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General Introduction

1. Biological Importance of Glycopolymers

It is recognized today that carbohydrates represent the third important class of inform"ational

biomolecules after proteins and nucleic acids. l They play roles as informational biomolecules

in plants, animals, and micro-organisms. The term "glycobiology" has been coined to cope

with the rapidly rising interest in carbohydrate science,2~ and it primarily deals with studies on

carbohydrate-protein interactions. To understand the mechanisms of these interactions, one has

to use structurally homogeneous carbohydrate ligands. 1b It is, however, very difficult to obtain

ligands with desired structures from natural sources because of their structural complexity and

heterogeneity. A powerful alternative is to prepare synthetic glycoconjugates which contain

carbohydrate residues representing the essential structural features involved in the binding of

ligands by proteins.5-7 A newer term "neoglycoconjugates" is now widely accepted to designate

seminatural and nonnatural carbohydrate-containing substances.8
,9 There are a lot of virtues in

neoglycoconjugates: lO (1) they contain carbohydrate groups of known structure and assured

purity; (2) they can be prepared in a larger quantity than the corresponding isolated natural

materials; and (3) they provide multivalency which may enhance the binding of the target

carbohydrates. Many subtle differentiations of carbohydrate recognition can be magnified by

using polyvalent carbohydrate ligands, which frequently perform better than naturally available

substances.

A glycopolymer, or a polymer consisting of a chemically and biologically stable

backbone and a hydrophilic mono- or oligosaccharide in the side chains, is one of

neoglycoconjugates. ll ,12 Ever since glycopolymers were first developed by Horejsi et al,13 they

have attracted increasing interest because of their advantageous physicochemical and structural

properties. As mentioned above, the density of carbohydrate moieties in a glycoconjugate

strongly affects the specific interaction between saccharide residues and its receptors.

Particularly, the phenomenon that the binding affinity is drastically enhanced by multivalent

carbohydrate ligands is called a "glycoside cluster effect".lOc-f Therefore, the molecular design

of glycopolymers for an increased spatial density of carbohydrate moieties is very important,

and ligands with a high density of carbohydrate residues, which can be obtained by well

designed polymerizations of polymerizable glycosides, are extremely interesting materials not

only as biomimetic models of glycoconjugates but also for therapeutic or diagnostic purposes

1



General Introduction

in biomedical fields.

2. Backgrounds and Purposes of This Thesis

In view of the importance of glycopolymers, it is of great significance to develop the science

and technology of glycopolymers into higher possible achievements. Along this line is the goal

of this thesis. The author would like to contribute to this rapidly growing area specifically from

the two main aspects described below:

2-1. Preparation of Novel Glycolipids and Investigation of the Biological Functions of the

Carbohydrates Anchored on the Surfaces of Model Lipid Membranes

There are a number of interactions between various (macro)molecules mediated by

carbohydrates in living bodies. Most of those interactions occur at specific fields of interfaces

between, e.g., two lipid layers or a lipid layer and a liquid phase.14 It is well known that various

cell surfaces are decorated with complex carbohydrate molecules such as oligosaccharide and

glycoconjugates. J5 For example, as shown in Figure 1, the outer membrane of Gram-negative

Cell wall

Llpopoly
.. saccharide

..

Outer lipid
bilayer membrane

Peptidoglycan

Inner lipid
bilayer membrane Upoprotein

Figure 1. The structure of the cell wall and membrane in Gram-negative bacteria:
Llpopolysaccharides coat the outer membrane of Gram-negative bacteria where their lipid portion is
embedded and is linked to a complex polysaccharide.16
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General Introduction

bacteria is coated with a highly complex lipopolysaccharide, which consists of a lipid group

(anchored in the outer membrane) connected to a long polysaccharide chain of many different

and characteristic repeating units. The repeating units determine the antigenicity of the

bacteria; that is, the animal immune system recognizes those carbohydrate molecules as foreign

substances and produces antibodies against them.17

Despite that the actual carbohydrates in living bodies play important roles at cell

surfaces, model experiments on the interactions between glycopolymers and proteins, e.g.,

lectins or enzymes, have been carried out mostly in a bulk solution (without interfaces). In Part

I of this thesis, the author pays a special attention to the biological functions of the

glycopolymers andlor oligomers anchored on lipid membrane surfaces. Thus, subjects of this

Part include the preparation of novel glycolipids with sugar-carrying polymer (or oligomer)

chains as hydrophilic groups (like the lipopolysaccharide of Gram-negative bacteria), and the

investigation of functions of the carbohydrate chains on the surfaces of liposomes as cell

models made of the artificial glycolipids and phospholipids.

2-2. Precision Synthesis of New Types of Glycopolymers by Controlled/"Living" Radical

Polymerization

During the course of the above-mentioned study, the author recognized tbe importance of

developing model polymers or systems with well-controlled, well-defined structures.

Introduction of new and well-defined model polymers or systems that had never been prepared

and studied before was believed to develop the science and technology of glycopolymers into a

newer stage.

In the past, several types of glycopolymers were synthesized by conventional free

radical polymerizations of vinyl monomers with pendent saccharide residues. ll Advantages of

the free radical method over other polymerization techniques may be that it is applicable to a

large variety of monomers and that it is basically free from cumbersome procedures, including

the perfect removal of water and other impurities and the protection of reactive pendent groups.

Moreover, free radical polymerization can be run even in an aqueous medium. Therefore, the

radical polymerization technique has been used in most cases for the synthesis of

glycopolymers. On the contrary, a clear disadvantage of the conventional radical

polymerization is the poor control of macromolecular structures: for example, it is difficult to

precisely control, e.g., degree of polymerization, polydispersity, end functionality, and chain

architecture, because of unavoidable termination between growing radicals. For this reason, the

3



General Introduction

synthesis of well-defined, low-polydispersity glycopolymers has been achieved only vIa

elaborate and rather demanding processes based on cationic polymerization, IS ring-opening

methathesis polymerization,19 and ring-opening polymerization of N-carboxylic acid

anhydridcs.20 The development of polymerization techniques which provide well-defined

glycopolymers by simpler and more robust procedures has been waited for.

Under these circumstances, the author was interested in controlled/"living" free

radical polymerization, which has been rapidly developing in recent years.21 This method

retains the advantages of the conventional free radical method, Le., the simplicity, versatility,

and roubustness, and yet allows fine control of polymerization and polymer structure owing to

the living mechanism.22 In Part II of this thesis, the author has applied the controlled/"living"

free radial polymerization to the synthesis of new glycopolymers.

3. Outline of This Thesis

As mentioned above, this thesis consists of two parts; Part I (Chapters 1-3) describes the

properties of novel sugar-carrying amphiphiles prepared with a lipophilic azo-type radical

initiator (Figure 2), and Part II (Chapters 4-7) deals with the synthesis of well-defined

glycopolymers by controlled/"living" free radical polymerizations.

Figure 2. Chemical structure of a lipophilic radical initiator, DODA-SOL

In Chapter 1, a glucose-carrying monomer, 2-(methacryloyloxy)ethyl-a-D

glucopyranoside (MEGlc, Figure 3a), is polymerized with a lipophilic radical initiator (DODA

501, Figure 2) to obtain a novel glycolipid with a glucose-carrying polymer moiety as a

hydrophilic group. As a model system of the specific binding of cells to the surfaces with high

affinities, the interaction of sugar residues of the amphiphile with a lectin at liquid-lipid and

solid-lipid interfaces is investigated mainly by the multiple internal reflection fluorescence

(MIRF) method.

In Chapter 2, a galactose-carrying monomer, 2-(methacryloyloxy)ethyl-,B-D-

4



General Introduction

galactopyranoside (MEGal, Figure 3b), is polymerized in a similar way to prepare a lipid that

carries many galactose residues. Furthermore, a tiposome decorated with many galactose

residues is prepared by mixing of the galactose-carrying amphiphile and a phospholipid.

Association processes between the galactose-carrying liposomes and amino group-carrying

liposomes are investigated, as a model system of cell-cell interactions.

In Chapter 3, the interaction of the galactose-carrying liposome described in Chapter

2 with a enzyme is kinetically investigated, for a basic understanding of the catalytic behavior

of enzyme to a carbohydrate chain as a substrate on the membrane surface.

(a) MEGlc
(b) MEGa!

Figure 3. Chemical structures of (a) MEGlc and (b) MEGa!.

In Chapter 4, sugar-carrymg styrenic monomers, N-(p-vinylbenzyl)-[O-f3-D~

galactopyranosyl-(1-4)]-D-gluconamide (Vl.A, Figure 4a) and its acetylated derivative (Ac

VLA, Figure 4b), are polymerized by the nitroxide-mediated free radical polymerization

technique. The careful and unique design of experimental conditions for obtaining well-defined

polymers is described on the basis of a kinetics study on the polymerization.

In Chapter 5, the nitroxide-mediated free radical polymerization will be applied to

precisely polymerize a sugar-carrying acrylate, 3-0-acryloyl-l,2:5,6-di-O-isoprpylidene-D

glucofuranose (AlpGlc, Figure 4c). The synthesis of low-polydispersity homopolymers with

pendent sugar residues as well as of well-defined amphiphilic diblock copolymers with the

glycopolymer segments is described.

5
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In Chapter 6, controlled free radical polymerization of a sugar-carrying methacrylate

monomer, 3-0-methacryloyl-l,2:5,6-di-O-isoprpylidene-D-glucofuranose (MAIpGIc, Figure

4d), is carried out by the atom transfer radical polymerization (ATRP) technique with an alkyl

halide/copper-complex system. By the same method, an amphiphilic diblock copolymer is also

synthesized by sequential addition of the two monomers (styrene and MAIpGlc) and the

subsequent acidolysis of the PMAlpGlc segment.

In Chapter 7, by making full use of the advantage of the nitroxide-mediated

polymerization, capable of effectively introducing functional groups to polymer chain ends, a

synthetic route is explored to a novel artificial glycolipid with a well-defined glycopolymer as

the hydrophilic group.

R R R OR

(a) VLA (R = H) (b) Ae-VLA (R = acetyl)

CHs
I

CH2=C
I
C=O
I

o 0

Xo-~

O~

(e) AlpGle (d) MAlpGlc

Figure 4. Chemical structures of (a) VLA, (b) Ac-VIA, (c) AJpGIe, and (d) MAIpGlc.
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Chapter 1

Synthesis ofGlucose-Carrying Amphiphiles by a Lipophilic Radical Initiator

and Their Interaction with Lectin at Interfaces

1-1. Introduction

Recently molecular recognitions at interfaces such as those between two lipid bilayers, lipid

bilayer and liquid phase, and lipid bilayer and solid surface have been of interest as a mOdel

system of an elementary step of various recognition phenomena in cell systems (e.g., formation

of organs and tissues, and immunological protection systems). Kitano et al. have been studying

the mutual recognition between polymerized liposomes whose surfaces are modified with

complementary compounds.1
•
2 In this Chapter, the author has prepared sugar-carrying lipid

molecules from a lipophilic radical initiator and a sugar-carrying vinyl monomer (2

(methacryloyloxy)ethyl-a-D-glucopyranoside, MEGlc). By incorporating the amphiphiles into

liposomes, the author could study interfacial recognition of sugar-carrying amphiphiles by a

lectin using various techniques including the mUltiple internal reflection fluorescence (MIRF)

method.3.4.5

The MIRF method utilizes an evanescent surface wave generated at the solid-liquid

interface (Figure 1-1). The evanescent wave excites the fluorophore in the vicinity of the

interface, and the emitted fluorescence comes into the waveguide. After separation from the

incident light by using a dichroic mirror and a sharp cut filter, the fluorescence is detected by

the photomultiplier. This method is very useful to detect processes of colloidal particles

binding (proteins, liposomes, and cells, for example) to solid surfaces. Previously Kitano and

co-workers examined binding processes of proteins such as human serum albumin (HSA) and

human immunoglobulin G (IgG) to poly(methylmethacrylate) (PMMA) surfaces,3 and

immunological binding of anti-HSA IgG (antibody) to HSA (antigen) attached to PMMA

surfaces.4
.5

Bader et al. have examined interactions of a lectin (concanavalin A, Con A) with

polymerized monolayers carrying sugar moieties by the MIRF method.6 Using the MIRF

method, the author has examined here very initial stages of binding processes of sugar-carrying

liposomes to the PMMA surface modified with Con A, as a model system of the specific

binding of cells to the surfaces with high affinities.

11
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o 0 0,0
·················•··..·..·....·•····· ....d..······· .. ···

Figure 1-1. Scheme of the MIRF apparatus: (A), waveguide; (B), dichroic mirror; (C), cut
filter; (D), detector. dp, penetration depth of the evanescent wave (1500 A in this experimentV
e, angle of the incident light beam. (e), exited. (0), not exited. (-), incident light beam. (---),
fluorescence.

1-2. Experimental Section

1-2-1. Materials

A glucose-carrying monomer, 2-(methacryloyloxy)ethyl-a-D-glucopyranoside (MEGlc, Figure

]-2b), was kindly donated by Nippon Fine Chemicals, Osaka, Japan. 7 A polymerizable lipid,

bis(trans,trans-2,4-octadecadienoyl)phosphatidylcholine (DDPC) was kindly donated by the

Japan Fat and Oil Co., Tokyo, Japan. L-a-Dipalmitoylphosphatidylcholine (DPPC) (> 99% by

HPLC), L-a-dipalmitoylphosphatidylethanolamine (DPPE) and concanavalin A (Con A, from

Canavalia ensiformis) were purchased from Sigma, St. Louis, MO, USA. Gelatin (M=10 000,

PAlOO) was kindly donated from Nippi-Gelatin Co., Tokyo, Japan. Other reagents were

commercially available. Deionized water was distilled before use.

