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Abstract : The amphiphilic block copolymers, consisting of polypeptides [poly(y-benzyl L-glutamate)
or poly{L-leucine)] as the hydrophobic component and polyether [or poly(N-isopropylacrylamide)
(PNIPAAm)] as the hydrophilic one were prepared by the ring-opening polymerization of the cor-
responding N-carboxyanhydrides, initiated by the amino-terminated poly(ethylene oxide) (PEO). (or
PNIPAAm). These amphiphilic copolymers in water can self-assemble to form stable micelles that are
presumed to compose of the hydrophilic shell and the rigid rod-like and hydrophobic core. The mi-
cellar properties such as CMC, micelle size, and micelle shape were studied by fluorescent probe tech-
niques, dynamic light scattering, and transmission electron microscopy, respectively. From application
of self-assembled micelles, it was found that release characteristics of the hydrophobic drugs
(clonazepam or indomethacin) loaded into the core part of these micelles was dependent on the drug
loading contents and chain length of the hydrophobic part of the copolymers. The higher the hy-
drophobic portion in the block copolymer, the smaller the CMC of the copolymer. For the polymeric mi-
celles with PNIPAAm outershell, their CMCs are less affected by temperature than the other polymeric
micelles. This property strongly affects the behavior of the drug release from polymeric micelle with

PNIPAAm outershell with temperature.

Introduction

Utilization of the self-assembly properties of
amphiphilic molecules in selective solvents has be-
come an attractive strategy for making sel-
faggregates like bilayer membranes, micelles, or
Langmuir-Blodgett film."* In organic solvents, the
assembly of polymers is mostly attained through
the solvophobic interaction of solvent-insoluble
blocks, whereas solvent-compatible blocks are
selectively solvated by the solvents. The spherical
micellar aggregates of amphiphilic macromole-
cules in water has been investigated to clarify
their micellar properties such as the CMC (captial
letter), the size, the shape, the aggregation num-
ber, and the structural stability, which depend on
the solution conditions and nature of the am-
phiphilic species such as the chemical structure
and solvophobicity of the amphiphile.*® The mi-

cellar properties has been extensively evaluated
by a number of experimental methods such as
light scattering, fluorescence techniques, neutron
scattering, intrinsic viscosity measurement, small-
angle X-ray scattering, and electron microscopy.””®
Polymeric micelles have attracted great attention
for the application to drug delivery systems due
to several advantages, such as considerable ther-
modynamic stability due to their low values of
CMC, formation of hydrophobic core which acts
as a microreservoir to contain hydrophobic drugs,
small size that may contribute to decrease re-
ticuloendothelial system (RES) uptake, and hy-
drophilic outershell that can be properly designed
to minimize the potential for favorable interaction
with other components of the environment such
as physiological fluids or organs.’** The release
behavior of the drug from the micelles is affected
by the nature of the drug (solubility, crystallinity
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etc.), the drug diffusion coefficient in the polymer,

and the penetration of the release medium to the
polymeric aggregates.™ The drug release from
the micelles exhibits interesting behavior due to
the thermosensitivity of the shell when the solvent-
compatible block of the block copolymers is bas-
ed on poly(N-isopropylacrylamide) (PNIPAAm)
that is well-known to exhibit phase separation
above the lower critical solution temperature
{LCST).

Polypeptides show various conformations such
as «-helix, B-structure, and ramdom coil in solu-
tion and solid state depending on the nature of
the side chain, solvent, temperature and pH.%
Polypeptides with a rigid helical backbone, espe-
cially the a-helix with a preferential screw-sense,
can be classified as one of the representative ma-
cromolecular structural types of the rigid-rod
polymers. The combination of main chain rigidity
and side chain flexibility enables the polypeptides
to exhibit liquid crystalline (LC) behavior.”® The
solubility of the polypeptides in various solvents
is strongly affected by the nature of the side
chain. Block copolymers consisting of the hydro-
philic block and the polypeptide block with the
hydrophobic chain such as poly(y-benzyl L-glu-
tamate) {PBLG) and poly(L-leucine) (PLL) self-
assemble in water and form the micellar ag-
gregates with the solid-like, hydrophobic in-
nercore and hydrophilic outershell extending into
aqueous media.?* It is expected that the rigidity of
the polypeptides forming the core affects the mi-
cellar properties.

