first’ methodology, is based on the ability of RAFT 

polymerization to produce linear “living” polymers (macro -

CTAs) upon reaction of a methacrylic monomer (or mixtures of  

monomers) with a RAFT agent and an initiator, and thei r 

subsequent reaction with a dimethacrylate cross-linker.10 Here, 

all linear macro-CTA precursors were prepared in ethanol, whi le 

the star polymer synthesis was performed in water. The star 

polymer arms (macro-CTAs) were designed so that they have 

distinct charge densities by varying the amount of the neutra l  

OEGMA and the cationic DMAEMA monomers. The PEG 

repeating units of POEGMA endow the resulting star polymer 

with ’stealth-like’ properties that shield it from protein 

opsonisation to enhance circulation half-life.72,73 The cationic at 

pH 7 PDMAEMA is able to form strong electrostatic interactions  

with the negatively charged DNA at physiological pH.8 , 7 4  

However, polycationic carriers are known to be intrinsica l ly 

cytotoxic.7 5,7 6 To combine the desirable properties of these t wo 

monomers, i.e. biocompatibility of OEGMA and positive charge 

of DMAEMA, a 1:1 statistical copolymer P(OEGMA12- s t-

DMAEMA13) (Scheme 1) was also prepared. Both acid-labi le 

MOEME-based and non-labile EGDMA-based star polymers  

were prepared. Their toxicity, DNA complexation, transfection 

ability and escape from endosomal compartments were  

evaluated. 

Preparation of macro-CTAs 

Three hydrophilic macro-CTAs, POEGMA, PDMAEMA and 

P(OEGMA-st-DMAEMA) were prepared in ethanol using similar 

conditions (Scheme 1). Their successful preparation was  

confirmed by 1H NMR spectroscopy in CDCl3 and SEC in THF. As  

shown in Table 1, high monomer conversions (78%-88%) in 

ethanol at 78 oC within 3-5 h were achieved as judged by 1H 

NMR spectroscopy. These values were obtained by comparin g 

the area under the monomer methacrylic peaks at 5.58 and 6.14 

ppm to the area of the combined broad polymer/mono m e r 

signals at 4.09 ppm (for POEGMA) and 2.57 ppm (for 

PDMAEMA). The obtained monomer conversions correspond to 

POEGMA, PDMAEMA and P(OEGMA-st-DMAEMA) macro-CTAs  

with mean degree of polymerization (DP) of 26, 26 and 12/13, 

giving MWs of 8080 g mol−1, 4370 g mol−1, and 5920 g mol− 1 ,  

respectively (Table 1). The 1H NMR polymer characteristic peaks  

of the purified (by dialysis in methanol ) dried macro-CTAs are 

presented in Fig. S1. The SEC (THF) data (Fig. S2 and Table 1) 

showed narrow MWDs with low Ð values (1.21-1.23) for all 

macro-CTAs. Their Mn values were 8800 g mol−1 (Ð = 1.23), 4800 

g mol−1 (Ð = 1.21) and 7300 g mol−1 (Ð = 1.22) for POEGMA, 

PDMAEMA and P(OEGMA-st-DMAEMA), respectively. These 

values were in good agreement with the MW values obtained 

by 1H NMR spectroscopy (Table 1). As expected, the SEC 

chromatograms (Fig. S2) show a shift to lower retention times  

as the MW of the macro-CTA is increased (from PDMAEMA to 

P(OEGMA-st-DMAEMA) to POEGMA). The slight shoulder at 

lower retention time (higher MWs) observed in the SEC 

chromatograms of the OEGMA-containing macro-CTAs was  

attributed to chain-chain coupling reactions due to traces of  

EGDMA cross-linker present in the commercially available 

OEGMA monomer. Since the polymerization reactions were 

stopped at around 80% OEGMA monomer conversion, there is 

a possibility of existence of dangling double bonds from 

incomplete polymerization of the EGDMA cross-linker, which 

could react during the formation of the star polymer in the 

second polymerization step.  However, the existence of traces  

of EGDMA in the OEGMA monomer did not seem to significantly 

affect the star polymer synthesis.   

