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Block copolymers, poly(oligo ethylene glycol methyl ether methacrylate)-block-poly(styrene), 

POEGMEMA-b-PS, with various block length were prepared via RAFT polymerization and subsequently 

self-assembled into various aggregates to investigate their uptake ability into human colon carcinoma cell 

line, WiDr. By varying the ratio of the hydrophobic to hydrophilic block length in the block copolymers 10 

various morphologies including spherical micelles, cylindrical micelles (rods), vesicles and large 

compound micelles could be generated. With increasing length of the hydrophobic block the micelles 

grew in size until chain stretching caused the transition to rods then other aggregates. Micelles of two 

sizes with a hydrodynamic diameter of 34 and 49 nm, respectively and two different vesicles 

(hydrodynamic diameter 99 nm and 150 nm) were further studied towards their ability to be taken up 15 

human colon carcinoma cells. Results indicated that the smaller sized micelles were taken up almost 

immediately while an increased sized micelle were taken up, however at a slower rate. Though larger 

vesicle aggregates were taken up at a slower rate, but eventually all cells internalized aggregates to a 

similar amount after a few hours.  

.20 

Introduction 

Cellular uptake of nanoparticles is often considered pivotal to 

deliver of drugs to the intracellular target.1, 2 In studying the 

cellular uptake ability of nanoparticles with the absence of any 

cell-penetrating peptides, the amount of nanoparticles found 25 

intracellular is dependent on surface chemistry, size and shape.3-5 

Nanoparticles of 50 nm are often highlighted as optimum size to 

achieve maximum cell uptake,6, 7 while increasing aspect ratio in 

rod-like structures delay the uptake.6 Most studies have been 

carried out using inorganic nanoparticles, foremost gold 30 

nanoparticles.  