In this study, we prepared self-assemblies of
block copolymers consisting of polypeptides as

the hydrophobic block and polyether (or PNI-
PAAm) as the hydrophilic one. And their phy-
sicochemical characteristics and applications to
the drug carriers have been investigated.

Results and Discussion

Synthesis and Characterization of Amphi-
philic Polymers. The amphiphlic diblock co-
polymers composing of PBLG (or PLL) as the hy-
drophobic component and polyether (or PNI-
PAAm) as the hydrophilic one were synthesized
by polymerization of y-benzyl L-glutamate N-car-
boxyanhydride initiated by primary amine being
located at the chain end of polylethylene oxide
(PEO) (or PNIPAAm). PBLG/PEO, PBLG/PNI-
PAAm and PLL/PEO will be abbreviated as GE,
GN and LE, respectively. Their compositions and
molecular weights are shown in Table . The self-
assembly with micellar structure of block copoly-
mers was obtained through diafiltration method
in water. During diafiltration, hydrophobic bond-
ing between polypeptides with the hydrophobic
side chain and rigid-rod backbone due to their o-
helix as shown in the Scheme 1 was formed.

Self-Assembled Nanoparticles Prepared
from PBLG/PEO Block Copolymers. Shape
of GE-3 nanoparticles observed with transmission
electron microscope is spherical in general and
their size ranges about 50-200 nm as shown in
Figure 1.* The bright and dark images seen in
the nanoparticles demonstrate that the self-assem-
bly prepared from this block copolymers showed
two layers of core-shell nanoparticles. The dark
part shoud be assigned to the hydrophobic core

Table I. Properties of PBLG/PEO (GE) and PBLG/PNIPAAm (GN) Block Copolymer Micelles in Water
(from ref. 24 © Hiithig and Wepf Verlag)

Sample M,{PBLG) M,(Total) CMClg/L) K* Particle Sizes {nm)
GE-1 12,000 91,700 0.0020 - 309.9+160.9
GE-2 12,000 39,800 0.0022 - 251.9+220.6
GE-3 12,000 8400 0.0027 2.2 200.5+177

28°C 34°C
GN-1 23,000 8,500 0.0100 2.3 70+12 110+45
GN-2 23,000 15,200 ° 0.0063 2.1 3504125 350+250
GN-3 23,000 27,000 0.0036 2.1 360180 300+120

*Equilibrium constant for partitioning of pyrene between the aqueous and micellar phases.
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Scheme 1. Physical entrapment of hydrophobic species
{pyrene, drug) into the self-assembled nanoparticles.

and the bright part to the hydrophilic shell. The
particle size of GE-3 measured with dynamic
light scattering (DLS) revealed a relatively largg
diameters, compared to TEM observation. The mi-
celle sizes become larger as the content of PBLG
in the block copolymer increases as shown in
Table | because the micelle sizes grow until the
free energy per molecules of micellization reaches
to the minimum point with increasing aggregation
number.® The formation of the micelles for the
polymers can be confirmed with fluorescent
probe method. The onset of intermolecular as-
sociation of the amphiphilic block copolymers at
the critical micelle concentration in water implies
the formation of the hydrophobic environments.
At this time, hydrophobic probe such as pyrene is
preferentially solubilized into the inner part of
these hydrophobic regions of the aggregates. The

36

transfer of pyrene from a polar environment to a
nonpolar one leads to the changes of the pho-
tophysical properties such as the increase in the

" quantum yield of the fluorescence, a shift of the

{0,0) band of the La (S;<—S,) transition from 333
to 339. One can identify and determine the CMC
(captial letter) and equilibrium constant (K.) for
the partitioning of the pyrene between the aque-
ous and the micelle core phases.” Figure 2 shows
fluorescence excitation spectra of pyrene in GE-2
aqueous solution at wvarious polymer con-
centrations.” The increase in the fluorescence in-
tensity and the shift of the low-energy band in
spectra from 334 to 339 were observed with in-
creasing copolymer concentration. The depend-
ence of the ratio of Isw/lse against the polymer
concentration was shown in Figure 3. The CMC
is taken as the intersection of two straight lines as
shown in Figure 3. The CMC values for the block
copolymers decreased with an increase of PBLG
chain length as shown in Table 1%

Figure 4 represents differential scanning calo-
rimetry thermograms of the clonazepam (CZ)
and CZ-loaded nanoparticle.”® Melting point of
CZ for the CZ-loaded nanoparticles is 222.9°C
whereas CZ itself melts at 238.9°C, indicating
that parts of the entrapped drug exist in crys-