1-2-2. Concanavalin A Labeled with Fluorescein

Concanavalin A (400 mg) was incubated with fluorescein isothiocyanate (FITC, 12 mg) in a

carbonate buffer (pH 9.5, 50 mM, 10 mL) at 4 DC for 2 h. Concanavalin A modified with

fluorescein (F-Con A) was separated from unreacted dye by the GPC column (Sepbadex G-25,

i.d. 2 x 30 cm. eluting solution, water). The F-Con A was classified by the number of

fluorescein molecules bound to one Con A molecule (F/P ratio) by ion-exchange

chromatography (DEAE-cellulose column, Ld. 2 x 15 cm. eluting solution, pH 7.0 phosphate

12



Glucose-Carrying Amphiphiles

(a) DODA-501

yH:3
C~===I

~
OH r

OH C~

HO o-b~
OH

(b) MEGIe

(c) DODA-PMEGle

Figure 1-2. Chemical structure of DODA-501, MEGlc, and DODA-PMEGlc.

buffer (10 mM)). The F-Con A fraction with FIP ratio of 3.1 was used in this experiment.

1-2-3. Synthesis of N-[4,4'-Azobis(4-cyanovalerate)]-dioctadecylamide (DODA-501)8

DaDA-50l, a lipophilic radical initiator (Figure 1-2a), was prepared from disuccinimidyl 4,4'

azobis(4-cyanovalerate) (A-50l) and dioctadecylamine (DaDA). The CHCl3 in which the

DaDA was dissolved was added dropwise in THF containing A-50l. A solution was stirred

overnight at room temperature. The product was purified by silica gel chromatography with a

3:1 n-hexane/ethyl acetate mixture eluent. The purified product was precipitated in acetonitrile.

1-2-4. Preparation of Sugar-Carrying Lipids

The MEGlc monomer (909 mg) and DODA-50l (400 mg) were dissolved in THF (15 mL) and

13
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aftcr N2 was bubbled for scveral minutes, the solution mixture was incubated in a tightly sealed

test tube at 70°C for 20 h. After evaporation of the solvent in vacuo, the viscous oil was

washed with n-hexanc to rcmove unreacted initiator using a centrifugator at 10 000 rpm and 25

°c for 10 min. After decantation, the precipitate was dried in vacuo and dispersed in watcr.

Polymers without lipophilic end groups were removed by the centrifugation at 10 000 rpm and

4 DC for 10 min. Finally thc lipid precipitate was collected and dried in vacuo to give white

powder (630 mg, DODA-PMEGlc, Figure 1-2c). IR: O-H stretching of galactose, 3350-3500

cm'l; C&N stretching, 2050 cm,l; C=O stretching of the ester bond, 1720 cm'l; C=O stretching

of tertiary amide, 1630 cm,l; CH2 v." 2950 cm'l; CH2 v s' 2870 cm'l. The number-average degree

of polymerization (DP) was estimated to be 83 by elemental analysis. DODA-PMEGlc

(DP=83) Anal. Calcd for C42Hs2N20(C12H200S)S3: C, 50.08; H, 7.07; N, 0.11. Found: C, 49.61;

H, 7.47; N, 0.11. Similarly, DODA-PMEGlc (DP=13, 19 mg) and DODA-PMEGlc (DP=4, 16

mg) were prepared by using 134 mg of MEGlc and 200 mg of DODA-50l and 510 mg of

MEGlc and 300 mg of DODA-501, respectively. DODA-PMEGIc (DP=13) Anal. Calcd for

C42Hs2N20(C12H200S)13: C, 53.66; H, 7.79; N, 0.63. Found: C, 54.19; H, 7.78; N, 0.62. DODA

PMEGal (DP=4) Anal. Calcd for C42Hs2N20(C12H200S)4: C, 60.03; H, 9.09; N, 1.56. Found: C,

59.00; H, 9.11; N, 1.59.

1-2-5. Polymerization of MEGIc

A homogeneous polymerization of MEGlc was carried out using 4,41-azobis(4-cyanovaleric

acid) (V-SOl, Wako Pure Chemicals, Osaka, Japan) and cysteamine hydrochloride (Cys.HCI)

as initiator and chain transfer reagent, respectively, in MeOH-water (1:3). After evaporation of

the solvent, the oily product was washed several times with acetone and dried in vacuo

(PMEGlc). The number-average degree of polymerization was estimated by the

conductometric titration of amino group at the end of polymers (Table 1-1).

1-2-6. Preparation of Liposomes

DPPE and nDPC (or DPPC) were dissolved in chloroform in a small round-bottomed flask.

After evaporation of the solvent, the lipid thin membrane was dispersed in a N-(2

hydroxyethyl)piperazine-N-2-ethanesulfonic acid (HEPES) buffer (pH 8.2, 10 mM) in which

DODA-PMEGlc had been dispersed beforehand. The dispersion was sonicated by an

ultrasonifier (Astrason W-385, Heat System-Ultrasonics, Inc., New York) for 3 min while Nz

gas was passed through the suspension. To remove large aggregates, the tiposome suspension

obtained was passed through a membrane filter (SLGV025LS, Millipore, pore size 0.22 1-ffi1).

14
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Table I-I. Preparation of :MEGlc Polymers&

MEGlc V-501 Cys.HCI yieldb Dpc

(mmal) (mmat) (mmal) (%)

PMEGlc-1 8.6 0.086 0.86 71.2 9.1

PMEGlc-2 8.6 0.086 1.72 52.4 4.8

PMEGlc-3 8.6 0.086 0.60 87.9 12.9

PMEGlc-4 8.6 0.086 0.43 87.5 17.4

a 2.5 mL of MEOH and 7.5 mL of H20 at 70°C for 24 h.

b Relative to MEGlc.

C By the conductometric titration.

The hydrodynamic diameter of the liposomes was estimated by the dynamic light scattering

technique (DLS-7000, Ohtsuka Electronics, Hirakata, Japan; light source, He-Ne laser 632.8

nm).

For the reproducible detection by the evanescent wave, liposomes were stabilized by

the polymerization and modified with the fluorescein group as follows: The liposome

consisting of DDPC, DODA-PMEGlc and DPPE (90:5:5) was passed through the filter and

irradiated in a quartz cell by a UV lamp (HB-251A, Usmo, Tokyo, Japan) at room temperature

for 4 h. The progress of polymerization was followed by the decrease in absorbance at 258 nm

by using a UV-visible spectrophotometer (Ubest-35, Japan Spectroscopic Co., Tokyo, Japan).

The polymerized liposome suspension was incubated with fluorescein isothiocyanate in a

HEPES buffer (10 mM, pH 8.2) for 24 h. The liposome suspension was separated from

unreacted dye by the GPC column (Sephadex 0-10, Ld. 2 x 15 em. eluting solution, pH 8.2

HEPES buffer (10 mM». The fluorescent fraction was collected and used for the binding

experiments. A polymerized liposome suspension without DODA-PMEGlc was also prepared

in a similar way.

1-2-7. Characterization of Liposomes

Formation of liposomal structure was confirmed by the fluorescence dye-incorporation

technique using Eosin Y as a probesa (excitation at 305 nm, emission at 571 nm, FP-777, Japan

Spectroscopic Co.).

1-2-8. Thrbidity Measurements

15



Chapler ]

The aggregation of liposomes mediated by Can A was followed by the increase in turbidity at

350 nm by using the UV-visible spectrophotometer or a stopped-flow spectrophotometer (RA~

401, Ohtsuka Electronics, Hirakata, Japan). The observation cell was thermostatted at 25°C by

a Peltier device (EHC-363, Japan Spectroscopic Co.).

1-2-9. Multiple Internal Renection Fluorescence Method3
•
4

,5

Processes of the binding of sugar-carrying liposomes to the solid surface modified with

concanavalin A were monitored by the multiple internal reflection fluorescence (MIRF)

apparatus. The MIRF apparatus is illustrated in Figure 1-1. The light source was a lO-mW

argon laser (LAI2223, Toshiba Electronics, Tokyo, Japan) operated at 488.0 om. The excitation

beam is introduced into the wave guide through the prism. The light beam strikes the interface

between the wave guide and sample solution at an angle (8) of 80° and is reflected at the

interface. When the light is reflected, an evanescent surface wave is generated and penetrates

into the sample solution beyond the interface. The penetration depth (dp) of the evanescent

wave calculated from Equation 19 is 1500 A

(1)

where n t and nz are the refractive indices of the two media, 8 is the angle of the incident light

beam, and A is the wavelength of the incident light. The excitation beam is emitted inside of

the wave guide with multiple reflections.

When a liposome labeled with fluorescein is adsorbed onto the surface of the wave

guide modified with Con A, fluorescein is excited by the evanescent wave and emits

fluorescence. The fluorescence is separated from the excitation beam using a dichroic mirror

and a cutoff filter (R515, Schott) and is finally detected by a photomultiplier (R-1547,

Hamamatsu Photonics, Hamamatsu, Japan).

A cuvette for the MIRF method consists of two parts, a wave guide and a cover. The

wave guide with prisms is made of poly(methyl methacrylate) (PMMA). These parts are used

only once. The wave guides have an intrinsic background signal due to the surface properties

of the wave guide. 1O The relative fluorescence intensity corresponding to the background signal

of the wave guides used here was 15 ± 1, and the author could assume that surface properties

of the wave guides were constant. The surface area of the wave guide with which the sample

solution can be in contact is 4 crnz (1 x 4 cm). The cover part with ports for injection of the
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sample solutions is made of stainless steel. A silicone rubber gasket is attached to a stainless

steel support to seal two parts. The total thickness of the cell is about 0.5 mrn, and the total cell

volume including the injection ports is about 0.25 mL.

The path of a fluorescence signal through the cutoff filter is detected by the

photomultiplier and the fluorescence intensity was integrated for 1 s. A monochromator

reference is also detected and the difference between the intensities of the reference signal and

the fluorescence signal is calculated with a microcomputer (J-3100 GT, Toshiba Electomics,

Tokyo, Japan).

1·3. Results and Discussion

1·3·1. Binding of Con A to Sugar Residues on the Liposome Surlace

Mixing of a Con A solution with solutions of PMEGlc increased the turbidity quickly, and the

initial slope of the turbidity change was strongly dependent on the molecular weight of

PMEGlc examined (Figure 1-3a). The larger the molecular weight of PMEGlc was, the larger

the rate of the turbidity change was. This turbidity change was largely reduced by the addition

of a-methyl-D-mannopyranoside (a-Me-Man) (Figure 1~3b), which has a strong affinity with

'"ell -=-= (al '"ell .0 0.15.0 0.15
~~
III

(]) Ol
Ol c:c: III
m .c: 0.10
.c: 0.10 ()
()

~z.
~

~

.0 -e 0.05
"- 0.05 ::J
::J l-
I- -0
0

2Q)
III 0.00

III 0.00 c:
c::

0.0 0.1 0.2 0.3 0.4 0.5
0.0 0.1 0.2 0.3 0.4 0.5

[Con Al (mg/mL)
[a-M e-M anl (m M)

Figure 1-3. (a) Effect of concentration of Can A on the turbidity change after the addition of Con A
into the PMEGlc solution: (e), DP = 4.8; (_), 9.1; (A), 12.9; ('Y), 17.4. [PMEGlc] = SO llg/mL (b)
Inhibitory effect of a-methyl-D-mannopyranoside on the turbidity change. DP of PMEGlc, 17.4.
[PMEGlc] =SO !LglmL [Con A] =500 IlglmL In a HEPES (10 mM, pH 7.7) buffer. [CaClz] =[MnCI2J
=0.1 mM.
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Con A. ll This means that the phenomenon is due to the specific recognition of glucose residues

in PMEGlc by tetrameric Con A molecules, which results in aggregation of Con A and

PMEGlc molecules.

Similarly, the addition of Con A solution to tbe suspension of liposomes carrying

oligomeric MEGlc chains on their surfaces (DODA-PMEGlcIDPPC liposome, diameter 860 A.)
increased the turbidity quickly. The initial slope of the turbidity change increased with the

concentration of Con A (Figure 1-4a). This turbidity change was also inhibited significantly by

the addition of u-methyl-D-mannopyranoside (Figure 1-4b), which shows the effective

recognition of sugar residues on the liposome surfaces by free Con A.
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Figure 1-4. (a) Effect of concentration of Con A on the turbidity change after the addition of Con A into
the Iiposomc suspension: (.), content of DODA-PMEGlc (DP =83) in the liposome was 20 wt.%; (e),
12.5 wt.%; (.), 2.3 wt.%. [DODA-PMEGlc/DPPC liposome] =50 f-!glmL. (b) Inhibitory effect of a
methyl~D-mannopyranoside on the turbidity change. The content of DODA-PMEGlc (DP =83) in the
DODA-PMEGlc/DPPC liposomc was 12.5 wt.%. [Con A] = 130 f-!glmL. [liposome] =50 IlgimL. In a
HEPES (10 mM, pH 8.0) buffer. [CaCI2] = [MnC12] = 0.03 mM.

