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Self-assembling of novel biodegradable ABC-type triblock copolymer poly(ethylene glycol)-pabt{de)-poly-
(L-glutamic acid) (PEG-PLLA-PLGA) is studied. In aqueous media, it self-assembles into a spherical micelle
with the hydrophobic PLLA segment in the core and the two hydrophilic segments PEG and PLGA in the shell.
With the lengths of PEG and PLLA blocks fixed, the diameter of the micelles depends on the length of the PLGA
block and on the volume ratio of @/dimethylformamide (DMF) in the media. When the PLGA block is long
enough, morphology of the self-assembly is pH-dependent. It assembles into the spherical micelle in aqueous
media at pH 4.5 and into the connected rod at or below pH 3.2. The critical micelle concentration (cmc) of the
copolymer changes accordingly with decreasing solution pH. Both aggregation states can convert to each other
at the proper pH value. This reversibility is ascribed to the dissociation and neutralization of the COOH groups
in the LGA residues. When the PLGA block is short compared to the PEG or PLLA block, it assembles only into
the spherical micelle at various pH values.

Introduction which are their primary structures. Their higher order structures
(secondary, tertiary, and quaternary) are formed via intra- and
In the past few years, increasing interest has been given tointermolecular interactions between the functional groups of
the self-assembly of block copolymers in aqueous solution, residual amino acids. So incorporation of polypeptide into a
because of their potential applications in nanoscience andsynthetic polymer often affects its nature of self-assembly.
nanotechnology, such as carriers for drug and gene delivery,Compared to the former material, this kind of material has not
diagnostic imaging, and nanoreactér$. Compared to low  been researched so much. To date, most of the polypeptide-
molecular weight surfactants, polymer micelles are more pased amphiphilic copolymers studied are AB-type diblock
stabilized because of their macromolecular nature. A great copolymers consisting of a hydrophilic polypeptide segment and
number of aggregate morphologies has been found for diblock another hydrophobic segment. Deming et al. demonstrated the
and ABA triblock copolymer§-8 ABC-type triblock copoly-  charged polypeptide vesicles with promising biomimetic en-
mers have more complicated structure. Thus, they can form newcapsulantg® Rodriguez-Herfiadez and Lecommandoux re-
aggregates of various morphologfe®. For example, poly-  ported reversible inside-out vesicles caused by pH charfding.
(ethylene glycol)e-poly(glycerol monomethacrylaté)poly(2- In this paper, we report on the self-assembly of a novel
(diethylamino)ethyl methacrylate) (PEG-PGMA-PDEA) tri-  biodegradable ABC triblock copolymer, poly(ethylene glycol)-
polymers can aggregate into three-layer “onion” micelfest poly(L-lactide)-poly(-glutamic acid) (PEG-PLLA-PLGA). This
pH 1, poly(acrylic acid)e-polystyreneb-poly(4-vinylpyridine) ABC-type triblock copolymer is composed of a central hydro-
(PAA-PS-P4VP) can spontaneously form vesicles in water phobic PLLA block, a neutral hydrophilic PEG block, and a
through electrostatic interactio”®Vith a similar structure, poly- PLGA block whose charge state and solubility are pH-
(2-vinylpyridine)b-poly(methyl methacrylate-poly(acrylic dependent. Therefore, its self-assembly is expected to rely on
acid) (P2VP-PMMA-PAA) also can aggregate into vesicles, but the solvent and pH value.
the vesicles formed are not stable when the lateral hydrophilic

segments are much longer than the middle _hydrophobic seg- Experimental Section

ment!? In toluene, polystyrenb-poly(2-vinylpyridine)b-poly-

(methyl methacrylate) (PS-P2VP-PMMA) ABC triblock co- (1) Materials. PEG-PLLA-PLGA copolymers were reduction prod-
polymers can form spherical micell&s. ucts of PEGB-PLLA-b-PBLG (BLG = y-benzyli-glutamate), which

