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Experimental Section 

 

Synthesis of Copolymers of Acrylic Acid (AAc) and Distearin Acrylate (DSA): 

N-Acryloxysuccinimide (NAS) and poly(NAS) were synthesized as described 

previously [1,2]. In brief, NAS was prepared by esterification of N-hydroxysuccinimide 

with acryloyl chloride and the structure was verified by 1H NMR, FTIR and elemental 

analysis. Free radical polymerization of NAS was performed in DMF using 

2,2’-azobis(isobutyronitrile) as the initiator at 60 oC for 15 h with stirring under a 

nitrogen atmosphere. The copolymers, poly(AAc-co-DSA), were prepared first by 

partial transesterification of poly(NAS) with distearin in DMF with a theoretical total 

solid content of 10% (w/v) at 60 oC for 120 h. The reagent 4-dimethyl-aminopyridine 

(DMAP) was used as the catalyst. This was followed by thorough hydrolysis of the 

remaining NAS residues into AAc units in DMF/H2O (2/1 (v/v)) solution at room 

temperature for 7 days. The crude product was dialyzed (Spectra/Por MWCO 

6000~8000) against DMF and deionized water sequentially at 4 oC for 14 days. The 
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purified copolymer was collected by lyophilization. The synthetic route of 

copolymers is shown in Figure S1. Copolymer compositions were determined by 1H 

NMR (Varian Unity Inova-600, 600 MHz) in CDCl3 containing tetramethylsilane 

(TMS) (1% v/v) as the internal standard. Calibration established for calculating 

copolymer compositions was obtained from the relative signal integrals of distearin 

(0.5~2.5 mg/mLin CDCl3) at δ 0.855 ppm with respect to the integral of TMS at δ 0.0 

ppm. The 1H NMR spectrum of the copolymer containing 9.1 mol% DSA is 

illustrated in Figure S2. The purity was confirmed by gel permeation chromatography 

(GPC) (Agilent 1100, PL-gels columns in series: GP-503; separation range 500-60K 

and GP-504; 10K~600K) using THF as the eluent at a flow rate of 1.0 mL/min under 

RI detection (Agilent 1100). The weight-average molecular weight (1.68×105 g/mol) 

and polydispersity (1.9) of poly(AAc) after thorough hydrolysis of poly(NAS), which 

was used for the conjugation of distearin throughout this study, were determined by 

GPC (PL-Aquagel-OH columns in series: GF083; 100-30K, GF084; 10K-200K, and 

GF086; 200K-10M, calibrated with poly(sodium acrylate) standards) using Tris buffer 

(0.1 M, pH 7.4) as the eluent at a flow rate of 1.0 mL/min under RI detection. Thus, 

the average molecular weights of poly(AAc-co-DSA) can be determined on the basis 

of the 1H NMR and GPC data. For example, the average molecular weight of the 

copolymer with the DSA content of 9.1 mol% was calculated to be ca 297000 g/mol. 

The efficiencies of the distearin conjugation by the transesterification reactions were 

found to be ca 90%. 

Vesicle preparation: In a typical procedure, 5 mg of the copolymer was first dissolved 

in 5 mL of cosolvents comprising THF and chloroform with a prescribed ratio. An 

acetate buffer (ionic strength 0.01 M, pH 5.0, 2.5 mL) or deionized water (2.5 mL) 

was vigorously mixed with the polymer solution by a homogenizer (Ika, T18) at 6000 

rpm in ice bath for 4 min. The emulsion was added into excess aqueous medium 
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(identical to the w1 phase) under stirring at room temperature to produce w1/o/w2 

emulsion, and this procedure continued until complete removal of the organic solvents 

(no detectable cosolvents after ca 5 h). The resultant aqueous vesicle suspension was 

concentrated under vacuum to give a final volume of ca 10 mL. For preparing 

multivesicle assemblies, small vesicles were prepared in the first-stage double 

emulsion process as just described, using the THF/CH3Cl (20/80 (v/v)) solution as the 

organic phase. Large vesicles were then produced with the addition of small vesicles 

in the w1 phase of the second-stage double emulsion process, while the THF content 

of the organic phase was reduced to 5 % and the homogenization speed down to 3000 

rpm. 

