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ABSTRACT  

The effective escape of nanocarriers from endosomal compartments of the cell remains a 

major hurdle in nanomedicine. As such, various strategies for engineering nanocarriers to 

avoid degradation of their therapeutic cargo in the endosomes are being investigated, 

including variations in material composition, pH-responsiveness, and the use of membrane 

penetrating moieties. The endosomal escape of pH-responsive, self-assembled, dual 

component particles based on poly[2-(diethylamino)ethyl methacrylate)(PDEAEMA) and 

poly(ethylene glycol)-b-poly[2-(diethylamino)ethyl methacrylate) (PEG-b-PDEAEMA) was 

recently reported. Herein, we report that polymer molecular weight (Mn) can be used to tune 

endosomal escape of nanoparticle delivery systems. PDEAEMA of Mn 7 kDa, 27 kDa, 56 

kDa and 106 kDa were synthesized via reversible addition-fragmentation chain transfer 

(RAFT) polymerization and co-assembled with PEG-b-PDEAEMA (16 kDa) via 

nanoprecipitation. All particles had similar size, displayed pH-responsive behaviour, and low 
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toxicity regardless of molecular weight. Ovalbumin was loaded in the particles to demonstrate 

loading and release capabilities and as a marker to study internalization and endosomal 

escape. Association and endosomal escape was found to depend on molecular weight, with 

enhanced escape observed for high Mn PDEAEMA: 42% of cells with particle induced 

endosomal escape for 106 kDa nanoparticles, compared to no detectable escape for 7 kDa 

particles. The results show that a simple variation in molecular weight can enhance the 

endosomal escape of polymeric carriers, and thus improve their effectiveness for intracellular 

delivery of therapeutics.  
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1. Introduction  

The development of nanoparticle carriers that enhance drug delivery while reducing harmful 

side effects is an area of active research. The physical and chemical properties of materials are 

often exploited to form nanoparticles with features including controlled drug release, 

improved bioavailability, high drug loading and targeted delivery.[1-3] However, there are 

many technological challenges that must be overcome to fully realize the potential of 

nanoparticles in therapeutic delivery, and one major challenge is engineering effective 

endosomal escape.[4-6] The internalization of nanoparticles often results in the entrapment of 

the particles inside endosomal compartments, where enzymes that can potentially degrade the 

encapsulated therapeutic cargo are ubiquitous. Therefore, to achieve effective therapeutic 

delivery, materials used as drug carriers need to be designed, not only to meet the complex 

physiological environment of the disease site, but also to ensure the effective release of the 

therapeutic from the endosomes.[7] The internalization of particles by cells can occur via 

multiple endocytic pathways and is influenced by the cell type and the physicochemical 

characteristics of nanoparticles including size, surface charge, shape, and hydrophobicity.8 

Understanding endosomal escape is still a key challenge for optimizing the efficacy of many 

therapeutic carriers,[4, 5, 9]  and yet there are limited fundamental studies probing nanoparticle 

structure/endosomal escape relationships. Herein, we study the effect of nanoparticle structure 

on endosomal escape and demonstrate systematic changes in the molecular weight of the 

components can play a significant role in nanoparticle cell interactions.  

 

A variety of approaches have been developed to facilitate the release of nanoparticles and 

therapeutics from the endosomal pathway into the cytosol.[3, 10, 11] These include strategies that 

induce pore formation, or conformational changes that result in destabilization of the 

membrane, providing a mechanism for the release of trapped nanoparticles from the 
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endosomes. In addition, the pH-buffering or proton sponge effect within endosomes has been 

proposed, particularly in the use of cationic materials for nucleic acid delivery.[12] The 

principal behind this effect is typically, internalization into endosomal compartments leads to 

the rapid acidification of the compartments, before fusing with lysosomes.[13] Weakly acidic or 

weakly basic polymers can buffer the change in pH, which leads to an increase in ionic 

species and water within the endosome and induce subsequent endosomal membrane rupture. 

The actual mechanism of escape is more complicated than this, as not all polymers with high 

buffering capacity in the pH 5-7 range induce effective endosome rupture. Another approach 

is through the development of smart carrier systems that can be triggered to release the 

therapeutic in response to intracellular chemical stimuli including pH, redox potential, and 

enzymes.[14-17] For endosomal escape, pH responsiveness is a particularly useful feature as it 

exploits the acidified pH of the endo/lysosomal compartments, which ranges between pH 4.5 - 

6.5, depending on cell type.  

