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ABSTRACT: Three PLA,—PEGy, diblock copolymers with fixed hydrophilic PEG block and various
lengths of hydrophobic PLA block were synthesized via ring-opening polymerization. The micelle formation
and micelle morphologies of the PLA ,—PEGy4 copolymers in selective solvents were investigated by using
cryogenic transmission electron microscopy (cryo-TEM) and light scattering techniques. PLA,—PEGy4
diblock copolymers in aqueous solution form various micelle structures when increasing x from 56 to 212 in
order to minimize the overall free energy of the systems. The micelles transform from wormlike micelles for
PLAss—PEGy, into vesicles for PLA,;,—PEGy,. Interestingly, vesicular structures with various morphol-
ogies, such as large polydisperse vesicles, entrapped vesicles, hollow concentric vesicles, ellipsoidal vesicles,
open bending lamellae, vesicles with irregular shapes, etc., were found to be coexisting in PLA,;,—PEGy4
THF/H,0 and PLA,,—PEGy, dioxane/H,O mixtures with 30 and 40 wt % water contents. Toroid micelles
with new morphologies were also observed. These observations indicate that the vesicular micelles of
amphiphilic block copolymers in mixed solvents fluctuate from time to time and are able to kinetically form
different shapes of morphologies in the solutions. The membrane fluctuation of PLA,;,—PEGy, vesicles in
mixed solvent was verified by dynamic light scattering.

Introduction

Polymer vesicles are closed spherical lamellar structures formed
from amphiphilic block copolymers in selective solvents. Since the
polymer vesicles are robust and have advanced mechanical prop-
erties over those of the vesicles formed from lipids and surfactants,
they are considered to be promising candidates for use in the
drug delivery and encapsulation.' ™ Various synthetic amphi-
philic block copolymers, like polystyrene-b-poly(acrylic acid)
(PS—PAA),*® polystyrene-b-poly(ethylene oxide) (PS—PEO),”
poly(pL-lactide)-b-poly(ethylene ~ glycol) (PLA—PEG),>'*"1
polycaprolactone-b-poly(ethylene glycol) (PCL—PEG),'"*"* poly-
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
(PEO—PPO—PEO)," etc., have been reported to form vesicles in
different conditions."”™"" Efforts have been also dedicated to
control the structure of polymer vesicles, such as size and wall
thickness, by tuning the block len%th, block distribution, solvent
properties and compositions, etc.*’®

The applications in biomedical fields require that the polymer
vesicles should be biocompatible, nontoxic, and biodegradable.
However, most synthetic amphiphilic block copolymers can only
partially fulfill these strict requirements. Poly(lactide) (PLA) is a
bio-based polymer with high biocompatibility. PLA is also
biodegradable and can be degraded to regenerate lactide by
thermal degradation or hydrolytic degradation.'®! Poly-
(ethylene glycol) (PEG) is hydrophilic and soluble in both water
and organic solvents. PEG exhibits excellent biocompatibility,
lack of toxicity, and absence of immunogenicity.”’ The combina-
tion of the characteristics of PLA and PEG is hence much
attractive for biomedical and biotechnological applications.
Copolymerization offered the possibility of such combination,
and PLA—PEG diblock or triblock copolymers were then
synthesized. Because of the biocompatible and biodegradable
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characteristics of the PLA—PEG block copolymers, the forma-
tion and applications of PLA—PEG or PLA—PEG—PLA mi-
celles had thus been extensively investigated in the scopes of dru%
encapsulation, drug delivery, and drug-controlled release.''*' >
However, only a few studies reported on the vesicle formation of
PLA—PEG and the systematical investigations of PLA—PEG
vesicles are even fewer.>*10712

In the present works, three narrow dispersed poly(pL-lactide)—
poly(ethylene glycol) (PLA,—PEGy,) diblock copolymers with
fixed hydrophilic PEG block and various lengths of hydrophobic
PLA block were synthesized via ring-opening polymerization.
The micelle formation and micelle morphologies of the PLA ,—
PEGy4 diblock copolymers in selective solvents were investigated
by using cryogenic transmission electron microscopy (cryo-
TEM) as well as static and dynamic light scattering (SLS and
DLS). The effects of hydrophobic block length on the micelle
morphologies and sizes were discussed. Vesicular structures were
found in PLA ,—PEGy, diblock copolymer with the longest PLA
block length. The cryo-TEM results also indicate that the
membranes of vesicular structures of PLA,—PEGy, diblock
copolymer in mixed solvents fluctuate from time to time and
are able to kinetically form different shapes of morphologies at
the same time in the solutions. The existence of membrane
fluctuation was confirmed by DLS.

