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Abstract 

Stable polymersomes with semipermeable membranes were prepared by simple mixing 

two oppositely charged diblock copolymers containing zwitterionic and cationic (PMPC20-b-

PMAPTAC190) or anionic (PMPC20-b-PAMPS196) blocks. The formation of vesicular 

structures in the mixed solution of the block copolymers was confirmed by direct observation 

with cryo-TEM technique. Superparamagnetic iron oxide nanoparticles coated with cationic 

chitosan derivative (SPION/CCh) and these decorated with a fluorescent probe molecule were 

next incorporated into the polymersome structure. The average diameter of SPION/CCh-

polymersomes estimated with cryo-TEM was about 250 nm. Surface topography of the 

SPION/CCh-loaded vesicles was imaged using AFM and magnetic properties of these objects 

were confirmed by MFM and MRI measurements. The ability of the SPION/CCh-

polymersomes to affect T2 relaxation time in MRI was evaluated based on the measurements 

of r2 relaxivity. The obtained value of r2 (573 ± 10 mM-1s-1) was quite high. The cytotoxicity 

and intracellular uptake of the SPION/CCh-loaded vesicles into EA.hy926 cells were studied. 

The results indicate that the SPION/CCh-polymersomes seem to be internalized by vascular 

endothelium and are not cytotoxic to endothelial cells up to 1 μg Fe/ml. Therefore, it can be 

suggested that the SPION/CCh-polymersomes could prove useful as T2 contrast agents in 

MRI of endothelium. 

 

 

 

Keywords: polymersome; endothelial cell; MRI; copolymer; biocompatibility; self assembly; 

superparamagnetic iron oxide nanoparticles 
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1. Introduction 

There has been a growing interest in the application of polymeric vehicles, called 

polymersomes,1 as nanocarriers in biomedicine. Polymersomes are structures analogous to 

liposomes, formed in the self-assembly process from synthetic amphiphilic block copolymers 

containing hydrophilic and hydrophobic blocks. They show higher colloidal stability, better 

mechanical properties, higher drug loading capacity, longer blood circulation time, lower drug 

leakage and greater storage capability than liposomes.2 -5 To improve the control over the 

cargo release, the stimuli-sensitive components were incorporated into the polymersome 

structure. Such polymeric vehicles respond to internal or external stimuli, including: pH, 

redox potential, temperature, ultraviolet or near-infrared light, carbon dioxide, enzymes, 

magnetic field, and ultrasound, either reversibly or irreversibly.6-8 However, the hydrophobic 

membrane of polymersomes prepared from the amphiphilic polymers restricts the penetration 

of the hydrophilic solutes, thereby limiting their function as semipermeable container systems. 

To solve that problem the researchers have used the aforementioned pH-sensitive 

polymersomes9,10 or have prepared the semipermeable membrane by simple mixing of a pair 

of oppositely charged block copolymers (PICsomes) in an aqueous medium.11 Additionally, 

the latter approach facilitates the encapsulation of unstable compounds such as proteins 

without using any organic solvents. 

Although the idea of applying magnetic field in medicine is quite old,12 the practical 

protocols are still not fully developed. There is considerable interest in the improvement in the 

sensitivity and safety of the contrast agents. So far, two main types of magnetic resonance 

contrast agents, i.e., gadolinium compounds13and superparamagnetic iron oxide nanoparticles 

(SPION),14, have been prepared as colloidal aqueous dispersion or incorporated into 

polymeric membranes. It was shown that SPION could be incorporated into polymersomes 

formed by self-assembly of various amphiphilic block copolymers.14,15,16,17,18 Possible 
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biomedical applications of such magnetically sensitive polymersomes include magnetic 

resonance imaging (MRI), hyperthermia, magnetically guided transport to diseased tissues19 

and controlled drug release in the target tissue triggered by an external alternating magnetic 

field.20 Moreover, the possibility of further functionalization, e.g., by the covalent attachment 

of targeting peptides and/or fluorescent labels can be considered to broaden possible 

applications.21-23 

The vascular endothelium is regarded today as a major endocrine/paracrine/autocrine 

organ that plays a fundamental role in the regulation of the cardiovascular system. Indeed, 

endothelium via plethora of mediators, including nitric oxide (NO), prostacyclin (PGI2) 