Preparation of star polymers 

As shown in Scheme 1, the three macro-CTAs were each reacted 

with either the acid-degradable MOEME or the non-degrad abl e 
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EGDMA cross-linker to generate star polymers via aqueous  

RAFT polymerization using an ‘arm-first’ approach.27 The 

MOEME-based star polymers have the ability to break down to 

linear polymers via a pH-responsive degradation mechanis m 

due to the presence of acid labile (di)acetal groups in the core 

of their nanostructures , while the EGDMA-based star polymers  

are relatively stable under these conditions.2 6,3 2,3 4  

The synthesis of the star polymers was performed in water 

at 37 °C in less than 4 hours (Table 2). A cross-linker:macro- CT A 

ratio of 4:1 was used for the MOEME-based star polymers, whi le 

a ratio of 6:1 was selected for the EGDMA-based star polymers .  

These different ratios were used due to the difference in size, 

solubility and reactivity of the two cross-linkers in aqueous  

media. When higher than 4:1 cross-linker:macro-CTA ratios  

were used with MOEME cross-linker, it was difficult to monitor 

the polymerization reaction since star polymer formation 

occurred in very short reaction times. The PDMAEMA26-ba se d 

star polymers were formed faster than the other star polymers , 

with formation achieved after 1.5 h for the PDMAEMA 2 6-

MOEME4-star (Table 2, SP2) and after 1 h for PDMAEMA 2 6-

EGDMA6-star (Table 2, SP5). This can be attributed to steric 

factors; the PDMAEMA26 macro-CTA had the least bulky side 

chain, therefore, chain incorporation to the star polymer core 

was easier. The POEGMA26 macro-CTA in contrast, had a much 

bulkier side chain. As such, longer polymerization times of 3.5 h 

for the POEGMA26- MOEME4-star (Table 2, SP1) and POEGMA 2 6-

EGDMA6-star (Table 2, SP4) were needed for star polymer 

formation. This is in agreement with the findings of An and 

coworkers,5 9 who also reported easier incorporation of  

PDMAEMA linear chains in comparison to the bulkier POEGMA 

chains to the star polymer core during heterogeneous RAFT 

polymerization. The P(OEGMA 12-st-DMAEMA1 3)-MOEME4- s ta r  

(Table 2, SP3) and P(OEGMA12-st-DMAEMA 13)-EGDMA6- s ta r 

(Table 2, SP6) were formed at intermediate rates, 2 h and 1.5 h, 

respectively. These reaction times were chosen for star polymer 

formation since higher reaction times tend to give star-star 

coupling, while shorter reaction times result in high amount of  

unattached arms.   

The SEC (THF) chromatograms for the MOEME-based star 

polymers (Fig. 1) showed a clear shift to lower elution times  

compared to their linear polymer precursors (macro-CT As ),  

which was indicative of MW increase as a result of the 

formation of the unique star-shaped architecture. These results  

confirm the successful interconnection of the arms of the star 

polymer structures and the adequacy of the cross-linker:mac r o-

CTA molar ratio used (4/1 for MOEME and 6/1 for EGDMA cross  

linkers). “Arm-first” RAFT polymerization methods for preparing 

star polymers are known to give incomplete star formation, 

resulting in the presence of some unreacted linear polymer 

precursors (i.e. macro-CTAs) that need to be removed after 

preparation.3 5,64 This was also the case here, where in Fig. 1 the 

MWDs of all the star polymers appeared to be bimodal. The 

higher MW peak (lower elution time) belongs to the star 

polymer, while the lower MW peak (higher elution time) 