Polymer-based nanoparticles have been widely explored for their 

ability to encapsulate a broad variety of drugs while their size can 

be tailored with ease by polymerization and processing 

conditions. While a strong focus on spherical polymer particles in 35 

the literature is apparent, vesicles have a similar spherical shape 

however have a hollow aqueous core different than the 

hydrophobic polymeric core of the traditional micelles.8 A 

convenient way to generate vesicle structures is by the means of 

self-assembled block copolymers. Amphiphilic block copolymer 40 

are able to self-assembly in selective solvents into a wide variety 

of structures ranging from spherical micelles to cylindrical 

micelles (rods), vesicles, bilayers and a range of non-equilibrium 

structures.9-11 Polymeric micelles, including block co-polymer 

micelles, have been extensively investigated for drug delivery 45 

applications.12, 13 These structures enable drugs to be 

encapsulated in the hydrophobic core while the hydrophilic shell 

can protect the incorporated drug while altering pharmacokinetic 

and biodistribution properties favorably.14, 15  Polymeric micelles 

offer great flexibility in the block copolymer chemistry allowing 50 

the modification and functionalization of the core and shell of the 

nanostructure for targeted delivery purposes.  Depending on the 

polymer composition and the preparation conditions, amphiphilic 

block copolymers can also form vesicular assemblies. These 

reflect the structure of liposomes in the way that a bilayer 55 

structure is present which encloses an aqueous interior and are 

considered to be more rigid, stable and versatile16 

Various other self-assembled polymeric structures, such as 

“crew-cut” aggregates,17 can be produced by changing the lengths 

of both the hydrophilic and hydrophobic blocks.  A short 60 

hydrophobic block compared to the hydrophilic block leads to the 

formation of spherical micelles, while extending the length of the 

hydrophobic block may result in an increase in size of the 

micelles, as well as the transition in the morphology to vesicles, 

due to stretching of polymer chains within the core.  The final 65 

morphology is dependent on the copolymer composition, 

preparation method and also copolymer polydispersity 18-20.  The 

morphological transition behaviour from spheres to rods has been 

investigated in detail on series of poly(acrylic acid)-poly(styrene), 

PAA-PS 21 and poly(ethylene)-poly(styrene), PEO-PS 22, 23 70 

copolymers while these polymers have also been shown to 

Page 1 of 9 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



produce lamellae, tubules, vesicles, large compound micelles 

(LCMs) and large compound vesicles (LCVs) morphologies.24  A 

“flowerlike” morphology has also been reported with self-

assembled amphiphilic thermo-responsive ABA triblock 

copolymer with methyl methacrylate (MMA) (A blocks), and N-5 

isopropylacrylamide (NIPAMM) (copolymerized with 

polyethylene glycol methyl ether methacrylate (PEGMEMA) for 

the B block).25 

The cellular uptake of micelles has been moderately studied in 

literature using mainly micelles based on poly(ethylene oxide) 10 

(PEO)-based block copolymers.26, 27 The uptake is determined by 

parameters such as size and surface chemistry similar to rigid 

nanomaterials.28 Polymeric nanoparticles have been widely 

reported to be rapidly internalized by cells within 1 – 15 min in 

vitro reaching a maximum internalization level with 24 h of 15 

exposure in a variety of cell lines.29, 30 However, the dynamic 

character of micelles adds a new level of complication. At low 

concentrations, well below the critical micelle concentration 

(CMC), the micelles disassociate and while the uptake of the 

polymer cannot be observed anymore in some cases,31 the 20 

triblock copolymer PEO-PPO-PEO in its unimer state seems to 

interact favourably with the cell membrane.  

Only a few reports dealt with the uptake of other aggregates than 

spherical micelles although vesicles while larger in size offer 

advantages in the use of a drug delivery vehicle with their hollow 25 

aqueous core.8  Vesicles can be used as carriers of hydrophobic 

drugs (in the bilayer) as well as hydrophilic drugs (in the interior) 

making them an attractive structure for purposes of drug delivery. 

Therefore, the aim of this study was to synthesize block 

copolymers based on oligoethylene glycol methyl ether 30 

methacrylate (OEGMEMA) and polystyrene (PS) via RAFT 

polymerization32, 33 to create a variety of morphologies. 

POEGMEMA has been chosen as an alternative for PEO since a 

range of recently developed drug delivery carriers are based on 

this polymer and therefore this type of polymer warrants 35 

investigation.34-36 Focus of this study was to investigate the 

amount and rate of uptake into human colon carcinoma cell line, 

WiDr.  Morphology of the polymers was varied by adjusting the 

ratio of the block copolymers with a fixed hydrophilic 

POEGMEMA block length. Using PEGMEMA even with the 40 

bulk side group resulted in the use of a larger block of PS.  This 

large hydrophobic group caused the core stretching that resulted 

in the larger morphologies including the vesicles. 

MATERIALS AND METHODS 

Materials 45 

Styrene (99% pure, Aldrich) was passed through a column of 

basic alumina to remove inhibitor immediately prior to use. 2,2-

Azobis(isobutyronitrile) (AIBN, 98% pure, Fluka) was 

recrystallized twice from methanol prior to use. 1,3-

Diissopropenylbenzene (Aldrich, 97%), tetrahydrofuran (THF, 50 

HPLC grade, LAB-SCAN, 99.8%), toluene (HPLC grade, LAB-

SCAN, 99.8 %), n-hexane (AR grade, UNIVAR), anhydrous 

methanol (MeOH, 99.9 % pure, Mallinckrodt), chloroform (99% 

pure, LAB- SCAN), dimethylformamide (DMF, 99 % Aldrich), 

were obtained at the highest purity and used without further 55 

purification unless otherwise stated. LysoTracker Red DND-99 

was purchased from Life Technologies.  All well plates used 

were purchased from Greiner Bio One.   

Synthesis of Polymers 

Synthesis of POEGMEMA MacroRAFT agent 60 

The macroRAFT was prepared with monomer oligo ethylene 

glycol methyl ether methacrylate (Mn = 300 g/mol) (7.257 mL, 

7.620 g, 25.4 mmol) which was passed through a column of basic 

alumina to remove inhibitor prior to polymerization, RAFT agent 

cyanopentanoic acid dithiobenzoate (CPADB) (0.0710 g, 0.2541 65 

mmol), o-fluorescein methacrylate (0.0051 g, 0.0254 mmol)  and 

initiator AIBN (0.00834 g, 0.05079 mmol) at ratio of (Monomer: 

Fluorescein: RAFT = 100:1:1; Monomer: AIBN = 500:1).  The 

mixture was placed in a round bottom flask and dissolved in 40 

mL of toluene. The reaction mixture was placed in an ice bath 70 

and purged with nitrogen for 30 min. The reaction mixtures were 

then immersed in an oil bath at 70˚C and samples were taken over 

a period of 24 h. The polymerization was terminated by placing 

the samples in an ice bath for 5 min.  
1H NMR was used to determine the conversion of the monomers 75 

by comparing the intensity of vinyl proton peaks (6.1 and 5.6 

ppm) to that of aliphatic proton peaks (1.1–1.3 ppm).  The 

polymers were purified three times by precipitation in petroleum 

spirits (Bp of 40–60˚C) followed by centrifugation at 7000 rpm 

for 15 min and drying in a vacuum at 30˚C. Purification was 80 

confirmed through 1H NMR through the absence of monomer 

peaks.  