By varying the amount of DODA-PMEGlc to be mixed with DPPC, one can examine

the effect of surface concentration of sugar residues on the association by free Con A (Figure

1-5). As shown in the figure, there was no threshold value in the agglutinability of Con A,

which is different from that of glycolipid-carrying liposomes.12 Since many glucose residues

are bound to one polymetbacrylate chain, the lectin molecule needs not bind tightly to the
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plural number of sugar-carrying lipids on one liposome surface to induce the fast aggregation.

This might be the reason for the absence of the threshold value.
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Figure 1-5. Effect of mixing ratio of DPPC and DODA-PMEGlc (OP =83) in the liposome on
the turbidity change. [Can A] ::: 170 IlgfmL. [liposome] ::: 50 llg/mL. In a HEPES (10 mM, pH
8.0) buffer. [CaCI2)::: [MnCI2] ::: 0.033 mM.

1-3-2. Binding of Liposomes to Con A-Carrying Cuvette

Next, the author examined binding processes of DODA-PMEGlcIDDPC(polymerized)

liposomes (diameter 860 A) to the poly(methyl methacrylate) (PMMA) surface modified with

Con A. After incubation of Con A solution (5 mglmL) in the PMMA cuvette for 3 h at pH 7.0

(10 mM HEPES, containing 0.2 mM CaCl2, and 0.2 mM MnCI2), the cuvette was washed well

with the HEPES buffer and used in the MIRF experiment. The adsorbed Con A molecules

could not be removed by repeated washings with the buffer.

When the suspension of liposomes carrying both sugar residues and fluorescein groups

was injected into the cuvette, the fluorescence intensity increased rapidly and leveled off

(Figure 1-6, curve 1). After the injection of the liposome modified with fluorescein groups but

without sugar groups, on the contrary, there was no significant increase in fluorescence

intensity (Figure 1-6, curve 2), except an initial abrupt jump due to the fluorescence
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Figure 1-6. Typical profile of the increase in fluorescence intensity by the addition of sugar
carrying liposome: (1) [DODA-PMEGlc (DP = 83)/DDPC (polymerized) liposome] = 400
flglmL; (2) [DOpe liposomcJ = 100 IlgimL. In a HEPES (10 mM, pH 8.2) buffer. Twenty
seconds after the onset of the measurement the Iiposome suspension was injected.

background of bulk solution.

Furthermore, when the liposome suspension above the cuvette surface was removed

and a solution of a-Me-Man (100 mM) was injected, the liposome was very slowly desorbed

due to the competition of a-Me-Man with the sugar-carrying liposome to bind the Can A

carrying surface (Figure 1-7). These results suggest the presence of specific affinity between

glucose residues on the liposome surface and Can A molecules on the cuvette.

From the initial slope of the increase in fluorescence intensity in Figure 1-6, one can

evaluate the initial rate (dCsldt)o of the binding of the liposome to the surface of the Con A

carrying cuvette. When the increment of fluorescence was plotted as a function of (time)O.5,

there was an approximately linear relationship for several tens of seconds after the onset of the

binding experiment (data not shown). Since the very initial stage of the binding processes was

examined in this work, the deviation from the straight line observed several tens of seconds

later (due to the presence of liposomes already bound to the cuvette) does not matter.

Consequently, it is concluded that the binding of the liposome to the cuvette is diffusion-
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Figure 1-7. Desorption of DODA-PMEGal liposomes attached to the Can A-carrying
cuvette. The cuvette had been incubated with a DODA-PMEGlc (OP = 83)/DDPC
(polymerized) liposome suspension (800 I-tgfmL) for 1 h beforehand. In a HEPES (10
mM, pH 8.2) buffer. (1) Incubated with a buffer. (2) Incubated with a buffer containing a
Me-Man (lOOmM).

controlled.13 Assuming that the binding occurs by simple diffusion, one can calculate the

theoretical binding rate (dCS/dt)lbcor as Equation 2.14 The ratio of theoretical and experimental

binding rates is given by R (Equation 3).

(dCs/dt)lheor :::: Co (D/rrt)OS

R :::: (dCs/dt)J(dCs/dt)lbeor

(2)

(3)

where D is the diffusion coefficient of the liposome (radius, a) (D :::: kTI6m,Q), and Co is the

initial concentration of liposomes. The R value reflects the effectiveness of the Brownian

collision of the liposome to realize a stable attachment to the surface of the cuvette.

When the amount of the sugar-lipid in the liposome was 20 wt.%, the R value was 0.65,

which means that the rate of binding is 65 % of that expected upon a perfectly adsorbing

surface. On the contrary, in the binding of anti-HSA immunoglobulin G to the PMMA surface
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Figure 1-8. Effect of mixing ratio of DDPC and DODA-PMEGlc on the R value: (_), DP
=83; ce), 13; CA.), 4. In a HEPES (10 mM, pH 8.2) buffer.

modified with HSA, the R value was 0.1 at the most.4 Liposomes are usually largely hydrated,

and the approach of other colloidal surfaces to the liposomes is strongly decelerated due to a

need for energy to remove water layers on the liposomes (repulsive hydration).15 Therefore, it

is not easy to accept that the DODA-PMEGlc liposome can be attached to the Can A carrying

surface so rapidly.

By a reduction of the amount of sugar residue or a shortening of the sugar chains in the

liposome, the R value decreased largely (Figure 1-8). The reduction of R value by shortening

the sugar chains strongly suggests that a zipping might occur between the Can A molecules on

the surface of the cuvette and the long sugar-carrying polymer chain on the liposome surface:

Once the sugar-chain attaches to the cuvette, there might be a specific association between a

sugar group and Can A, which would significantly increase the probability that the neighboring

sugar moiety in the polymer chain approaches the Con A molecule in the vicinity of the Con A

already occupied. Such a zipping might reduce the effect of repulsive hydration15 at the

collision of the liposome to the cuvette surface and, consequently, increase the apparent

effectiveness of the Brownian collision. There are many kinds of peptidoglycans which stretch
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long chains out into a solution on cell surfaces. 16 The association of cells might be large!y

promoted by the zipping effect between the peptidoglycans on surfaces of the cells.

Previously Wattenbarger et ai. examined specific adhesion of glycophorin liposomes to

a lectin (wheat germ agglutinin) surface in shear flow by the microscopic method. 17 The

probability of the liposome sticking to the lectin surface was almost unity at low shear rate and

at high concentration regions of glycophorin on the liposome surface and decreased with an

increase in shear rate or a decrease in surface concentration of glycophorin. Glycophorin has a

long sugar-carrying polypeptide chain (about 70 amino acid residues) stretching out to the

outer solution,IS and the tendency reported (a large sticking probability) are not inconsistent

with the author's results.

To examine the effect of surface concentration of Can A on the R value, the cuvette

with a mixture of gelatin (inert protein) and Con A was incubated at various concentration

ratios. The percents of occupation by Con A on the surface were separately estimated from the

increase in intensity of fluorescence after a mixture (50 ~g1mL) of gelatin and F-Con A (or F

gelatin and Con A) was injected into the cuvette by using the MIRF method (Figure 1-9a).

These values were adopted as the percents of occupation by Can A (without fluorescein) under
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Figure 1-9. (a) Relationship between weight percent of Con A in the incubation solution and weight
percent of Con A adsorbed on the PMMA cuvette. (b) Effect of the percents of occupation of Can A on
the R value. DP of DODA-PMEGIc, 83. In a HEPES (10 mM, pH 8.2) buffer.
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the same injection conditions, because the properties of F-Con A and F-gelatin might not be

largely different from those of Con A and gelatin. Previously Hasegawa et al. reported that the

nonspecific binding behavior of proteins to the PMMA surface is most strongly influenced by

the hydrophobicity of the proteins examined, and not by the electrostatic interaction.3

By the increase in the percents of occupation by Can A on the cuvette, the R value did

not significantly increase at first « 60 %), and, then, increased steeply (Figure 1-9b), which

suggests the presence of a threshold value in the recognition of a sugar moiety by lectin at the

cuvette-Iiposome interface. This is different from the tendency observed in the free Can

Nliposome system (Figure 1-5). To realize the stable attachment of the gigantic liposome to

the cuvette surface, conjugations between many lectin molecules and sugar residues might be

necessary, thus producing a threshold phenomenon.

1-4. Conclusions

The liposornes carrying sugar residues were effectively recognized by concanavalin A

molecules attached to the polymer surface. The rate of binding of the liposome to the surface

depended on the length of sugar chains and the surface concentrations of both sugar residues

on the liposome and Can A on the cuvette.
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Chapter 2

Synthesis ofGalactose-Carrying Amphiphiles by a Lipophilic Radical Initiator:

Association Processes between Liposomes Triggered by Enzymatic Reaction

2~1. Introduction

Mutual recognition of cells in vivo is an essential factor for the organization of tissues and

organs and immunological protection system.! In recent years, some potential techniques have

been developed using the specific binding of ligand to receptor at the lipid-lipid interface (so

called "cross-linked" liposomes).2.S Previously, Novogrodsky reported6 that lymphocyte

cytotoxicity could be induced by treatment with neuraminidase and galactose oxidase or with

the periodate of either the effector cells or the target cells, which initiated cross-linkage

between the effector and target cells via a Schiff base. In this Chapter, as a model system of

this phenomenon, the author has examined the recognition of amino group-carrying liposomes

by galactose-carrying liposomes that had been treated with galactose oxidase beforehand.

By the lipophilic radical initiator (DODA~50l, Figure 2~la) and a galactose-carrying

vinyl monomer (2-(methacryloyloxy)ethyl-j3-D-galactopyranoside, MEGal (Figure 2-lb»,

galactose-carrying amphiphiles with various degrees of polymerization (Figure 2-lc) were

prepared. A lipid carrying only one galactose residue (Figure 2-ld) was also prepared by the

lactone method for comparison.7 By incorporating the galactose~carrying amphiphile in

liposomes, the author could study association processes of liposomes mediated by the Schiff

bases, which were triggered by the enzymatic reaction.

2-2. Experimental Section

2-2-1. Materials

A lipophilic radical initiator (DODA-50l)8 was synthesized from N;N-dioctadecylamine

(DODA, Fluka, Switzerland) and 4,4'~azobis(cyanovaleric acid) (V-SOl, Wako Pure Chemicals,

Osaka, Japan) as described in Chapter 1. A galactose-carrying monomer, 2

(methacryloyloxy)ethyl-j3-D-galactopyranoside (MEGal), was prepared by trans-glycosylation

between o-nitrophenyl-j3-D-galactopyranoside and 2-hydroxyethyl methacrylate (HEMA)

catalyzed by j3-galactosidase (from Escherichia coli, 340 units/mg, Sigma, St. Louis, MO) in a

phosphate buffer (1115 M, pH 6.4)9 in the presence of hydroquinone: Anal. Calcd for
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C12H2f,08 • 1/21-120: C, 47.84; H, 7.02; 0, 45.14. Found: C, 47.65; H, 6.88; 0,45.47. lH-NMR

(D20): {j 6.15 (s, IH, CH2=C<, Z form H), 5.65 (5, IH, CH2=C<, E form H), 4.37 (m, 2H,

COOCH2CH2-), 3.68 (m, 2H, COOCH2CH2-), 1.85 (s, 3H, CH3), 4.80-3.40 (m, llH, others),

4.77 (water of crystallization).

N-Diglycyl-N,N-dioctadecylamide (GGA) was prepared by the reaction of N

bcnzyloxycarbonyl (Z) diglycine p-nitrophenyl ester with dioctadecylamine in THF and

subsequent deproteclion of the Z group by the HBr/CH3COOH method. lO N-Glycyl-N,N-

(a) DODA-501

(e) DODA-PMEGat

CH3
I

CH2===?

c=o
I
9

CH20H ~H2

H~~-CHz

'4
OH

(b) MEGal

---+-H

CHzOH

OH h' H Ii> H \il f 1B
H

37

OH -N-CHz-C-N-CHz-C-f\.

\c1BH37

OH
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Figure 2-1. Chemical structures of (a) DODA-SOl, (b) MEGal, (c) DODA-PMEGal, (d) DODA-L-Gal.

28



Galactose-Carrying Amphiphiles

dioctadecylamide (GA) was also prepared from N-benzyloxycarbonyl (Z) glycine p_

nitrophenyl ester in a similar way. A polymerizable lipid, bis(trans,trans-2,4

octadecadienoyl)phosphatidylcholine (DDPC), was kindly donated by the Japan Fat and Oil Co.

(Tokyo, Japan). L-a-Dipalmitoylphosphatidylcholine (DPPC), L-a-dimyristoylphosphatidyl

choline (DMPC), and galactose oxidase (from Dactylium dendroides) were from Sigma. 1

Ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (WSC) and ammOnIum

chloride were from Wako Pure Chemicals. Other reagents were commercially available.

Deionized water was distilled before use.

2-2-2. Preparation of Galactose-Carrying Amphiphile by Polymerization

The MEGal monomer (200 mg) and DODA-50l (176 mg) were dissolved in THF (20 mL),

and after N2 was bubbled for several minutes, the solution mixture was incubated in a tightly

sealed test tube at 70°C for 24 h. After evaporation of the solvent in vacuo, the viscous oil was

washed with n-hexane to remove unreacted initiator by centrifugation at 10 000 rpm and 20°C

for 15 min. After decantation, the precipitate was dried in vacuo and dispersed in water (6 mL).

Polymers without lipophilic end groups were removed by centrifugation at 10000 rpm and 4

°C for 15 min. The lipid precipitate was collected and dried in vacuo to give white powder (8

mg, OODA-PMEGal, DP:3.1). Further, the products with a higher degree of polymerization in

the supernatant solution were purified by passage through a GPC column (Sephacryl 5-200, i.d.