 

Materials that exhibit pH-sensitivity are characterized by their ability to change their physical 

properties such as size, shape, hydrophobicity, and/or degradation rate upon a shift in their 

environment.[17-20] Poly[2-(diethylamino)ethyl methacrylate) (PDEAEMA) is a well known 

pH-responsive polymer and has a pKa value of approximately 7, this value is consistent with 

the pH transition from the extracellular environment to intracellular compartments e.g., 

endosomes.[21] This pKa can be tuned by using monomers with different substituents on the 

tertiary amine.[22] PDEAEMA is amphiphilic, and changes its hydrophobicity with pH: it is 

hydrophobic when the amine is non-protonated, but becomes charged and hydrophilic when 

the pH is reduced below its pKa. This provides a mechanism to achieve pH-induced 

disassembly and therapeutic release, hence PDEAEMA has generated significant interest as a 

therapeutic delivery system. Irvine and co-workers synthesized polymeric nanoparticles via 
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emulsion polymerization with PDEAEMA as the inner core and cross-linked with 

poly(ethylene glycol dimethacrylate) (PEGDMA). A pH insensitive 2-aminoethyl 

methacrylate (AEMA) was used as the outer layer.[23, 24] The authors co-delivered the pH 

sensitive particles with the membrane-impermeable calcein, and observed release of the 

calcein in the cytosol as a result of the proton sponge effect and mechanical stress due to the 

pH-induced size change. Battaglia and co-workers used poly(2-

methacryloyloxy)ethylphosphorylchlorine)-co-poly(2-(diisopropylamino)ethyl methacrylate) 

(PMPC-PDPAEMA) to form polymersomes at physiological pH.[25] They demonstrated that 

rapid degradation of these polymersomes caused endosomal escape due to the osmotic 

pressure build-up caused by this process.  Polymer nanoparticles based on poly(β-amino 

esters) have also demonstrated the capability to degrade rapidly in the endosomal 

compartment and induce efficient membrane disruption.[26, 27] 

 

Recently, we reported a novel nanoparticle system based on PDEAEMA using a simple and 

modular one-step assembly.[21] Nanoprecipitation was employed to form polymeric 

nanoparticles composed of PDEAEMA and poly(2-diethylamino)ethyl methacrylate)-b-

poly(ethylene glycol) (PDEAEMA-b-PEG). The particles, termed pHlexi particles due to their 

pH-sensitivity and tunability, were efficiently taken up by 3T3 fibroblast cells, but 

importantly, were able to induce endosomal escape as demonstrated by the calcein assay. 

Herein, we report an important fundamental study on the effect of PDEAEMA molecular 

weight on both the material properties of the nanoparticle and importantly, their endosomal 

escape capabilities. The molecular weight of the PDEAEMA homopolymer was tuned from 7 

kDa to 106 kDa. Cryo-Electron Microscope (Cryo-EM) and dynamic light scattering (DLS) 

showed the particles had similar size and disassembly characteristics regardless of the 

PDEAEMA used in the formulation. The particles were loaded with a fluorescently labelled 
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model cargo, ovalbumin-AF647 and therapeutic release was successfully achieved from all 

nanoparticles at pH 6, interestingly, greater loading and release was observed for higher Mn. 

Cell association/internalization and endosomal escape were also assessed. To our knowledge, 

this is the first report demonstrating molecular weight effects alone can affect efficiency of 

endosomal escape. In our study, endosomal escape was found to depend on Mn, with limited 

escape at 7 kDa but significant escape at higher Mn (42%). Association showed the opposite 

trend, demonstrating greater association at low molecular weights. Furthermore, we 

investigated the cytotoxicity of the pHlexi particles, and demonstrate negligible toxicity up to 

100 µg/mL in a mouse fibroblast cell line (3T3). These results indicate that simple changes in 

nanoparticle structure such as molecular weight can improve the endosomal escape and hence 

delivery of particles. This is an important insight in the drive to better understand endosomal 

escape mechanisms. In addition, the pHlexi particles show potential as smart carriers for drug 

delivery, as they combine low toxicity with pH responsive behaviour, which provides a 

mechanism (Scheme 1) for the loading and release of encapsulated therapeutics.  

 

Scheme 1.  A scheme illustrating the uptake and entrapment of calcein and nanoparticles 
within endosomal compartments via endocytosis and the release of calcein into the cytosol 
facilitated by the pHlexi nanoparticles.  
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2. Experimental Section  

2.1. Materials  

The reversible addition-fragmentation chain transfer (RAFT) agents 4-cyano-5-[(dodecyl-

sulfanylthiocarbony)sulfanyl pentanic-acid and poly(ethylene glycol)-4-cyano-4-(phenyl-

carbonothioylthio)pentanoate (PEG Mn = 2 kDa) were purchased from Sigma-Aldrich. 

Sodium bicarbonate, bovine serum albumin, ovalbumin and 100 kDa MWCO Spectra-Por® 

Float-A-Lyzer® dialysis tubes (Spectrum Labs) were also purchased from Sigma-Aldrich. 

The 3.5K MWCO Snakeskin dialysis tubing was obtained from Thermo Fisher Scientific. 

Sterile, Millex@Syringe Filter Units with 0.45 μm pore diameter were obtained from Merck 

Millipore. Alexa Fluor® 647 NHS ester, Dulbecco’s Modified Eagle Medium (DMEM) with 

high glucose, heat inactivated foetal bovine serum, penicillin/ streptomycin (10000 U/mL), 

Dulbecco’s phosphate-buffered saline (DPBS), 2 mL Zeba Desalting column with 7 K 

MWCO (Pierce) and Alamar Blue reagent were obtained from Thermo Fisher Scientific. 

CellCarrier-96 Black, optically clear bottom,  tissue culture plates were obtained from 

PerkinElmer. High purity (MilliQ) water of resistivity greater than 18.2 MΩ cm was used, 

unless otherwise stated.  

