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ABSTRACT: The poly(2-methacryloyloxyethyl phosphor-
ylcholine)-block-poly(p,L-lactide) (PMPC-b-PLA) was spe-
cially designed to develop biomimetic giant vesicles (GVs)
and giant large compound vesicles via a simple spontane-
ous assemble in aqueous solution. The weight fraction of
the hydrophilic PMPC block (fpc) was proved to play an
important role in the size and morphology control of the

self-assembled aggregates. The GVs with controlled micro-
meter size and biomimetic PMPC corona have great poten-
tial as artificial cell models. © 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 118: 3197-3202, 2010
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INTRODUCTION

Vesicles self-assembled from lipids or polymeric
amphiphilic copolymers have attracted great atten-
tion as useful model for artificial cells owing to their
micrometer size, hollow and lamellar spherical struc-
ture.'"® Compared to liposome, polymer vesicles
possess highlighted distinctive properties, such as
good stability and permeability.”® A decade ago,
Discher et al. first reported a type of giant vesicles
(GVs) formed from poly(ethylene oxide)-block-poly-
(ethylethylene) (PEO-b-PEE) having a similar hydro-
philic fraction (35% = 10%) to liposomes, and these
vesicles were termed polymersomes.” Zhou and Yan
further developed a kind of polymer GVs with sizes
controlled by ill-defined hyperbranched copoly-
mers'’ and monitored real-time shape transforma-
tions of vesicles to mimic cellular fission and
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fusion.** Recently, GVs with controllable size in
microns and excellent stability prepared from syn-
thetic polypeptides and graft copolymers have also
been reported.''? These polymeric GVs were
proved that they provided lots of new possibility to
mimic cellular processes.

Phosphorylcholine (PC) is an interesting kind of
zwitterionic molecular segment, which is present at
the end of the lipid and on the external surface of
cell membrane. Phosphorylcholine (PC)-based poly-
mers such as poly(2-methacryloyloxyethyl phosphor-
ylcholine) (PMPC) have been proven to improve bio-
compatibility and prevent nonspecific protein
adsorption on the macroscopic biomaterials.>™°
Recently, we and others have proposed that PC-
based functional molecules and polymers can be
used for surface modification of various nanomateri-
als.'®'® Similar to PEO, the biocompatible and
hydrophilic PMPC blocks were also used in prepar-
ing nanoparticles with excellent cytocompatibility.
For example, nanometer-sized micelles and vesicles
with PMPC corona have been prepared, and these
assemblies were considered as effective vehicles for
drug and DNA delivery.'*** More interestingly, the
zwitterionic “lipid-like” molecule was reported to
present very unique cell uptake ability, which has
been ascribed to the same gossibility of fusion with
cell membrane as liposome.*?

Although the development of PC-based polymer
is inspired by the surface structure of a cell mem-
brane, the available research of its assemblies in
aqueous solutions is limited in the nanoscale and
unsuitable as plausible models for artificial cells. We
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TABLE I
Details of the PMPC-b-PLA Copolymers and Vesicles

Molar ratio in feed

Copolymer PLA-Br : MPC M," (g mol ™) froc? PDI° Morphology Diameter® (um)
PMPC,;-b-PLA 3 1:25 11,800 0.53 1.18 Giant vesicles 35+ 1.6
PMPC,,-b-PLA 3 1:20 10,600 0.48 1.25 Giant vesicles 11.0 = 3.9
PMPC5-b-PLA 3 1:15 9100 0.40 1.33 Large compound vesicles 15.0 = 9.4

? Determined by TH-NMR.

b The PDI of PMPC-b-PLA was determined by using dimethylformamide as the elution solvent.
¢ Measured from the microscopy studies, and the results were based on analysis of 200 vesicles for each sample.

hypothesize here that polymer vesicles with PMPC
corona will be surely interesting as artificial cell
models because of the biomimetic structure and mi-
crometer size. Herein, the poly(2-methacryloy-
loxyethyl  phosphorylcholine)-block-poly(p,L-lactide)
(PMPC-b-PLA) with short hydrophilic PMPC blocks
was specially designed to develop biomimetic GVs
via an easy solvent-injection method.** The effect of
the weight fraction of PMPC (fpc) onto the assembly
morphology was investigated with a goal to develop
plausible models for artificial cells.