corresponds to the unattached linear polymer. The amount of  

the linear polymer was calculated by comparing the areas under 

the two peaks of the chromatogram. The results are shown in 

Table 2, where the fraction of unreacted linear polymer was  

higher (between 27% and 35%) for the degradable MOEME -

based star polymers (Table 2, SP1-SP3) compared to the 8% to 

22% observed for the EGDMA-based star polymers (Table 2, 

SP4-SP6). These results are in agreement with reports in the 

literature for polymerizations in organic solvents, where the 

non-degradable EGDMA cross-linker appears to be more 

efficient in incorporating linear polymers to the star polymer 

cores than MOEME34 or other degradable cross-linkers with 

bulky structures.2 8,3 2–3 4,4 3,7 7,78 

Filter centrifugation was used to purify the star polymers  

from their linear macro-CTAs. The Mn and Ð values obtained by 

SEC of all the purified star polymers are presented in Table 2 

and the SEC chromatograms of the degradable MOEME-base d 

star polymers are presented in Fig. 1 together with one EGDMA-

based star polymer, for comparison. After purification (by 

dialysis), the SEC chromatograms appear to have only one peak 

that belongs to the star polymer, indicating the successful  

purification from its linear precursor. The purified star polymer 

SEC Mn values presented in Table 2, appear to be much higher 

(7-23 times) than the corresponding values of their linear 

precursors presented in Table 1. These Mn results combine d 

with the obtained relatively low Ð values (1.07-1.24), indicate 

successful preparation and purification of the star polymers.  

 

Table 2 Solids content, reaction times, MWs, PDI values, fraction of unattached arms, hydrodynamic diameters and zeta potential values for the synthesized star polymers prepared  

via aqueous RAFT polymerization at 37 °C. 

Entry Star polymer structure % Solids 

content 

[w/w] 

Reaction time 

[h] 

% Linear 

polymer b) 

Mn
a)  

[g mol−1] 

Ð 

valuea) 

Hydrodynamic  

Diameterc)  

[nm] 

Zeta potential 

[mV] 

SP1 POEGMA26-MOEME4-star 20.0 3.5 27.4 59 200 1.24 19.1 -10 ± 5.3 

SP2 PDMAEMA26-MOEME4-star 15.0 1.5 24.1 100 000 1.07 22.4 +22 ± 5.7 

SP3 P(OEGMA12-st-

DMAEMA13)-MOEME4-star 

20.0 2.0 34.9 75 000 1.14 19.1 +10 ± 6.0 

SP4 POEGMA26-EGDMA6-star 20.0 3.5 8.0 65 700 1.17 17.9 -15 ± 4.7 

SP5 PDMAEMA26-EGDMA6-star 20.0 1.0 21.7 108 000 1.20 22.0 +23 ± 4.6 

SP6 P(OEGMA12-st-

DMAEMA13)-EGDMA6-star 

20.0 1.5 17.0 78 900 1.12 19.0 +11 ± 4.2 

Data obtained by  a)SEC (THF) at the end of the polymerization reaction b)SEC (THF) after removal of linear precursor by centrifugation; c)DLS intensity-average diameter 

distribution
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1H NMR in CDCl3/MeOD mixture (3/1 v/v) of the purified star 

polymers (Fig. S3) confirmed the presence of the expected 

DMAEMA and OEGMA peaks for all the star polymers. 

The purified star polymers were also characterized by DLS, 

which gave hydrodynamic diameters in the range of 17-23 nm 

(Table 2, Fig. 2). TEM imaging for PDMAEMA2 6-MOEME4- s ta r  

was consistent with its DLS data, confirming the size and 

morphology of the star polymer (Fig. S4).  

As shown in Table 2, zeta potential measurements of all the 

star polymers gave values ranging from -15 mV (for POEGMA-

based star polymers) to +23 mV (for PDMAEMA-based star 

polymers). The observed data showed a clear trend; as the 

PDMAEMA content increased, and therefore the positive 

charges on the acid-labile star polymer side chains increased in 

the order POEGMA26-MOEME 4-star < P(OEGMA12- s t-

DMAEMA13)-MOEME4-star < PDMAEMA 26-MOEME 4-star , zeta  

potential values increased (became more positive). The same 

trend was also observed with the non-labile EGDMA-based star 

polymers. The negative values obtained for the POEGMA-ba se d 

star polymers, POEGMA2 6-MOEME4-star and POEGMA2 6-

Fig. 1 SEC (THF) chromatograms showing the synthesis (macro-CTA, MX; star polymer, SPX), purification (SPX pure) and acidic degradation (17 day degradation) of a) POEGMA 26-

MOEME4-star (SP1); b) PDMAEMA26-MOEME4-star (SP2); c) P(OEGMA12-st-DMAEMA13)-MOEME4-star (SP3); and d) POEGMA26-EGDMA6-star (SP4) star polymers. POEGMA26 (M1), 

PDMAEMA26 (M2) and P(OEGMA12-st-DMAEMA13) (M3) are the linear macro-CTA precursors. 