2 x 18 cm, mobile phase; water) and lyophilized (69 mg, OODA-PMEGal, OP=8.4). IR: O-H

stretching of galactose, 3350-3500 cm'l; CsN stretching, 2050 cm'l; C=O stretching of the

ester bond, 1720 cm'\ C=O stretching of tertiary amide, 1630 em'l; CHzvas' 2950 crn'l; CHz vs'

2870 cm,l. The number-average degree of polymerization (OP) of the amphiphile was

determined by elemental analysis. DODA-PMEGal (DP=3.1) Anal. Calcd for

C42Hs2N20(CIZHzoOshl: C, 61.78; H, 9.56; N, 1.82. Found: C, 61.71; H, 9.46; N, 1.81. DODA

PMEGal (DP=8.4) Anal. Calcd for C42Hs2N20(C12HzoOs)s.4: C, 55.43; H, 8.36; N, 0.91. Found:

C, 55.44; H, 8.42; N, 0.91. DODA-PMEGal (DP=15) was also prepared in a similar way (129

mg). DODA-PMEGal (DP=15) Anal. Caled for C4zH8ZNzO(C12HzoOS)15: C, 53.16; H, 7.68; N,

0.56. Found: C, 53.13; H, 7.74; N, 0.56.

2-2-3. Preparation of Galactose Lipid by the Lactone Method

Details of the preparation were described elsewhere. ll Briefly, lactose monohydrate was

oxidized by iodine in the presence of KOH at 40°C. The precipitated solid was purified by

recrystallization from MeOH-H20 (12:5). The crystal was dissolved in H20, and the solution
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was passed through an ion-exchange column (Amberlite IR-120 B, H+ form) several times. The

aqueous solution of the product was mixed with EtOH, and the solvent was evaporated at 70°C

to form a lactose-lactone. N-Diglycyl-N,N-dioctadecylamide (GOA) was coupled with the

lactone in DMF-CHCI3 (3:1) at 60°C for 6 h. The galactose-carrying lipid was purified by

precipitation in n-hcxanc-EtOH (2: 1). The precipitate was further dissolved in CHCl3 and

passed through a glass filter. The filtrate was finally evaporated to give a slightly yellow

powder (DODA~L-Gal).

2-2-4. Preparation of Liposomes

Galactose-Carrying Liposome: DDPC was dissolved in chloroform in a small, round-bottomed

flask. After evaporation of the solvent, the thin lipid membrane was dispersed in an N-(2

hydroxyethyl)pipcrazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 6.0, 10 mM) in which

DODA~PMEGal had been dispersed beforehand. The dispersion was sonicated by an

ullrasonifier (Astrason W-385, Heat System-Ultrasonics, Inc., New York) for 3 min while N2

gas was passed through the suspension. To remove large aggregates, the liposome suspension

obtained was passed through a membrane filter (SLOV025LS, Millipore, pore size 0.22 !lm).

The liposome passed through the filter was irradiated in a quartz cell by a UV lamp (HB-251A,

Ushio, Tokyo, Japan) at room temperature for 4 h to enhance the physical stability of the

liposome by polymerization. The progress of polymerization was followed by the decrease in

absorbance at 258 nm by using a UV-visible spectrophotometer (Ubest-35, Japan

Spectroscopic Co., Tokyo, Japan). To block a very small amount of carboxyl groups,

corresponding to methacrylic acid residues that had been generated by cleavage of the ester

bond in the galactose-carrying amphiphile, the polymerized liposome suspension was

incubated with WSC and ammonium chloride in HEPES buffer (pH 6.0, 10 mM) at room

temperature for 12 h. The liposome suspension was separated from unreacted reagents by the

OPC column (Sephadex 0-10, i.d. 2 x 15 em, eluting solution; HEPES buffer (pH 6.0, 10

mM». The turbid fraction was collected, and the ~ potential of the liposome was confirmed to

be approximately 0 mV by using a laser zee meter (Model 501, Pen Kern, Inc., Bedford Hills,

NY).

Amino Group-Carrying Liposome: A phospholipid (DMPC or DPPC) and the amino

group-carrying lipid (GOA or OA) were dissolved in chloroform in a small, round-bottomed

flask. After evaporation of the solvent, the thin lipid membrane was dispersed in HEPES buffer

(pH 6.0, 10 mM) by using a vortex mixer. The dispersion was further sonicated by the
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ultrasonifier for 3 min, while N2 gas was passed through the suspension. The liposome

suspension was finally passed through the membrane filter.

2-2-5. Characterization of Liposomes

Formation of liposomal structure was confirmed by the fluorescence dye incorporation

technique using Eosin Y as a probe8
•
10 (excitation at 305 nm, emission at 571 om, FP-777,

Japan Spectroscopic Co.).

2~2-6. Dynamic Light Scattering Method

Hydrodynamic diameter of the liposomes was estimated by the dynamic light scattering (DLS)

technique (DLS-7000, Otsuka Electronics, Hirakata, Japan. Light source; He-Ne laser 632.8

run).

2-2-7. Turbidity Measurement

The aggregation of liposomes mediated by Schiff bases was followed by the increase in

turbidity at 350 run by using the UV-visible spectrophotometer. The observation cell was

thermostatted at 37 DC by a Peltier device (EHC-363, Japan Spectroscopic Co.). The

uncertainties of the rate of turbidity change were within 10 %. The data in the figures represent

the mean values of three measurements.

3-2-8. Enzyme Activity Measurement

The oxidation reaction of galactose residues catalyzed by galactose oxidase was followed by

using a spectrophotometric method:12
,13 Hydrogen peroxide formed by the oxidation of

galactose was reduced by reaction with 4-aminoantipyrine and phenol catalyzed by peroxidase,

and the increase in optical density due to the production of quinoneimine dye was measured at

500 nrn for 5 min by the spectrophotometer thermostatted at 25°C. The initial increase in

optical density per minute was calculated from the initial linear portion of the curve. One unit

of galactose oxidase causes the formation of one micromole of hydrogen peroxide per minute

at 25°C. The stock solution of galactose oxidase was diluted to the appropriate concentrations,

and the catalytic activity of the enzyme was checked just before use.

2-2-9. Distribution of Galactose-Carrying Amphiphiles in Liposome

Galactose-carrying DMPC liposomes were incubated with galactose oxidase, and the amount

of quinoneimine dye produced was measured simultaneously by using the spectrophotometric

method described earlier. After the mixture was sonicated to completely disrupt the liposome

structure by the ultrasonifier for 10 min at 60°C, the production of quinoneimine dye due to

oxidation of galactose residues on the reorganized liposomes was measured.
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2-2-10. Determinations of Aldehyde Groups and Amino Groups on the Liposome

Surfaces

The determination of aldehyde groups was carried out with 3-methyl-2-benzothiazolinone

hydrazone: 14 1 mL of 0.4 wt.% aqueous solution of 3-methyl-2-benzothiazolinone hydrazone

hydrochloride was added to 1 mL of sample solution. After 20 min, 1 mL of aqueous solution

containing 1 wt. % ferric chloride hexahydrate and 1.6 wt.% sulfamic acid was added to the

mixture. Ten minutes later, 2 mL of water was added to the mixture. Subsequently the

absorbance at 610 nrn of the final mixture was read.

The determination of amino groups was carried out with 2,4,6-trinitrobenzenesulfonic

acid: 15 0.5 mL of 0.1 M NazB40 7 in 0.1 N NaOH was added to 0.5 mL of sample solution at 30

DC. Five minutes later, 20 ilL of 1.1 M 2,4,6-trinitrobenzenesulfonic acid solution was added to

the mixture. After 5 min, 2 mL of the solution (the mixture of 0.3 mL of 0.1 M NaZS03 and

19.7 mL of 0.1 M KHZP04) was added to the mixture to stop the reaction. Subsequently, the

absorbance at 420 nm of the final mixture was read.

2-3. Results and Discussion

2-3-1. Association of Amino Group-Carrying Liposome with Aldehyde Group-Carrying

Liposome

By using a dynamic light scattering technique, the average diameters of the galactose-carrying

liposomes and the amino group-carrying liposomes were estimated to be 900 and 1400 A,
respectively. After the incubation of galactose-carrying liposome with a solution of galactose

oxidase, the production of HzOz was confinned by the spectrophotometric method. When the

concentrations of galactose-carrying DMPC liposome (DODA-PMEGal (DP=8.4), 4.5 mol %)

and galactose oxidase were 46 Ilg of lipid/mL and 0.09 unit/mL, respectively, galactose

residues on the outer liposome surfaces were completely oxidized by the enzyme in 30 min,

which showed that the enzyme could effectively oxidize galactose residues on the liposome

surface. 16 Further investigations on the catalytic behavior of enzymes at membrane interfaces

are reported in Chapter 3.

By injecting the solution of galactose oxidase into the mixture of the galactose-carrying

liposome suspension and the amino group-carrying liposome suspension, the turbidity

increased gradually and then increased steeply (Figure 2-2a), whereas after the amino group

carrying liposome suspension was mixed with the suspension of the galactose-carrying
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Figure 2-2. Typical proftles of turbidity change. (a) Galactose oxidase solution was injected into the
mixture of galactose-carrying liposome suspension and amino group-carrying liposome suspension
incubated at 37°C. (b) Amino group-earrying liposome suspension was injected into galactose-carrying
liposome suspension that had been incubated with galactose oxidase solution for 30 min at 37°C
beforehand. (c) Amino group-carrying liposome suspension was injected into galactose-earrying
liposome suspension tbat had been incubated with a buffer for 30 min at 37°C beforehand. (d) 1/10 N
NaOH solution (0.5 mL) was injected into the mixture (3 mL) after experiment b was complete. The
[mal pH of experiment d was 10.5. In all experiments, the contents of galactose-earrying lipid (DP =8.4)
and amino group-carrying lipid (GGA) were 4.5 and 10 mol %, respectively. The concentrations of both
liposomes were 100 flg of lipid/mL, and the concentration of enzyme was 0.1 unit/mL (HEPES (10 mM,
pH 6.0) buffer; wavelength =350 nm).

liposomes that had been incubated with a galactose oxidase solution for 30 min at 37 DC, the

turbidity increased quickly (Figure 2-2b). On the contrary, when the suspension of the

galactose-carrying liposomes incubated only with a buffer solution in place of the enzyme

solution was used, there was no increase in the turbidity (Figure 2-2c), which shows that the

enzymatic reaction triggers the turbidity change. The apparent liposome diameter after the

turbidity had increased and leveled off was estimated to be around 8300 A by using the

dynamic light scattering technique.

To verify that the liposomes were aggregated and not fused, the author examined the

leakage of fluorescence dye after mixing the amino group-carrying liposomes (Eosin Y had

been incorporated) with the galactose-carrying liposomes that bad been incubated with the
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galactose oxidase solution for 30 min at 37°C beforehand. The increase in observed

fluorescence intensity was only comparable to that in the control experiment in which the

galactose-carrying liposome without oxidation by galactose oxidase was used. This result

suggests that both liposomes were not fusing.

Furthermore, when a 0.1 N NaOH solution was injected into the mixture after the

experiment (b) was complete, the turbidity gradually decreased (Figure 2-2d) probably due to

the disruption of aggregates. These results show that the increase in turbidity is due to the

specific recognition of aldehyde groups on the liposome surfaces by the amino group-carrying

liposomes, which results in the aggregation of both liposomes mediated by the Schiff bases.

The Schiff base is well-known to be easily cleaved by acids and bases. I7 To confirm whether a

number of other things could have happened to affect the turbidity measurement under the

strong alkaline conditions (after the injection of 0.1 N NaOH), the amounts of aldehyde groups

and amino groups in the mixed liposome suspension after the injection of 0.1 N NaOH were

compared with those before aggregation. The amounts of aldehyde groups and amino groups

were approximately equivalent in each case. Furthermore, the average diameter of liposome

mixtures after the injection of 0.1 N NaOH was estimated to be 1150 A by the dynamic light

scattering method (the average diameters of the galactose-carrying Iiposomes and the amino

group-carrying liposomes were 900 and 1400 A, respectively). These results support the

turbidity decreasing gradually because of the disruption of aggregates. To simplify the reaction

system hereafter, the enzymatic treatment of galactose-carrying liposomes was carried out for

30 min prior to mixing with the amino group-carrying Iiposomes.

2-3-2. Effect of DP on the Association Processes

The rate of turbidity change was largely affected by the degree of polymerization of DODA

PMEGal in the Iiposomes (Figure 2-3). As for liposomes carrying DODA-L-Gal, which has

only one galactose residue, there was no increase in turbidity. When the reactivity of the

enzyme with galactose-carrying amphiphiles on the liposome surface was examined, the

increment of optical density in 30 min due to the production of quinoneimine dye for the

DODA-L-Gal liposome was only 14 % of that for the DODA-PMEGal (DP=8.4) liposome.