Recently, great efforts have been made to incorporate proteinswere synthesized via the ring-opening polymerization (ROP) of BLG-
or polypeptides into some synthetic materials to improve their NCA initiated by PEGb-PLLA-NH; as reported by Deng et &.
biological properties and to enlarge their applications in self-  (2) Preparation of Polymeric Micelles.The triblock copolymer was
assembly, biological sensors, drug delivery, andtissue engin&efifg. first dissolved inN,N-dimethylformamide (DMF), which was a common

Proteins are made up of amino acids through amide bonds solvent for the three blocks, with the initial concentration of 2.0 wt %.
Then the given amount of deionized water was added to the copolymer

solution under gentle stirring. To reach an equilibrium, the mixture

* To whom correspondence should be addressed. Telephb86:431-

5262775. Fax:+86-431-5685653. E-mail: xbjing@ciac.l.cn. was stirred overnight. After that, the mixture was further diluted with
T Changchun Institute fo Applied Chemistry. a large amount of water and was dialyzed against deionized water to
* Graduate School. remove DMF from the solution.

10.1021/bm0609792 CCC: $37.00  © 2007 American Chemical Society

Published on Web 02/17/2007
CDhVv



1014 Biomacromolecules, Vol. 8, No. 3, 2007 Sun et al.

(3) Fluorescence MeasurementA pyrene probe is used to prove
the formation of micelles. Steady-state fluorescence spectra were
obtained by Perkin-Elmer LS50B luminescence spectrometer. The
copolymer solution and distilled water were added consecutively into
the volumetric flasks containing pyrene, and the copolymer concentra-
tion was from 10% to 0.4 g/L. The pyrene concentration in each final
solution was 6x 10~7 mol/L (the saturation solubility of pyrene in
water at 22C). The emission wavelength was 391 nm for fluorescence
excitation spectra. The spectra were recorded at a scan rate of 240 nm/
min. For the pH= 3.2 micelle system, after the final dilution with
doubly distilled water, 0.1 mol/L HCI solution was added to the
copolymer/pyrene solution to give the final pH value (pH3.2).

(4) *H NMR Spectroscopy.'H NMR spectra were measured in@®
and in a mixture solvent of CDgand CRCOOD (TFA; 1/1, v/v) at
room temperature (28 1 °C) by an AV-400 NMR spectrometer.

(5) Dynamic Light Scattering Measurements. Dynamic light
scattering (DLS) measurements were carried out with a DAMN EOS
instrument equipped with a HeéNe laser at the scattering angle of90
The micelle solution of about 0.4 mg/mL was passed through a 0.45
um filter before measurement.

(6) Environmental Scanning Electron Microscopy Measurements.

The environmental scanning electron microscopy (ESEM) images were
recorded with model XL 30 ESEM FEG from Micro FEI Philips. The
dilute micelle solution was deposited on a silicon wafer to a very thin
layer and dried at room temperature. A thin layer of Au was coated on
the sample surface before measurement.

(7) Transmission Electron Microscopy MeasurementsTransmis-
sion electron microscopy (TEM) measurements were performed on a
JEOL JEM-1011 electron microscope operating at an acceleration
voltage of 100 kV. A drop of the dilute aqueous solution was deposited
onto a copper grid for about 5 min and then was blotted up with a
piece of filter paper. At last, the sample was kept and measured at

200nm

room temperature. 200nm
—
Results and Discussion (b)
(1) Synthesis and Characterization of the Triblock Co- Figure 1. ESEM micrographs of micelles prepared in H>O: spherical

micelles from (a) PEG(17)-PLLA(23)-PLGA(10) and (b) PEG(17)-

polymers. Recently, Deng et al. reported on the synthesis of a PLLA(23)-PLGA(60).