Fig. 2 DLS volume weighted diameter distribution for purified POEGMA26-MOEME4 -

star (SP1), PDMAEMA26-MOEME4-star (SP2), P(OEGMA12-st-DMAEMA13)-MOEME4 -

star (SP3), POEGMA26-EGDMA6-star (SP4), PDMAEMA26-EGDMA6-star (SP5) and 

P(OEGMA12-st-DMAEMA13)-EGDMA6-star (SP6) star polymers (1 mg mL−1 in PBS 

buffer). 
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EGDMA6-star, can be attributed to the carboxylic acid group of  

the RAFT agent, which is incorporated at the end of each arm 

(linear macro-CTA chain) of the star polymers during 

polymerization. 

Degradation of MOEME-based star polymers in acidic conditions 

The incorporation of acid-labile acetal groups in the core of the 

star polymer endows them with a pH-responsive degradatio n 

mechanism that results in low MW linear 

polymers.26,2 9,3 2,3 4,4 1,7 9–8 2 The MOEME cross-linker used here 

has the ability to degrade to two 2-hydroxylethyl methacrylat e 

(HEMA) units under acidic conditions similar to the ones found 

in cell endosomal compartments .26, 34 The complete breakdo w n 

of the degradable MOEME-based star polymers to linear 

polymers in a 2M hydrochloric acid (HCl) aqueous solution was  

accomplished in 17 days. The degradation products were 

analysed by SEC and the results are presented in Fig. 1 a-c (17 

day degradation). The figures show that all three MOEME-base d 

star polymers were degraded to much lower MW products than 

the initial star polymers, approaching the MW of their macro -

CTA precursors . More specifically, the Mn values of the 

degradation products POEGMA26- HEMA8, PDMAEMA26-H E MA 8  

and P(OEGMA 12-st-DMAEMA13)-HEMA8 of POEGMA 2 6-

MOEME4-star, PDMAEMA2 6-MOEME4-star and P(OEGMA12- s t-

DMAEMA13)-MOEME4-star were 10 700 g mol−1 (Ð = 1.51), 10 

700 g mol−1 (Ð = 1.73) and 11 800 g mol−1 (Ð = 1.73),  

respectively. As expected, the Mn (and Ð) values of the 

degradation products are higher that the values of the 

corresponding macro-CTA linear precursors of these star 

polymers shown in Table 1, POEGMA26 (M1, Mn = 8800 g mol− 1 ,  

Ð = 1.23), PDMAEMA2 6 (M2, Mn = 4800 g mol−1, Ð = 1.21) and 

P(OEGMA 12-st-DMAEMA1 3) (M3, Mn = 7300 g mol−1, Ð = 1.22),  

respectively. This is the case since after the star polymer core 

degradation, the cross-linker degradation products (PHEMA ) 

will remain attached to the linear polymer chain. Since a 4:1 

ratio of cross-linker:macro-CTA was used in the star polymer 

synthesis, and therefore, 4 units of MOEME per chain, with 

MOEME degradation 8 units of HEMA (MW of 130.14 g mol − 1) 

would be incorporated to each linear chain. Therefore, the 

degradation product is expected to have a MW of 1040 g mol − 1  

(8 units of HEMA) higher that the macro-CTA. In contrast, as  

shown in Fig. 1d (17 day degradation), the GPC chromato gra m  

of the degradation product of the POEGMA2 6-EGDMA6-star , is 

similar to that obtained for the star polymer. Only a very smal l  

peak at higher retention time is observed in the degradatio n 

product chromatogram, indicating minimal degradation of the 

star polymer core under the same conditions . This might be due 

to partial ester bond hydrolysis of EGDMA cross-linker resulting 

in detachment of a small number of linear chains from the star  

polymer core, giving the small peak at lower retention times in 

the chromatogram (indicative of linear polymer formation). 