EXPERIMENTAL
Materials

2-Methacryloyloxyethyl phosphorylcholine (MPC)
was synthesized according to the literature.® The
PMPC-b-PLA diblock copolymers used in this study
were synthesized by atom transfer radical polymer-
ization (ATRP) of MPC monomer using PLA-Br as
macroinitiator. The details of synthesis procedure
can be found elsewhere.' The M, value and chemi-
cal structure of PMPC-b-PLA were confirmed by 'H-
NMR spectra (500 HZ). Molecular weights and their
distributions were determined by GPC. The elution
solvent was dimethylformamide, and the flow rate
was 1 mL min~"' (40° C).

Preparation of PMPC-b-PLA vesicles
in aqueous solution

Fifty milligrams of PMPC-b-PLA copolymers were
first dissolved in the mixture of methanol and chlo-
roform (1 : 1, v/v). Then, 50 pL of the obtained solu-
tion was injected into deionized water and stirred
vigorously at room temperature for 2 h. Dialysis was
performed against deionized water for 2 h to remove
methanol. Chloroform was completely removed by
evaporation at 4°C overnight. All PMPC-b-PLA solu-
tions were stored at 4°C to minimize degradation.

Optical and fluorescence microscopy

Olympus IX71 inverted fluorescence microscope
with a 100x oil objective was used to visualize

Journal of Applied Polymer Science DOI 10.1002/app

PMPC-b-PLA vesicles at room temperature. Fluores-
cent labeling of vesicles was performed by simply
adding a drop of Rhodamine 6G/water solution (0.2
mg mL ") into the PMPC-b-PLA vesicle aqueous so-
lution (1 mL) and vortexed for 30 s. Then, the sam-
ple was directly observed by fluorescence micros-
copy equipped with a color video recorder.

Transmission electron microscopy

For transmission electron microscopy (TEM) mea-
surement, a drop of the vesicle solution was placed
onto a carbon-coated grid, washed with a negative
stain solution (2% uranyl acetate solution), and blot-
ted with a filter paper. The specimens were
observed with a TEM (JEM 1230, JEOL).

Scanning electron microscopy

The vesicle solution was dropped onto freshly
cleaved mica for scanning electron microscopy
(SEM) measurement. After being coated with gold,
the sample was observed using a SEM (Sirion-100,
FEI).

Dynamic light scattering measurements

The average diameter and size distribution of aggre-
gates were measured using a laser particle-size ana-
lyzing system (Brookhaven 90 plus, Brookhaven
Instruments Corporation) at the scattering angle of
90°.

RESULTS AND DISCUSSION

PMPC-b-PLA diblock copolymers were synthesized
by ATRP as reported previously.”” The molecular
weight of PLA-Br used in this study was 5500 g
mol ' determined by 'H-NMR. The feeding molar
ratio was specially designed to synthesize PMPC-b-
PLA with a short hydrophilic PMPC block as dis-
played in Table I. The subscripts of the copolymer
denote the number-average degrees of polymeriza-
tion of each block. The fpc in Table I represents
weight fraction of the hydrophilic PMPC block.
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Figure 1 Fluorescent micrographs (a, d), TEM (b, e), and SEM (c, f) images of PMPC-b-PLA giant vesicles. (a), (b), and
(c) are PMPC21-b-PLA73 vesicles; (d), (e), and (f) are PMPC17-b-PLA73 vesicles. The scale bars represent 10 pm in (a) and
(d). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Characterization of PMPC-b-PLA giant vesicles