novel triblock copolymers PEG-PLLA-PLGA. First, MPEG-
PLLA-OH was prepared by ROP oflactide with monomethox-  respectively. It seems that the longer PLGA block leads to the
ypoly(ethylene glycol) as the initiator and stannous octoate as bigger particle size. As can be seen, all the particles are dispersed
catalyst. Then it was converted to PBERLLA-NH, by reacting very well, and almost no cohesion happens during drying. This
with tert-butoxycarbonyl--phenylalanine (Ph&BOC), and by can be confirmed by DLS result. The hydrodynamic radiyg (
subsequent deprotection. The third block was synthesized byis calculated from the DLS data by the StokéSnstein
ROP ofN-carboxyanhydride of-benzylL-glutamate with PEG- equation, assuming that the micelles are of sphere sape
b-PLLA-NH, as a macroinitiator and deprotected with Pd/C. average hydrodynamic radii measured by DLS for PEG(17)-
The sample was purified by dissolution/precipitation in tetrahy- PLLA(23)-PLGA(10) and PEG(17)-PLLA(23)-PLGA(60) are
drofuran (THF)/petroleum ether. Thid NMR spectrum is 30.7 and 34.5 nm, respectively. So assuming sphere shape is
shown in Figure 3a(l). consistent with the micrographs of ESEM. However, the particle
(2) Formation of the Heteroarm Micelles. Two kinds of diameters measured by ESEM are a little smaller than hydro-
PEG-PLLA-PLGA samples are employed for micelle prepara- dynamic diameters measured by DLS. This may be because of
tion. They are PEG(17)-PLLA(23)-PLGA(10) and PEG(17)- the volume shrinkage during sample drying. Volume change
PLLA(23)-PLGA(60) (the numbers in the parentheses designateduring drying can be different for different regions of the micelle
the degree of polymerization (DP)). Both samples have identical structure, while the basic morphology is still spherical both by
PEG and PLLA blocks but are different in the length of the ESEM and DLS measurement. Because of polymer polydis-
PLGA block. Their micelle solutions are prepared by a process persity, the size distributions of micelles are broad for both
of solvent replacement. The formation of micelles is confirmed samples by DLS measurement. However, the size of most
by a fluorescence technique using pyrene as a probe. The cmanicelles is still close to the mean radii, consistent with that in
values for the two samples PEG(17)-PLLA(23)-PLGA(10) and ESEM micrographs. To reveal the locations of the three blocks
PEG(17)-PLLA(23)-PLGA(60) are 2.8% 1073 and 5.01x in the micellesH NMR analyses are performed in different
102 g/L, respectively. The method of cmc measurement is solvents. As shown in Figure 3a(l), all chemical shifts of the
referred to in ref 23. The size and morphology of the micelles three blocks are observed in thd NMR spectrum measured
are studied by ESEM and DLS (Figure 1 and Figure 2). ESEM in CDCIy/TFA-d, because the mixture solvent is a good solvent
studies show that the micelles of PEG(17)-PLLA(23)-PLGA- for the three blocks. The signals of the PLLA block at 1.7 and
(10) and PEG(17)-PLLA(23)-PLGA(60) are spherical (Figure 5.3 ppm almost disappear in Figure 3a(ll) measured i0,D
la,b), and mean diameters are about 35.6 and 57.7 nmwhile those of PEG methylene protons3.7 ppm) and PLG%DV
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Figure 2. DLS graphs of the micelle size distribution of (a) PEG-
(17)-PLLA(23)-PLGA(10) and (b) PEG(17)-PLLA(23)-PLGA(60). (b)
protons (2.6-2.4 ppm, 4.6 ppm) are still observed, although .
the resonance peaks measured ¥ Mave different positions
compared to those measured in CBITFA-d. It indicates that I
the PLLA block has left the water phase and the PEG and PLGA
segments remain solvated in water. From the calculation of the ) | I
intensity between peaks a and d in Figure 3a(ll), it implies that MWud__
PLGA is completely solvated in deionized water as PEG does.
That is to say, insoluble PLLA block constitutes the core of a f e

the micelle, while hydrophilic PEG and PLGA blocks together
form the shell of the micelle. It is a heteroarm micelle.

