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Abstract: The self-assembly of polymers can lead to supramolecular systems and is related to the their functions of
material and life sciences. In this article, self-assembly of Langmuir-Blodgett (LB) films, polymer micelles, and
polymeric nanoparticles, and their biomedical applications are described. LB surfaces with a well-ordered and
layered structure adhered more cells including platelet, hepatocyte, and fibroblast than the cast surfaces with
microphase-separated domains. Extensive morphologic changes were observed in LB surface-adhered cells compared
to the cast films. Amphiphilic block copolymers, consisting of poly(-benzyl L-glutamate) (PBLG) as the hydrophobic
part and poly(ethylene oxide) (PEO) [or poly(N-isopropylacrylamide) (PNIPAAm)] as the hydrophilic one, can
self-assemble in water to form nanoparticles presumed to be composed of the hydrophilic shell and hydrophobic
core. The release characteristics of hydrophobic drugs from these polymeric nanoparticles were dependent on the
drug loading contents and chain length of the hydrophobic part of the copolymers. Achiral hydrophobic merocyanine
dyes (MDs) were self-assembled in copolymeric nanoparticles, which provided a chiral microenvironment as red-
shifted aggregates, and the circular dichroism (CD) of MD was induced in the self-assembled copolymeric nanoparticles.

Keywords: self-assembly, Langmuir-Blodgett films, polymeric micelle, polymeric nanoparticles, induced circular

dichroism.

Introduction

Self-assembly is a spontaneous association of molecules
under equilibrium conditions into stable, structurally well-
defined aggregates by noncovalent bonds,' eventually leading
to the formation of supramolecular systems and taking
responsibility over their functions. In material science, the
concept of function through self-assembly contributed to
the development of new materials. Furthermore, through
studies on life sciences, we know that the biological functions
such as stabilization of biomembranes, specific surface rec-
ognition, signal transduction, and information storage are
closely related to the self-organization of biomolecules.”
The self-assembled structures range from simple nematic
liquid crystals, liposomes, micelles, and Langmuir-Blodgett
(LB) films to complex biomembranes. This paper reviews
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LB films, polymeric micelles, and polymeric nanoparticlés
as polymeric self-assembly, and their applications in the
biomedical fields.

LB Films

Characteristics of LB Films. LB technique has been an
attractive tool for arranging various molecules into well-
defined ordered forms to develop ultrathin films for elec-
tronic and photoelectronic devices.>* Typically, a monolayer
is formed at the air/water interface, which is then converted
into a condensed phase by compression,’ and can be trans-
ferred by dipping and raising the substrate through the air/
water interface. LB films have layered structures with a well-
defined order or orientation of the functional moieties. In
particular, monolayers of synthetic polypeptides as models
for protein may be prepared, in which the polypeptide is in
either the orhelical or B-sheet conformation, depending on
the spreading solvent employed.® The chemical structure
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schematic of a poly(ybenzyl L-glutamate) (PBLG) family
used by our group is shown in Figure 1.” Circular dichroism
(CD) spectra of cast and LB films are shown in Figures 2
and 3, respectively. The spectrum of LB film is different
from that of the cast film in that the former changed radically
both in shape and in magnitude in response to the rotation of
the sample. The anguiar dependence can be attributed to the
orientation of PBLG film obtained by LB technique.?® Polar-
ized transmission FT-IR spectra of PBLG and block copolymer
LB films revealed the main conformation of the molecules
in the LB layer as well as in the cast film is o-helical, and
the polypeptide o-helices are oriented with the main axis,
parallel to the conformation direction for the LB films, in
agreement with the CD data.’

Cell-LB Surface Interaction. In general, there are two
types of cell interactions with the substratum. One is the
non-specific interaction between cells and surfaces, such as
ionic, hydrogen and hydrophobic bonds, and this type of
attachment to the substratum is not mediated by extracellular
matrix (ECM) proteins. The other involves specific interaction
between adhesive ligands along the polymer chain and
receptors on the cell surfaces. Unlike the former, this attach-
ment is almost always mediated by ECM proteins.

- Non-Specific Interaction between Cell and LB Surface:

It is well-known that block or graft copolymer surfaces fab-
ricated with microphase separated structure suppress the
activation of adhering platelets, primarily due to the regulation
and distribution of binding sites between platelets and the
copolymer surface.' In an attempt to relate surface structure
to the platelet adhesion of PBLG/poly(ethylene oxide)
(PEO)/PBLG block copolymers (GEG), we compared the
cellular behaviors between LB surface and the cast one, and
found that much more platelets were adhered onto the block
copolymer LB films than to the same block copolymer solvent
cast onto surface."" The effect of PEO content on the LB film
adhesion was antithetical. Furthermore, platelets adhered
onto the PBLG/poly(propylene oxide) (PPO)/PBLG (GPG)
cast film surface were round-shaped, whereas those adhered
onto the LB film surface showed extended psuedopods and
fried-egg appearances,'? and this difference was found to be
a similar tendency of platelets (Figure 4)."* In most probabil-
ity, PEO-based LB film surfaces may have been dominated
by the hydrophobic PBLG component, and the PEO chains
were restricted in their ability to migrate to the surface.'