Synthesis of POEGMEMA-block-Polystyrene   

To synthesize the di-block copolymer the macroRAFT with a 

small Mn (~4000 g/mol) and low number of repeating units (~15) 85 

was chosen for chain extension with styrene (Scheme 1). The 

ratio of POEGMEMA marcoRAFT agent to styrene was adjusted 

from 1:300 to as high as 1:3000.  The reaction was carried out 

according to Table 1 while continually changing the molar ratio 

of styrene. The macroRAFT agent (0.1 g, 2.6×10-5 mol) and 90 

AIBN (0.00026 g, 1.6×10-6 mmol) were dissolved styrene (0.81 

g, 7.8×10-3 mmol) leading to a ratio of ([Monomer]: 

[RAFT]:[AIBN] = 300:1:0.1). The reaction mixture was then 

purged with nitrogen for 1 h in an ice bath. The polymerizations 

were carried out in an oil bath at 100˚C. The vials were taken out 95 

at different time intervals over a period of 72 h. The 

polymerizations were terminated by placing the samples in an ice 

bath for 5 min. The copolymers were purified by placing the 

solution into a weighing dish and allowing the volatile styrene 

monomer to evaporate in the fumehood for 24 h.  Conversion was 100 

calculated through the following equation:  

Conversion = 
      

       
      

where, WD is the weight of the empty dish, WP is the weight of 

the dish after 24 h evaporation, WS is the weight of dish with 

polymer solution. The purity of the resulting copolymer after 105 

evaporation was confirmed through 1H NMR showing no 

monomer peaks were present.  

Scheme 1. Synthesis of POEGMEMA-b-PS. 

Self-Assembly POEGMEMA-block-PolyStyrene   110 

10 mg of the block copolymer was dissolved in 1 mL of DMF.  

The solution was then placed on a stir plate with a high rate of 
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stirring at room temperature.  Deionized water was added 

dropwise to the solution until a concentration of 2 mg/mL was 

obtained.  The solution was then place into a dialysis membrane 

with pore size MW < 3500 and dialyzed against deionized water 

for 24 h.   5 

Characterization of polymers and micelles 

Gel Permeation Chromatography (GPC). The molecular 

weight and polydispersity of prepared polymers was obtained via 

size exclusion chromatography (SEC). The eluent was N,N-

dimethylacetamide (DMAc) [DMAc; 0.03% w/v LiBr, 0.05% 10 

w/v 2,6-di-butyl-4-methylphenol (BHT)] at 50 °C (flow rate of 1 

mL/min) with a Shimadzu modular system comprising a SIL-

10AD auto-injector, a Polymer Laboratories 5.0-lm bead-size 

guard column (50 x 7.8 mm) followed by four linear PL 

(Styragel) columns (105, 104, 103, and 500 Å ) and an RID-10A 15 

differential refractive-index detector. The SEC calibration was 

performed with narrow-polydispersity polystyrene standards 

ranging from 168 to 106 g mol-1. 50 mL of polymer solution (2 

mg/mL in DMAc) was injected for every analysis. 

Nuclear Magnetic Resonance (NMR) spectroscopy. All NMR 20 

spectra were recorded using a Bruker 300 MHz spectrometer. All 

chemical shifts are reported in ppm (d) relative to 

tetramethylsilane, referenced to the chemical shifts of residual 

solvent resonances (1H and 13C). The following abbreviations 

were used to explain the multiplicities: s for singlet, d for doublet, 25 

t for triplet, m for multiplet and bs for broad singlet. 

Dynamic Light Scattering (DLS). The average diameters and 

size distributions of the micelles prepared in either deionized 

water or cell culture medium were measured using a Malvern 

Zetaplus particle size analyzer (laser, 35 mW, λ = 632 nm; angle 30 

90°) at a polymer concentration of 2 mg/mL. Samples were 

filtered to remove dust using a microfilter 0.45 μm prior to the 

measurements.  

Transmission Electron Microscopy (TEM). TEM micrographs 

were obtained using a JEOL 1400 transmission electron 35 

microscope. The samples were prepared by casting the micellar 

solution (1 mg/mL) onto a formvar-coated copper grid. The 

samples for TEM were positively stained with 2 % osmium 

tetroxide vapor.   

Scanning Electron Microscope (SEM). SEM images were 40 

collected on a NanoSEM 230 microscope.  The samples were 

prepared at concentration 2 mg/mL on copper tape.  The samples 

were dropped on the copper tape and were allowed to settle for 1 

min prior to using filter paper to remove the water.  The samples 

were then coated with chromium using an Emitech K575x 45 

Chromium Sputter Coater.  