carbon monoxide (CO) and adenosine regulates vascular tone, vascular wall permeability, 

vascular structure as well as is involved in inflammation and thrombosis.24 There is 

overwhelming evidence that endothelial dysfunction promotes the development of 

atherothrombosis, diabetes, and many other diseases and its diagnosis possesses prognostic 

significance.25 Accordingly, pharmacotherapy of endothelium, and localized drugs delivery to 

endothelium in particular, offer a novel therapeutic approach to various cardiovascular 

diseases.26 Few systems have been previously used to target therapeutic agents to 

endothelium. A drug-conjugate, such as β-Gal enzyme attached to anti-PECAM (PECAM is a 

highly expressed endothelial surface antigen), was accumulated in the lungs and induced a 

marked elevation of β-Gal activity in the lung tissue, and thus may be potentially useful for 

the treatment of acute pulmonary or vascular diseases.27 Immunoliposomes, e.g. sialyl 

Lewisx-liposomes, were used to deliver antisense oligonucleotides (AS-ODNs) directed 

against the adhesion molecule ICAM-1 to activated vascular endothelial cells.28  

In this study, we report for the first time on the application of PICsomes, the stable 

polymersomes with the semipermeable membrane, as a useful carrier of SPION, an MRI 

contrast agent. For that purpose, two novel oppositely charged well-defined and 
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biocompatible diblock copolymers were designed and synthesized in a two-step procedure. 

The copolymers comprised the zwitterionic block with phosphorylcholine groups and the 

cationic or anionic block. The formation of vesicular structures in the appropriate mixture of 

aqueous solutions of the copolymers was confirmed by the direct visualization with cryo-

transmission electron microscopy. Next, SPION coated with a cationic chitosan derivative 

(SPION/CCh) were incorporated into the membrane and/or interior of the polymersomes. 

Magnetic properties of SPION/CCh-polymersomes were evaluated using AFM/MFM 

techniques and contrast enhancement ability in MRI was confirmed by the relaxation time 

measurements. In vitro cytotoxicity and intracellular uptake by endothelium were studied on 

EA.hy926 cells using MTT assay and CLSM, respectively. The results suggest that 

polymersomes composed of the pair of oppositely charged block copolymers, when used as 

carriers for incorporated SPION/CCh contrast agents, may prove useful as MRI contrast 

agents. Importantly, since SPION/CCh-polymersomes were up-taken by the endothelium, we 

suggest their potential use as a delivery system to endothelium.  

 

2. Experimental section 

2.1. Chemicals and cell culture  

All chemicals were obtained from commercial sources (Sigma-Aldrich, Life 

Technologies) and used without further purification. Chitosan (low molecular weight, Sigma-

Aldrich) was cationically modified (CCh) by reaction with glycidyltrimethylammonium 

chloride (GTMAC) as previously described;29 the degree of substitution of chitosan with 

quaternary ammonium groups was ca. 57%. 4-Cyanopentanoic acid dithiobenzoate (CPD) 

was synthesized as previously described.30 4,4‘-Azobis(4-cyanopentanoic acid) (V-501, 98%) 

was obtained from Wako Chemicals. SHP-20, the commercial MRI contrast agent, was 
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obtained from Ocean NanoTech. Millipore-quality water was used for all solution 

preparations. 

A hybridoma EA.hy926 cell line, formed by the fusion of HUVEC with an A549 human 

lung carcinoma cell line, was kindly provided by Dr. C-J. Edgell (Department of Pathology, 

University of North Carolina, Chapel Hill, NC, USA).31 The cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM) containing 4.5 mg per ml glucose, 10% fetal bovine 

serum, 100 U per ml penicillin, 100 μg per ml streptomycin and 2% HAT supplement 

(complete culture medium), maintained at 37°C in a fully humidified atmosphere of 5% CO2 

and passaged twice a week. 

2.2. Syntheses of diblock copolymers, PMPC20-b-PMAPTAC190 and PMPC20-b-

PAMPS196 

Poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC) macro-chain transfer agent 

(PMPC macro-CTA) was synthesized according to the modified previously reported 

method.32 MPC (6.03 g, 20.4 mmol) was dissolved in 38.8 mL of mixed methanol and water 

(7/5, v/v), and then CPD (423 mg, 1.38 mmol) and V-501 (48.0 mg, 0.171 mmol) were added 

to the solution. The aqueous solution was degassed by purging with Ar gas for 30 min. 