When the fpcs are 0.53 and 0.48, which correspond
to PMPCy-b-PLA73 and PMPC,-b-PLA3, it is of in-
terest to find both of them spontaneously aggregate
into GVs (showed in Fig. 1). Figure 1(a,d) is the fluo-
rescent micrographs of the resulting self-assembled
objects. The hollow interior of the vesicular mor-
phology is clearly illustrated as evidenced by a sig-
nificant decrease in fluorescence intensity toward
the center of the spheres. It appears that assemblies
formed from PMPC,;-b-PLA,3; and PMPC,,-b-PLA3
both have a well-defined vesicular structure and a
micrometer size, which is in the range of 1-10 pm.
In representative TEM images of Figure 1(b,e), the
hollow structure of the vesicles can also be deduced
from the increased blackness caused by the staining
agent.”** GVs are further studied by SEM [Fig.
1(c,f)] and show a collapsed and three-dimensional
sphere structure, consistent with the TEM results. In
addition, the vesicle size measured by TEM and
SEM is smaller than that scaled by fluorescent mi-
croscopy because of shrinkage and collapse of dry
vesicles. In fact, vesicles can also be obtained by
directly dissolving diblock copolymer into water
[Fig. 2(a)]. Therefore, the formation of the vesicle can
be further evidenced by their 'H-NMR spectra in
D,O. Different from that measured in the mixture of
methanol-d4 and d-chloroform (1 : 1, v/v), all the
peaks related to PLA disappear, whereas all peaks
of PMPC are still remaining [Fig. 2(b)]. These imply
that during the process of PMPC-b-PLA GV forma-
tion, the hydrophobic PLA blocks tend to associate
with each other to minimize direct exposure to
water, whereas the hydrophilic PMPC blocks face
inner and outer hydrating solutions, and thereby

delimit the two interfaces of a typical sandwich-like
membrane. Based on the above results, the aggre-
gates appear to be GVs with hollow, micrometer-
size and three-dimensional spheres.

Usually, there is a general empirical law which
stipulates that block copolymers possessing a hydro-
philic weight fraction (f) > 0.45 are expected to form
spherical micelles, whereas those with f around 0.35
+ 0.1 are predicted to form polymeric vesicles.'
However, the data here indicated that the critical fpc
to form polymeric vesicles in PMPC-b-PLA system
are higher than that of 0.35 = 0.1, which might be
ascribed to the unique zwitterionic side-chain struc-
ture of MPC. In fact, spherical micelles were also
obtained when fpc > 0.6.

Controllable size of the PMPC-b-PLA GVs

To explore polymeric GVs for many potential appli-
cations such as good models for the simulation of
the fluidization of cell membranes,®® controlled size
of vesicle is necessary. Dynamic light scattering
(DLS) result shows that the size of PMPC,-b-PLA 5
vesicles has two fractions [Fig. 3(a)]. One type of
vesicles presents sizes larger than 1 um, which make
up most of the total. These vesicles should be that
showed in Figure 1(a). The other vesicles have nano-
size around 100 nm. In fact, nano-vesicles are usu-
ally obtained when preparing GVs (data not shown).
In Figure 1(d), most of PMPC;;-b-PLA7; vesicles
have a size larger than 5 pm, which is not suitable
for DLS analyzing. To compare the sizes of the two
GVs, the size distributions of PMPC-b-PLA vesicles
are measured by artificially analyzing 200 GVs from
the staff gauge in the fluorescent micrographs for
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Figure 2 (a) Optical micrograph of giant vesicles pre-
pared by directly dissolving diblock copolymer into water.
(b) '"H-NMR spectra and their assignments of PMPC-b-
PLA in CDCl3/CD3OD (A) and D,O (B). X and Y are
peaks of DMSO and H,O.

each sample [displayed in Fig. 3(b)]. This method
has been adopted by other groups for comparing
sizes of GVs.'”!? The average diameters of the
vesicles are 3.5 = 1.6 um (closed to DLS result) for
PMPCZl-b-PLA73 and 11.0 = 3.9 Hm for PMPC17-b-
PLA7;. Thus, the size of the generated vesicles
increases, and the size distribution becomes broader
as the fpc of the PMPC-b-PLA molecules decreases
from 0.53 to 0.48, which indicate that the sizes of
GVs can be controlled by their hydrophilic weight
fraction and the block copolymers with shorter
hydrophilic blocks assembled into larger vesicles.
The weight fraction of hydrophilic block can present

Journal of Applied Polymer Science DOI 10.1002/app
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an easy approach to prepare polymer vesicles with
well-controlled sizes, which has been reported by
other groups.'**!