Culture of human colon carcinoma cell line, WiDr 

The human colon carcinoma cell line, WiDr, was maintained in  

Dulbecco’s modified eagle medium (DMEM) supplemented with 

2.2 g/L NaHCO3, 10 % (v/v) foetal bovine serum (FBS), 100 50 

U/mL penicillin and 100 µg/mL streptomycin in a humidified 

incubator (5 % CO2 / 95 % air atmosphere at 37 oC).   

Cell viability analysis 

WiDr cells were seeded in 24-well tissue culture polystyrene 

plates at a density of 1×104 cells/well in 1 mL culture medium at 55 

polymer aggregates were added at a final concentration of 500 

µg/mL.  Cell viability was analysed at 24 and 48 h after the 

addition of polymer aggregates using an automated cell viability 

analyzer (ViCell, Beckman Coulter, Sydney, Australia) that is 

based on trypan blue exclusion dye analysis. 60 

Cellular Uptake 

Flow Cytometry (FC). Polymer uptake was measured by flow 

cytometry by measuring fluorescence intensity. WiDr cells were 

seeded in 6-well tissue culture polystyrene plates at a density of 

5×105 cells/well in 3 mL culture medium and 50, 100 and 500 65 

µg/mL polymer aggregates. Cells were analyzed after 1, 2, 4 and 

24 h.  For each sample, data was acquired for 1×104 gated events 

using a flow cytometer (BD FACSort) by measuring fluorescence 

intensity along with the number of cells. Data were analysed 

using the FCS 4 Express software. 70 

Confocal Fluorescence Microscopy. WiDr cells were seeded 

into 35 mm diameter (9.6 cm2) dishes at a density of 5×105 

cells/well in 3 mL of culture medium and allowed to attach to the 

dish for 16 h before experimentation. Cells were stained with 

Lysotracker red (1:20 000 in culture medium) for 30 min at 37ºC.  75 

Cells were then rinsed with DPBS and exposed to fresh culture 

medium for imaging.  Cells were exposed to various 

concentration of polymer aggregates and live cell imaging was 

initiated immediately following exposure to the polymers using a 

Leica TCS SP5 confocal fluorescence microscope over a period 80 

of 24 h.   

Statistical Analysis 

A t test (two samples, two tailed distribution assuming equal 

variance) was used to compare statistical significance.  p < 0.05 

results were considered significant.  Experiments were performed 85 

in triplicate and experiments were repeated. 

RESULTS AND DISCUSSION 

Polymer synthesis and self-assembly 

The RAFT agent was used in the polymerization with 

POEGMEMA in toluene at 70˚C and the conversion of the 90 

monomer was determined through 1H NMR (Figure S1, ESI) with 

the results summarized in Table S1, ESI. The monomer 

conversion increased with reaction time while the radical 

concentration was constant during the course of polymerization 

as demonstrated by a pseudo first order plot (Figure S2 A, ESI). 95 

The theoretical and experimental molecular weights were 

proportional to the monomer conversion (Table S2). The 

experimental molecular weight increased linearly with the 

monomer conversions and the polydispersity index (PDI) 

remained low (<1.20).  The low PDI over the course of the 100 

reaction is an integral property that indicates a well-controlled 

RAFT polymerization. The purified polymers were subsequently 

employed in the self-assembly process without further removal of 

the RAFT endgroup, which can be easily cleaved using a range of 

conditions.37, 38 105 

Preliminary studies in our lab showed that long POEGMEMA 

blocks mainly led to aggregates such as micelles even if the PS 

block was substantially longer. To generate crew-cut aggregates 

such as vesicles, the smallest POEGMEMA macroRAFT agent 

with a molecular weight of Mn(theo)=3900 g mol-1 was chosen 110 

for chain extension with styrene. The POEGMEMA macroRAFT 
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agent was then polymerized with styrene at a ratio significantly 

larger than the hydrophilic POEGMEMA block.  The ratio 

between hydrophilic monomer and hydrophobic monomer 

concentration was varied in the range of 300 to 3000 in order to 

obtain micelle structures as well as various crew-cut aggregates. 5 

Although the RAFT agent chosen was expected to undergo an 

efficient chain transfer process,13 low RAFT agent 

concentrations, such as 3000:1 monomer to RAFT agent ratio, 

may exceed the limits of the RAFT process.  