Polymerization was carried out at 70oC for 6 h. The reaction mixture was dialyzed against 

pure water for 2 days. PMPC was recovered by freeze-drying (6.05 g, 93.8%). The number-

average molecular weight (Mn) and dispersity index (Mw/Mn) estimated from gel-permeation 

chromatography (GPC) were 6.21 × 103 g/mol and 1.03, respectively.  
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2.2.1. Preparation of poly(2-(methacryloyloxy)ethyl phosphorylcholine)-block-poly((3-

(methacryloylamino)propyl)trimethylammonium chloride) (PMPC20-b-PMAPTAC190) 

PMPC macro-CTA (345 mg, 56.5 µmol, Mn (NMR) = 6.21 × 103 g/mol, Mw/Mn=1.03), 

3-(methacryloylamino)propyl)trimethylammonium chloride (MAPTAC, 2.50 g, 11.3 mmol) 

and V-501 (7.90 mg, 28.2 µmol) were dissolved in 22.6 mL of water. The solution was 

deoxygenated by purging with Ar gas for 30 min. Block copolymerization was carried out at 

70oC for 6 h. The diblock copolymer was purified by dialysis against pure water for 2 days. 

The zwitterionic-cationic diblock copolymer (PMPC20-b-PMAPTAC190; see structure in Fig. 

1A) was recovered by a freeze-drying technique (2.46 g, 85.9%, Mn(NMR) = 4.95 × 104 

g/mol, Mw/Mn = 1.05). 

 

2.2.2. Preparation of poly(2-(methacryloyloxy)ethyl phosphorylcholine)-block-

poly(sodium 2-(acrylamido)-2-methylpropanesulfonate) (PMPC20-b-PAMPS196) 

A predetermined amount of 2-(acrylamido)-2-methylpropanesulfonic acid (AMPS, 2.00 

g, 9.67 mmol) was neutralized with 1 M NaOH in 9.65 mL of water. To this solution was 

added PMPC macro-CTA (300 mg, 48.3 µmol, Mn(NMR) = 6.21×103 g/mol, Mw/Mn = 1.03) 

and V-501 (10.7 mg, 38.2 µmol). The solution was deoxygenated by purging with Ar gas for 

30 min. Block copolymerization was carried out at 70oC for 3 h. The diblock copolymer was 

purified by dialysis against pure water for 2 days. The zwitterionic-anionic diblock copolymer 

(PMPC20-b-PAMPS196; see structure in Fig. 1A) was recovered by a freeze-drying technique 

(2.25 g, 97.0%, Mn(NMR) = 4.85 × 104 g/mol, Mw/Mn = 1.07). 
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Fig. 1. (A) Molecular structures of the copolymers used for the preparation of polymersomes, 

PMPC20-b-PMAPTAC190 and PMPC20-b-PAMPS196. (B) Schematic illustration of the 

encapsulation process of SPION/CCh in the polymersomes and the internalization of 

SPION/CCh-polymersomes by endothelial cells. 

 

2.3. Synthesis of SPION/CCh 

SPION coated with cationic chitosan derivative (SPION/CCh) were synthesized 

according to the method we have developed and described previously.33 Briefly, iron salts at 

the molar ratio Fe(III):Fe(II) = 2:1 (0.1622 g FeCl3∙6H2O and 0.0596 g FeCl2∙4H2O) were 
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dissolved in 50 mL of 0.1 M sodium chloride solution of CCh (c = 3 g/L). The solution was 

deoxygenated by purging with Ar and sonicated (Sonic-6, Polsonic, 480 W, 1 s pulse per 5 s 

break) for 10 min in a thermostated bath at 20 °C. Afterwards, 5 mL of 5 M NH3(aq) was added 

dropwise, and the solution was further deoxygenated and sonicated for 30 min at 20 °C. 

Finally, the SPION/CCh were purified by magnetic chromatography and the obtained 

suspension was filtered with PES syringe filters (0.2 µm). 