Vesicle characterization: Fluorescence observation of polymer vesicles in aqueous 

solutions was conducted on a Carl Zeiss LSM510 laser scanning confocal microscope. 

The vesicle suspensions were stained with Nile red (λex = 543 nm, λem = 560-700 nm) 

(2.0 x 10-10 M) as the hydrophobic membrane-associated probe or multistained with 

Nile red and calcein (1.0 x 10-5 M) (λex = 488 nm, λem = 505-550 nm), where calcein 

served as the water-soluble probe. Examination of hollow polymer microspheres 

(lyophilized vesicles) was conducted on a JEOL JSM-6700F field emission SEM, 

after the lyophilized samples were coated with Au. The TEM measurements were 

performed on a JEOL JEM-1200 CXII electron microscope operating at an 

acceleration of 120 kV. The sectioned specimens were prepared following the 

standard protocol of examining sections of cells or tissue in biology.[3] These steps 

include embedding in agar, primary fixation with glutaraldehyde, washing, second 

fixation with osmium tetraoxide, dehydration by ethanol, infiltration with ethanol and 

resin monomers, embedding, curing through the resin monomers, sectioning on a 

Reichert-Jung Ultracut microtome, and staining with uranyl acetate and lead citrate in 

sequence. The average vesicle size was evaluated on the basis of the number-average 
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size of at least 1000 vesicles from transmission light microscope (Olympus, IX70) 

equipped with a fluorescence system (Olympus, IX-FLA) and digital camera (Canon). 
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Figure S1. Schematic illustration of the synthesis and the chemical structure of 

copolymers. 
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Figure S2. 1H NMR spectrum of poly(AAc-co-DSA) with a DSA content of 9.1 mol% 

in CDCl3 containing TMS (1% v/v) as the internal standard. The DSA content was 

evaluated from the calibration of distearin and the signal integral of DSA at δ 0.855 

ppm (signal a) with respect to the integral of TMS at δ 0.0 ppm.

δ / ppm 
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Figure S3. Image of lyophilized vesicles by SEM. Before SEM examination, the 

samples were lyophilized and slightly ground prior to sputtering with Au. Maintaining 

the structural integrity of such polymer colloids subjected to transition from the 

aqueous to dried state reflects their robust stability, although the moisture absorption 

during the sample preparation induced particle adhesion to some extent. 
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Figure S4. SEM image of lyophilized polymer vesicles without grinding, that led to 

less particle adhesion.



 9 

 

 

 

 

 

 

 

 

 

Figure S5. LSCM images of polymer vesicle suspension stained with Nile red only. 

The image on the left was derived from combining the two images on the right, in 

which the upper was obtained at λex = 543 nm and λem = 560-700 nm (red color/Nile 

red), and the lower at λex = 488 nm and λem = 505-550 nm (green color/Nile red), 

respectively. 
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Figure S6. LSCM images of polymer vesicle suspension at pH 8.0 stained with 

calcein only. The image on the left was derived from combining the two images on 

the right, in which the upper was obtained at λex = 488 nm and λem = 505-550 nm 

(green/calcein), and the lower by differential interference contrast (DIC) micrograph 

of LSCM, respectively. Due to the uniform displaying of green color in the vesicle 

suspension, the vesicle can not be identified only by calcein staining (the right upper 

photograph) without the aid of DIC micrograph.
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Figure S7. Cross-sectional image of hemoglobin-loaded polymer vesicles observed by 

LSCM. Hemoglobin was loaded through the transmembrane channels of the vesicles 

in buffer solution of pH 8.0. The buffer solution was subsequently replaced with fresh 

buffer of pH 5.0, which led to the closure of the membrane channels. 



 12 

 

 

 

 

 

Figure S8. LSCM images of multivesicle assemblies. In both photographs, each 

parental vesicle encloses a small vesicle in the interior aqueous compartments. 
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Figure S9. Cross-sectional LSCM images (sequentially along the same z-axis) of an 

identical multivesicle assembly, in which three small vesicles are enclosed in the 

interior aqueous compartment of a large vesicle. 
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