Specific Interaction between Hepatocytes and LB Surface:
Akaike er al. previously reported that poly(vinylbenzyl-f-D-
lactonamide) (PVLA) is an artificial cellular matrix for the
hepatocyte culture,' and that the adhesion is mediated by the
galactose-specific interactions between hepatocyte and
PVLA.'® We studied the orientation effect of galactose ligand
in PVLA on hepatocyte attachment. Results of hepatocyte
adhesion between PBLG (or GEG) and PVLA LB films after
albumin pretreatment indicated that hepatocyte adhesion for
the PBLG or GEG LB surfaces decreased after the albumin
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Figure 1. Chemical structure of PBLG/PEO/PBLG (GEG) block
copolymer (from ref. 7).
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Figure 2. CD spectrum of cast film of PBLG according to the
rotation: curve (a) 0°; curve (b) 90°; curve (c) 180°; curve (d) 270°
(from ref. 8© Academic Press, Inc.).
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Figure 3. CD spectrum of LB film of PBLG according to the
rotation: curve (a) 0°; curve (b) 90°; curve (c) 180°; curve (d)
270°; with 20 layers for the film (from ref. 8© Academic Press,
Inc.).
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Figure 4. Phase-contrast microphotograpt:s of fibroblast adherent onto the GE-3 (PEO: 39.0 mol%) copolymer: (a) 1 h, (b) 5 h, and (c)

23 h (from ref. 13 © John Wiley & Sons, Inc.).

treatment, whereas that for the PVLA LB one scarcely
changed,"” probably due to the albumin blocking of non-spe-
cific hydrophobic interactions between cells and LB surfaces.
On the other hand, asialoglycoprotein antibody hindered the
cell adhesion of the PVLA LB films. These findings thus
reveal that adhesion of hepatocytes to the oriented PVLA LB
surface is mediated by asialoglycoprotein receptors. More-
over, L.929 cells cultivated on the collagen LB surface showed
much higher adherence and spreadability than those on cast

surface due to the higher -helix content in the L.B surface than
the cast one."®

Polymer Micelle

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
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macromolecules in water have been investigated to clarify
their micellar properties such as critical micelle concentration
(CMC), size, shape, aggregation number, and structural sta-
bility, which depend on the conditions of the solution and the
nature of the amphiphilic species such as chemical structure
and solvophobicity of the amphiphile.'*?° Polymeric micelles,
with their numerous advantages including considerable
thermodynamic stability, formation of hydrophobic core,
small size, and hydrophilic outershell designed to minimize
the potential for favorable interaction with other compo-
nents of the environment such as physiological fluids or
organs,”** have attracted great attention for applications in
drug delivery systems. The release behavior of the drug from
the micelles is affected by the nature of the drug (solubility,
crystallinity, etc.), the drug diffusion coefficient in the poly-
mer, and the penetration of the release medium into the
polymeric aggregates.

In our studies, the amphiphilic diblock copolymers com-
prising PBLG and polyether [or poly(N-isopropylacrylamide)
(PNIPAAm)] as the hydrophobic and hydrophilic components,
respectively, were synthesized by polymerization of ybenzyl
L-glutamate N-carboxyanhydride initiated by the primary
amine located at the chain end of PEO (or PNIPAAm). The
self-assembly with micellar structure of the above-mentioned
block copolymers was obtained through diafiltration method

Hydrophilic part Rigid polypeptide
N /

l«—- Diafiltration

self~assembled nanoparticle

e
"'.': Pyrenelor drug)

pyrenelor drug) entrapment

Scheme I. Physical entrapment of hydrophobic species (pyrene,
drug) into the self-assembled nanoparticles (from ref. 23).
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in water. During diafiltration, hydrophobic bonding was
formed between the polypeptides possessing hydrophobic
side-chain and rigid-rod backbone due to their ¢-helix com-
formation (the Scheme I).%