In vitro cytotoxicity of star polymers 

In order to achieve effective expression of transfected DNA in 

host cells, the toxicity of the DNA carrier to the cells must be 

minimal. Therefore, the star polymers prepared in this wo rk 

were assessed for cytotoxicity at concentrations ranging from 

0-500 μg mL−1. The results from the CTG assay 48 h post 

treatment of RAW 264.7 cells with star polymer solutions (Fig. 

3) show a clear trend; increasing the amount of PEG in the arms  

of the star polymer resulted in less reduction in cell viability. 

More specifically, the star polymers that contain only OEGMA 

monomer units, POEGMA2 6-MOEME4- star (Fig. 3c) and 

POEGMA26-EG DMA 6-star (Fig. 3d), showed minimal reduction in 

cell viability. Similarly, the P(OEGMA12-st-DMAEMA 1 3 )-

MOEME4-star (Fig. 3e)  and P(OEGMA12-st-DMAEMA 1 3 )-

EGDMA6-star (Fig. 3f) star polymers showed viabilities of >90% 

even at the highest polymer concentrations assessed. In 

contrast, cell treatment with the purely cationic star polymers , 

PDMAEMA 26-MOEME 4-star (Fig. 3a) and PDMAEMA26-EGD MA 6-

star (Fig. 3b), resulted in significant reduction in cell viability. 

This was attributed to the increased positive charge in the arms  

of these star polymers, which has been previously reported to 

cause destabilization of the cell membrane, resulting in cell  

death.83 It is important to mention here that the acid-labi le 

MOEME-based and the non-labile EGDMA-based star polymers  

showed similar cell viabilities. This was expected since, as  

shown by the SEC data obtained during the degradation study 

(Fig. 1a-c), the relatively short (48h) incubation time employe d 

here was not enough to cause complete degradation of the 

acid-labile MOEME-based cores. 

Fig. 3 Cell viability data for (a) purely cationic acid-labile PDMAEMA26-MOEME4-star ,  

(b) purely cationic non-labile PDMAEMA26-EGDMA6-star, (c) neutral acid-labile 

POEGMA26-MOEME4-star (d) neutral non-labile POEGMA26-EGDMA6-star, (e) partially  

cationic acid-labile P(OEGMA12-st-DMAEMA13)-MOEME4-star and (f) partially cationic 

non-labile P(OEGMA12-st-DMAEMA13)-EGDMA6-star star polymers. RAW 264.7 cells 

were treated with varying concentrations of star polymer (0-500 μg mL−1) and cell  

viability was assessed via CTG assay 48 h post treatment. Assay was performed in 

quadruplicate. Representative of three independent experiments. Statistical  

significance was established by one-way ANOVA (**p≤0.01; ***p≤0.001 ; 

****p≤0.0001). 
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DNA conjugation ability of star polymers 

All the star polymers were examined for their ability to form star 

polymer-DNA complexes via gel electrophoresis (Fig. 4). Varying 

amounts of each star polymer (0-500 μg mL−1) were mixed with 

a fixed amount of plasmid DNA (1 μg). Full DNA binding was  

obtained when no DNA was shown to migrate through the 

electrophoresis gel, instead remaining in the well. As expected, 

the fully cationic star polymers, PDMAEMA 26- MOEME 4-star (Fig. 

4a) and PDMAEMA26- EGDMA6-star (Fig. 4b), showed the 

highest DNA binding, with DNA:polymer mass ratios of 1:5 

required for full DNA binding. The neutral POEGMA26-MOE ME 4-

star (Fig. 4c) and POEGMA26-EGDMA6-star (Fig. 4d) star 

polymers showed no DNA binding even at the maximu m 

DNA:polymer mass ratio assessed (1:20). The trend observed 

for star polymer-DNA binding can be also attributed to the 

positive charges present on the star polymer arms at pH 7, 

which can form electrostatic interactions with the negatively 

charged DNA. The star polymers with more positive charges  

(more PDMAEMA units) in their arms appear to yield higher 

DNA binding. 