The PMPCZl-b-PLA73 and PMPClTb—PLA73
vesicles are comparatively stable and can be stored
for at least 2 months in water at around 4°C. Com-
pared with the polymer vesicles previously reported,
the biomimetic membrane structure of PMPC corona
and controlled micrometer size make this new type
of aggregations more like artificial cells.

Characterization of giant large compound vesicles

We also synthesized PMPCy,-b-PLA7; diblock
copolymers with an fpc of 0.40. After injecting the
copolymer solution into stirring water, large com-
pound vesicles (LCVs) with micrometer size were
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Figure 3 (a) Size distribution of PMPC21-b-PLA73
vesicles, determined by DLS; (b) size distribution of GVs
based on artificially analyzing 200 giant vesicles from the
fluorescent micrographs. The black and white bars repre-
sent PMPC21-b-PLA73 and PMPC17-b-PLA73 vesicles,
respectively.
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Figure 4 Optical and fluorescent micrographs (a, b), and SEM images (c) of PMPC15-b-PLA73 giant LCVs. (d) is the
three-dimensional model of the LCVs. The scale bars represent 10 pm in (a) and (b). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

obtained, and they have clearly visible multicell in-
ternal structures (Fig. 4). The morphology of PMPC-
b-PLA LCVs is quite similar to that of the LCVs
reported before,>>* but the size is much larger. Fig-
ure 4(a,b) shows the individual vesicles of the LCVs
all have a hollow interior; while the SEM images of
Figure 4(c) indicate the three-dimensional honey-
comb-like structure of LVCs with many individual
vesicles tightly adhering together. Figure 3(d) is the
three-dimensional model of the LCVs. As LCVs are

80%

a
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Figure 5

complex aggregates based on the individual vesicles,
the “vesicle aggregation number,” #, is investigated
as an important character [Fig. 5(a)]. The result
exhibits the relative population of the LCVs, where
n > 4 makes up more than 80% of the total. Figure
5(b) displays that the average diameter of the LCVs
is 15.0 £ 9.4 um, and the size distribution ranges
from 5 to 30 um. Mai et al.*® have reported that the
formation of the LCVs actually involves a secondary
aggregation of individual vesicles and a subsequent
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(a) Population distribution of the LCVs, and (b) size distribution of the LCVs.
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fusion process. Different from PMPC5;-b-PLA7; and
PMPC,7-b-PLA7; diblock copolymers, PMPC;,-b-
PLA7; that we synthesized has the shortest hydro-
philic blocks. When the copolymers self-assembled
in aqueous solution, we consider that they first
aggregated into individual GVs. However, the short
PMPC blocks are not hydrophilic enough to stabilize
the individual vesicles and then the vesicles tend to
undergo adhesion and fusion to form LCVs. The
results also indicate that fpc plays an important role
in self-assembly morphology of PMPC-b-PLA
diblock polymers. Some features of PMPC-b-PLA
LCVs such as biocompatible PMPC corona, degrad-
able vesicle wall, and micrometer size may offer the
giant LCVs an admirable model system for studying
the real-time drug release behavior of multivesicular
aggregates.

CONCLUSIONS

In conclusion, we successfully synthesize a series of
PMPC-b-PLA diblock copolymers with short fpc. By
directly injecting the copolymer solution into water,
it is very interesting to find that these diblock
copolymers actually spontaneously self-assemble
into GVs and giant LCVs. The weight fraction of
PMPC (fpc) is proved to play an important role in
the size and morphology control of the self-assem-
ble aggregates. The micrometer size and the biomi-
metic membrane structure of PMPC corona make
the GVs and LCVs can be as useful models for ar-
tificial cells and studying the real-time drug
release.

The authors thank Dr. Tong Zhongyao and He Qing for
drawing the model of the vesicle.

References

1. Discher, D. E.; Eisenberg, A. Science 2002, 297, 967.

2. Bangham, A. D. Chem Phys Lipids 1993, 64, 275.

3. Zhou, Y.; Yan, D. Angew Chem Int Ed 2005, 44, 3223.
4. Zhou, Y.; Yan, D. ] Am Chem Soc 2005, 127, 10468.

Journal of Applied Polymer Science DOI 10.1002/app

10.
11.