(3) Influence of pH. The above experiments verify the d
formation of spherical micelles from PEG(17)-PLLA(23)-
PLGA(60) and its heteroarm structure with both PEG and PLGA A J
as hydrophilic segments. It is well-known that there is a pendent

carboxyl group on each LGA unit. These carboxyl groups can
exist in acidic form or in salt form under proper conditions.
Their charging status may influence their aggregation. In fact,
the value of the micellar system is pH 4.5 when the solvent Figure 3. H NMR spectra of PEG(17)-PLLA(23)-PLGA(60), mea-

DMF is dialyzed completely. Under this condition, the carboxyl Sured in CDCIs/TFA-d mixture (1:1, v/) (a, 1), in D20 (a, II) at pH
groups reach their dissociation equilibrium and the micelles are ?55'”')” D20 at pH 3.2 (b, 1), and in D20 at pH 4.5 back from pH 3.2

of spherical shape, as shown in Figure 1a. When aqueous HCI'™"

of 0.1 mol/L is added to the micelle solution, it will become insoluble in water. Therefore, they may get aggregated and
bluish and milky. Figure 4a shows the morphology of PEG- become a part of the core. The aggregation of PLGA blocks is
(17)-PLLA(23)-PLGA(60) obtained at pH 3.9. They are still confirmed by!H NMR measurement and fluorescence measure-
spherical micelles but with smaller size, 43.2 nm in diameter. ment. As shown in Figure 3b(l), when thEl NMR spectrum
Further decreasing the solution to pH 3.2, the morphology of of PEG(17)-PLLA(23)-PLGA(60) is recorded in,D at pH 3.2,

the micelle will change significantly. In addition to a few all 'H NMR signals of the PLGA segments at 2.0.4 and 4.2
spherical micelles, many connected rods are observed (Figureppm disappear almost completely. In other words, the change
4b). The diameter of the rods is ca. 28 nm, which is ap- from pH 4.5 to 3.2 of the medium leads to the change in the
proximately equal to the diameter of the spheres. It can be aggregation state and function of the PLGA block: it undergoes
speculated that the spheres fuse into the rods and both of thema process of desolvation and aggregation and joins the PLLA
constitute the connected rods. In other words, it is the result of block to become a part of the core. Under this circumstance,
adhesive collision of micelles. In Figure 4c,d, we can see somethe core is composed of both PLLA and PLGA blocks while
fragments which constitute the connected rods. It is reported only PEG block is left in the water phase. The fluorescence
that the poly(-glutamic acid) can be protonated in acidic media, measurement proves this viewpoint. When the values of solution
and its secondary conformation changes from coil to compact are pH 3.2, the cmc values of PEG(17)-PLLA(23)-PLGA(10)
o-helix.?® In our case, when the solution is adjusted to gH and PEG(17)-PLLA(23)-PLGA(60) change to 2.£410°2 and

3.2, the PLGA blocks assume the acid form and become 4.26 x 1072 g/L, both getting smaller than those at pH 4C§DV

Chemical shift (ppm)
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phase, they trend to retain their own phases, aehgelixes,
because of the formation of hydrogen-bonding in PLGA.
Therefore, it is deduced that the rods formed might be composed
of three layers: PLLA core plus PLGA middle layer plus PEG
surface (Scheme 1). As seen in Figure 4, with pH decreasing,
the diameter of the micelle is getting smaller and smaller. This
may result from the increasing of-helix ratios.

Up to now, we can describe the pH dependence as follows.
At a high-pH value, both PEG and PLGA blocks are fully
solvated. There may be hydrogen-bonding interactions between
carboxylic acid groups in PLGA and the ether oxygen in PEG
as in many systen?®$:28 With the pH decreasing, the PLGA
block is becoming insoluble and leaving the micelle corona
gradually. Correspondingly, the stabilizing ability of the micelle
is weakened. As a result, the aggregation number may change,
which results in the smaller diameters under the drying
condition?® When pH is less than 3.2, all PLGA segments leave
the corona and become a part of the core in the form of
a-helixes, the aggregates assume the rod shape with a smaller
diameter. Thereforey-helix formation of the PLGA segments
may be the direct driving force for the rod formation, as in many
biological systems.