Experimental Section

Chemicals and Materials. pr-Lactide (LA, 3,6-dimethyl-1,4-
dioxane-2,5-dione) and monomethoxy poly(ethylene glycol)
with molecular weight of 2000 (M-PEG2000) were purchased
from Acros, Inc. AlEt; was received from Aldrich. All other
reagents were of analytical grade and commercially available.

Synthesis of Polylactide—Poly(ethylene glycol). The poly(pr-
lactide)-b-poly(ethylene glycol) (PLA—PEG) diblock copoly-
mers were synthesized via ring-opening polymerization of LA in
the presence of M-PEG2000 according to a procedure described
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Table 1. Some Physical Parameters of the PLA ,.—PEG,44 Diblock Copolymers

samples pL-LA (g) conversion (%) M, (x107% g/mol) M," (x1073 g/mol) DPp A" PDI¢

PLAs5s—PEGy, 1.5 86 7.7 6.0 56 1.06

PLA 34— PEGy, 2.0 65 12.0 11.6 134 1.08

PLA,»,—PEGy4 3.0 77 23.4 17.2 212 1.14

“Determined by gel permeation chromatograph (GPC, calibrated with polystyrene standards). M, is the number-average molecular weight, and PDI
is the polydispersive index. ? Calculated from "H NMR spectra of the diblock copolymers.

in detail elsewhere.*® All involved chemicals and catalysts were
treated and prepared accordingly. All operations were carried
out under a dry Ar atmosphere with a Schlenk technique.
Briefly, M-PEG2000 was dried by an azeotropic distillation
with dry toluene. pL-Lactide was dried in vacuum for 2 h before
use. The catalysts were prepared by adding a solution of AlEt; in
toluene (1.0 M) into a solution of N-(2-hydroxybenzylidene)ani-
line in toluene under N, at room temperature, which were then
heated to 75 °C and held for 2 h. The obtained catalysts were
used without further purification. M-PEG2000 solution in
toluene was added to the catalyst solution at room temperature.
The mixture was heated to 75 °C and stirred for 2 h. Afterward,
the mixture was cooled to room temperature, and the preset
amount of LA solution in toluene was added. The mixture was
then heated to 75 °C again, and the polymerization was allowed
to continue for 24 h under magnetic stirring. The products were
isolated by precipitation into hexane and filtered. The precipi-
tates were dried in vacuum at room temperature until constant
weight. The diblock copolymers were coded as PLA—PEGyg,
in which the subscripts x and 44 are degrees of polymerization
(DP) for PLA and M-PEG2000 blocks, respectively.

Preparation of PLA,—PEG,44 Micelle in Selective Solvents.
The PLA ,—PEGy4 diblock copolymers were first dissolved in
tetrahydrofuran (THF) to obtain homogeneous solutions with
preset concentrations of 0.45 wt %. To obtain micelle, distilled
water was dropwisely (ca. 1 droplet per 10 s) added into the
copolymer THF solutions under vigorous magnetic stirring.
The addition of water was continued until the desired water
content (20 wt %) was reached. The mixing solutions were then
transferred to dialysis tubes with molecular cutoff of 3500 and
dialyzed against distilled water for 3 days at room temperature
in order to completely get rid of THF. The distilled water was
frequently changed during the dialysis process. The obtained
micelle aqueous solutions were transferred into clean volumetric
glass flasks.

The PLA,,—PEGy4 micelles were also formed in THF/H,O
and dioxane/H,O mixed solvents with various water content.
Note that in these cases the initial polymer concentrations were
1, 0.45, and 0.2 wt %. A given amount of distilled water was
dropwisely added into the copolymer solutions under vigor-
ously magnetic stirring. The micelles formed in the THF/H,O
and dioxane/H,O mixed solvents were directly subjected to
further investigation without dialysis.