Furthermore, when the amino group-carrying tiposome suspension was injected into the

suspension of the DODA-L-Gal-containing liposomes that had been incubated with the

solution of galactose oxidase for 24 h at 37 °C beforehand, the increase in turbidity was not

observed at all. These results show that the reactivity of the enzyme with DODA-L-Gal on the
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Figure 2-3. Effect of concentration of enzyme on the rate of turbidity change after injection
of the amino group-carrying liposome suspension into the galactose-carrying liposome
suspension that had been incubated with galactose oxidase for 30 min at 37°C beforehand:
(.) DODA-PMEGal (DP =15); (e) DODA-PMEGal (DP = 8.4); (.A.) DODA-PMEGal (DP
=3.1); ("-) DODA-L-Gal. The contents of galactose-carrying lipid and GGA were 4.5 and 10
mol %, respectively. The concentrations of both liposomes were 100 IJ.g of lipid/rnL
(HEPES(lO mM, pH 6.0) buffer; wavelength =350 nm).

liposome surface was very low.

By increasing the degree of polym~rization, the rate of turbidity change became larger

probably because of the decrease in the sterle hindrance. Previously the lectin-induced

aggregation of sugar-carrying liposomes was examined. ll
•
18 The lectin was captured in sugar

carrying long polymer chains on the liposome surface, and it was not so easy for the lectin to

bind to sugar residues on the other liposome surface simultaneously, which reduced the rate of

turbidity change at high degree of polymerization. In the liposome-liposome system examined

here, such a complete capture of the amino group-carrying liposome by the liposome carrying

long polymer (pMEGal) chains might not occur because the liposomes are gigantic.

Consequently, the increase of the rate of turbidity change with the degree of polymerization of
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DODA-PMEGal observed here is understandable.

2-3-3. Effect of Surface Concentration of Aldehyde Group on the Association Processes

The distribution of the galactose~carrying amphiphiles in the liposome was determined by the

method described in the Experimental Section. The amount of quinoneimine dye produced

after sonication was 8.6 % of that before sonication, which shows that the galactose~carrying

amphiphiles were preferentially (85.3 %) distributed in the outer layer of the liposome.

Consequently, the number of galactose residues on the outer layer of the liposome was

estimated to be about 4300 times as many as that of enzyme molecules when the

concentrations of galactose-carrying liposome (DODA-PMEGal (DP=15), 4.5 mol %) and

enzyme were 100 ~g of lipid/mL and 0.1 unit/mL, respectively.

By varying the concentration of galactose oxidase to be incubated with galactose

carrying Iiposomes, it was attempted to examine the effect of the concentration of aldehyde

groups on the liposome surface on the rate of turbidity change (Figure 2-3). Since the

production of aldehyde groups is directly proportional to the concentration of enzyme, the

increase in the rate of turbidity change with concentration of enzyme could be expected. The

rate of turbidity change, however, did not increase significantly at low concentrations of the

enzyme but increased steeply at higher concentrations, which suggests the presence of a

threshold value in the recognition of aldehyde groups by amino group-carrying liposomes. This

result is in accordance with the steep increase in the turbidity 15 min after the onset of the

reaction observed in Figure 2-2a. To realize the stable binding between two kinds of liposomes,

the multiple formation of Schiff bases between many aldehyde groups and amino groups might

be necessary. This would bring about a threshold phenomenon.

To examine the effect of surface concentration of galactose residues on the rate of

turbidity change, liposomes with various molar ratios of DODA-PMEGal (DP=15) and DDPC

were prepared. Figure 2-4 shows that the rate of turbidity change increases with the content of

DODA-PMEGal (DP=15), in contrast to the results of Figure 2-3. This is probably because the

catalytic behavior of the enzyme at interfaces is more complicated compared to that with the

free substrate in solution. Further findings about this will be described in Chapter 3.

The role of lipid composition on membrane-membrane dissociation reactions was also

investigated: The suspension of the galactose-carrying liposome with various molar ratios of

DODA-PMEGal (DP=8.4) and DDPC was incubated with galactose oxidase for 60 min at 37

0c. Mter the liposome suspension was mixed with the amino group-carrying liposome
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suspension, the turbidity increased and leveled off. Subsequently, 0.05 N NaOH was injected

into the turbid mixture. The rates of decrease in turbidity had no obvious differences for

different concentration ratios of DODA-PMEGal to GGA in the studied range (DODA

PMEGal, 1.7-6.6 mol %; GGA, 10 mol %) (data not shown). The number of galactose residues

on the liposome surface even at the lowest molar ratio (DODA-PMEGal (DP=8.4), 1.7 mol %)

was about 1.4 times as many as that of the amino groups on the liposome surface. Since the

growth of the multiple formation of Schiff bases would be restricted due to the steric hindrance,

the number of Schiff bases formed until the turbidity leveled off might be approximately

similar in each case. Therefore, the surface concentration of aldehyde groups on the liposome

might affect the initial association processes between liposomes, but probably not the

dissociation processes at lipid-lipid interfaces.

2-3-4. Effects of Membrane Flexibility and Defonnability on the Association Processes

The rate of turbidity change due to the association of aldehyde group-carrying liposome with

o 3 6 9 12 15

Content of DODA-PMEGal (mol %)

Figure 2-4. Effect of mixing ration of DDPe and DODA-PMEGal ~P =:= 15) in the lipos?m~ on
the rate of turbidity change after injection of the amino group-carrym? hposome sus~enslOn IOta
the galactose-earrying liposome suspension that had,been incubated WIth galactose,oXIdase.for 30
min at 37°C beforehand: (.) DMPC/GGA lLposorne; (.) DMPC/GA h~so~e~ ( ..... )
DPPC/GGA liposome; (T) DPPC/GA liposome. The content of a~i?o group·carrymg hPI~ was
10 mol %. The concentrations of both liposomes were 100 !J.g of hpld/mL. The concentratIOn of
enzyme was 0.1 unit/mL (HEPES(lO mM, pH 6.0) buffer; wavelength =350 nm).
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the amino group-carrying liposome composed of DMPC and GGA was larger than that with

the liposome composed of DPPC and GGA. A similar result was obtained when GA was used

instead of GOA (Figure 2.4). Since the experiment was carried out at 37 DC, DMPC (Tm :::: 24

"C) and DPPC (Tm = 42 DC) were in the liquid crystal phase and the gel phase, respectively,

where Tm is the temperature of the midpoint of transition. The membrane flexibility and

deformability of liposome prepared with DMPC would be, therefore, higher than those of

DPPC-liposomcs, which makes it easier for amino groups to form the Schiff bases with

aldehyde groups.

Previously Kitano el al. examined the effect of temperature on the inhibition of trypsin

by soybean trypsin inhibitor at the lipid-lipid interface.4 The K j value was strongly dependent

on the gel-liquid crystal phase transition temperature of the Iiposome, which supports the

importance of deforrnability of Iiposomes in the recognition at the lipid-lipid interface.

As shown in Figure 2-4, the rate of turbidity change for the GGA liposome was slightly

larger than that for the GA system (the length between a primary amino group and a tertiary

amide group of GGA was longer than that of GA by one glycine residue (about 4 A». These

results show the importance of steric hindrance for the recognition of amino groups by the

aldehyde groups.

2~3w5. Effect of Surface Concentration of Amino Group on the Association Processes

To examine the effect of pH in the solution on the rate of turbidity change, a suspension of the

amino group-carrying liposome with various pH values was injected into the galactose

carrying liposome suspension that had been incubated with the galactose oxidase solution for

30 min at pH 6 beforehand (Figure 2-5). The rate of turbidity change decreased largely with the

increase in pH of the solution after mixing, and at pH > 8.5 no change in turbidity (no

aggregation of liposomes) could be observed, which shows the large pH sensitivity of

association processes between the liposomes.

By using amino group-carrying liposomes with various ratios of GGA and DMPC, the

effect of the surface concentration of amino groups on the rate of turbidity change could be

examined. As shown in Figure 2-6, the rate of turbidity change increases with the surface

concentration below about 9 mol % of GGA in the Iiposome and then decreased significant!y.

The rate of condensation reaction to produce the Schiff base is known to be the largest in the

pH range 3 - 5. 19 As a possibility, the pH in the vicinity of the tiposome surface with a high

content of GOA might become higher than that in bulk solution, which makes it more difficult
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Figure 2-5. Effect of pH in the solution on the rate of turbidity change after injection of the
amino group-carrying liposome suspension with various pH values into the galactose-carrying
liposome suspension that had been incubated with galactose oxidase for 30 min at 37 °c
beforehand. The contents of DODA-PMEGal (DP =8.4) and GGA were 4.5 and 10 mol %,
respectively, The concentrations of both liposomes were 100 ~g of lipid/mL The
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...-..

.£

~ 0.20 •0

/0
<l- 0.15
Q)
0> •c:
ctI
~

0 0.10 •
~
32
.0.....
~ 0.05t--0
Q>-<0 0.00 •a:

0 5 10 15 20 25 30

Content of GGA (mol %)

Figure 2-6. Effect of the mixing ratio of DMPC and GGA in the Iiposome on the rate of
turbidity change after injection of the amino group-carrying liposome suspension that had
been incubated with galactose oxidase for 30 min at 37 °C beforehand. The content of
DODA-PMEGal (DP =15) was 4.5 mol %. The concentrations of both liposomes were 100
~g of lipid/mL. The concentration of enzyme was 0.1 unitlmL (HEPES (10 mM, pH 6.0)

buffer; wavelength =350 nm).
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to form Schiff bases between two kinds of liposomes. Therefore, the surface concentration of

amino groups strongly affects the rate of turbidity change. This result is consistent with the pH

sensitivity of association processes described earlier.

2-4. Conclusions

Primary hydroxyl groups of galactose residues bound to the polymer chains existing on the

liposome surface could be oxidized by galactose oxidase and converted into aldehyde groups.

The Schiff bases formed between aldehyde groups and amino groups on the other liposome

surfaces resulted in aggregation of the Iiposomes. The rate of turbidity change depended on the

densities of galactose and amino groups on the liposome surfaces, the distance from the

liposome surface to the galactose residue and amino end groups, and the membrane flexibility

and dcfonnability. Those results also suggest the importance of morphology of the cell surface

in cell--eell recognition phenomena such as lymphocyte cytotoxicity.
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Chapter 3

Catalytic Properties of Galactose Oxidllse

to Galactose-Carrying Amphiphiles in Liposomes

3-1. Introduction

Galactose oxidase oxidizes exposed primary hydroxyl groups in nonreducing, terminal

galactose and N~acetylgalactosamine residues.! The galactose oxidaselNaB[3H]4 method is well

known and widely used as a technique to label cell-surface glycoconjugates.2
-4 It has been

found that only a portion of glycolipids is available to galactose oxidase, and different

glycolipids vary in their susceptibilities to the enzyme.s-s lampio et al. and Masserini et al.

previously reported the interaction of galactose oxidase with the major red-cell glycolipid

(globoside) and GM! ganglioside, respectively, in liposome suspensions.7
•
s

As described in Chapter 2, by incorporating the galactose~carrying amphiphiles ill

liposome, the author could examine the recognition of amino group-carrying liposomes by

galactose-carrying liposomes that had been treated with galactose oxidase beforehand, as a

model system of induction of lymphocyte cytotoxicity.9 In that experiment, the author found a

very interesting property of galactose oxidase that its affinity for the galactose residues in the

polymer chains on the liposome surface was much higher than that for free galactose.

To verify what happens in the catalytic reaction of enzyme to the carbohydrate chains

on the membrane surfaces, galactose-carrying bomopolymers and copolymers and galactose

carrying amphiphiles were prepared by using the galactose-carrying vinyl monomer (MEGal)

in this study. The author has examined kinetic analyses on the catalytic behavior of galactose

oxidase at various reaction fields including liposome surfaces. It will be described below why

galactose oxidase exhibits enhanced affinity to the galactose residues on the membrane

surfaces.

3-2. Experimental Section

3-2-1. Materials

A lipophilic radical initiator (DODA-SOliD was synthesized form N,N-dioctadecylamine

(DODA, Fluka, Switzerland) and 4,4'-azobis(cyanovaleric acid) (V-SOl, Wako Pure Chemicals,

Osaka, Japan) as described in Chapter 1. A galactose-carrying vinyl monomer, 2-
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(mcthacryloyloxy)ethyl-J1-D-galactopyranoside (MEGal),ll was prepared as described in

Chapter 2. 1,3-Di-O-hexadecylglycerol was synthesized by the reaction of epichlorohydrin and

] -haxadccanol in the presence of sodium hydride at 80 °C ovemighl.12 A polymerizable lipid,

bis(trans, trans-2,4-octadecadienoyl)phosphatidylcholine (DDPC), was kindly donated by the

Japan Fat and Oil Co., Tokyo, Japan. Galactose oxidase (from Dactylium dendroides, 240

unit/mg) was from Sigma. Other reagents were commercially available. Deionized water was

distilled before use.

3-2-2. Preparation of Galactose-Carrying Homopolymer

A homogeneous polymerization of MEGal was carried out using 4,4'-azobis(cyanovaleric acid)

(V-501) and cysteamine hydrochloride as initiator and chain transfer reagent, respectively, in

methanol-water (1 :3) at 70 °C for 24 h. After evaporation of the solvent, the oily product was

washed several times with acetone and dried in vacuo. The slightly yellow powder obtained

was dissolved in water again and repeatedly ultrafiltrated with water (Amicon Model 8010;

membrane, YM-l; exclusion limit, 1000) to remove other small impurities. The solution

retained above the membrane was lyophilized. Further, the filtrate which contained the

products with a lower degree of polymerization was concentrated, purified by passage through

a GPC column (Sephadex G-10, Ld. 1.5 x 25 ern; mobile phase, water), and lyophilized. The

syntheses of polymer and/or oligomer with different degrees of polymerization (DPs) were

carried out under conditions with fixed concentrations of initiator and monomer and varying

amount of chain transfer agent. The DP values of MEGal homopolymers were determined by

the conductometric titration of the amino group at the end of the polymers with a N/lOO NaOH

aqueous solution.