 

2.2. Polymerization and Purification of PDEAEMA and PEG-b-PDEAEMA  

Reversible addition-fragmentation chain transfer (RAFT) polymerization was the method 

used for the synthesis of PDEAEMA and PEG-b-PDEAEMA. The RAFT agent (4-cyano-5-

[(dodecyl-sulfanylthiocarbony)sulfanyl]pentanic-acid) and monomer 2-(diethylamino)ethyl 

methacrylate (DEAEMA) were added at ratios 1:200, 1:500 and 1:1000 and reacted at 60 ºC 

for 4, 6, 16, 24 and 48 h to obtain polymers with different Mn. For example, a typical 

polymerization at ratio 1:1000 was as follows: DEAEMA (2.0 g, 10.8 mmol), AIBN (0.18 
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mg, 1.10 μmol) and (4-cyano-5-[(dodecyl-sulfanylthiocarbony)sulfanyl pentanic-acid) (4.44 

mg, 11.00 μmol) were dissolved in 1,4-dioxane (2.0 g) and placed into a Schlenk flask with a 

magnetic stirrer. The Schlenk flask with reaction mixture was degassed over four freeze-thaw-

pump cycles. It was then back-filled with nitrogen gas for 10 min. The degassed reaction 

mixture was placed in an oil bath at 60 °C for different times of polymerization. The 

molecular weight of PDEAEMA was determined by NMR analysis from 7 kDa to 106 kDa. 

1H-NMR (400 MHz, CDCl3): d (ppm) 4.1–3.9 (–COO–CH2–CH2–), 2.7–2.6 (–CH2–CH2–N–), 

2.6–2.5 (–N–CH2–CH3), 2.0–1.7 (backbone –S–CH2–C–), 1.25–1.2 (CH3–C8H16–CH2–), 

1.15–0.95 (–N–CH2–CH3), 0.95–0.8 (backbone –CH2–C–CH3–).   

 PEG-b-PDEA was also synthesized by RAFT polymerization using a macro RAFT 

agent, poly(ethylene glycol)-4-cyano-4-(phenyl-carbonothioylthio)pentanoate that was 

reacted with 2-(diethyamino)ethyl methacrylate at 60 ºC for 15 h to obtain PEG-b-

PDEAEMA. The mixture was purified by dialysis against PBS at pH 6 to obtain hydrophilic 

PEG-b-PDEAEMA. 1 H-NMR (400 MHz, D2O): d (ppm) 7.9–7.3 (C5H5–C–), 4.4–4.0 (–

COO–CH2–CH2–), 3.75–3.45 (–COO–CH2–CH2–O–), 3.3–3.15 (–CH2–CH2–N–), 3.2 (–

CH2–O–CH3– (under polymer peak)), 3.15–2.8 (–N–CH2–CH3), 2.5–2.4 (–C–CH2–CH2–

COO–), 2.0–1.6 (backbone –S–CH2–C–), 1.9 (–CH2–C–CH3), 1.25–1.1 (–N–CH2–CH3), 1.1–

0.7 (backbone -S–CH2–C–CH3). The molecular weight of PDEAEMA-b-PEG was determined 

by NMR analysis to be approximately 16 kDa. Specific synthesis details are given in Wong et 

al.21 To purify the PDEAEMA polymers, the polymerization mixtures were dialyzed in 

phosphate buffered saline (PBS) at pH 6 until being homogenous solutions with at least 6 

buffer exchanges. A separate portion of the crude polymer PDEAEMA was precipitated into 

water for 24 h in a closed system. Vacuum filtration was used to dry the polymer precipitate 

for another 24 h. The dry polymer precipitate was used to determine the actual polymer 

molecular weight by nuclear magnetic resonance (NMR) (400MHz, Varian MR400). The 

ratio between the polymer peak at 4.1–3.9 (–COO–CH2–CH2–) and the RAFT peak at 1.25–
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1.2 (CH3–C8H16–CH2–) were used to determine the actual molecular weight as per our 

previous report.21 

2.3. PEG-b-PDEAEMA/PDEAEMA pHlexi particle formation 

3 mg of PEG-b-PDEAEMA and PDEAEMA in a 1:2 w/w ratio were dissolved in a total of 3 

mL of PBS at pH 6. The mixture was dialyzed using a 3.5 kDa MWCO SnakeSkin dialysis 

tubing for 7 h against PBS at pH 8. The mixture was then transferred into a 100 kDa MWCO 

dialysis tube, and dialyzed for 24 h in PBS pH 8 with 5 buffer changes. The particles were 

allowed to rest for 48 h prior to experiments. The particles were filtered through a 0.45 μm 

syringe filter prior to use.  