The polymerization of styrene was carried out in bulk and after 10 

different time intervals the monomer conversion was determined 

using 1H-NMR (ESI, Figure S3). Consumption of the monomer 

was retarded with increasing macroRAFT agent concentration, 

which is in good agreement with the expected behavior.39 The 

molecular weight was found to increase with increasing 15 

conversion (Table S2 and Figure S4). However, at high monomer 

to RAFT agent ratios the molecular weight distribution of 

polymer started to broaden, which is particularly pronounced at 

higher conversions, and significantly deviated from the 

theoretical molecular weight. This is likely due to the relatively 20 

low concentration of the RAFT agent, which led to insufficient 

suppression of the termination reaction leading to increasing 

amounts of non-RAFT polymer, possibility PS. Block 

copolymers with numbers of repeating units up to 1000 all had a 

PDI of 1.4 or less. Block copolymers with longer PS blocks 25 

typically have PDI > 1.4 which is indicative of a process that is 

less well-controlled and likely to contain some terminated 

polymer as impurity.  

The block copolymers were purified and dissolved in DMF, 

followed by the very slow addition of water and the subsequent 30 

dialysis. The aggregates were analyzed by DLS, which showed 

that the hydrodynamic diameter increased as the size of the 

hydrophobic chain increased (Figure 1). It was expected that a 

small hydrophobic PS block compared to the hydrophilic 

POEGMEMA block would lead to spherical micelles. With the 35 

increasing length of the hydrophobic block the size of the micelle 

was expected to grow until the necessary chain stretching of the 

PS block became entropically unfavorable leading to the 

transition of cylindrical micelles (rods) and vesicles 

(polymersomes).18 A large catalogue of other structures can also 40 

be created, which are often in co-existence with each other. TEM 

and SEM were used to confirm the formation of micelles at low 

hydrophobic block lengths and crew-cut aggregates at longer 

hydrophobic block lengths (Figure 2). The low block length of 

the hydrophilic POEGMEMA in combination with the low block 45 

length of the hydrophobic styrene (typically below 500 styrene 

RUs) resulted in spherical micelles (Figure 2 A - D). The 

diameters of these micelles measured by TEM and SEM were in 

agreement with the DLS measurements with particle diameters in 

the range of 30 – 70 nm. Some micelles were found to have a 50 

wide particle size range, such as in Figure 2D. The majority of 

these micelles had a diameter less than 100 nm as measured by 

SEM however the larger particles affected the volume-average 

hydrodynamic diameter measured using DLS which was found to 

be 150 nm (Figure 1). The transition from micelles to rods took 55 

place at styrene RU greater than 200 (Figure 2, E). DLS is 

modeled on the diffusion of a sphere and indicated that the 

diameter of these rods were 150 - 250 nm, however TEM and 

SEM indicated that the diameter of these rods was below 100 nm 

while the length exceeded 1 µm. Some of the rods exhibited a 60 

pearl-necklace appearance, which are indicative of the two-step 

transition of spheres to rods 40, 41. The next morphological 

transition took place when POEGMEMA had only a very small 

number of repeating units (N=13) and the PS block was higher 

than 500 (Figure 2 F). Large compound micelles (LCM) formed 65 

at styrene RU greater than 2300 (Figure 1, H-I) which is in 

agreement with a previous report 42.  The vesicles and LCMs 

were more spherical in nature which resulted in good agreement 

between TEM, SEM and DLS for the average particle size which 

was between 150 to 250 nm (Figure 1). Some TEMs showed the 70 

co-existence of two morphologies next to each other and the 

circles in Figure 1 that should indicate the obtained morphology 

should only act as guidance. 
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Fig.1 The hydrodynamic diameter, Dh (nm) vs. NPS of aggregates 75 

determined using DLS (c= 2 mg mL-1 in deionized water). (A)  

[POEGMEMA macroRAFT] : [Styrene] = 1 : 300, (B) [POEGMEMA 

macroRAFT] : [Styrene] = 1 : 1000, (C) [POEGMEMA macroRAFT] : 

[Styrene] = 1 : 2000, (D) [POEGMEMA macroRAFT] : [Styrene] = 1 : 

3000. 80 

 
Fig.2 : TEM or SEM (grey background) analysis of the aggregates 

(concentration of polymer 2mg mL-1 in water) of (A) PEGMEMA 13-

PSTY54, (B) PEGMEMA 13-PSTY89, (C) PEGMEMA 13-PSTY114, (D) 

PEGMEMA 13-PSTY189, (E) PEGMEMA 13-PSTY250, (F) PEGMEMA 13-85 

PSTY2008, (G) PEGMEMA 13-PSTY2265, (H) PEGMEMA 13-PSTY2631, (I) 

PEGMEMA 13-PSTY2876 
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A large array of block copolymers were subsequently prepared 

using a variety of POEGMEMA macroRAFT agents (Figure 3). 