3-2-3. Preparation of Poly(acrylamide-co-2-(metbacryloyloxy)ethyl-P.D-galactopyran0

side)

A copolymerization of MEGal (151 mg, 0.514 mmol) and acrylamide (AAm, 37 mg, 0.514

mmal) was carried out using V-SOl (2.9 mg, 0.01 mmol) and cysteamine hydrochloride (5.8

mg, 0.051 mmol) as initiator and chain transfer reagent, respectively, in methanol-water (1:3)

at 70°C. The polymers with different DP values were synthesized as described in the

preparation of homopolymer, namely, under conditions with fixed concentrations of initiator

and monomer and varying amounts of chain transfer agent. The product was purified in the

same way as described above for the homopolymers. The molecular weight of the copolymer

was determined conductometrically. The monomer ratio (MEGal:AAm) in the copolymers was

44



Catalytic Properties of Galactose Oxidase

evaluated by elemental analysis and IH-NMR (in D
2
0): After the molecular weight of a

copolymer sample was estimated to be 1200 by conduetometric titration, the monomer ratio

(MEGal:AAm) in the copolymer was detennined to be 1:7.6 by the ratio of integral absorption

of IH-NMR (calculated from the signals of 1.1-1.3 and 1.4-1.9 ppm corresponding to methyl

protons of MEGal unit and methylene protons of AAm, respectively). Furthennore, the validity

of supposed chemical structure was clarified by elemental analysis. Anal. Cared. for

~H8NClS(C12H2008)1.3(~H5-0N)9.7 . 4H20: C, 44.67; H, 7.29; N, 12.00. Found: C, 44.09; H,

7.27; N, 12.20.

(a) DODA-PMEGal

C1BH
S7\ R CN yHs

/

-C-CH2- CHr¢--+---CH2--C---lI-H
C'BHS CHs I

c=o
I
9

CH~PH 9H2

H~O~CH2

4
OH

CH20H /CHrO-e1sH33
HV:=-0~-CH4 '-CH"O-G'6H33

OH

(b) DHDG·Gal

Figure 3-1. Chemical structures of (a) DODA-PMEGal and (b) DHDG-Gal.

3-2-4. Preparation of Galactose-Carrying Amphiphiles by Polymerization

Details of the preparation were described in Chapter 2.9,13,14 Briefly, MEGal and DODA-50l

were dissolved in THF, and after Nz gas was bubbled for several minutes, the solution mixture

was incubated in a tightly sealed test tube at 70 DC for 24 b. After evaporation of the solvent in

vacuo, the viscous oil was washed with n-hexane several times to remove unreacted initiator by

centrifugation at 15 000 rpm and 20 DC for 15 min. After decantation, the precipitate was dried

in vacuo and dispersed in water. The suspension was purified by passage through a GPC

column (Sephacryl S-200, i.d. 2 x 18 em; mobile phase, water) and lyophilized. The DP value
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of the amphiphile (Figure 3-1a) was determined by elemental analysis. DODA-PMEGal

(DP=8.5) Anal. Calcd. for C42HIl2N20(CI2H200S)Il,5: C, 55.51; H, 8.15; N, 0.90. Found: C, 55.43;

1-1, 8.42; N, 0.9l.

3-2-5. Preparation of Galactose Lipid by Using Trichloroacetimidate of Carbohydrate

The preparation procedure followed the method of Minamikawa et al.: 15 To molecular sieves 4

A (200 mg, dried in vacuo prior to use), 1,3-di-O-hexadecylglycerol (300 mg, 0.55 mmol) and

2,3,4,6-tetra-O-D-acetylgalactopyranosyl-1-a-trichloroacetimidate (273 mg, 0.55 mmoI) in dry

dichloromethane (10 mL) were added. The solution was cooled at 0 °C, and trimethylsilyl

trifluoromethanesulfonate (123 mg, 0.55 mmol) was added dropwise to the solution. After the

solution was stirred at 0 DC for 6 h, anhydrous pyridine (40 mL) was added dropwise at O°C

and the solution was diluted with ethyl acetate (20 mL) at room temperature. After filtration,

the filtrate was washed with a saturated sodium bicarbonate solution (30 mL) and saturated

aqueous sodium chloride solution (30 mL) successively. The organic layer was dried over

anhydrous sodium sulfate, and the solvent was removed under reduced pressure. The residual

oil was purified by silica gel chromatography with a 4:1 toluene/acetone mixture eluent to give

1,3-di-O-hexadecyl-2-0-(J3-D-tetraacetylgalactopyranosyl)glycerol (157 mg). A 28 %

methanol solution of sodium methoxide (50 mL) was added to 1,3-di-O-hexadecyl-2-0-(,B-D

tetraacetylgalactopyranosyl)glycerol (150 mg) in a mixture of dry methanol (2.5 mL) and dry

DMF (2 mL). The reaction was complete after 2 h at room temperature. The solution was

neutralized with ion-exchange resins (Dowex 50W-X4, H+ form), filtered, and evaporated. The

residue was chromatohraphed by silica gel chromatography with a 7:1 chloroform/methanol

mixture eluent. The compound was further purified by recrystallization from methanol to give

1,3-di-O-hexadecyl-2-0-(J3-D-galactopyranosyl)glycerol (DHDG-Gal, Figure 3-1b) as a white

powder (54 mg). IH-NMR (CDCI3): 60.88 (t, 6H, CH3), 1.1-1.4 (m, 52H, CH2of alkyl chains),

1.57 (br, 4H, OCH2CHJ, 2.8-4.1 (m, 19H, protons of galactose moiety, that of glycerol moiety,

and OCH2CH2), 4.43 (d, J = 7.6 Hz, lH, anomeric proton of pyranose ring). IR (KBr, cm"I): 0

H stretching of galactose moiety, 3350-3500; Vas C-H, 2917; V S C-H, 2850; C-O-C stretching

of glycerol moiety, 1040-1130. Anal. Calcd. for C41Hs20S: C, 70.02; H, 11.78. Found: C,

70.01; H, 11.83.

3-2-6. Preparation of Galactose-Carrying Liposomes

DOPC (24 mg) was dissolved in chloroform (2 mL) in a small, round-bottomed flask. After

evaporation of the solvent, the thin lipid membrane was dispersed in an N-(2-

46



Catalytic Properties of Galactose Oxidase

hydroxyethyl)piperazine-N-2-ethanesulfonic acid (HEPES) buffer (pH 6.5, 10 mM, 3 mL) in

which DODA-PMEGal (6 mg) had been dispersed beforehand. The dispersion was sonicated

(Astrason W-385, Heat System-Ultrasonics, Inc., New York) for 3 min while N: gas was

passed through the suspension. To remove large aggregates, the liposome suspension obtained

was passed through a membrane filter (SLGV025LS, Gelman Sciences; pore size, 0.22 ~)

and irradiated in a quartz cell by a UV lamp (HB-251A, Ushio, Tokyo, Japan) at room

temperature for 4 h to polymerize the dienoyl groups of DDPC. The progress of polymerization

was followed by the decrease in absorbance at 258 nm by using a UV-visible

spectrophotometer (Ubest-35, Japan Spectroscopic Co., Tokyo, Japan). Unpolymerized

galactose-carrying liposome was also prepared without UV irradiation.

3·2·7. Characterization of Liposomes

Formation of liposomal structure was confirmed by the fluorescence dye incorporation

technique using Eosin Y as a probelO
,16 (excitation at 305 nm, emission at 571 nm, FP-777,

Japan Spectroscopic Co.). Hydrodynamic diameter of the liposomes was estimated as 1200 A
on average by the dynamic light scattering (DLS) technique (DLS-7000, Otsuka Electronics,

Hirakata, Japan; light source He-Ne laser, 632.8 nm).

3·2·8. Enzyme Activity Measurements

The oxidation reaction of galactose residues catalyzed by galactose oxidase was followed using

a spectrophotometric method:17
,18 Hydrogen peroxide produced by the oxidation of galactose

was reduced by the reaction with 4-aminoantipyrine and phenol catalyzed by horseradish

peroxidase (HRP), and the increase in optical density at 500 run due to the production of

quinoneimine dye was measured for 5 min by the spectrophotometer thermostatted at 25°C.

The initial increase in optical density per minute was calculated from the initial linear portion

of the curve (E =12 000). One unit of galactose oxidase causes the formation of 1 ~ol of

hydrogen peroxide/min at 25°C. The stock solution of galactose oxidase was diluted to the

appropriate concentration, and the catalytic activity of the enzyme was checked just prior to

use.

3·2·9. Kinetic Analyses

The initial velocities of oxidation of galactose at various reaction fields were measured by

using the spectrophotometric method described above, in which sufficient amount of HRP,

aminoantipyrine, and phenol were added in the reaction system, that is, the reaction of

galactose oxidase to galactose residues is the rate-determining step. The substrate
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concentrations at various reaction fields were standardized on the basis of the number of

galactose residues. Previous report (see Chapter 2) showed that the galactose-carrying

amphiphiles were preferentially (about 80 %) distributed in the outer layer of liposomes. 9

Therefore, in the case using sugar-carrying liposomes as a substrate, the author determined the

substrate concentration based on the number of all galactose-carrying lipids incorporated inside

and outside the liposome. The Vmu and K m values of the enzyme reaction were determined by

the Hanes-Wool f plot (Equation 1).19

[S]/v = (1/VmaJ[S] + KjVmu (1)

where [S] is the concentration of substrate (total concentration of galactose residues in the

reacting solution), v is the initial reaction velocity, Vmax is the limiting value of initial reaction

velocity, and Km is the Michaelis constant. Graphing [S]/v vs [S] yields a straight line where the

slope is 1/Vmu' the y-intercept is KjVmax, and the x-intercept is -Km• The data in the figures and

table represent the mean values of two measurements. The uncertainties of the kinetic

parameters were within 10 %.

600

400

-en •200

o ..

-1 o

[5] (mM)

2 3

Figure 3-2. Hanes-Woolf plot for the catalytic reaction of galactose oxidase to a
galactose-carrying homopolymer (PMEGal, DP =16). In the HEPES buffer (10 mM,
pH 6.5). [Enzyme] =0.05 units/mL.
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Table 3-1. Kinetic Constants of Galactose Oxidase for Various
Galactose Residues at Different Reaction Fields"

Substrate Dpb ~
kcat 10: kCllIKm(mMml./(rnM)

min units) (mUmin units)

Galactose 58 1.0 1.7
MEGal 1 4.2 0.018 0.44
Lactose 528 0.39 0.081
PNPG 22 DAD 1.8
MG 52 1.6 3.0

Homopolymer 2.1c 2.6 0.23 8.8

16c 0.35 0.091 26

39c 0.13 0.090 69

53c 0.13 0.14 110
Copolymer 11Cod 3.0 0.18 6.0

13c,e 0.76 0.24 32
23C,f 0.16 0.14 88
54C,g 0.18 0.042 23

Polymerized 1h N.D. i N.D. i N.D. i

Liposome 8.5i 0.0030 0.012 400

Unpolymerized 8.5i 0.0027 0.011 390
liposome

a In the HEPES buffer (10 roM, pH 6.5) at 25 °C. The ranges of substrate
concentration in the experiments using low molecular weight substrates, polymers,
and liposomes were 1-100 roM, 0.01-10 mM, and l~--O.l mM, respectively. In the
case of lactose, the range was 1 mM to 1 M. Substrate concentrations were
standardized on the basis of the number of galactose residues (see Experimental
Section). The concentrations of enzyme in the experiment using liposomes and other
all substrates were 0.25 and 0.05 units/mL, respectively. b Degree of polymerization.
C Determined by the conductometric method. d MEGal:AAm, = 1:7.6. e
MEGaL:AAm = 1.1:1. f MEGal:AAm = 1:1.1. gMEGal:AAm = 1:5.7. h DHDG
Gal was used in place of DODA-PMEGal. j Not detected. j Determined by the
elemental analysis.
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3~3. Results and Discussion

3-3~1. Catalytic Behavior of Galactose Oxidase for Gaiactose~CarryingPolymers

After the incubation of galactose-carrying homopolymer with a solution of galactose oxidase,

the production of HzOz was confirmed by the spectrophotometric method. Figure 3-2 shows a

typical example of Hanes-Woolf plot for the catalytic reaction of galactose oxidase to a

galactose-carrying homopolymer (PMEGal, DP = 16). The affinity (estimated by 11Km values)

of galactose oxidase for PMEGal was larger than those for free galactose and f3-D

galactopyranosides (MEGal, lactose, PNPG and MG) (Table 3-1). Furthermore, by varying the

degree of polymerization of PMEGal, the effect of the length of polymer chains on Km was

examined (Figure 3-3a). The larger the molecular weight of PMEGal was, the larger the

2.5 • (a)

2.0

~ 1.5

E

~E
1.0

0.5 •
0.0 •

(b) •1.0

::>
c 0.8
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~-.... •..