 

2.4. Modification of SPION/CCh with Alexa Fluor® 647 fluorescent probe 

Immediately before modification, Alexa Fluor® 647 NHS Ester was dissolved in 

anhydrous N,N-dimethylformamide (DMF) to obtain a concentration of 10 mg/mL. 100 μL of 

the dye solution was slowly added to 2 mL of the SPION/CCh suspension (c = 5 mg 

Fe3O4/mL) under stirring. The mixture was incubated for 1 h at room temperature with 

continuous stirring. After that time, the Alexa-labeled SPION/CCh particles were purified by 

dialysis against water at room temperature. 

 

2.5. Preparation of polymersomes 

Polymersomes were prepared by mixing of two aqueous solutions of oppositely charged 

copolymers, PMPC20-b-PAMPS196 and PMPC20-b-PMAPTAC190. PMPC20-b-PAMPS196 and 

PMPC20-b-PMAPTAC190 solutions in 0.1 M NaCl were prepared at a desired molar 

concentration, the same for both copolymers. Then, the solutions were mixed by adding 

dropwise the solution of PMPC20-b-PMAPTAC190 to the solution of PMPC20-b-PAMPS196 at 

room temperature. During this process, the system was vigorously stirred (800 rpm) and then 

it was equilibrated for at least 1 h prior to use in further studies. The ratio of block copolymers 

used to form the polymersomes was established to achieve complete charge neutralization. 
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That was reached when the mole fraction of the positively charged unit, 

]AMPS[]MAPTAC[
]MAPTAC[

+
=+f , was equal to 0.5. 

 

2.6. Preparation of SPION/CCh-polymersomes 

The CCh-coated SPION particles were incorporated into the polymeric bilayer at the 

initial stage of the vesicle preparation (Fig. 1B). Firstly, the SPION/CCh suspension (cFe = 

542 μg/mL) was sonicated for ca. 10 min at room temperature to disrupt any possible 

aggregates of nanoparticles. Then, the appropriate amount of the SPION/CCh suspension 

(calculated to achieve weight concentration of Fe3O4 equal to 5% of the sum of PMPC20-b-

PMAPTAC190 and PMPC20-b-PAMPS196 concentrations in the system) was added dropwise to 

the PMPC20-b-PAMPS196 solution with simultaneous stirring of the system. Next, the solution 

of PMPC20-b-PMAPTAC190 was added dropwise to the stirred mixture of PMPC20-b-

PAMPS196 and SPION/CCh. The molar ratio of block copolymers was the same as for the 

non-modified polymersomes (f+ = 0.5). The system (cFe = 103 µg/mL) was equilibrated for at 

least 1 h and purified from nonencapsulated SPION/CCh by centrifugation (3 min, 6000 rpm). 

The supernatant containing SPION/CCh-polymersomes (cFe = 14 µg/mL) was used for further 

studies. The fluorescently modified SPION/CCh were incorporated into the polymeric bilayer 

using the same procedure. 

 

2.7. Characterization of SPION/CCh-polymersomes 

The iron content in the resulting suspensions was determined using a 

spectrophotometric method based on the colored complex of Fe(II) with 1,10-phenanthroline. 

Briefly, iron oxide was decomposed by reaction with 3 M HCl. Then, an excess of ascorbic 
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acid (in relation to the expected iron content) was introduced in order to reduce Fe(III) to 

Fe(II). Finally, 3 mL of a 0.2% solution of 1,10-phenanthroline in 0.08 M HCl was added to 

the appropriately diluted solution of Fe(II) ions. The samples were left in the dark for 24 h, 

and their absorbance at 512 nm (characteristic of the formed complex) was measured. Based 

on the previously obtained calibration curve, the iron concentration in the samples were 

determined. 

Cryo-transmission electron microscopy (cryo-TEM) was used to visualize the 

polymersomes (see Fig. 2). That technique allows for the least perturbing and direct imaging 

of the hydrated sample. The samples for cryo-TEM were prepared as described previously.34 

Briefly, 3 μL of the studied colloidal dispersion was applied to an electron microscopy grid 

covered with perforated supporting film. Most of the sample was removed by blotting 

(Whattmann no. 1 filter paper) for approximately 1 s, and the grid was immediately plunged 

into liquid ethane held at -183°C. The sample was then transferred without rewarming into a 

Tecnai Sphera G 20 electron microscope using a Gatan 626 cryo-specimen holder. The 

images were recorded at 120 kV accelerating voltage and microscope magnification ranging 

from 5000x to 9600x using a Gatan UltraScan 1000 slow scan CCD camera (giving a final 

pixel size from 2.0 to 0.7 nm) and low dose mode with the electron dose not exceeding 15 

electrons per Å2. Typical value of applied underfocus ranged between 1.5 to 2.7 μm. The 

applied blotting conditions resulted in specimen with thickness varying between 100 to ca. 