Micelles were formed over a range of POEGMEMA block 

lengths at low styrene block lengths. Rod-like structures were 

obtained when the POEGMEMA block was above 20 repeating 5 

units, while the PS block needed to be sufficiently large. Very 

short POEGMEMA blocks led either to vesicles or LCMs, which 

is in good agreement with the literature.18 LCMs are created from 

the aggregation of inverse micelles that are coated with block 

copolymers with POEGMEMA that created the water-soluble 10 

shell 42.   

It seems therefore that very long PS blocks are required to force 

the transition of micelles to other aggregates. This can be 

understood considering the large volume of the POEGMEMA 

polymer.  15 
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Fig.3 Morphologies of block copolymers as a function of their respective 
block lengths of hydrophilic POEGMEMA and hydrophobic styrene. 

 

Employing the same synthesis technique as the polymer 20 

aggregates formed in Figure 1 and 2 a new set of polymers were 

formed with a fluorescent tag chemically linked to them.  These 

block copolymers were subsequently employed to investigate 

their interaction with cells (Table 1). In order to investigate the 

cellular uptake properties of the various aggregates a fluorescent 25 

monomer was incorporated into the POEGMEMA macroRAFT 

agent at 1 mol %. The fluorescence intensity of each of the 

polymers was found to be related of the size of the block 

copolymer with the smaller block copolymers having a greater 

intensity than the larger polymers (Figure S5).  30 

The polymer aggregates were formed, analyzed and stored in 

deionized water.  To ensure that they would maintain the same 

morphologies when exposed to cell culture medium, DLS was 

also performed in cell culture medium. The size of the polymer 

aggregates was the same in deionized water and cell culture 35 

medium (Table 1).  The polymer aggregates tested are seen in the 

TEM (Figure 3) and will be referred to herein by their aggregate 

type and diameter in DI water. A variation of diameter and 

dispersity of size from the TEM images compared to DLS data is 

derived due to the dry state conditions of the TEM samples 40 

compared to the aqueous condition of the DLS.

 

Fig.4 TEM analysis of the aggregates (concentration of polymer 2 mg 

mL-1 in water) of (A) 34 nm micelles, (B) 49 nm micelles, (C) 99 nm 

vesicles and (D) 150 nm vesicles 45 

Table 1 The polymer aggregates size measured by DLS in DI water and 

cell culture medium, DMEM.  The number of RUs is stated with each 

block as well the aggregate formed. 

  Diameter (nm) 

Polymer 
Aggregate 

type 
DI Water DMEM 

POEGMEMA12-PS44 Micelle 34 ± 4 32 ± 3 

POEGMEMA12-PS53 Micelle 49 ± 5 51 ± 6 

POEGMEMA12-PS595 Vesicle 99 ± 11 90 ± 10 

POEGMEMA12-PS648 Vesicle 150 ± 17 144 ± 17 

 

The stability of the aggregates can also be expressed by their 50 

critical micelle concentration (CMC). Polymeric micelles can 

disassemble into unimers at low concentrations below their CMC 

or when changes in temperature, pH, or ionic strength occur.  The 

CMC of POEGMA40-b-PS99 in aqueous solution was measured to 

be 14 mg/L with the surface tension at the CMC of 56 mN/m.43  55 

In addition, the break-up of micelles is kinetically hampered and 

the micelle are known to be stable well below their CMC 44 

although recent studies have shown that micelles, especially with 

smaller hydrophobic blocks, can break up during in vitro studies 
45-47. The concentration of the aggregates used in these 60 

experiments were at much higher concentrations than these block 

copolymers and well above the CMCs indicating that the 

aggregates will be stable in the cell culture medium.  

 

Cell interactions with POEGMEMA-PS micelles and vesicles 65 

The proliferation of WiDr cells in contact with the polymers was 

investigated at a concentration of 500 µg/mL over a period of 48 

h (Figure 4). None of the polymeric micelles were found to 

significantly reduce cell proliferation over the 48 h analysis 

period (p < 0.05) compared to cells exposed to normal growth 70 

conditions.  
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Fig.5 Cell viability of WiDr cells exposed to 500 g/mL polymer 

aggregates compared to cells exposed to medium only (control 

proliferation) analysed over a period of 48 h. Data presented as mean ± 

standard deviation (n = 3). 5 

Uptake of the polymer aggregates into the WiDr cells was 

measured using two techniques, flow cytometry and fluorescence 

spectroscopy. The first method analyses the number of cells that 

have fluorescing material internalized, while the latter technique 

quantified the fluorescence of the cell growth media, which 10 

results in the amount of aggregates that have not been taken up. 

Both techniques are complementary, but offer quantitative results 

from a different perspective. 