Shape of the PBLG/PEO block copolymer (GE) nanoparti-
cles observed through SEM and TEM is spherical in general
with size ranging about 50-200 nm (Figure 5).** The bright
and dark images observed in the nanoparticles indicate that
the self-assembly prepared from this block copolymer had
two layers of core-shell nanoparticles. The dark part should
be assigned to the hydrophobic core and the bright part to
the hydrophilic shell. The particle size of GE-3 measured
through dynamic light scattering (DLS) revealed a relatively
large diameter compared to the result of TEM observation.
The micelle sizes become larger as the content of PBLG in
the block copolymer increases, because the micelle size
increases until the free energy per molecule of micellization
reaches the minimum level with increasing aggregation
number.”® The formation of the micelles for the polymers
can be confirmed using the fluorescent probe method. The
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Figure 5. Scanning electron microscopy photograph (a) and

transmission electron microscopy photograph (b) of GE-3 nano-
particles (from ref. 24 © Elsevier).
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onset of intermolecular association of the amphiphilic block
copolymers at the critical micelle concentration in water
implies the formation of hydrophobic environment. At this
point, a hydrophobic probe such as pyrene is preferentially
solubilized into the inner part of this hydrophobic region of
the aggregate. The transfer of pyrene from a polar environ-
ment to a nonpolar one leads to the changes in photophysical
properties such as the increase in the quantum yield of the
fluoresence, and a shift of the (0,0) band of the La(S,<—S;)
transition from 333 to 339 nm. One can identify and deter-
mine CMC and equilibrium constant (K,) for the partitioning
of pyrene between the aqueous and the micelle core phases.
Figure 6(a) shows fluorescence excitation spectrum of pyrene
in GE-2 aqueous solution at various polymer concentrations.*
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Figure 6. Fluorescence excitation spectrum of pyrene/GE-3
against concentration of GE-3 in distilled water (emission wave-
length: 390.0 nm) (a) and plots of intensity ratio I35/l3;; from
pyrene excitation spectrum vs. log ¢ of the GE -3 copolymer in
distilled water (b) (from ref. 24 © Elsevier).

The increase in the fluorescence intensity and the shift of
the low-energy band from 334 to 339 nm were observed with
increasing copolymer concentration. Dependence of I335/1334
against the polymer concentration is taken as the intersec-
tion of two straight lines [Figure 6(b)]. The CMC values of
the block copolymers decreased with increasing PBLG
chain-length.

The release of drug from the PBLG/PNIPAAm nanoparti-
cles, which exhibit interesting behavior due to the thermo-
sensitivity of the shell, was studied in vitro,”” and the results
indicate that higher content of indomethacin (IN) from the
nanoparticles was released at 28 °C than at 34°C, because
the expanded form of PNIPAAm in the shell part was
changed into a compact one (Scheme II).

The nanoparticle sizes of hexablock copolymer (G4E;)
based on PBLG and PEO as the hydrophobic and hydro-
philic parts, respectively, range from 20 to 70 nm (Figure 7).

PNIPAAmM block ——
PBLG block

T>LCST
T<LCST

Scheme II. Schematic illustration of thermally-induced confor-
mational changes for poly(}-benzyl L-glutamate)/poly(N-isopro-
pylacrylamide) (PBLG)/(PNIPAAm) (GN) core-shell type
nanoparticle (LCST = lower critical solution temperature) (from
ref. 27 © Hiithig & Wepf Verlag, Zug ).
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Figure 7. Particle size distribution of G,E, by photon correlation
spectroscopy. Concentration of G4E2 was 1.0 mg/mL measured
at 25°C (from ref. 30 © Elsevier).
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Figure 8. UV (a) and CD (b) spectra of MD loaded in the GE-3
nanoparticles in an MD concentration-dependent manner (from
ref. 30 © Elsevier).

In addition, release of adriamycin (ADR) from the polymeric
micelles in vitro was slower in longer PBLG chain-length
and higher loading contents of ADR.*

Polymeric Nanoparticles

When the achiral compounds as guests were physically
entrapped into the PBLG/PEO® or PBLG/PNIPAAmM™
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nanoparticles as the host, they exhibited induced circular
dichroism (ICD) caused by the chiral host. Figure 8 shows
UV(a) and CD(b) spectra of the merocyanine dye (MD) in
the GE-3 nanoparticles in a MD concentration-dependent
manner. New absorption band appeared near 600 nm with a
shoulder at around 540 nm. As reported previously, J-
aggregates of MD appeared at 590 nm,”' an indication that
MDs existed as J-aggregate forms in the nanoparticles and
the absorption peak of MD was red-shifted. In addition, J-
aggregates of MD in the nanoparticles increased with increas-
ing MD concentration. Two strong bands appeared in the
CD spectrum [Figure 8(b)] at around J-aggregates of MD
shown in the UV spectrum, an indication of ICD of MD by
chiral PBLG in the PBLG/PEO block copolymer. The
observed ICD spectrum of MD matched that of its UV
absorption precisely. Thus, achiral MD exhibits Cotton effects
through the chiral microenvironment of PBLG core in the
self-assembled core-shell type nanoparticles and the inter-
action between the excited state of MDs under the chiral
microenvironment gave an ICD curve with split Cotton
effects on the basis of exciton coupling centered at 600 nm.
Moreover, the Cotton effects of MD intensified with increas-
ing concentration of MD in the GE-3 nanoparticles. These
results together with the observed J-aggregate peak could
suggest that MD molecules are aligned with a small slip
angle (q).
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