Instruments and Characterization. Number-average and
weight-average molecular weights (M, and M,,) and molecular
weight distributions of PLA —PEGy4 diblock copolymer were
determined by gel permeation chromatograph (GPC, PL-GPC
220, Polymer Laboratories Ltd.) with tetrahydrofuran as the
eluent and monodisperse polystyrene as the calibration stan-
dard. "H NMR of the copolymers was performed on a 300 MHz
Varian Mercury Plus NMR instrument with CDClj; as solvent
and tetramethylsilane (TMS) as internal standard.

The morphologies of the PLA ,—PEGy4 micelles were observed
with cryogenic transmission electron microscopy (cryo-TEM).
The cryo-TEM measurements were carried out in the BioEM lab,
State Key Lab of Biocontrol, School of life Sciences, Sun Yat-Sen
University, Guangzhou 510275. For cryo-TEM, 4 uL of sample
was applied to a holey carbon film grid (R1.2/1.3 Quantifoil
Micro Tools GmbH, Jena, Germany), and then the excess
solution was absorbed by filter paper from the other side of the
grid. Afterward, the grid was immediately plunged into precooled

liquid ethane for flash freeze at —172 °C. The cryo-grid was held
in a Gatan 626 cryo-holder and transferred into TEM (JEOL
JEM-2010 with 200 kV LaBg filament) at —172 °C. The micro-
graphs were recorded by a Gatan 832 CCD camera at a magni-
fication of 6000—50000x and at the defocus of 3—5.46 um.

The static and dynamic light scattering (SLS and DLS) of the
micelle solutions were carried out on a Brookhaven Instrument
BI-200SM with a laser wavelength of 636 nm at 25 °C. The micelle
solutions used were the same as those for cryo-TEM imaging.
Each micelle aqueous solution was diluted with distilled water to
give a total liquid volume of 50 mL after the cryo-TEM measure-
ments, while the micelle THF/H»O solutions and dioxane/H->O
mixed solvents were used directly. The range of scattering angle 6
used for SLS was from 40° to 150° with a step of 10°. DLS
measurements were performed at five scattering angles between
60° and 120°, i.e., 60°, 75°,90°, 105°, and 120°. The wave vector
q = (4nn/A) sin(0/2) with A, n, and 6 being the wavelength of the
laser light in vacuum, the refractive index of solvent, and the
scattering angle, respectively. The experimental data were ana-
lyzed with the help of software package supplied by the instru-
mental manufactory. The viscosities of THF/H,O mixed solvents
were measured by using a Ubbelohde viscometer at 25 °C, which
are listed in Table S1 (see Supporting Information).

The membrane fluctuation of the PLA,;,—PEGy4 vesicles in
THF/H,O mixed solvents was investigated by dynamic light
scattering on a commercial spectrometer ALV/DLS/SLS-5022
at 25 °C. The range of scattering angles was from 15° to 150°.
The samples were filtered through 0.45 um PTFE filters before
measurements. The data acquisition time was set to 5 min. The
obtained time-average autocorrelation function was analyzed
with the software package supplied by the manufacturer. These
measurements were carried out in Hefei National Laboratory
for Physical Sciences at Microscale, Department of Chemical
Physics, University of Science and Technology of China.

Results and Discussion

Synthesis and Characterization of PLA ,.—PEG,4 Diblock
Copolymers. Three PLA ,—PEGy4 diblock copolymers with
different molecular weights and compositions were obtained
by varying the initial amount of LA and fixing other
polymerization conditions. Figure S1 shows a typical 'H
NMR spectrum of a PLA—PEG diblock copolymer, which
indicates the successful synthesis of the PLA—PEG diblock
copolymer (see Supporting Information). The number-average
molecular weights (M,) of the PLA.—PEGy diblock
copolymers can be then calculated from the 'H NMR
spectra. Figure S2 shows the GPC curves of the PLA—PEG
diblock copolymers. It can be seen that all the block copoly-
mers exhibited a narrow molecular weight distribution.
Table 1 summarizes the preparation conditions and some
physical parameters of the three PLA,—PEGy, diblock
copolymers.