 

Uptake of the polymer aggregates into the WiDr cells was 15 

analyzed after 24 h of exposure to the different sized micelles at a 

concentration of either 50 or 500 µg/mL by flow cytometry by 

measuring fluorescence intensity (Figure 6). The fluorescent 

monomer was chemically linked to the polymers, so increased 

fluorescence intensity indicated polymer uptake into cells, 20 

however each polymer was found to have a different level of 

fluorescence (Figure S5). Hence, comparison of the uptake of 

each polymer aggregate can be made, but not directly between 

polymers.  Cells were found to internalize each of the polymer 

aggregates in a dose-dependent fashion as shown by the increased 25 

fluorescence intensity profiles for cells exposed to the highest 

concentration of each of the polymer aggregates compared to the 

lowest concentration tested and cells exposed to medium only 

(Figure 6). All cells exposed to the 34 nm micelles and the 99 nm 

vesicles at both concentrations were found to internalize the 30 

polymer aggregates (Figure 6 A and C) while not all cells 

internalized the larger micelles and vesicle (Figure 6 B and D). 

Only 55% of cells showed internalization to the 49 nm micelles at 

a concentration of 50 µg/mL after 24 h, while at the higher 

concentration all cells internalized the micelles (Figure 5 B). 35 

Similarly, only 15% of cells showed internalization to the 150 nm 

vesicles at a concentration of 50 µg/mL after 24 h, while at the 

higher concentration all cells exhibited internalization to these 

vesicles (Figure 6 D). 

 40 

Fig.6 Flow cytometric analysis of polymer aggregate uptake into WiDr 

cells at 24 h. Cells were exposed to polymer aggregates at a concentration 

of either 50 or 500 µg/mL including (A) 34 nm micelles, (B) 49 nm 

micelles, (C) 99 nm vesicles and (D) 150 nm vesicles or medium only 

control (grey). Uptake was measured by fluorescence intensity of the 45 

internalized polymer aggregates at concentrations of 50 (black) or 500 

(red) µg/mL. 

 

The uptake was monitored over a period of 24 h at a 

concentration of 500 µg/mL by flow cytometry by measuring 50 

fluorescence intensity. Cells were found to internalize each of the 

different polymer aggregates within 1 h of exposure (Figure 7). 

Internalization of the 34 nm micelles increased over the first 2 h 

of the measurement period and decreased at 4 and 24 h (Figure 7 

A). All cells showed internalization to the 49 nm micelles after 1 55 

h and for the 24 h measurement period (Figure 7 B). There were 

however, changes in the level of micelle uptake per cell over the 

24 h measurement period indicating that exocytosis may have 

occurred. Interestingly, uptake of the 99 nm vesicles continued to 

increase throughout the measurement period (Figure 7 C) while 60 

uptake of the 150 nm vesicles increased throughout the first 4 h 

and had decreased by 24 h (Figure 7 D). This data indicated that 

by 24 h of exposure all cells had internalized nanoparticles and 

together demonstrated that the size of the micelles affected the 

extent of micelle internalization. 65 

Analysis of uptake of the 34 nm micelles by the WiDr cells was 

also performed using confocal fluorescence microscopy 

immediately after exposure of the cells to the polymer aggregates.  

Uptake of the 34 nm micelles was found to occur within 2 min of 

exposure to the cells (Figure 8 A) and remained in the cells for 70 

the 2 h analysis period (Figure 8). No change in lysosome 

expression was observed throughout the experiment. Rapid 

uptake of polymeric nanoparticles has previously been reported 
29, 30 with 97 nm poly(D,L-lactide-coglycolide) nanoparticles 

taken up by human smooth muscle cells within 2 min 30. Diblock 75 

copolymers based on methoxypolyethylene glycol-block-

poly(caprolactone)  have also been reported to be internalized by 

human colon adenocarcinoma cells within 15 min 29.  
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Fig.7 Flow cytometric analysis of polymer aggregate uptake into WiDr 

cells over a period of 24 h. Cells were exposed to polymer aggregates at a 

concentration of 500 µg/mL including (A) 34 nm micelles, (B) 49 nm 

micelles, (C) 99 nm vesicle and (D) 150 nm vesicle or medium only 5 

control (grey). Uptake was measured by fluorescence intensity of the 

internalized polymer aggregates after exposure times of 1 (red), 2 (blue), 

4 (green) and 24 (black) h. 

 
Fig.8 Uptake of 34 nm micelles into WiDr cells after (A) 2, (B) 10, (C) 10 

30 or (D) 120 minutes as measured by confocal fluorescence microscopy 

when exposed to the polymer aggregates at a concentration of 500 µg/mL. 