 

2.4. Preparation of AF-647 labelled ovalbumin and particle loading 

Ovalbumin (3 mg in 100 µL PBS pH 8) was incubated with AF-647 NHS ester (in DMSO) at 

a 1:4 molar ratio, and made up to a total reaction volume of 1 mL with 0.1 M sodium 

bicarbonate pH 8.3. The solution was mixed by pipetting and incubated in the dark at room 

temperature for 3 h, followed by overnight incubation at 4 °C. Excess dye was removed using 

Zeba desalting spin columns with 7 kDa MWCO and 0.1 M PBS at pH 8, as per the 

manufacturer’s instructions. The conjugation efficiency was measured using a NanoDrop 

1000 Spectrophotometer (Thermo Fisher Scientific) using the “Proteins and Labels” 

application. To load ovalbumin-647 inside the particles, 3 mg of PEG-b-PDEAEMA and 

PDEAEMA at a 1:2 w/w ratio were mixed with labelled-ovalbumin solution (15.3 μg, 2 

mg/mL) in 3 mL PBS at pH 6. PDEAEMA with Mn of 7 kDa, 27 kDa, 56 kDa, or 106 kDa 

were used.  The particle preparation was then conducted as per standard pHlexi particles. 

 

2.5. Determination of Polymer and Ovalbumin Concentrations 

Particle concentration was estimated from a standard curve of polymer concentration (PEG-b-

PDEAEMA and PDEAEMA at 1:2 w/w ratio) versus absorbance at 310 nm. Filtered particles 
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(0.45 µm filter) were freeze dried and dissolved in 500 μL PBS pH 6. The absorbance (310 

nm) of the resulting polymer solution was measured by UV-Vis spectroscopy (Cary 60 UV-

Vis, Agilent Technologies) and used to calculate amount of particles. The filtered volume was 

also measured and used to calculate the exact concentration for each batch of particles. 

To calculate ovalbumin concentrations, the labelled-ovalbumin solution (15.3 μg, 2 

mg/mL) was mixed with 3 mL PBS pH 6, and the absorbance was measured at 658 nm using 

UV-Vis spectroscopy (Cary 60 UV-Vis, Agilent Technologies). The absorbance was set as 

the maximum 100 percent loading. To calculate the OVA loading of particle preparations, the 

particles were freeze dried, redispersed in a known volume of PBS pH 6, and the absorbance 

(658 nm) was measured using UV-Vis spectroscopy, Loading was calculated relative to the 

absorbance of free ovalbumin (maximum loading). 

 

2.6. Particle Size and Degradation Studies  

Particle size was measured by dynamic light scattering (Hobita Scientific, SZ-100) at a fixed 

scattering angle of 90°. To investigate the stability of the particles as a function of pH, the 

particles (150 μL) were suspended in PBS (1 mL) with pHs ranging from 8 to 6.4, and the 

hydrodynamic size at each pH was measured by DLS at 37 °C. The mean particle size in PBS 

at pH 8 was designated as the initial mean diameter of the particles. Along with the mean 

diameter particle size, the Z-average, the polydispersity index (PI), neutral density filter (%) 

and count rate (kCPS) were also monitored to give an indication of the quality and stability of 

the particles.   

 

2.7. Critical micelle concentration (CMC) of OVA pHlexi particle 

The investigation of critical micelle concentration (CMC) was measured by dynamic light 

scattering (Hobita Scientific, SZ-100. The concentration of pHlexi particles were diluted in 
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PBS pH8  ranging from 0.8 to 30 ug/ml and the hydrodynamic size was measured by DLS at 

37ºC. 

 

2.8. Stability of pHlexi particle in cell media 

To investigate stability of pHlexi particle in cell media, the 27kDa and 106kDa (200 μl) were 

suspended in 1000 μl of Dulbecco’s Modified Eagle Medium (DMEM) with high glucose, 

heat inactivated foetal bovine serum, penicillin/ streptomycin (10000 U/mL). Since 6kDa 

particle concentration always lower than a half of 27kDa and 106kDa after self-assembly of 

particle, 400 µl of 6kDa pHlexi particle was taken in cell media. The mean particle size was 

determined in 5 hours measurement by DLS at 37ºC 

 

2.9. Cryo-Electron Microscopy 

Small drops of particle solution were deposited onto copper TEM grids. TEM images were 

taken using a Tecnai F30 TEM with cryo tomography (FEI), and ran at 300 kV acceleration 

voltage.  

 

2.10 Ovalbumin Release from Particles 

The kinetics of release of ovalbumin from the particles was determined for particles prepared 

with PDEAEMA Mn of 7 kDa, 27 kDa, 56 kDa and 106 kDa. Particles (1 mL) were placed in 

pre-equilibrated 100 kDa MWCO dialysis tubes, which were exposed to 5 mL of pre-warmed 

PBS at pH 6 for release. The tubes were incubated at 37 °C with mixing. The release solutions 

were removed at desired time points up to 120 h, and replaced with pre-warmed PBS pH 6. 

After the final time point, the remaining polymer and ovalbumin (post-release solution) in the 

dialysis tubes were freeze dried, then, dissolved in 5 mL PBS at pH 6. The fluorescence of the 

release solutions and post-release solutions were measured using fluorescence spectrometry 

(Cary Eclipse Fluorescence spectrophotometer, Agilent technologies). Measurements were 
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conducted by dialyzing the particles against PBS pH 6 and measuring the fluorescence of the 

dialysis solution at regular time intervals. The percentage release was determined by dividing 

the cumulative fluorescence of the release solutions by the sum of the cumulative release plus 

the fluorescence of the remaining nanoparticle solution. 