DNA transfection ability of star polymers 

The ability of each star polymer to successfully complex plasmid 

DNA and transfect cells was assessed in vitro. For this, 293T cells  

were incubated with star polymer-eGFP plasmid DNA 

complexes for 48 h, at which point successful transfection was  

assessed by fluorescent microscopy (Fig. 5). Cells were treated 

with DNA:star polymer mass ratios of 1:30 and 1:40. Under 

these treatment conditions both DNA complexes with the 

purely cationic PDMAEMA2 6-MOEME4-star and PDMAEMA 2 6-

EGDMA6-star star polymers were capable of successful DNA 

delivery (Fig. 5a-b). The level of transfection achieved was  

assessed quantitatively by flow cytometry (Fig. 6). At both ratios  

examined (1:30 and 1:40), transfection was superior with the 

purely cationic acid-labile PDMAEMA2 6-MOEME4- s ta r 

complexes compared to the non-labile PDMAEMA26-EGD MA 6-

star complexes. Acid-labile PDMAEMA2 6-MOEME4- s ta r 

complexes were capable of transfecting 33.4% and 65.5% of  

cells at DNA:star polymer ratios of 1:30 and 1:40, respectivel y, 

compared to 12.7% and 44.2% for the non-labile PDMAEMA 2 6-

EGDMA6-star ones. The higher transfection efficiency of the 

acid-labile PDMAEMA 26-MOEME4-star complexes could be due 

to increased endosomal escape of the plasmid DNA upon 

degradation of the PDMAEMA26-MOEME4-star star polymer 

within the acidic endosomal environment. To ascertain whether 

binding with DNA altered the cytotoxicity of the star polymers , 

cytotoxicity of complexed (DNA:star polymer ratio 1:40) and 

free PDMAEMA2 6-MOEME 4-star and PDMAEMA 26-EGDMA6- s ta r  

star polymers were assessed and compared. For all 

concentrations investigated (0-500 μg mL−1), the cytotoxicity of  

the complexed and free star polymers were found to be 

comparable (Fig. S5).   

At the assessed DNA:star polymer mass ratios, no 

transfection was apparent for any of the other DNA-star 

polymer complexes (Fig.  5c-f). This inability to transfect 293T 

cells was expected for the neutral POEGMA26-MOEME4-star and 

POEGMA26-EG DMA 6-star complexes (Fig. 5c-d) since their lack 

of cationic charges does not allow complexation with the  

partially cationic P(OEGMA1 2-st-DMAEMA13)-MOEME4-star and 

P(OEGMA 12-st-DMAEMA1 3)-EGDMA6-star polymers were 

capable of complexing plasmid plasmid DNA (Fig. 3c-d).  On the 

other hand, while both the partially cationic P(OEGMA12- s t-

DMAEMA13)-MOEME4-star and P(OEGMA12-st-DMAEMA 1 3 )-

Fig. 4 Gel electrophoresis images for plasmid DNA-star polymer complexes of (a) purely cationic acid-labile PDMAEMA26-MOEME4-star; (b) purely cationic non-labile PDMAEMA26-

EGDMA6-star; (c) neutral acid-labile POEGMA26-MOEME4-star; (d) neutral non-labile POEGMA26-EGDMA6-star; (e) partially cationic acid-labile P(OEGMA12-st-DMAEMA13)-MOEME4 -

star; and (f) partially cationic non-labile P(OEGMA12-st-DMAEMA13)-EGDMA6-star star polymers. In each case the gels present free plasmid (lane 1); DNA:polymer mass ratio 1:2.5 

(lane 2), 1:5 (lane 3), 1:7.5 (lane 4), 1:10 (lane 5), 1:15 (lane 6), 1:20 (lane 7); and free star polymer (lane 8). 
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EGDMA6-star polymers were capable of complexing plasmid 

DNA (Fig. 3e-f), their inability to successfully transfect in vitro  

might be the result of reduced cellular internalization and/or 

reduced endosomal escape compared to the PDMAEMA 2 6-

MOEME4-star and PDMAEMA2 6-EGDMA6-star complexes . This  

inability to successfully deliver plasmid DNA holds true even at 

higher DNA:star polymer ratios of 1:80 and 1:120 (Fig. S6). 