Figure 1. Transmission electron microscopy photograph of
GE-3 nanoparticles (from ref. 25 © Elsevier).
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Figure 2. Fluorescence excitation spectra monitored at
Aem=390 nm for the GE-3 showing the shift in the (0, 0)
band as pyrene partitions between aqueous and micellar en-
vironments (from ref. 25 © Elsevier).
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Figure 3. Plot of the intensity ratio of I334/I33; (from pyrene

excitation spectra) vs. Log C for GE-3 against concentration
of copolymer (from ref. 25 © Elsevier).

talline form. The formation of the drug crystal in
nanoparticle make the drug dissolve more slowly
and diffuse into the medium. As shown in Figure
5,% the more drug loading content, the slower the

Korea Polym. J., Vol. 6, No. 1, 1998
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Figure 4. Differential scanning calorimetry thermograms of
GE-3 nanoparticles {from ref. 25 © Elsevier).

drug release. It is thought that lower CZ loading
exists as the dispersed state in the PBLG core,
whereas higher CZ loading does as the crystalline
state. Also, the CZ release behavior was affected
by PBLG chain length. It was found that the drug
release becomes slower as PBLG chain length in-
creases because the more hydrophobic part of
the polymer leads to the stronger hydrophobic in-
teraction between hydrophobic segment and drug
(not shown in Figure). When the PBLG/PEO
block copolymer was endcapped with sugar
moiety which could interact specially with car-
bohydrate receptors in the liver, ie., asi-
aloglycoprotein receptor in the hepatocytes and
manose receptor in Kuffer and liver endothelial

100
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Figure 5. CZ release from nanoparticles against drug load-
ing content (from ref. 25 © Elsevier).
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cell, it will be new cell-specific biomedical ma-
terials for liver-targeting drug delivery.

Self-Assembled Nanoparticles Prepared
from PBLG/PNIPAAm Block Copolymer. In
Table | are also listed the size distribution of the
GN nanoparticles. The particle size of the nano-
particles at 28°C ranges about 70-360 nm for
GN series. The nanoparticle size becomes larger
as the content of PBLG increases, as expected.
As shown in Table 1,** the nanopatticle sizes were
not much changed between 28 and 34°C. It is
speculated that there might be only conforma-
tional change of the PNIPAAm chains in the out-
ershell without changes of the core structure by
the temperature above the lower critical solution
temperature (LCST: 32°C) of the PNIPAAm as
shown in Figure 6.%

Figure 7% shows CMC, estimated from the
fluorescent probe method, of GE-3 and GN-1
block copolymers at various temperatures. Gen-
erally, as temperature increases, the CMC shifts
to the higher concentration because the equi-
librium constant at low temperature is relatively
in favor of micelle formation compared to that
at high temperature. The slope corresponding to
GN has a lower dependence on the temperature
than that equivalent to GE. This is originated
from the enhancement of the micelle stability
owing to the shrinkage of the outershell, PNI-

Hydrophobic Innercore
( Rigid rod-like Polypeptides)

N

Hydrophilic Outershell
( Thermosensitive PNIPAAm)
Figure 6. Schematic illustration of the thermally-induced
conformational changes for poly(oi-benzyl L-glutamate)/poly
(N-isopropyl acrylamide} (PBLG/PNIPAAm) (GN) nano-
particle with rigid rod-like innercore and thermosensitive out-
ershell (from ref. 24 © Hiuthig and Wepf Verlag).
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Figure 7. Plots of the logarithmic critical micelle con-
centration for GN-1 and GE-3 against the reciprocal of the
absolute temperature (from ref. 26 © Elsevier).

PAAm, of the GN block copolymer. In other
words, the decrease of the hydrophilicity of the
outershell to decrease the CMC counterbalances
the unimer-micelle equilibrium with temperature.
This thermally-induced conformational changes
for the GN core-shell type nanoparticles at tem-
perature near LCST exert interesting influence
upon the drug release from the particles. The
releases of indomethacin (IN) from the nano-
particles at 28°C and 34 °C are shown in Figures
8 and 9, respectively. It was found that the
release of IN from the nanoparticles at 28 °C was
almost the same as at 34°C up to 100 min in
any copolymer and then IN was slowly released
after 100 min at 28 °C, whereas it becomes a pla-
teau after 100 min at 34°C. As the results, more
contents of IN were released at 28°C than 34°C
after 5h owing to shrinkage of the shell, as ex-
pected.