If pH is the governing factor for the formation of the rod-
shaped aggregates, the process should be reversible. In fact,

100nm when the system is adjusted back to pH 4.5 by adding aqueous
I — NaOH solution of 0.1mol/L, the system turns clear immediately.
Figure 4. TEM micrographs of the micelles from PEG(17)-PLLA- The signals of PLGA in théH NMR spectrum appear again
(23)-PLGA(60) at different pH: (a) spheres at pH 3.9; (b—d) mor- (Figure 3b, Il)). The aggregate morphology changes from
phologies at pH 3.2 (connected rods and spheres); (e) spherical connected rods to spheres, as shown in Figure 4e. This

micelles after adding NaOH back to pH 4.5. reversibility provides powerful evidence for the above formation

This indicates that the hydrophobic property of the micellar core mechanisms of the spherical micelles and connected rod
is increasing and the composition is changing, due to the PLGA aggregates.

block joining the core part. At this moment if the aggregate | ig poticed that the particle diameter of the spheres measured

assumes a spherical micelle, it would be unstable because thq)y TEM after NaOH addition becomes 49 nm (Figure 4e)
PEG block is not long enough to stabilize the micelle, compared slightly smaller than the spheres in the original aqueous media.

to the hydrophobic segments. Therefore, the aggregate assumes, ;o may be attributed to the salt effect. During the course of

a rod shape, because a rod has much smaller specific surfac%ase addition, NaCl salt is formed. It can screen the repulsion

area compared to spherical micelles of the same volume.b PLGA leadi . fthe micell
Furthermore, two additional factors may help the formation of etween segments, leading to contraction of the micelles.

the rod-shaped aggregates. One is the charging status of the |t should be mentioned here that the pH variation does not
micelles. At pH>= 4.5, the LGA residues are solvated. The cause the formation of the rod-shaped aggregates of PEG(17)-
electric repulsion between the LGA residues helps enlarge thep| | A(23)-PLGA(10). The spherical micelles remain as the main
volume occupied by the PLGA segments and, thus, helps morphology until pH< 3.2. This is because its PLGA block is
stabilize the micelle system. When the solution decreases t0g|atively short. Even if the PLGA segments aggregate from
pH 3.9 and to 3.2 step by step, this leads to the decrease iy, \yater phase into the core phase, the relative length of the

repulsion between the LGA residue_s _qnd_ helps the PLGA EG segments is still long enough to stabilize the spherical
segments to aggregate. Another possibility is the change of themicelles without fusing

secondary conformation of PLGA segments. Because the PLLA
core is formed at pH 4.5, it cannot change during the pH  (4) Effect of the DMF/H,O Ratios. To examine the effect
variation. When the PLGA segments aggregate from the water of the solvent, the micellization was carried out in two steps.

Scheme 1. Schematic Representation of Reversible Conversion of Spherical Micelles and Rod-Shaped Aggregates of
PEG(17)-PLLA(23)-PLGA(60)

pH=45 pH=3.9 pH=32
CbhV
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In the first step, 1 mL of DMF solution (2 wt %) of PEG(17)-
PLLA(23)-PLGA(60) was mixed with a given amount of
deionized water and stirred for one night. In the second step,
the micelle solution was further diluted to solidify the micelles.
When the DMF was removed completely via dialysis, the
micelle size was measured by TEM. Figure 5 shows the
measured particle diameter as a function g©HDMF ratio in

the first dilution. It is seen that the particle diameter decreases
with increasing HO/DMF ratio. This dependence can be
attributed to the presence of the PLGA blocks. Because the
COOH groups in the LGA residues are dissociable, they can
be ionized under basic condition. In the presence of DME (
38.2)20 this dissociation is enhanced. The PLGA segments
interact strongly with polar solvent molecules and get more

Biomacromolecules, Vol. 8, No. 3, 2007 1017

groups in the LGA residues. PEG(17)-PLLA(23)-PLGA(10)
mainly assembles into the spherical micelle at different pH
values, because its PLGA segments are relatively short and
cannot interfere with the stabilizing capacity of PEG segments.
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