300 nm. 

A Zetasizer Nano ZS instrument (Malvern Instrument Ltd., Worcestershire, UK) was 

used for dynamic light scattering (DLS, Fig. 3) and zeta potential measurements. Samples 

were illuminated with a 633 nm laser, and the intensity of light scattered at an angle of 173° 

was measured. Measurements were performed at 25 °C. The values of zeta potential, z-
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average diameter (dz), polydispersity (PDI), and distribution profiles of the samples were 

calculated using software provided by the manufacturer. 

Atomic force microscope (AFM) images (see Fig. 4 and 5) were obtained with 

Dimension Icon atomic force microscope (Bruker, Santa Barbara, CA) working in the air in a 

tapping mode. Magnetic force microscope (MFM) images were acquired using the same 

microscope working in a lift mode. In MFM measurements magnetic Co/Cr covered standard 

silicon cantilevers of normal spring constant of 2 N/m were used. Before scanning the 

cantilevers were magnetized with a small magnet. In QNM mode measurements standard 

silicon cantilevers of normal spring constant of 42 N/m were used (see Fig. S1 and S2 in 

ESI†). A sample for the measurements was prepared by placing a drop of the SPION/CCh-

polymersome suspension on a silicon plate. After 1 h, the solvent was removed by purging 

with argon. 

1H T1 and T2 relaxation times (see Fig. S3 and S4 in ESI†) were measured on a Bruker 

BioSpec 9.4 T MRI system (Bruker, Germany) with a birdcage radio-frequency coil of the 

diameter equal to 36 mm. A probe was mounted on the animal bed and positioned in the 

centre of the magnet using standard positioning sequence (Tripilot). Before each experiment, 

the probe shimming and the pulse-lengths adjustments were made. Pulse adjustments and the 

consecutive relaxation time measurements were performed with the use of a TopSpin v. 2.1 

software (Bruker, Germany) without gradient localization. The Inversion Recovery (IR) and 

standard Bruker Carr-Purcell-Meiboom-Gill (CPMG) sequences were used to measure T1 and 

T2, respectively. Echo time in the CPMG experiments was equal to 10 ms for all 

measurements except the shortest T2 where it was set to 8 ms. Maximum number of π pulses 

changed from 20 for the shortest T2 to 708 for the pure water, with the number of consecutive 

experiments ranging from 8 to 24 respectively (one acquisition per experiment). 16 data 

points were measured in the IR experiment. They were uniformly distributed on the 
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logarithmic time scale, in the 0.4 – 18.9 s range. The repetition times were equal to 20 s for T1 

measurements and 15 s for T2. Two accumulations were used for both IR and CPMG 

acquisitions. Single-exponential curves were fitted in the time domain using specialized 

spectrometer procedures (TopSpin). 

 

2.8. Cell viability assessment 

In vitro cytotoxicity of SPION/CCh, polymersomes and SPION/CCh-polymersomes 

was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. Briefly, EA.hy926 cells were seeded in a 96-well plate at a density of 18000 cells per 

well. After 24 h incubation, a series of suspension dilutions (0.007 - 2.33 µg Fe/mL for 

SPION/CCh and SPION/CCh-polymersomes; for the bare polymersomes, the total 

concentration of copolymers, cP, was the same as for the SPION/CCh-polymersomes) was 

added into wells. After 72 h incubation, the cytotoxicity was measured using the MTT assay. 

The absorbance at 560 nm was measured using a microplate reader (Synergy 4, BioTek).  