PLA,—PEG,4 Micelles in Aqueous Solution. Figure 1
shows the cryo-TEM morphologies of PLA,—PEGy4 mi-
celles in aqueous solutions. All of the micelle samples were
prepared by first adding 20 wt % water into the initial
copolymer THF solutions, which were then dialyzed against
distilled water for 3 days. For PLAss—PEGy,, branched
and circular wormlike micelles were observed (Figure 1A).
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Figure 1. Cryo-TEM images of PLA,—PEGy, micelles in aqueous solution. The concentrations of initial PLA ,—PEGy, THF solutions were
0.45 wt %. (A) PLAs¢—PEGyy, (B) PLA|33,—PEGyy, and (C) PLA,;,—PEGy,. The scale bars in the images present 200 nm.
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Figure 2. Electric-field  autocorrelation  function  g(r)  of
PLA56_PEG44, PLA|34_PEG44, and PLA2|2_PEG44 micelles in aqu-
eous solution measured at 25 °C and scattering angle of & = 90°. The
solid lines are the best fits with eq 1 with fit quality of R* = 0.999.

The diameter of wormlike micelles was rather uniform and
ca. 11 nm. With increasing the PLA block length to x = 134,
mixed micelles with various morphologies including long
tubes, small vesicles, necklace-like interconnected vesicles,
and octopus-like open lamellae were coexisting in PLA 34—
PEGy4 aqueous solution (Figure 1B and Figure S3 in Sup-
porting Information). Further increasing the PLA block
length to x = 212, only vesicular structures (including
unilamellar vesicles and multilamellar vesicles) with large
size distribution were observed (Figure 1C). The membrane
thickness of the vesicles is uniform and ca. 31 nm regardless
of the size and structure of vesicles.

Considering the effect of hydrophobic block length on
the micelle morphologies of amphiphilic diblock copoly-
mers, a general view is that with increasing the length of
hydrophobic block the micelle morphology tends to trans-
form from sphere via rod- or wormlike micelles to bilayer
structures or vesicles, for example PS—PAA, PS—PEO,

P4VP—PS—P4VP, ol;/butadiene-b-poly(2-vinylpyridine)
(PB—P2VP), etc.”'>*'7% However, a different tendency
seems to be found for PLA—PEG diblock copolymers. With
increasing the hydrophilic PEG fractions (fgo) of the diblock
copolymers, the morphology of PLA—PEG micelles shifts
from spherical micelles (fgo < 20%) to vesicles (fgo ~
20—42%) or wormlike micelles (fpo > 42%).,'" whereas
Meng et al.'® and Lee et al.'? reported on the vesicle forma-
tion of PEG—PDLLA diblock copolymers with relative
longer PDLLA block length in aqueous solution. The
cryo-TEM results shown in Figure 1 indicate that the micelle
morphology transforms from wormlike micelle via open
lamellae into closed lamellae (vesicles) when increasing
length of hydrophobic PLA blocks from x = 56 to x =
212 for PLA ,—PEGy4 diblock copolymers. These results are
consistent with the general view found in many other diblock
copolymers.”!>37% The formation of micelles, size, and
morphology of micelles as well as their evolution partway of
coil—coil diblock copolymers in selective solvents are mainly
dependent on the energy balance among the stretching of the
core-forming block, the interfacial tension between the core
and the solvent outside the core region, and the repulsion
among the corona chains.>'*>3°7%% With increasing the
hydrophobic PLA block length, the degree of stretching of
PLA block decreases. Furthermore, the degree of stretching
of PLA block also decreases when the micelle structures
change from wormlike to vesicular. The area per corona
chain (PEO) on the core (PLA) surface will decrease as the
micelle structures transform from wormlike to vesicular,
which decreases the interfacial energy between the PLA core
and surrounding water. As a consequence, the micelles of
PLA ,—PEGy4in aqueous solution transform from wormlike
micelles for PLAsc—PEGy, into vesicular structures for
PLA,,—PEGy, in order to minimize the overall free energy
of the system (cf. Figure 1).