Star polymer induces endo/lysosome destabilization 

In order to determine if levels of escape from endoso mal  

compartments was a contributing factor in the differing 

transfection abilities of the cationic acid-labile star polymers , 

internalisation and endo/lysosomal destabilization were 

assessed (Fig. 7). RAW 264.7 cells incubated with the cell  

membrane impermeable fluorescent dye calcein alone 

exhibited no internalization and subsequent fluorescence (Fig.  

7a). Cells that were treated with calcein and the partial ly 

cationic acid-labile P(OEGMA 12-st- DMAEMA1 3)-MOEME4- s ta r  

star polymer exhibited minimal levels of calcein internalisation .  

This, where present, was punctate in nature indicating that the 

dye is located within the endosomal compartments and in turn, 

the integrity of these compartments has been maintained (Fig.  

Fig. 5 Purely cationic star polymers are required for efficient transfection. Fluorescent  

microscopy images of 293T cells transfected for 48 h with eGFP plasmid DNA-star 

polymer complexes of (a) purely cationic acid-labile PDMAEMA26-MOEME4-star; (b) 

purely cationic non-labile PDMAEMA26-EGDMA6-star; (c) neutral acid-labile 

POEGMA26-MOEME4-star; (d) neutral non-labile POEGMA26-EGDMA6-star; (e) 

partially cationic acid-labile P(OEGMA12-st-DMAEMA13)-MOEME4-star; and (f) 

partially cationic non-labile P(OEGMA12-st-DMAEMA13)-EGDMA6-star at DNA:star  

polymer mass ratios of 1:30 and 1:40. Scale bars = 1000 μm. 

Fig. 6 Acid-labile core enhances purely cationic star polymer transfection efficiency. 

Assessment of transfection efficiency of 293T cells for (a) purely cationic acid -labile 

PDMAEMA26-MOEME4-star and (b) purely cationic non-labile PDMAEMA26-EGDMA6-

star star polymers. Histograms of untreated (red) cell populations and cells treated  

with DNA:star polymer mass ratios of 1:30 (blue) and 1:40 (orange) as determined by 

flow cytometry are presented. Gated regions represent non-GFP positive cells (left) 

and transfected, GFP positive cells (right). Assay performed in duplicate. 

Representative of three independent experiments. 
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7b). Conversely, cells treated with calcein and the purely 

cationic acid-labile PDMAEMA 26-MOEME4-star star polymer 

(containing much more cationic charge) presented a notably 

increased calcein signal, indicating increased uptake (of both 

calcein and star polymer) (Fig. 7c). Furthermore, the calcein 

appeared diffuse and was distributed broadly throughout the 

cytosolic space. This implies that the purely cationic degradabl e 

PDMAEMA 26- MOEME 4-star star polymer is capable of  

destabilizing the endosomal membrane and in turn 

redistributing the calcein dye into the cytosol. 

This ability of the cationic star polymers to escape 

endosomal compartments was further assessed using acridine 

orange.84,8 5 Acridine orange accumulates in acidic organel les  

and exhibits red fluorescence. When the integrity of these 

compartments is compromised, the fluorescent signal produce d 

dissipates as the dye is released into a more neutra l  

environment.86 The majority of cells incubated with acridine 

orange alone exhibited an intense acridine orange signal (Fig.  