 

2.9. SPION/CCh-polymersomes intracellular uptake by endothelial cells 

24 h before uptake study, EA.hy926 cells were seeded in 6-well plates with glass 

coverslips at the bottom. The cell monolayer was washed with Dulbecco’s PBS and 

subsequently incubated with Alexa-labeled SPION/CCh-polymersomes (9 µg Fe/mL) in 

DMEM at 37 °C. After 24 h, the cells were washed twice with PBS and the nuclei were 

stained with Hoechst 33342 for 10 min. Then, the cells on the coverslips were fixed in 4% 

formaldehyde solution in PBS. The prepared specimens were observed using confocal laser 

scanning microscopy (CLSM). Images were acquired with an A1-Si Nikon (Japan) confocal 
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laser scanning system built onto a Nikon inverted microscope Ti-E using a Plan Apo 100×/1.4 

Oil DIC objective. Two diode lasers (405 and 638 nm) were used for excitation. Images were 

acquired at a resolution of 1024 × 1024. Fluorescence and transmitted light images of the cells 

were collected. 

 

3. Results and discussion 

3.1. Synthesis and characterization of SPION/CCh-polymersomes 

Polymeric vesicles have been prepared using the procedure similar to the method 

developed previously for the formation of polymeric micelles from copolymers composed of 

PMPC and PAMPS or PMAPTAC blocks.35 To obtain polymersomes rather than micelles the 

structure of the polymers, namely the ratio of the lengths of zwitterionic and charged blocks 

in the copolymers used, was adjusted accordingly. Very long negatively or positively charged 

blocks (PAMPS or PMAPTAC) and relatively short zwitterionic block (PMPC) promote 

vesicle formation. Oppositely charged blocks of copolymers attract each other and constitute 

the interior of the polymersome membrane, whereas zwitterionic blocks form its external and 

internal surfaces. SPION coated with the cationic derivative of chitosan can be easily 

incorporated into the polymeric membrane due to the electrostatic interactions with the 

negatively charged PAMPS blocks in the copolymer. 

The cryo-TEM image of originally formed polymersomes (Fig. 2A) confirms the 

formation of the round vesicular structures. One can notice that diameters of polymersomes 

are in the range from 0.1 to 0.2 µm. The micrographs of SPION/CCh-polymersomes (Fig. 2B-

D) demonstrate that SPION/CCh are present in the polymer membrane or inside the 

polymersome. As can be seen, the vesicles formed in the presence of SPION/CCh are larger 

and of more disperse size (ca. 0.1 – 0.4 µm) than non-modified polymersomes. The larger size 
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of vesicles containing SPION/CCh stems probably from the fact that SPION/CCh 

incorporated into the polymeric membrane are partially aggregated.  

 

 

Fig. 2. The cryo-TEM micrographs for (A) polymersomes and (B-D) SPION/CCh-

polymersomes. The scale bar represents 200 nm. 
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Fig. 3. Distribution profiles of the hydrodynamic diameters of polymersomes and 

SPION/CCh-polymersomes measured with DLS. 

 

The scattering measurements were carried out to determine the hydrodynamic diameter 

of the polymersomes alone and of those incorporating SPION/CCh particles. The intensity 

weighted mean diameter (dz) of the vesicles determined with DLS was found to be in the 

range 160-170 nm, and the polydispersity was less than 0.2. Thus, the size distribution of the 

polymersomes was relatively narrow considering a simple method of their preparation. Fig. 3 

shows hydrodynamic diameter distribution profiles of free polymersomes and SPION/CCh-

polymersomes. The size profile for these vesicles was invariable for several days. As shown, 

the introduction of SPION/CCh (5% of copolymer mass) to the polymersomes caused 

changes in the size distribution of vesicles. The distributions became wider with a shoulder at 

the larger diameter region. The values of dz increased to ca. 190 nm and PDI was higher than 

0.2. 

Zeta potential values measured for both SPION/CCh-polymersomes and non-modified 

polymersomes are very similar and equal approximately to 0 mV (Table 1). Zeta potential 

observed for SPION/CCh is strongly positive (ca. +40 mV). The fact that the surface of the 

polymersomes is uncharged indicates that it is indeed composed of zwitterionic blocks. Very 

similar charge measured for polymersomes containing SPION/CCh proves that SPION/CCh 

are located within polymeric membrane and/or inside the vesicle. That confirms that 

SPION/CCh are incorporated into the polymersome and that the purification procedure 

applied to the system was effective. Moreover, the lack of high charge on the vesicle surface 

significantly reduces the probability that the SPION/CCh-polymersomes are rapidly cleared 

due to enhanced hepatic uptake.36 
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Table 1. Zeta potential values for SPION/CCh, polymersome and SPION/CCh-polymersome 

dispersions. 