The overall structures of PLA ,—PEGy44 micelles in aqu-
eous solution were then investigated with DLS and SLS.
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Figure 3. Values of Tp,q (A), Tgow (B), and y (c) as a function of square of wave vector ¢* The solid lines in (A) are the guide to the eyes.
The DLS data were found to be strongly dependent on the 2.5x10°
wave vector ¢ or scattering angle 6, which indicate the large 2 " L9,
polydispersity of the micelles or the existence of elongated 2.0x10° F o 12 0% aasa,
micelles.*® The electric-field autocorrelation function g'V(¢) of = °at
. . . - = o 0 00
PLA —PEGy4 micelles in aqueous solutions cannot be fitted __15x10°F Booalgo000°
with the simple cumulant fit method.***! lfigure 2 shows :ﬁ a » ;é °
; P ati ; (1) _ s
the electric-field autocorrelation function g'7'(r) of PLA, = 1ox10°F T Ly o
PEGy4 micelles in aqueous solutions obtained at 25 °C and o
6 = 90°.* It can be clearly seen that there is slow relaxation 5.0x10° -
mode at long relaxation times. Wormlike (or long rod) o PLAPEG,,
. . . .° 4344 o PLA_PEG, z A
micelles can entangle with each other in the solution.™ 00 & PLAPEG, 5 oo
The slow relaxation mode may be then associated with the pest it of equation (4

disentanglement relaxation of the wormlike micelles or the
relaxation of large micelles. A stretched exponential function
is used to describe the slow relaxation mode. The electric-field
autocorrelation function is then fitted with eq 1:*°

t Y\’
g“)(t) :Afast CXP(_ > +Aslow exp[-( > :| (1)
Ttast Tslow

where the fast mode 7, reflects the collective diffusion of the
micelles, the slow mode 7y, presents the effective slow
relaxation time, and the stretched exponent y (0 < y < 1) is
inversely proportional to the width of the distribution of
relaxation time. A low value of y indicates a large width of
the distribution of relaxation times.*’ The prefactors A, and
Agow are the amplitudes of the fast and slow relaxation modes,
respectively, and the sum Ap,g + Agow 18 close to 1. The solid
lines in Fi(%ure 2 show that the electric-field autocorrelation
function g'V(f) of PLA,—PEGu, micelles in aqueous solutions
can be well described by eq 1 (fit quality of R = 0.999).

0.008 0.012 0.016 0.020 0.024 0.028
g (nm’)

Figure 4. Static light scattering intensity of PLAsg—PEGyy, PLA 34—
PEGy4, and PLA,|,—PEGy, micelles in aqueous solution measured
at 25 °C as a function of wave vector, ¢. The solid line is the best fit of
eq 4 to PLA,|,—PEGy, data set with fit quality of R?> = 0.98. The
inset is the corresponding Guinier plots, and no linear dependence
can be found.

Figure 3 shows the values of Tpy, Tsow, and y as a
function of square of wave vector ¢~. It can be seen that
the relation of 1/tps ~ ¢* basically holds (Figure 3A),
indicating that the nature of collective diffusion for the fast
mode, whereas the relation of 1/7g0w ~ q2 does not hold
for the slow relaxation mode (Figure 3B). The values of
y vary with the wave vector (or scattering angle) and
indicate the wide distribution of relaxation times. For
semiquantitative comparison, the apparent hydrodynamic
radius Ry, of the PLA ,—PEGy4 micelles in aqueous solution
can be roughly estimated from the fast relaxation mode,
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Figure 5. Cryo-TEM vesicle morphologies of PLA,;,—PEGy,4 in THF/H,O mixture with 30 wt % contents of water. The initial concentration of
PLA,;,—PEGy, THF solutions was 1 wt %. The scale bars in the images present 200 nm.

Trast at scattering angle & = 90° by using Stokes—Einstein
equation given as

kgT

Ry = ;t—n(ffaslqz) (2)
where kg = 1.4 x 1072* J K is the Boltzmann constant,
T = 298.15 K is the absolute temperature, and = 0.89 x
107> N'm ™ ?sis the viscosity of water at 25 °C. The apparent
Ry, is then calculated to be ~84, ~19, and ~ 171 nm for
PLA56_PEG44, PLA134_PEG44, and PLA212_PEG44 mi-
celles in aqueous solutions, respectively. These results
are consistent with the micelle sizes in cryo-TEM images
(cf. Figure 1).