The cell lysosomes were stained with Lysotracker Red (red) while the 

micelles contain a fluorescein o-methacrylate (green). Scale bar 

represents 50 µm. 15 

The uptake of other aggregates such as the 150 nm vesicles were 

monitored over a similar time frame (ESI, Figure S6) showing the 

increase of fluorescence over a period of 2 hours.  

Uptake of the polymer aggregates into cells was also measured by 

flow cytometry by measuring the forward and side scatters of the 20 

cells which indicated cell size and granularity, respectively 

(Figure 9). Both forward and side scatters were found to increase 

after 24 h exposure to the different sized nanoparticles. 

Interestingly, the fluorescence intensity profiles (Figure 6) 

indicated that all cells internalized the different polymer 25 

aggregates, while a large proportion of the cells in each test case 

did not change either their size or granularity as measured for 

forward and side scatters (Figure 8). This indicated that a large 

proportion of the cells took up a low level of polymer aggregates.  

 30 

Fig.9 Flow cytometric analysis of (A) forward and (B) side scatter for 

WiDr cells exposed to 500 µg/mL polymer aggregates after 24 h. Data 

presented for 34 nm micelles (red), 49 nm micelles (blue), 99 nm vesicle 

(green) and 150 nm vesicle (black) compared to medium only control 

(grey). 35 

Quantification of the proportion of cells that showed 

internalization to the different polymer aggregates over time 

indicated that at the early time points a greater proportion of the 

cells showed internalization to the micelles than the vesicles 

while at the later time points all cells internalised polymers 40 

(Figure 10 A). The proportion polymer that was internalised by 

the cells over a period of 6 h was measured by the level of 

fluorescence remaining in the cell culture medium (Figure 10 B). 

These data show that a greater proportion of the micelles were 

internalized by the cells within 1 h of exposure than either of the 45 

vesicles which continued throughout the 6 h measurement period. 

Together these data demonstrate that micelles were taken up to a 

greater extent than the vesicles, while the 34 nm micelles were 

internalized to a larger extent than the 49 nm micelles. Similarly, 

the 99 nm vesicles were internalized to a greater extent than the 50 

150 nm vesicles. This data agrees with the flow cytometry 

analyses as more of the smaller micelles need to be internalized 

to result in the same level of forward and side scatters as for a 

smaller proportion of the larger micelles. 

 55 

Conclusions 

By keeping the chain length of hydrophilic block to hydrophobic 

block to a low ratio micelles were produced. The hydrophilic 

block could be synthesized to a low number of repeating units in 

the order of ~13-30 by keeping the reaction time between 1.5 and 60 

4 h.  The number of repeating units increased in a direct 

correlation to an increase in reaction time yielding a block length 

accurate to ± 5 repeating units within an approximately 30 

minutes window. The addition of the hydrophobic block through 

chain extension also provided a polymerization method resulting 65 

in a similar block length to reaction time correlation. Block 

lengths could be achieved to a ± 100 repeating unit target within a 

4 hour reaction time. To achieve the various sizes of the spherical 

micelles the chain length could be either decreased or increased 

with respect to the desired hydrodynamic diameter. When 70 

keeping a low ratio of hydrophobic to hydrophilic block micelles 
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were observed.  It was also observed that by as the ratio of 

hydrophilic block to hydrophobic block increased the formation 

of other aggregates were possible.  The vesicle shaped aggregates 

were formed as the hydrophilic block was keep down to ~13 

repeating units and increased the hydrophobic block to greater 5 

than 500 repeating units.  TEM and SEM imaging showed the 

same structures with the corresponding DLS data showing <10% 

deviation in hydrodynamic diameter for all aggregates.  

Polymer aggregates were found to be non-cytotoxic to human 

colon carcinoma cells which enabled analyses of polymer 10 

aggregate uptake into these cells. Cells were found to rapidly take 

up the polymer aggregates within minutes of exposure.  

Variations in concentration and exposure time changed the extent 

of polymer uptake while the size and shape of the polymer 

aggregates dominated the extent of uptake. The smaller sized 15 

polymer aggregates were taken up to a greater extent and more 

rapidly than the larger polymer aggregates while the micelles 

taken up more rapidly, and to a larger extent than the vesicle 

micelles.  Together these data demonstrated that the size and 

shape of the micelles can be tuned to control the extent and 20 

kinetics of polymeric micelle internalization into cells. 

 

 
Fig.10 (A) Percentage of cells that showed internalization to the polymer 

aggregates over 24 h as determined by changes in fluorescence intensity 25 

from flow cytometry measurements when WiDr cells were exposed to 

polymer aggregates at a concentration of 500 µg/mL for a period up to 24 

h.(B) Proportion of polymer aggregates remaining in solution after 

exposure to WiDr cells for a period of 6 h. 
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