Sample Zeta potential (mV) 

SPION/CCh +39.4 ± 8.4 

Polymersome -4.0 ± 5.8 

SPION/CCh -polymersome +3.1 ± 6.6 

 

 

 

Fig. 4. AFM images of SPION/CCh-polymersomes. (A) Topography, (B) AFM phase, (C) 

MFM phase. 

 

 

Fig. 5. MFM phase images of SPION/CCh-polymersomes in three different lift distances 

(surface – microscope tip distance). 
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MFM was used to confirm the magnetic properties of the SPION/CCh-polymersomes. 

The microscope worked in the interleave mode, resulting in an AFM topography, phase image 

and MFM magnetic phase image for exactly the same area of the sample. All SPION/CCh-

polymersomes, which were shown in the AFM image, produced a signal in the MFM phase 

image as well (Fig. 4). That can occur only when a sample possesses magnetic domains, 

which are able to interact with the magnetized tip and clearly suggested that the investigated 

sample was magnetic. Moreover, the MFM magnetic phase images were obtained at three 

different lift distances (i.e., surface – microscope tip distance): 200, 500 and 2000 nm (Fig. 5). 

It was observed that an increase in the distance caused weakening of the magnetic signal in 

the MFM phase image. This behavior indicates that the values of magnetic forces are strongly 

dependent on the distance between two magnetic domains. It is yet another confirmation that 

the SPION/CCh-polymersomes exhibit magnetic properties.  

SPION can be used as a T2 contrast agent in MRI, if the contrast enhancement occurs as 

a result of the interaction between contrast agents and neighboring water protons.37 Therefore, 

it was important to prepare polymersomes with semipermeable membrane allowing water 

molecules to diffuse in. To evaluate the possibility of application of SPION/CCh-

polymersomes in MRI we determined their relaxivities and compared these values to a 

commercially available MRI contrast agent, SHP-20. 1H T1 and T2 relaxation times were 

measured for samples containing various concentrations of iron (0 – 4 μg Fe/mL) and the 

relaxivities r1 and r2 were calculated using the following relations:  

2
2

1
1

11
T

R
T

R ==          (1) 

Fem,2
0
22Fem,1

0
11 crRRcrRR +=+=        (2) 
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where )( 21 RR  is the longitudinal (transverse) relaxation rate; )( 21 TT  is the longitudinal 

(transverse) relaxation time; )( 0
2

0
1 RR  is the longitudinal (transverse) relaxation rate in the 

absence of the contrast media; )( 21 rr  is the longitudinal (transverse) relaxivity; and cm,Fe is the 

molar iron concentration in the samples (see Fig. S3 and S4 in ESI†). As shown in Table 2, 

high r2 relaxivity values and low r1 values obtained for SPION/CCh and SPION/CCh-

polymersomes confirm the ability of these structures to extend shorten T2 relaxation time in 

MRI. In comparison with SHP-20, the r2 values for SPION/CCh and SPION/CCh-

polymersomes are much higher, even twice in the case of SPION/CCh-polymersomes. This is 

the desired effect, because the injected dose of the contrast agent may be reduced without 

adversely affecting the contrast enhancement in MRI. In the case of SPION/CCh, the increase 

in the r2 values may be explained by the presence of the hydrophilic polymer (CCh) 

surrounding iron oxide nanocrystals as the coating, because the more hydrated coating, the 

more decreased the water diffusion coefficient.38 So, water diffusion may be hampered by the 

hydrophilic polymer layer causing enhancement effect.39 The incorporation of SPION/CCh 

into the mixed polyelectrolyte membrane of the vesicles resulted in further significant 

increase of r2 value (see Fig. 1B). The transverse relaxivity of SPION/CCh-polymersomes is 

comparable to that reported by Hickey et al. 14 for SPION incorporated into polymersomes 

made of a block copolymer of poly(acrylic acid) and polystyrene (PAA-b-PS). The r2 value of 

the 241 nm magneto-polymersomes was determined to be 555 ± 24 mM-1s-1 and the authors 

concluded that this is the highest value reported so far for the superparamagnetic iron oxide 

particles.  