The following equation can be used to obtain
the equilibrium partition constant.

Pyln _ F—Fun _ Kofalc —CMC)
[Py]w - Fpax —F B 1OOOpA
where F =I3395/I3345 (1)

’

F.in and F. correspond to the values of F on
the straight line on the flat part at low and high
polymer concentration, respectively. K. is the

Korea Polym. J., Vol. 6, No. 1, 1998
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Figure 8. Release of indomethacin (IN) from poly(y-benzyl
L-glutamate)/poly(N-isopropylacrylamide) (GN) block co-
polymer nanoparticles at 28 °C (from ref. 24 © Hiithig and
Wepf Verlag).
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Figure 9. Release of indomethacin (IN) from poly(ybenzyl
L-glutamate)/poly(N-isopropylacrylamide} (GN) block co-
polymer nanoparticles at 34 °C (from ref. 24 © Hiithig and
Wepf Verlag).

equilibrium partition constant of the pyrene
between a micellar phase and a water phase. ¢ is
the total polymer concentration {(g/L), ¥. is the
weight fraction of hydrophobic portion in the block
copolymer, and p, is the density of the micellar
core, which in our system is the density of the
PBLG core of the micelle that was assumed to

Korea Polym. J., Vol. 6, No. 1, 1998

take the same values as that of PBLG with a-hel-
ical and crystal structure (1.279 g/mL) and we as-
sumed that it does not change with temperature.

The equilibrium constant for partitioning of
pyrene between the aqueous and micellar phases
for GE-3 decreases linearly with temperature by
the movement of the micelle-unimer equilibrium
toward the micelle as shown in Figure 10.* But
in GN-1, the diminution rate of the equilibrium
constant with temperature becomes less around
the LCST of PNIPAAm because the conforma-
tional change of the PNIPAAm, as the shell of the
micelle, protects the micelle having a hydrophobic
core to solubilize the pyrene from the dissociation
with temperature.

Standard Gibbs energy, AG®, standard enthal-
py, AH*, and standard entropy, AS®, of micelliza-
tion were determined from the experimental data
using the following equations.

AG°® =RT In(CMC) (2)
AH? ~ RMM_O (3)
dr-!
o _ AH’ —AG°
AS == {4)

The thermodynamic data for micellization of
the GN-1 and GE-3 copolymer in water at 25°C
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Figure 10. Plots of the equilibrium constant (K) for par-
titioning of pyrene between the aqueous and micellar phases
as a function of solution temperature for GN-1 and GE-3 in
water {from ref. 26 © Elsevier).
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Table II. Thermodynamic Data for the Micellization
of the GN-1 and GE-3 Block Copolymer in Water
at 25 and 65°C (from ref. 26 © Elsevier)

Sl AG®(25°C) AG°(65°C)  AH°® AS®

ampie  pJmol? kJ-mol?  kd-mol®  kd-mol 'K
GN-1  -285 -31.6 -4.37 0.0803
GE-3 -31.1 -30.4 -339 -0.0009

and 65°C are given in Table II. The standard
Gibbs energies of micellization for both GN and
GE copolymer are negative values, as expected.
The negative standard enthalpy of micellization is
caused by the exothermic interchange energy ac-
companying the replacement of PBLG segment/
water interactions by PBLG segment/PBLG seg-
ment and water/water interactions in micelle for-
mation. The negative enthalpy is responsible for
micellization. In GE/water system, the contribu-
tion of the negative standard entropy for mi-
cellization is nearly negligible. But the standard
entropy for the GN/water one shows positive
value, indicating of micelle formation.

Conclusion

The amphiphilic block copolymers consisting of
rigid polypeptides as the hydrophobic segment
and polyether (or PNIPAAm) as the hydrophilic
one were synthesized and characterized. The self-
assembled nanoparticles were prepared by the
diafiltration method. The micellar properties of
the block copolymers were studied by fluorescent
probe techniques, DLS, and DSC. The application
of self-assembled nanoparticles to drug delivery
systems was tested. Compared with the ordinary
GE nanoparticles, the CMCs of the ther-
mosensitive nanoparticles composing of PBLG as
the core and PNIPAAm as the outershell are less
affected by the temperature.
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