Figure 4 shows the intensity of static light scattering as a
function of wave vector, ¢. It can be seen that the angular
distributions of the scattered light strongly anisotropic,
indicating the existence of large aggregates in the solutions.*®
For small aggregates with gR, < 1, where R, is the radius of
gyration of the aggregate, the SLS data can be described by
the so-called Guinier plot:*"#®

KC 1 1
(). =i o2 (5] (wirey™ <) )

where K = 47’n*(dn/dC)*/(NaA*) with dn/dC, Na, 4, and
n being the specific refractive index increment of the solution,
the Avogadro number, the wavelength of the laser light in
vacuum (here 4 = 636 nm), and the refractive index of
solvent, respectively. R, is the Rayleigh ratio, corresponding
to the scattering intensity, 7. M, is the molecular weight of
the micelle. Here, gR, > 1 for the wormlike micelles and
vesicles of PLA —PEGy, in aqueous solutions; eq 3 cannot
be used to describe the SLS data (inset of Figure 4). However,
Ristori et al. showed that the vesicular structures in solution
can be described with a form factor of P(¢) = sin*(¢R)/(¢R)>,
and the SLS data curve can be fitted with*®

sin’(¢R)
(4R)’

where R is the mean radius of vesicles with a membrane
thickness 0 (0 < R and ¢d < 1). The solid line in Figure 4 is

I(q) =4 (4)

the best fit of eq 4 to the data set of PLA,;,—PEGy4 micelles
in aqueous solution (fit quality of R* = 0.98). The obtained
mean radius of R = 167 nm, which is close to R, ~ 171 nm
estimated from eqs 1 and 2. It is known that the microstruc-
ture of the objects in solution can be characterized by the
ratio of (R,)/(Ry). For linear and flexible polymer chains in
good solvent, (Ry)/{Rp) is around 1.5, while for uniform hard
spheres, (Rg)/{Ry) is 0.778. The (R,)/{(Rp) ratio of hollow
sphere is theoretically expected to be 1. The results of R/R;, ~
0.977 clearly evident the vesicular structures of PLA;j,—
PEGy4 micelles in aqueous solution, which is in excellent
agreement with the cryo-TEM image (cf. Figure 1C).

The results of light scattering measurements are consistent
with the cryo-TEM results, which clearly show the existence
of long micelles in PLA 5s—PEGy4 and PLA 34— PEGy, aqu-
eous solutions and the large size distribution of vesicles in
PLA,,—PEGy, aqueous solution.

Vesicular Structures of PLA,;,—PEGy4 Micelles in THF/
H,0 and Dioxane/H,O Mixed Solvents. The polymeric
vesicle can encapsulate more drugs so that they are consid-
ered to have important applications in drug-delivery system.
Here, we focused on the vesicle-forming PLA,;,—PEGy4
block copolymer. The effect of solvent composition on
the vesicle morphology of PLA,;,—PEGy4 was then investi-
gated. A predesired amount of distilled water (30 and
40 wt %) was dropwisely added into PLA,;»,—PEGy44 THF
solution and PLA,;»—PEGy, dioxane solution with initial
concentration of 1 wt % under vigorously magnetic stirring.
The micelles formed in the THF/H,O and dioxane/H,O
mixing solutions were then directly subjected to cryo-TEM
and DLS studies without dialysis. Interestingly, various
vesicular structures with different shapes are found to be
coexisting in the mixed solutions (Figures 5—8 and Support-
ing Information). Figure 5 shows the selected vesicular
structures observed in PLA,;,—PEGy44 THF/H,O solution
with 30 wt % water content. Large polydisperse vesicles,
entrapped vesicles, hollow concentric vesicles, and ellipsoi-
dal vesicles as well as open bending lamellae are coexisting.
Vesicular structures with special shapes are also found
(lower-left image of Figure 5). Figure 6 shows the selected
vesicular structures observed in PLA,;,—PEGy4 THF/H,0
solution with 40 wt % water content. Again, vesicular
structures with various shapes coexist. Large vesicles with
possible tubes in the wall are found. PLA;;,—PEGy4 forms
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Figure 6. Cryo-TEM vesicle morphologies of PLA,|,—PEGy,4 in THF/H,O mixture with 40 wt % contents of water. The initial concentration of
PLA,;,—PEGy4 THF solutions was 1 wt %. The scale bars in the images present 200 nm.