7d-f; red histogram). Treatment of cells with the acid-labi le 

purely cationic PDMAEMA2 6-MOEME4-star star polymer was  

found to increase the percentage of cells presenting low 

acridine orange fluorescence (28.7%) (Fig. 7d). This is indicative 

of endosomal membrane destabilization and subsequen t 

release of acridine orange into the cytosol. Indeed, this  

dissipation of acridine orange florescence following incubation 

with PDMAEMA2 6-MOEME4-star star polymer was shown to be 

polymer concentration dependent (Fig. S7). This level of  

acridine orange release was not evidenced in those cells treated 

Fig. 7 Star polymers induce varying levels of endo/lysosome destabilization. (a-c) RAW 264.7 cells were incubated in media containing 2 mg mL−1 calcein and 0.25 mg mL−1 star 

polymer for 3 h. Cells were treated with (a) calcein alone; (b) calcein and partially cationic acid -labile P(OEGMA12-st-DMAEMA13)-MOEME4-star star polymer; and (c) calcein and 

purely cationic non-labile PDMAEMA26-MOEME4-star star polymer. Upon completion of treatment cells were washed, fixed, permeabilized and stained with DAPI prior to 

assessment by confocal microscopy. Two representative images are presented per treatment group. Scale bars = 10 μm. (d -f) Endo/lysosome destabilization was also assessed 

using acridine orange. RAW 264.7 cells were left untreated and then incubated with acridine orange (1 μg mL −1) alone (red histogram) or treated with (d) PDMAEMA26-MOEME4-

star (0.125 mg mL−1) (green histogram); e) P(OEGMA12-st-DMAEMA13)-MOEME4-star (0.125 mg mL−1) (blue histogram); or f) POEGMA26-MOEME4-star (0.125 mg mL−1) (orange 

histogram); for 24 h and then incubated with acridine orange (1 μg mL−1). Histograms of acridine orange fluorescence intensity as determined by flow cytometry are displayed  

with gated regions indicating percentage of cell population exhibiting low acridine orange signal intensity. Assay performed in duplicate. Representative of three independent  

experiments. 
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with either the partially cationic acid-labile P(OEGMA12- s t-

DMAEMA13)-MOEME4-star star polymer or the neutral acid-

labile POEGMA26-MOEME4-star star polymer (Fig. 7e-f) and as  

such correlates with the findings from the calcein localization 

study. It appears therefore that the ability of the most (purely ) 

cationic star polymers (PDMAEMA2 6-MOEME 4-star and 

PDMAEMA 26-EGDMA6-star) to compromis e the integrity of the 

endosomal compartments is key in allowing the DNA to 

translocate to the nuclear regions and subsequently transfect 

the cells. In turn, the inability of the less (partially) cationic star 

polymers (P(OEGMA-st- DMAEMA)-MOEME-star and P(OEGMA-

st-DMAEMA)-EGDMA-star) to escape the endosomal pathway 

appears to be a determining reason for the poor transfection 

levels observed with these polymers. This endosomal escape 

has been demonstrated to be facilitated by both increased star 

polymer arm cationic character and core degradability.    

Therefore, further modification is likely to be required to 

enable optimal DNA delivery. By increasing the proportion of  

cationic DMAEMA units to neutral OEGMA units on the star 

polymer arms of the P(OEGMA-st- DMAEMA)-MOEME- star and 

P(OEGMA-st- DMAEMA)-EGDMA-star star polymers , 

transfection is likely to be attainable, with reduced cytotoxici t y 

compared to the purely cationic PDMAEMA2 6-MOEME4- s ta r 

and PDMAEMA2 6-EGDMA6-star star polymers. 

Conclusions 

The development of nanosized therapeutic systems that enable 

DNA delivery capabilities has great potential. In this work, th e 

ability of novel acid-labile star polymers to deliver genetic 

material intracellularly is demonstrated. The star polymers  

were successfully produced via a highly efficient process ; 

heterogeneous RAFT polymerization in biologically compatible 

solvents. Their arm cationic charge density was found to be the 

key determinant of star polymer cytotoxicity and their ability to 

successfully complex with DNA. Both star polymer cationic 

charge density and core degradability governed their ability to 

escape endosomal compartments. This was illustrated to be 

vital in ensuring successful transfection. Further optimisation of  

these star polymer formulations should permit the productio n 

of nanostructures capable of enhanced genetic material binding 

capabilities with reduced toxicity and in turn, promising vehicles  

for gene delivery. 
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