 

2.11. Particle-Cell Association by Flow Cytometry 

3T3 cells (ATCC-Number: 2752) were grown in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with high glucose (GlutaMAX), 10% heat-activated foetal bovine 

serum and 10,000 U/mL penicillin-streptomycin. For flow cytometry, the cells were seeded at 

60,000 per well on 24 well plates and left in 600 µL DMEM with incubated overnight at 

37 °C with 5% CO2. Ovalbumin-encapsulated pHlexi particles were added to cells to a final 

concentration of 1.5, 4, 8, 15, 20 and 25 μg/mL in DMEM, and incubated for 2 h at 37 °C, 5% 

CO2. After incubation, the media was removed and the cells were washed with 200 μL of PBS 

4 times. The cells were detached by trypsinization (150 μL of 0.25% trypsin per well) for 2-3 

minutes, to which 150 μL of PBS containing 1% bovine serum albumin (PBS-BSA) was 

added. The cells were transferred to a 96-well V-bottom plate (Corning, Sigma Aldrich), and 

spun at 200 g for 5 min. The supernatant was discarded and cells were washed with 300 μL of 

PBS-BSA. The cell pellet was resuspended in 150 μL of PBS with gentle mixing. Samples 

were run on a BD FACS Canto II flow cytometer (BD Biosciences, USA). The concentration 

of 1.5, 4.0, 8.0, 15, 20 and 25 μg/mL were collected per sample, and the data was analysed 

using FlowJo 8.7 (FlowJo, LLC). The association was normalized to the amount of loaded 

OVA according to the absorbance of the particles at 658 nm (Equation S1) 

 

2.12. Fluorescence microscopy 

3T3 cells were seeded at 7,500 cells per well (120 μL volume) in an optically clear-bottom 

96-well plate and incubated overnight at 37 °C with 5% CO2. Ovalbumin-encapsulated pHlexi 
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particles were diluted to 100 μg/mL, from which 30 μL was added to the cells (final particle 

concentration of 20 μg/mL per well). The cells were incubated for 2 h at 37 °C, 5% CO2. 

After incubation, calcein (in PBS) was added to a final concentration of 100 μg/mL for a 

further 2 h incubation at 37 °C, 5% CO2. The cells were washed extensively (4x) with phenol 

red-free DMEM with 10% FBS to remove excess calcein. Live cell imaging was performed 

using an Olympus IX83 microscope with a 40x 0.9 NA air objective with a standard “Pinkel” 

DAPI/FITC/CY5 filter set from Semrock. A 5 by 5 mosaic image (25 images in total) was 

taken at the centre of each well. The cells were imaged in a humidified incubation chamber 

with 10% CO2 and regulated at a temperature of 37 °C. Images taken with the 40x objective 

were captured as single slices with brightfield overlays. All images were processed using the 

Slidebook 6.0 software. Endosomal escape was assessed manually by counting the number of 

cells with diffuse fluorescence in the cytoplasm (from the fluorescence images) and the total 

number of cells in the 2.5 mm2 area (from the bright field images). 

 

2.14. PDEAEMA titration 

PDEAEMA (0.5 mg/ml) was dissolved in 25 ml PBS at pH 5. The PDEAEMA was titrated 

against 0.1 M NaOH and their pH were measured by Mettler Toleido pH meter. 

 

2.15. Cell viability assay  

3T3 cells were seeded at 7,500 cells per well (120 μL volume) in an optically clear-bottom 

96-well plate and incubated overnight at 37 °C with 5% CO2. Ovalbumin-encapsulated pHlexi 

particles, with different Mn PDEAEMA, were added to the cells (in triplicates) to a final 

concentration of 0.01, 0.25, 1.0, 2.5, 5, 10, 25, and 50 μg/mL. The cells with particles were 

incubated for 4 h at 37 °C with 5% CO2. The media was replaced with fresh warm media and 

the cells incubated further overnight at 37 °C, 5% CO2. Alamar Blue reagent was added at a 

10:1 v/v ratio (10 parts media: 1 part reagent) and incubated for 4 h at 37 °C, 5% CO2.  The 
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fluorescence at 590 nm was measured using a fluorescence plate reader (Fluostar Optima, 

BMG).  

 

3. Results and Discussion  

 

3.1. Polymer Synthesis and Particle Assembly 

PDEAEMA homopolymer (Figure S1a) with Mn 7 kDa, 27 kDa, 56 kDa, and 106kDa were 

synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. 

Table S1 shows the progression of PDEAEMA polymerization with time at various RAFT 

agent to monomer ratios. The diblock copolymer, PEG-b-PDEAEMA (Figure S1b, Mn 16 

kDa was also synthesized by RAFT polymerization using a macro RAFT agent containing 

PEG (Mn ~2,000 Da). The nanoparticles were synthesised by dialyzing a solution of the 

polymers at a ratio of 1:2 (PEG-b-PDEAEMA/PDEAEMA) against phosphate buffered saline 

(PBS) at pH 8. The PDEAEMA is hydrophobic under these conditions thus it is postulated 

that PDEAEMA forms the hydrophobic core of the particle with the PEG forming the 

hydrophilic corona.  Table 1 and Figure 1 show the average diameter of the pHlexi particles 

as measured by intensity size distribution using DLS, indicating that PDEAEMA Mn has no 

significant effect on particle size. 