Figure 7. Cryo-TEM vesicle morphologies of PLA,,—PEGy, in diox-
ane/H,O mixture with 40 wt % contents of water. The initial concen-
tration of PLA,,—PEGy, dioxane solutions was 1 wt %. The scale bars
in the images present 200 nm.

25
20 ——0=20°
——0=50"

- ——6=90°
NQ- 15
=
O 10}

05

S o ﬁm
0.0 L L L L L

10™ 10™ 10™ 10™ 10™
rig? (m’s™)

Figure 8. Angular dependence of ¢*-normalized line-width distribution
(G(T/¢?) of the PLA,;,—PEGy, vesicles in THF/H,O mixture with
40 wt % contents of water. The initial concentration of PLA,;,—PEGy4
THEF solutions was 1 wt %.

vesicles in dioxane/H,O mixed solvent with 40 wt % water
content as well. Figure 7 shows typical PLA,;,—PEGy4
vesicles with irregular shapes in dioxane/H,O mixed solvent
with 40 wt % water content. A fishlike vesicle with two
entrapped small vesicles as eyes is observed (lower-right
image of Figure 7).

The multiple vesicular morphologies from block copoly-
mers in solution have been classified by Burke et al.™ Six
different vesicular morphologies are summarized. They are
uniform bilayer vesicles, large polydisperse bilayer vesicles,
entrapped vesicles, onions, hollow concentric vesicles, and
vesicles with hollow tubes in the wall. The last two vesicular
morphologies are rarely observed. In the literature, it was
only found in a solution of 10 wt % PS;35—PAA,, in
dioxane/H,O mixed solvent with 25 wt % water content
following a dialysis procedure.*’ Vesicles with hollow tubes
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in the wall were observed in PS—PEO diblock copolymer
systems.” Figures 5 and 6 show that such nonclassical
vesicular morphologies coexist in PLA,,—PEGy, THF/
H,O mixing solution with 30 and 40 wt % water contents.
It was thought that the existing of intermediate micelle
structures is related to the lower mobility of the polymer
chains,”! the lower kinetics of morphological transitions, and
possibly the boundary crossing between different regions of
stability during the water addition and dialysis procedures.*

Vesicles of flexible bilayers are expected to undergo
shape fluctuation. The amplitude and frequency of such
fluctuation are dependent on the bilayer rigidity. Ellipsoidal
shape modes of vesicular fluctuation was theoretically
expected.”® The thermal fluctuations of single component
phospholipid vesicles have been also observed by dynamic
light scattering with a laser emitting in the ultraviolet.”
Furthermore, the fission and fusion of vesicles are rare
observed because the ripening and coarsening of vesicles
can be very slow. Hence, the metastable intermediate states
may be even trapped in the system.>>* The cryo-TEM images
indicate that the vesicular structures of PLA,»,—PEGy, in
THF/H,0 and dioxane/H,O mixtures were in dynamic and
kinetic equilibrium states. The shapes of the vesicular struc-
tures of PLA,»,—PEGy, frequently fluctuate as a course of
time. Fission, fusion, fluctuation, and shape rearrangement
of the vesicles may happen in the mixtures, which result in the
coexistence of various nonclassical vesicles together with
classical spherical vesicles. During the sample preparation
for cryo-TEM experiments, such fluctuated vesicular struc-
tures of PLA,;,—PEGy4 with different shapes in mixed
solvents were suddenly frozen by cold liquid ethane and were
confirmed by cryo-TEM (cf. Figures 5, 6, and 7). Especially,
the irregular shapes were strong evidence that the membrane
of the vesicles fluctuate in the solution (arrows in Figure 7).

As was mentioned above, the thermal fluctuation of
vesicles has been theoretically expected and experimentally
observed in single com?onent phospholipid vesicles by
dynamic light scattering.”*>® In an investigation of porous
cross-linked polystyrene hollow spheres by dynamic light
scattering, Wang and Wu>> had found that the slowest
observable vibration of such porous spherical shell immersed
in liquid involves only a portion of the shell, which was hence
corresponding to the fluctuation of the shell. Their results
further indicated that the shell fluctuation of polymeric
hollow spheres can be observed by dynamic light scattering
at larger scattering angle. Accordingly, if the membrane
fluctuation of the PLA»»,—PEGy4 vesicles in mixed solvents
shown above by cryo-TEM images was real, it should be also
observed by dynamic light scattering.