0.2u
~

0.0
0 10 20 30 40 50
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Figure 3~3. Effect of the degree of polymerization of homopolymer (pMEGal) on K m and
ka/Kmvalues at 25 0c. In the HEPES (10 mM, pH 6.5) buffer. [Enzyme] =0.05 units/mL.
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affinity of galactose oxidase for PMEGal. These results suggest that galactose oxidase can

effectively recognize and oxidize galactose residues which are suspended repeatedly from the

polymer chain, probably because the enzyme can easily access the galactose moiety in the

vicinity of galactose which has been just oxidized. This phenomenon is consistent with the

previous report that the galactose oxidase from Polyporus circinatus has a high affinity for

galactomannan guaran (polysaccharide constituted from galactose and mannose).18

To verify the enhancement of the affinity of galactose oxidase for the substrates

sequentially distributed, a similar experiment was carried out by using copolymers of MEGal

and acrylamide (inert monomer for galactose oxidase). The affinity of galactose oxidase for the

galactose residues in the copolymers with large OP values was comparable to those in the

homopolymers with comparable DP values (see Table 3-1), whereas the affinity for the

galactose residues in the copolymer with a small DP value seemed to be smaller than that in the

homopolymer with a comparable OP value. Since the spatial density of galactose residues

existing in the copolymer chain is smaller than that in the homopolymer, the unexpectedly

large affinity of the enzyme for the galactose residues in the copolymers with a large DP value

shows that the distance between MEGal residues in the copolymers (as for the copolymer with

the monomer ratio 1:5.7, for example, 17 Aon average) is still small enough for the enzyme to

access the galactose moieties one after another.

Furthermore, the kca/Krn value, which represents the catalytic efficiency of galactose

oxidase for PMEGal' increased with the degree of polymerization of homopolymers (Figure 3

3b), which strongly suggests that the catalytic behavior of galactose oxidase represents an

increased efficiency for the PMEGal due to the localization of substrates along the polymer

chain.

3-3-2. Catalytic Behavior of Galactose Oxidase for Galactose-Carrying Liposomes

Next, to examine catalytic behavior of galactose oxidase at lipid bilayer-liquid interfaces, we

prepared, from the lipophilic radical initiator and MEGal, the galactose-carrying amphiphiles

(DODA-PMEGal), which have galactose-carrying polymer chain as a hydrophilic group. A

lipid carrying only one galactose residue (DHDG-Gal) was used as a reference.

When the galactose-carrying liposome consisted of DHDG-Gal and polymerized lipid

(DDPC) was incubated with the solution of galactose oxidase, no production of HzOz was

confirmed by the spectrophotometric method, which contrasts to the results for f3-D

galactopyranosides with small molecular weights (Table 3-1). Previously, Lampio et at.
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showed that galactose oxidase cannot oxidize the galactosyl residue of ceramide dihexoside in

Iiposomes, probably because its carbohydrate moiety is too close to the membrane surface.7

Since the galactose residue of DHDG-Gal is directly attached to the glyceryl group, galactose

oxidase would not easily approach the substrate, and therefore, the present result is

understandable.

When the similar experiment was carried out on the liposome carrying the DODA

PMEGal, on the other hand, the production of H20 2 was definitely confirmed

spectrophotometrically, which shows that the galactose-carrying polymer chain functions as a

substrate for galactose oxidase not only in bulk solution but also at the lipid bilayer-liquid

interface. The K m value for the galactose-carrying liposome (DODA-PMEGal (DP = 8.5),

0.0030 mM) was much lower than that for the galactose-carrying homopolymer (PMEGal

(DP=16), 0.35 mM) (see Table 3-1). Despite the steric disadvantage that the reaction field is

above the lipid bilayer surface, the affinity of galactose oxidase for the galactose-carrying

polymer chains on the Iiposome surface is much higher than that for PMEGal in bulk solution.

The galactose-carrying liposomes prepared here probably bring about the phase

separation (or in other words, cluster fonnation) of the galactose-carrying amphiphiles in the

liposome by the two-dimensional photo-polymerization of DDPC molecules.20 To verify

clustering of galactose-carrying polymers on the liposome surface, differential scanning

calorimetry (DSC) with DODA-PMEGal/DDPC (unpolymerized) mixed liposomes was carried

out. This experiment showed a sharp calorific change around 25 DC which is the temperature of

the midpoint of gel-liquid crystal transition (TrJ of DDPC, indicating the phase separation due

to the respective lipid molecules. If the different lipid molecules are compatible, the DSC curve

would exhibit a broad calorific change. Therefore, the DODA-PMEGal/DDPC mixed liposome

system is expected to show the phase-separated structure below 25 DC, even in the case when

DDPC molecules are not polymerized. More importantly, when the DDPC molecules are

polymerized, the Gal-carrying liposomes would show the phase-separated structure. In this

phase-separated structure, galactose oxidase, which has attacked the amphiphile, will be

surrounded by the galactose residues localizing on the liposome surface and, consequently, the

K m value well be decreased. This result is in agreement with the report by Masserini et al. 8 that

the K m value of OM! ganglioside in vesicle was smaller than that of DesGM1 (oligosaccharide

portion of GMt ganglioside) in bulk solution.

The k
cat

value, which is defined as the number of substrate molecules converted into
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product per enzyme molecule per unit time, of galactose oxidase for the DODA~

PMEGalipolymerized DDPC liposomes was lower than those of free galactose and PMEGals,

whereas the kca/Kmvalue, which represents the catalytic efficiency of an enzyme, of galactose

oxidase for the liposomes was larger than those for free galactose and MEGal, and comparable

to that for PMEGals (Table 3-1). Since the galactose-carrying polymer chains at liquid

polymerized liposome interface are clustered, the motion of the enzyme molecule attached to

the PMEGal domain above the liposome surface might be restricted, and therefore, it is

understandable that the turnover number (keaJ of galactose oxidase for DODA-PMEGal was

smaller than those for galactose, MEGal and PMEGal. However, the clustering of the
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Figure 3-4. Effect of the degree of rolymerization of DODA-PMEGal on Km and ka/Km

values at 25 dc. [Enzyme] =0.25 umls/mL.
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galactose~carrying polymer chains might enhance further the affinity of the enzyme for the

substrate, which would consequently make the catalytic efficiency (kC<J/KJ of galactose

oxidase for the galactose-carrying liposomes larger than those for small molecular weight f3-D

galaclopyranosides.

Furthermore, the effect of the degree of polymerization of DODA-PMEGal on the

catalytic behavior of galactose oxidase was examined. A", shown in Figure 3-4a, the K m value

decreases with the degree of polymerization of DODA-PMEGal. Since the distance from the

liposome surface to the end galactose residues increases with the DP value, galactose oxidase

would be able to more easily approach the substrates above the liposome surface as the DP

value becomes larger. It is worth noting that the increase in the degree of polymerization

enhanced the affinity of galactose oxidase for galactose residue not only in the bulk solution

but also at the lipid bilayer-liquid interfaces. The ka/Kmshowed an increase with the DP value

of DODA-PMEGal (Figure 3-4b), due to the decrease in theKm value with DP.

Next, by varying the weight percents of DODA-PMEGal (DP = 8.5) included in the

liposome, one can examine the effect of surface concentration of galactose-carrying

amphiphiles on the affinity of galactose oxidase. Figure 3-5a shows that the K m value was not

significantly dependent on the surface concentration of galactose-carrying amphiphiles (DP =

8.5) above 10 wt. % (3.4 mol %). Previously, Masserini et ai. 8 and Cestaro et al. 21 investigated

the catalytic properties of galactose oxidase and neuraminidase, respectively, for gangliosides

on the liposome surface. They showed that the greatest rates of enzymatic reaction were

obtained at an optimal proportion of gangliosides in the tiposome. These phenomena were

explained by the enhanced hydrogen-bonding interaction between the carbohydrate residues of

adjacent ganglioside molecules with an increase in the percentage of the ganglioside. The

hydrophilic group of DODA-PMEGal used in this experiment is a polymethacrylate chain and

would be more flexible than ganglioside. Therefore, the interaction between carbohydrate

residues on the liposome composed of DODA-PMEGal is probably smaller than that between

gangliosides, thus, the optimum content of DODA-PMEGal in the liposome for the enzymatic

reaction would not be observed in our experiment. The author also thinks that this phenomenon

is partly because the local concentration of galactose residue which the galactose oxidase can

recognize is similar at any surface concentration due to the phase separation of DODA

PMEGal on the surface of polymerized nDPC liposome.

Furthermore, the kca/Kmvalue increased with the content of DODA-PMEGal in the
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Figure 3-5. Effect of the content of DODA-PMEGal in the Iiposome on Km and
k",,/Km values at 25 0c. [Enzyme] =0.25 units/mL

galactose-carrying tiposome (Figure 3-5b), which means that the enzyme effectively and

repeatedly catalyzes oxidation of the substrates which exist on the surface of the same

tiposome. This is probably because it is not necessary for the enzyme molecule to migrate from

the liposome surface about to be catalyzed by it to other tiposome surfaces, and the enzyme

only needs to oxidize the galactose residues on the same tiposome.

Moreover, by using galactose-carrying liposome with unpolymerized DDPC, one can

examine the effect of membrane fluidity on the catalytic behavior of galactose oxidase. As

shown in Figure 3-6a, the Km value of galactose oxidase for the unpolymerized galactose

carrying liposome is larger than that for the polymerized galactose-carrying liposome above the

T
m

of unpolymerized DDPC (25°C) and comparable below 25°C. Similar tendency was

observed in the Arrhenius plots of kCilI (Figure 3-6b).
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The membrane fluidity of the unpolymerized galactose-carrying liposome above 25°C

would be higher than that of polymerized one, which makes it difficult for galactose oxidase to

face the domain of the galactose-carrying polymer chains on the unpolymerized fluid liposome

surface, because the PMEGal chains would not be localized above 25°C. Previously, Kitano et

al. examined the effect of temperature on the inhibition of trypsin by soybean trypsin inhibitor

-3 0

~!

<a -4 -1 :J
.::.c

U

:1.~ ::r;-
c n

~

•• •-5 -2

-10 -2.5
(a)

-11 •• • -3.0

~E -1 :J

-12
3';J:;"c

-3.5

-13

-4.0
3.1 3.2 3.3 3.4 3.5

1000 / T (1 /K)

-2

3.2 3.3 3.4 3.5
-6 L..I--....L_~...l-.....I-~---'L.-...l-.....I----'--1-3

3.1

1000 / T (1 /K)

Figure 3-6. van', Hoff and Arrhenius plots of enzymatic reaction for various galactose
residues. In the HEPES (10 mM, pH 6.5) buffer. [Enzyme] =0.25 and 0.05 units/mL for
Iiposomes and free galactose, respectively. Contents of DODA-PMEGal (DP =8.5) in the
liposome, 20 wt.%. (0) polymerized liposome; (e) unpolymerized liposome; (D) free
galactose. The units of Km and ku/Km are (molarity) and (millimolar milliliters per minute
units), respectively.
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at lipid-lipid interfaces.22 The recognition processes at interfaces were strongly dependent on

the gel-liquid crystal phase transition temperature of the liposomes, which supports the

importance of fluidity of liposome membranes in the oxidation of MEGal residues by the

enzyme at lipid bilayer-liquid interfaces.

3-4. Conclusions

The recognition of galactose residues on the Iiposome surface by galactose oxidase was more

effective compared to those of free galactose and other small ~D-galactopyranosides. The

affinity of galactose oxidase for sugar residues on the surface of liposomes was dependent on

the length of galactose-carrying polymer chain and cluster formation of the amphiphiles on the

liposome surface, but not significantly influenced by the surface density of galactolipids on

liposomes. The present study indicates that the spatial distribution of substrates significantly

affects the catalytic behavior of the enzyme. More importantly, the clustering-effect of sugar

residues enhances the affinity of sugar-recognizing proteins not only lectins but also enzymes,

which would be valuable information in carbohydrate chain chemistry and polymer science.
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Chapter 4

Synthesis ofa Well-Defined Glycopolymer

by Nitroxide-Controlled Free Radical Polymerization

4-1. Introduction

The recent accumulation of detailed information on saccharide chemistry has urged the

preparation of various types of glycopolymers.1
,2 However, the preparation of well-defined

glycopolymers has been dealt with only in a few studies, which include the polymerization of a

sugar-residue-carrying monomer with the protected hydroxyl groups by cationic

polymerization,3 ring-opening metathesis polymerization,4 and ring-opening polymerization of

N-carboxyanhydrides.s As far as the author knows, there has been no previous study in which a

well-defined, low-polydispersity glycopolymer has been prepared by a free radical mechanism.

In this Chapter, the author has examined the applicability of nitroxide-rnediated free

radical polymerization to the synthesis of well-defined glycopolymers. The nitroxide approach

has opened up a simple and robust route to the synthesis of narrow-polydispersity poiymers6,7

and found unique and important applications in random,7~8.9 block,7i,lO and graftll

copolymerization, suspension6b and emulsion12 polymerization, aqueous solution

polymerization,13 and so forth. Effective initiating systems have been developed and applied.7r.

h,7j.14 The mechanism and kinetics of nitroxide-mediated polymerization, mainly of styrene

systems, have also been explored in detai1.6
h,lS,16 The system studied here (the polymerization of

a lactose-related oligosaccharide-carrying styrene derivative in N,N-dimethylformamide) is

distinguished from those previously studied in that the monomer has a bulky sugar residue as a

pendent group, the sugar residue has many hydroxyl groups (before protection), the thermal

(spontaneous) polymerization of this monomer is unlikely or at least insignificant compared

with that of styrene, and the solvent is a highly polar one. In this regard, this system is very

interesting to study with respect to the availability of well-defined polymers as well as the

kinetics of polymerization. It will be shown below that the nitroxide method is able to provide

narrow-polydispersity, high-molecular weight glycopolymers with careful and unique design of

experimental conditions.
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4-2. Experimental Section

4-2-1. Materials

The sugar-carrying styrene derivative, N-(p~vinylbenzyl)-[O-j3-D-galactopyranosyl-(1-4)]-D

gluconamide (VLA, Figure 4-1a),17 was provided by NeTech, Japan. Commercially obtained

styrene (Wako Pure Chemicals, Osaka, Japan) and benzoyl peroxide (BPO, Nacalai Tesque,

Kyoto, Japan) were purified by the standard methods described elsewhere. J8
.
J9 Di-tert-butyl

nitroxidc (DBN) was purchased from Aldrich and used without further purification. Dicumyl

peroxide (DCP, Nacalai Tcsquc) was recrystallized from a chloroform/methanol mixture before

use. N,N-Dimethylformamide (DMF) was dried over molecular sieves (4 A) for several days

beforc usc. Other reagents were commercially obtained.