 
Table 1. Particle size characterization of pHlexi particles at various PDEAEMA molecular 
weights. 
 

PDEAEMA molecular weight (kDa) (a) Diameter (nm) (b) PDI (c)  

7 137 0.19  
27 121 0.11  
56 144 0.08  
106 128 0.15  

 
(a) The number average molecular weight of PDEAEMA as determined by nuclear magnetic 
resonance spectroscopy (b) Intensity size distribution of the pHlexi particles measured by 
dynamic light scattering (c) Polydispersity Index (PDI)  
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Figure 1. Mean particle diameter of PEG-b-PDEAEMA/PDEAEMA pHlexi nanoparticles as 
measured by DLS. Particles were prepared with PDEAEMA Mn of 7 kDa (∙ ⎯	∙	),	 27 kDa 
(∙∙∙∙∙), 56 kDa (- - -) and 106 kDa (⎯⎯⎯).	 

 
 

The pHlexi particles were imaged by cryo-electron microscopy (Cryo-EM) to study 

their morphology. Figure 2 a-d shows well-defined spherical structures for all pHlexi particles 

with different PDEAEMA molecular weights. These images illustrate that PDEAEMA and 

PDEAEMA-b-PEG self-assemble into spherical nanostructures with similar sizes, regardless 

of the molecular weight of the PDEAEMA core component. Moreover, their colloidal 

stability as evidenced by the single population in DLS measurements, indicates that the 

hydrophilic PEG surrounds the particles and provides a stabilizing effect on the particles.  
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Figure 2. Cryo-EM images of PEG-b-PDEAEMA/PDEAEMA pHlexi particles with 
PDEAEMA Mn of: a) 7 kDa; b) 27 kDa; c) 56 kDa; and d) 106 kDa. All images were taken in 
PBS at pH 8.  
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The disassembly of the pHlexi particles was studied using dynamic light scattering by 

monitoring the size of the particles with changes in pH.  Particle size was measured by 

incubating an aliquot of particles in PBS ranging from pH 6.4 to pH 8.0 and investigating 

changes in size using DLS.  Figure 3 shows the change in particle size as a function of pH for 

all pHlexi particles. In all cases, the particles degraded as the pH was dropped below the pKa 

of PDEAEMA. As PDEAEMA is protonated, the polymer becomes more hydrophilic thus 

promoting disassembly of the particle in the buffer solution. pHlexi nanoparticles with Mn 27 

kDa – 106 kDa exhibited a region of instability between pH 7.2 and pH 7, where partial 

swelling and/ or aggregation of the particles occurred.  This behaviour was not observed for 

the 7 kDa pHlexi particles, which only exhibited degradation at pH 7.2, with no swelling or 

aggregation. This is indicative of slightly less stability in the 7 kDa particles.   
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Figure 3. Disassembly curves of PEG-b-PDEAEMA/PDEAEMA pHlexi particles, prepared 
using PDEAEMA of Mn: (a) 7 kDa; (b) 27 kDa; (c) 56 kDa; and (d) 106 kDa. Mean particle 
size as a function of PBS pH was measured by DLS. Measurements +/- errors were averaged 
from 3 readings.  
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3.2 Encapsulation of Ovalbumin (OVA) within pHlexi particles  

Ovalbumin (OVA) was loaded within pHlexi particles to test their ability to load and release a 

therapeutic cargo and to study the internalization and endosomal escape of the resulting 

particles. OVA was fluorescently-labelled with Alexa Fluor 647 (OVA-647) and loaded 

within the particles during the particle assembly process. The extensive dialysis process using 

a 100 kDa dialysis membrane was used to remove the non-encapsulated excess OVA. All 

particles, regardless of Mn, were able to encapsulate OVA-647, as indicated by the presence 

of absorbance between 658 nm and 670 nm. The particle size increased as a result of OVA 

encapsulation, by approximately 20-50 nm compared with the bare particles (Figure S2). 

OVA encapsulation was dependent on the PDEAEMA molecular weight, with Mn 106 kDa 

nanoparticles showing the greatest encapsulation and 7 kDa the least, with 22% and 10% 

encapsulation of an x mg/mL solution, respectively. This equates to x µg of OVA per mg of 

polymer. The encapsulation of OVA within the particles is likely due to electrostatic 

interactions as OVA, which has an isoelectric point of ~4.5 28, is negatively charged at the pH 

of the initial polymer solution (pH 6), while the polymer is positively charged. Previous work 

by Battaglia and co-workers demonstrated the successful loading of negatively charged DNA 

using similar materials25 and postulated initial charge interactions play a role in encapsulation. 