To testify such speculation, PLA,;,—PEGy, vesicles in
THF/H,0 mixed solvent with 40 wt % water contents were
chosen for further investigation by dynamic light scattering.
Three different initial concentrations of PLA,1,—PEG44 THF
solutions were studied, i.e., 1,0.45, and 0.2 wt %. According to
Wang and Wu’s report,” only the translational diffusion of the
vesicles will be observed at smaller scattering angle with
(Ry)q < 1, whereas the membrane fluctuation starts to con-
tribute to the time-average autocorrelation function for
(Ry)q > 1. By applying the analysis method proposed by
them,> the angular dependence of ¢*-normalized line-width
distribution (G(I'/¢?) of the PLA,;,—PEGy4 vesicles in THF/
H>O mixture with 40 wt % contents of water is shown in
Figure 8. Clearly, a single distributed peak was observed when
scattering angle & = 20°. By taking the average hydrodynamic
radius of PLA,1,—PEGy, vesicles, Ry, ~ 420 nm as the value of
R,, (Ry)q was estimated to be ~2 for 6 = 20°. Additional
second and third small peaks appeared with further increasing
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Figure 9. Scattering vector dependence of the average line width
(Tsiowesty Of the slowest observable vibration of the PLA»;,—PEGyy
vesicles in THF/H,O mixture with 40 wt % contents of water. The initial
concentrations of PLA,;»—PEGy4 THF solutions were 1, 0.45, and
0.2 wt %. The line is the guide for the eye.

scattering angle. Typical data curves obtained at & = 50° and
6 = 90° are shown in Figure 8. It can be seen that the first peak
was almost independent of scattering angle, corresponding to
the translational diffusion of vesicles. The third peak was
attributed to the slowest observable vibration of the vesicles,
i.e., (Tgowesty- The slowest vibration mode appeared at large
(Ry)q value only involved a portion of vesicle, indicating the
existence of the membrane fluctuation of vesicles, which was
consistent with those observed in porous cross-linked poly-
styrene hollow spheres.” The appearance of the second peak
may be possibly due to the polydispersity of the vesicle shapes
(cf. Figure 6). The average line width (I'yjowesty Of the slowest
observable vibration of the hollow sphere has been confirmed
tobe 5proportional to the scattering wave vector g, i.€., {Tgjowest)
o< ¢.%° Such a linear relation of (T owest) > ¢ Was also found here
for PLA,1,—PEGyy vesicles in THF/H,O mixed solvent pre-
pared from various initial concentrations, as shown in Figure 9.
Figure 9 also suggests that the initial concentrations of
PLA,,—PEGy in THF had not significant effects on the
formation of vesicular structures in THF/H,O mixed solvents.
The values of (Tgjowesty Of PLA,—PEGy, vesicles were in the
similar order of magnitude with those found in porous cross-
linked polystyrene hollow spheres.” These DLS results not
only verified the existence of membrane fluctuation of
PLA,,—PEGy, vesicles in mixed solvents but also indicated
that the membranes of PLA,,—PEGy, vesicles were suffi-
ciently soft, leading to the observation of slowest vibration
mode.’

Conclusion

In summary, the micelle behavior of three diblock copolymers,
PLA56_PEG44, PLA134_PEG44, and PLA212_PEG44, in selec-
tive solvents was investigated by cryo-TEM, SLS, and DLS. Tt
was found that the micelles of PLA ,—PEGy, in aqueous solution
transform from wormlike micelles for PLAs¢—PEGy4 into vesi-
cular structures for PLA;;,—PEGy4 with increasing the length of
hydrophobic PLA block. Various vesicular morphologies, such
as entrapped vesicles, hollow concentric vesicles, ellipsoidal
vesicles, open bending lamellae, etc., were found to coexist for
PLA,,—PEGy, in THF/H,0 and dioxane/H,O mixed solvents
with 30 and 40 wt % water contents. These results suggest that the
vesicular structures of PLA,;,—PEGy,, in mixed solvents fluc-
tuate frequently and are able to kinetically form various shapes of
morphologies in the solutions. The membrane fluctuation of
PLA,,—PEGy, vesicles in THF/H,O mixed solvents were con-
firmed by dynamic light scattering measurements.
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