12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.

35.

LIU ET AL.

. Geng, Y.; Discher, D. E.; Justynska, J.; Schlaad, H. Angew

Chem Int Ed 2006, 118, 7740.

. Menger, F. M.; Seredyuk, V. A. J] Am Chem Soc 2003, 125,

11800.

. Zhang, L.; Eisenberg, A. Science 1995, 268, 1728.
. Zhang, L.; Eisenberg, A. Science 1996, 272, 1777.
. Discher, B. M.; Won, Y.-Y.; Ege, D.; Lee, ]. C.-M.; Bates, F. S.;

Discher, D. E.; Hammer, D. A. Science 1996, 284, 1143.

Zhou, Y.; Yan, D. Angew Chem Int Ed 2004, 43, 4896.

Sun, J.; Chen, X;; Deng, C.; Yu, H; Xie, Z.; Jing, X. Langmuir
2007, 23, 8308.

Gao, K-J; Li, G.;; Lu, X;; Wu, Y. G.; Xu, B.-Q.; Fuhrhop, J.-H.
Chem Commun 2008, 12, 1449.

Lewis, A. L. Colloids Surf B: Biointerfaces 2000, 18, 261.

Xu, J. P.; Ji, J.; Chen, W. D.; Fan, D. Z.; Sun, F. Y.; Shen, J. C.
Eur Polym ] 2004, 40, 291.

Konno, T.; Kurita, K.; Iwasaki, Y.; Nakabayashi, N.; Ishihara,
K. Biomaterials 2001, 22, 1883.

Jin, Q.; Xu, J. P;; Ji, J.; Shen, J. C. Chem Commun 2008, 26,
3058.

Liu, S.; Armes, S. P. Angew Chem Int Ed 2002, 41, 1413.

Xu, F. M.; Xu, J. P.; Ji, J.; Shen, J. C. Colloids Surf B: Biointerfa-
ces 2008, 67, 67.

Hsiue, G. H,; Lo, C.; Cheng, C. H,; Lin, C. P.,; Huang, C. K,;
Chen, H. H. ] Polym Sci Part A: Polym Chem 2007, 45, 688.
Xu, J.-P.; Ji, J.; Chen, W.-D.; Shen, ]J.-C. J Controlled Release
2005, 107, 502.

Du, J.; Tang, Y.; Lewis, A. L.; Armes, S. P. ] Am Chem Soc
2005, 127, 17982.

Lomas, H.; Canton, I.; Macneil, S.; Du, J.; Armes, S. P.; Ryan,
A.].; Lewis, A. L.; Battaglia, G. Adv Mater 2007, 23, 4238.
Chung, Y.-C.; Chen, I.-H.; Chen, C.-J. Biomaterials 2008, 29,
1807.

Meng, F.; Hiemstra, C.; Engbers, G. H. M.; Feijen, ]. Macromo-
lecules 2003, 36, 3004.

Ishihara, K.; Ueda, T.; Nakabayashi, N. Polym J 1990, 22, 355.
Li, X. L.; Ji, J.; Shen, J. C. Macromol Rapid Commun 2006, 27,
214.

Li, X. L;; Ji, J.; Shen, J. C. Macromol Rapid Commun 2007, 28,
660.

Yu, K.; Eisenberg, A. Macromolecules 1998, 31, 3509.

Yu, K.; Zhang, L.; Eisenberg, A. Langmuir 1996, 12, 5980.
Menger, F. M.; Gabrielson, K. D. Angew Chem Int Ed 1995,
34, 2091.

Choucair, A.; Lavigueur, C.; Eisenberg, A. Langmuir 2004, 20,
3894.

Zhang, L.; Eisenberg, A. Macromolecules 1996, 29, 8805.

Du, J.; Chen, Y. Angew Chem Int Ed 2004, 43, 5084.

Zhang, J.; Yu, Z; Wan, X,; Chen, X,; Zhou, Q. Macromol
Rapid Commun 2005, 26, 1241.

Mai, Y.; Zhou, Y.; Yan, D. Small 2007, 3, 1170.