At pH 8, the charge interactions are significantly reduced and therefore hydrophobic 

interactions and polymer entanglement must also be important. The OVA-encapsulated 

pHlexi particles showed similar degradation behaviour to bare, non-loaded particles (Figure 

S3). The particles were stable at pH above 7.4, but started to swell at pH 7.2, with complete 

disassembly occurring below pH 6.8. Interestingly, the 7 kDa system showed improved 

stability with the OVA loading, demonstrating an instability region at pH 7.2 similar to other 

systems. 
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3.3. Ovalbumin Release from Particles  

The kinetics of OVA-647 release from particles was determined by fluorescence spectroscopy 

using excitation and emission wavelengths of 649 nm and 667 nm, respectively. Figure 4 

shows the OVA-647 release from particles over 120 hours. Measurements were conducted by 

dialyzing the particles against PBS pH 6 and measuring the fluorescence of the dialysis 

solution at regular time intervals. The highest release was observed from particles with 

PDEAEMA Mn of 106 kDa, both in terms of total protein released, and percent of 

encapsulated protein release. Total protein release was not observed even though the particles 

should be disassembled at this pH. This is thought to be due to interactions of the OVA with 

the positively charged PDEAEMA polymer (PI of OVA is 4.5) causing aggregation within the 

dialysis membrane. Related studies have shown similar release profiles with charge-sifting 

monomers and OVA [29]. The increase in percent of OVA release as molecular weight 

increased may be due to more OVA encapsulated with the higher Mn (from 22 % to 10%) 

particles. Therefore if a similar amount of electrostatically associated OVA is retained in each 

sample, the percentage of the total OVA released would be lower in the lower Mn particles.  
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Figure 4. OVA-647 release from particles prepared with PDEAEMA Mn of 7 kDa (●), 27 
kDa (■) and 106 kDa (▲). The cumulative fluorescence intensity from OVA-647 released 
over 120 h at 37 °C as a percentage of the total OVA fluorescence. The data for the OVA 
release from 56 kDa PDEAEMA particles was excluded since 56kDa have similar release 
profile to 106 kDa. 
  
 
  
 

 

 

 

 

3.4. Cellular Association and Endosomal Escape  

The ability of the particles to bind and associate with cells was investigated using flow 

cytometry. OVA-647 encapsulated particles at various concentrations were incubated with 

3T3 fibroblast cells and the cell fluorescence at 670 nm, which indicates particle binding to 

cells, was detected using flow cytometry. Cell experiments were conducted with 3 molecular 

weights including 7 kDa, 27 kDa, and 106 kDa, as the results observed for 56 kDa pHlexi 

particles were similar to the results of 106 kDa. Figure 5 shows the association of the particles 

with cells at increasing particle concentration for pHlexi particles prepared with various Mn 

PDEAEMA. The association was normalized to the amount of loaded OVA according to the 

absorbance of the particles at 658 nm (Equation S1), as the particles prepared with different 

PDEAEMA Mn contained varying amounts of OVA-647, and hence had different 

fluorescence intensities. Figure 5 shows that PDEAEMA with 7 kDa had the highest cell 

association, with cell association decreasing with increasing PDEAEMA molecular weight. 

The reason for increased association with lower molecular weight PDEAEMA is not clear, 

however it may be due to increased mobility of the shorter PDEAEMA chains diffusing to the 

surface of the particle. It is well established that cationic polymers exhibit high degrees of 

mobility in polymer multilayer films and positive charge near the surface of the particles may 
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increase the non-specific interactions with cells. While the zeta potential of the particles is 

similar, (slightly negative as is typically observed for PEG surfaces), zeta potential measures 

the charge at the double layer and it is possible that positive charge within the double layer 

increases interactions with cells. 

 

 
 

Figure 5. Normalized 3T3 cell fluorescence intensity as a result of OVA-647 pHlexi particle 
association, at increasing particle concentration. Particles were prepared with PDEAEMA Mn 
of 7 kDa (●), 27 kDa (■) and 106 kDa (▲).  Error bars are standard deviation of the 
experiment conducted in duplicate. 
 
  

 To test the ability of OVA pHlexi particles to disrupt endosomes, calcein, a 

membrane-impermeable fluorophore, was used as a tracer to monitor the stability of the 

endosomes following particle uptake by 3T3 cells. As shown in Figure 6a, 3T3 cells 

incubated with calcein alone (control) showed punctate distribution of fluorescence, which is 

indicative of dye internalized within endosomal compartments. In contrast, cells co-incubated 

with calcein and 27 kDa and 106 kDa OVA loaded pHlexi particles (Figure 6c & d) exhibited 

the diffusion of calcein fluorescence (green) throughout the cytosol suggesting particle-

induced escape of the dye from the endosomes. Endosomal escape was limited for 7 kDa 

pHlexi particles (Figure 6b), even though 7 kDa particles exhibited higher cell association by 

flow cytometry. The percentage escape was calculated by counting the cells with diffuse 

fluorescence in a 5 by 5 mosaic of cell images (total area 2.5 mm2) at the centre of the well. 7 
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kDa had no observable escape, while 27 kDa and 106 kDa had 38 % and 42 % of cells 

exhibiting endosomal escape respectively. Importantly, to confirm this trend was reproducible 

a second 7 kDa polymer was prepared and was also shown (Figure S4) to have limited 

endosomal escape (3%) in Table S2 as compared to higher Mn polymers (data not shown). 