 

Table 2. Relaxivity values for SPION/CCh, SPION/CCh-polymersome and the commercial 

MRI contrast agent (SHP-20, Ocean NanoTech) at 9.4 T. 
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Sample r1 (mM-1s-1) r2 (mM-1s-1) 

SPION/CCh 1.31 ± 0.17 372 ± 12 

SPION/CCh-polymersome 1.09 ± 0.18 573 ± 10 

SHP-20  - 259 ± 16 

 

3.2. Cell viability assessment 

The MTT assay was performed to examine cytotoxicity of the obtained SPION/CCh, 

polymersomes and SPION/CCh-polymersomes. As shown in Fig. 6, the bare polymersomes 

did not significantly affect the endothelium viability in the studied range of concentrations as 

evidenced by the MTT assay. The PMPC units present in the polymers used for the 

preparation of the polymersomes are biocompatible.40,41 Phosphorylcholine (PC) is a 

zwitterionic group present at the end of certain phospholipids and thus on the external surface 

of cell membranes. In the case of the polymersomes the same groups are exposed to the 

aqueous phase, therefore they can mimic biomembranes. On the other hand, SPION/CCh 

tended to decrease the viability to ca. 90% of control even at the lowest concentrations. This 

slight decrease in the cell viability is likely caused by the presence of CCh on the SPION/CCh 

surface. It is known that chitosan derivatives modified with GTMAC (containing quaternary 

ammonium groups) can be cytotoxic to various cells;42,43 the cytotoxicity of these polymers 

increases with growing degree of quaternization. In turn, the incorporation of SPION/CCh 

within the polymersome membrane increased the viability of endothelial cells. Our data 

indicate that SPION/CCh-polymersomes are not cytotoxic to endothelium up to the 

concentration of 0.7 μg Fe/mL.  
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Fig. 6. Effect of polymersomes, SPION/CCh, and SPION/CCh-polymersomes on cell 

viability. The EA.hy926 cells were treated with the agents for 72 h before the MTT assay. 

Data are presented as the mean ± SD (n = 4). 

 

3.3. SPION/CCh-polymersomes intracellular uptake by endothelial cells 

The intracellular uptake of fluorescently modified SPION/CCh-polymersomes was 

studied using the CLSM imaging. As shown in Fig. 7, red fluorescence characteristic of the 

fluorescently modified SPION/CCh-polymersomes material is emitted from the inside of 

EA.hy926 cells, whose shapes were determined by the transmitted light microscopy 

observation of the same sample. Hoechst dye was used to stain the nuclei of the observed cells 

(blue fluorescence). Based on these observations it can be concluded that the SPION/CCh-

polymersomes were effectively internalized by EA.hy926 cells. Although we have neither 

studied the mechanism of polymersomes endothelial uptake, nor analyzed whether this 

process is mediated by endocytosis, we suggest that polymersomes-based nanoparticles offer 

a unique system to be exploited as a delivery system to endothelium. 
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Fig. 7. Internalization of fluorescently modified SPION/CCh-polymersomes (red ones) by 

EA.hy926 cells observed using CLSM. The nuclei were stained with Hoechst 33342 (blue). 

The scale bar corresponds to 10 μm. 

 

4. Conclusions 

In the present study, we demonstrated for the first time that stable polymersomes with 

the semipermeable membrane can be prepared based on the pair of oppositely charged 

copolymers containing ionic and zwitterionic blocks. Such polymersomes with the ionic 

membrane core are able to accumulate highly charged nanoparticles like SPION coated with a 

cationic chitosan derivative. The SPION/CCh-polymersomes possess excellent magnetic 

properties and shorter T2 relaxation time in MRI compared to the commercial contrast agent. 

This suggests their potential application as the T2 contrast agent. Moreover, they are not toxic 

and small enough to be internalized by endothelial cells. Based on these results one can 

expect that the PMPC–based polymersomes with SPION/CCh could prove useful as the MRI 
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contrast agent, while the polymersome nanostructures may be well suited for drug delivery to 

endothelium.  
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Novel biocompatible polymersomes with semipermeable ionic membrane were used as the 

promising delivery system of  superparamagnetic iron oxide nanoparticles (SPION),  

 contrast agents for MRI.  
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