Although the percentage of endosomal escape (Table 2) varied with Mn, Figure 6 shows that 

regardless of Mn, the OVA-647 particles are internalized as indicated by the red fluorescence 

within the cells. This demonstrates the potential to successfully deliver a therapeutic cargo 

into cells using pHlexi particles. The in vivo investigation of OVA release is currently on-

going in our laboratories. The cell experiments were conducted at a particle concentration of 

20 ug/mL so to ensure the particles were intact at this concentration a DLS experiment was 

conducted to test the concentration dependence on particle size (Figure S4). It was 

demonstrated all particles investigated with cells were stable below 10 ug/mL. In addition, the 

stability of the particles in cell media over the lifetime of the cell experiment was 

demonstrated (Figure S5). To better understand the change in endosomal escape behaviour a 

buffering experiment was conducted with three polymers with molecular weights consistent 

with the nanoparticles in this experiment (Figure S7). It was found there was a trend in 

decreasing buffering capability as Mn decreased. This leads us to postulate that there is a 

threshold of buffering capability, which is important for endosomal escape capability. 
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Figure 6. Fluorescence microscopy images of 3T3 cells incubated with calcein alone (a) or  
calcein and OVA-encapsulated pHlexi particles using PDEAEMA 7 kDa (b), 27 kDa (c) and 
106 kDa (d). The images show calcein fluorescence (i), OVA-647 fluorescence (ii), and 
merged calcein, OVA-647 and bright field channels (iii).  
 
 
 
Table 2. Quantification of pHlexi particle-induced endosomal escape of calcein from 3T3 
fibroblast cells   
 

Sample Number of cells  Cells with released calcein % Endosomal escape 

Calcein control 1360 3 0.2% 

7 kDa Ova pHlexi 453 0 0% 

27 kDa Ova pHlexi 656 249 38% 

106 kDa Ova pHlexi 313 133 42% 
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3.5. Cytotoxicity of OVA pHlexi particles in cultured 3T3 cells  

An important feature of particulate-based delivery systems is to effectively deliver a 

therapeutic without causing toxicity in non-targeted cells. The viability of 3T3 cells after 

incubation with OVA-encapsulated pHlexi particles was determined using the Alamar blue 

assay. Figure 7 shows the cell viability for all the different nanoparticle formulations relative 

to untreated cells at increasing particle concentration. All particles showed negligible toxicity 

even at particle concentrations of 100 µg/mL, which demonstrates that pHlexi particles can 

induce endosomal escape without significantly affecting cell viability. This toxicity was 

significantly less than our previous study, this is thought to be due to the improved 

preparation method (which does not require the presence of ethanol as a solvent) and due to 

the different ratio of polymer building blocks. Interestingly, toxicity was the only factor that 

changed when different polymer ratios were used, stability, disassembly and particle size 

remained similar. 

 

Figure 7.  3T3 cell viability after incubation with OVA-encapsulated pHlexi particles 
prepared with PDEAEMA Mn of 7 kDa (●), 27 kDa (■) or 106 kDa (▼). Cell viability is 
reported relative to untreated cells and measured using the Alamar Blue assay after 24 h 
incubation of the particles with cells. Error bars are standard deviation of the experiment 
conducted in triplicate. 
 

4. Conclusions  
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The effect of PDEAEMA molecular weight on particle preparation, loading, cell association, 

endosomal escape and toxicity of dual-component, pH sensitive PDEAEMA/PDEAEMA-b-

PEG particles was investigated. The pHlexi particles were assembled using a simple dialysis 

approach, forming spherical particles in PBS at pH 8, with hydrodynamic particle diameter 

between 120 nm and 150 nm, as measured by DLS. All particles were stable at pH > 7.2, but 

disassembled below pH 6.8, demonstrating their pH-responsive capability. The loading of the 

particles with a model protein cargo, OVA-647, was successful for all PDEAEMA 

nanoparticles. Interestingly, molecular weight dependent cell association and endosomal 

escape was observed for these nanoparticles with Mn 7 kDa, 27 kDa and 106 kDa. Cell 

association was greater with PDEAEMA Mn of 7 kDa, whereas particle-induced endosomal 

escape of co-delivered calcein was greater at higher PDEAEMA Mn (27 kDa and 106 kDa). In 

addition to their ability to associate with cells and induce endosomal escape, the particles 

showed little or no toxicity in 3T3 fibroblast cells. The results indicate that particle properties 

and their effect on cells can be fine-tuned by varying the molecular weight of the constituent 

polymer. The simple preparation technique, combined with low toxicity, therapeutic loading, 

and endosomal escape capability, are attractive features that make pHlexi particles potential 

candidates for the safe and effective delivery of therapeutic cargo.  
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Nanoparticle cellular behaviour including endosomal escape and association was found 
to depend on molecular weight of polymeric building blocks. This study was conducted 
using pH-responsive nanoparticles assembled using a simple and modular nanoprecipitation 
technique based on PDEAEMA AND PEG-b-PDEAEMA. It was found endosomal escape 
increased with increasing molecular weight of PDEAEMA while cell association decreased.  
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