RO OR R OR

(a) VLA (R = H) (b) Ac-VLA (R = acetyl)

(c) BS-DBN

Figure 4-1. Chemical structures of (a) VLA, (b) Ac-VLA, and (c) BS-DBN.

4-2-2. Preparation of N-(p-Vinylbenzyl)-2,3,S,6-tetra-O-acetyI-4-0-(2,3,4,6-tetra-O-acetyl

P-D-galactopyranosyl)-D-gluconamide (Ac-VLA, Figure 4-1b)

To a cold suspension of VLA (10 g) in dry pyridine (100 mL) with 4-(dimethylamino)pyridine

(100 mg), acetic anhydride (64 mL) was added at 0 0c. The mixture was gradually warmed to

room temperature and magnetically stirred in the dark for 2 days. The obtained clear solution

was concentrated in vacuo, and the residue was diluted with chloroform (300 mL). The organic

solution was washed twice with 1 N H2S04 (2 x 200 mL), twice with saturated NaHC03 (2 x
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200 mL), then twice with saturated brine (2 x 200 mL), and finally with pure water (200 mL).

Drying over NaZS04, filtration, and evaporation of the solvent produced a white solid, which

was recrystallized from a mixture of ethanol and diethyl ether (15.1 g, 88 %): 13C-NMR

(CDCI3, 100 MHz): () 20.6, 20.7, 20.8, 20.9, and 20.9 (CH3COO), 43.0 (benzyl methylene),

60.9 (C-6), 61.6 (C'-6), 66.8 (C'-4), 77.2 (C-4), 101.7 (C'-I), 66.8, 69.0, 69.2, 69.8, 71.0, and

71.7 (the remaining pyranose carbons), 114.0 (CH2=CH-), 126.4 and 127.7 {phenyl (ipso)},

136.0 and 136.9 {phenyl (meta and orthan, 136.9 (CH2=CH-) 166.8 (CONH), 169.0, 169.3,

169.5, 169.8, 169.9, and 170.2 (CH3COO). Anal. Calcd for ~7H47N019'H20: C, 53.68; H, 5.98;

N, 1.69. Found: C, 53.98; H, 5.86; N, 1.70.

4-2-3. Preparation of2-(Benzoyloxy)-1-(phenylethyl)-DBN (BS-DBN, Figure 4-lc)

Freshly distilled styrene (100 mL), BPO (5.2 g), and DBN (4.1 g) were charged in a round

bottomed flask, degassed, and sealed off under vacuum. The mixture was incubated at 90°C

for 3 h. After unreacted styrene was evacuated off, the crude product was purified by flash

chromatography on a column of silica gel with a 9:1 hexane/ethyl acetate mixture eluent and

then with a 9:1 chloroformlbexane mixture eluent to yield a pale yellow oil as a final product

(1.5 g): IH-NMR (CDCI3, 200 MHz): () 1.11 (s, 9H, tert-butyl group of DBN unit), 1.33 (s, 9H,

tert-butyl group of DBN unit), 4.55 (g, lH, CHH), 4.87 (g, 1H, CHH), 5.07 (q, 1H, CH), 7.21

7.53 (m, 8R, ArH), 7.89 (d, 2H, ortho protons of benzoyl group); 13C_NMR (CDCI), 100

MHz): () 30.6 (C(CH3)3)' 62.2 and 62.6 (C(CH3)3), 66.4 (CHz), 83.8 (CH), 127.4, 127.6, 127.9,

128.1, 129.4, 130.0, 132.6, and 140.3 (phenyl), 166.0 (C=O). Anal. Calcd for CnH31N03: C,

74.75; H, 8.47, N, 3.79. Found: C, 75.00; H, 8.42; N, 3.76.

4-2-4. Gel Permeation Chromatography (GPC)

The GPC measurements using DMF containing 5 vol.% of water as eluent were made on a

Tosoh GPC-8010 high-speed liquid chromatograph equipped with Tosoh gel columns G2000H

and G4000H. The temperature was maintained at 40°C. The column system was calibrated

with standard poly(ethyleneglycol)s (PEGs). Sample detection and quantification were made

with a Tosoh refractive-index detector RI-8010. This system was used for the characterization

of poly(VLA) (PYLA).

The GPC measurements using tetrahydrofuran (THF) as eluent were made on a Tosoh

GPC-8020 high-speed liquid chromatograph equipped with Tosoh gel columns G2500H,

G3000H, and G4000H. The temperature was maintained at 40°C. The column system was

calibrated with standard polystyrenes (PSs). Sample detection and quantification were made
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with a Tosoh refractive-index detector RI-8020. This system was used for the characterization

of pol y(Ac-VLA).

4-2-5. General Procedure for Polymerization of VLA or Ac-VLA

A solution of VLA (25 wt.%) or Ac-VLA (60 wt.%) in DMF containing a prescribed

concentration of BS-DBN and DCP was charged in a Pyrex tube, degassed by three freeze

pump-thaw cycles, and sealed off under vacuum. The tube was placed in a temperature

controlled oil bath for a prescribed time, quenched to room temperature, and subjected to a

OPC analysis after appropriate dilution with DMF for the VIA system or with THF for the Ac

VLA system. The monomer conversion was estimated by comparing the OPC peak area of the

produced polymers with that of a model polymer, poly(VLA) or poly(Ac-VLA), dissolved in

DMF or THF, respectively, at a known concentration.

4-3. Results and Discussion

It has been established that the nitroxide-mediated polymerization of styrene is set under

control by the dissociation--eombination reversible reaction between the alkoxyamine P-X and

the polymer and nitroxyl radicals P'" and X"':

p-X X* (1)

where kd and kc are the dissociation and combination rate constants and, in the presence of the

monomer M, P* undergoes propagation with a velocity kp[M] until it is blocked by X* to form

the dormant species p-x. The polymerization rate, Rp ::: kp[P*][M], in typical styrene/nitroxide

systems was found to be essentially independent of alkoxyamine concentration.7h
,15a.b This

means that the stationary concentration of p* is determined, as in the conventional

(alkoxyamine-free) system, by the balance of initiation and termination reactions, where

initiation may occur either by thermal means (styrene undergoes significant thermal initiation

at high temperatures, e.g., > 100°C) or by the decomposition of an initiator like BPO and ncp.
Details of elementary reactions, induding values of kd and kc' are now available for the

styreneffEMPO (2,2,6,6-tetramethylpiperidinyl-l-oxy) system.16 The VLA;DBN and Ac

VLNDBN systems studied here are different in many aspects from the styreneffEMPO system,

as will be described below.
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It is also noted that the polymerization of VLA with a TEMPO mediator did not work

satisfactorily, presumably due to the partial decomposition of the monomer at the high

temperatures (> 120°C) where the kd of the VLAffEMPO system is expected to be sufficiently

large. Actually, the system was observed to become brownish after a prolonged polymerization

at 125°C. Reported model experiments20 and molecular orbital calculations20
,21 suggest that

DBN will give a larger kd than TEMPO when other conditions are the same. This encouraged

the author to carry out VLA and Ac-VIA polymerizations at lower temperatures (90 - 105°C)

using DBN as a mediator. At these temperatures, no decomposition of the monomers was

detectable in the time scale of the polymerizations.

4-3-2. System with VLA and BS-DBN

Figure 4-2a shows the time~onversion plot for the VLA polymerization in DMF at 105°C

with various concentrations of the alkoxyamine BS-DBN. Clearly, the rate of polymerization

depends on [BS-DBN]: the conversion at a fixed polymerization time increases with increasing

[BS-DBN]. However, the conversion seems to level off after some time that depends on [BS

DBN]. It is also noted that a polymerization with [BS-DBN] lower than about 1/100 of [VLA]

gave no polymer even after 5 h of polymerization (data not shown) and that no thermal

polymerization was detectable for the pure VLA (in DMF). The number-average molecular

weight Mo and the polydispersity ratio MjMo of the produced polymers are given in Figure 4

2b. The M o increases nearly linearly with conversion, and it reasonably compares to the

theoretical prediction calculated from the conversion/[BS-DBN] ratio (the solid lines in the

figure), even though this comparison cannot be a rigorous one because of the use of the PEG

calibrated GPc. The MjMo ratio increases with an increase in conversion when [BS-DBN] is

fixed and with a decrease in [BS-DBN] when conversion is fixed.

One of the main reasons for the observed differences of the VLA system from the

styrene and p-tert-butoxystyrene systems must be the absence (or insignificance) of thermal

initiation in the ViA system. The radical concentrations in a nitroxide-mediated system may

generally be described by

(2)

(3)
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The kd and k c terms in eqs 2 and 3 come from the reversible reaction in eq 1, R j is the initiation

rate, and k1 is the rate constant of termination. When R j > 0, [P*] and [X*] eventually reach the

stationary values that are analytically obtained by solving the two equations d[P* ]/d! ::::

d[X*]/d! =O. When R j =0, eqs 2 and 3 cannot be analytically solved rigorously. A computer

simulation has shown that during an initial short time (typically, on the order of tens of

milliseconds), [P*] sharply increases and then begins to decrease, passing through a broad

maximum, while [X*] increases sharply at first and then more slowly.15c,22 These initial
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Figure 4·2. (a) Time-conversion plots for the polymerization of VIA and (b) values of
Mn and MwlMn (estimated by PEG-calibrated GPC) as a function of monomer
conversion. Solution polymerization in DMF with different BS-DBN concentrations at
105°C: [M]/[BS-DBN] :::: 7011 (.), 40/1 (e), 20/1 (&). The full lines in Figure 4-2b
represent the theoretical predictions.
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behaviors are virtually independent of R i• When R i ~ 0, [P*] and [X*] gradually approach the

mentioned stationary values. When R i = 0, [P*] and [X*] monotonously decrease and increase,

respectively, reaching no stationary values. Fischer noted for the first time that [P*] and [X*]

in this time region show simple power-law behavior. In fact, eqs 2 and 3 (with R
j
=0) can be

easily solved under the approximations that [P-X] = [P-X]o - [X*] "" [P-X]u » [X*] » [P*]

and that d[X*]/dt "" 0, which are usually valid for the main part of such a polymerization

process of practical interest. With a modification of the Fischer model, in which it was assumed

that kc = k., we obtain

(4)

(5)

where K =kikc Integration of the relation -d[M]ldt =kp[P*][M] with eq 4 leads to

In([M]J[MJ) = (3k/2)(K{P-X]J3kJlf3 fI3 (6)

Thus the logarithmic conversion index In([M]J[MJ) in an initiation-free system is expected to

show the characteristic 2/3-order dependence on time and 1/3-order dependence on the

mediator concentration [P-Xlo.
23 This relation should be compared to the stationary-state

equation valid for systems with nonzero R j

(7)

which is first order in t and zeroth order in [p_X]o.15a,b,l6c

Figure 4-3 shows the plot of r-1f3ln([M]J[M]) vs r for the same data as in Figure 4-2a,

where r (= [P-X]J[M]o) is approximately proportional to [P-X]o because the volume fraction of

P-X is nearly zero in all studied cases (hence [M]o is nearly constant). For the first 2 b or so (f13

< 1.6), all the data points seem to form a common straight line, as eq 6 predicts. For larger t,

downward deviations from the straight line become evident for the runs with r = 1/70 and 1/40,

while the 1/20 run is still representable by the straight line. This suggests the presence of side

reactions. A possible one may be the decomposition of the active chain end through the f3-
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Figure 4-3. Plot of r- I13Jn([M]J[M]) vs FJ for the VLAlBS-DBN system at 105°C:
[MJ/[BS-DBN] =: 70/1 (.),40/1 (e), and 20/1 (A).

proton abstraction by the nitroxyl radical,15c,24 forming a terminally unsubstituted PYLA and a

hydroxyamine. A kinetic study of this process "for a polymer~nitroxyl adduct is demonstrated

in Appendix (AI). If this is a main side reaction, however, the nonlinear behavior in Figure 4-3

should be independent of r, since the .8-proton abstraction is a quasi-first-order reaction that is

proportional to the frequency of dissociation (hence of combination) of the alkoxyamine. This

conflicts with the experiments. Even though direct evidence is lacking at the moment, it is

likely that the retardative (or degradative) transfer to the hydroxyl groups of VLA is

responsible for the observed slowing down of the polymerization rate, which becomes more

serious with a decrease in [P-X]o and hence an increase in chain length. This interpretation is

supported by the observation that there seems to be a maximum M n attainable in this system,

which is about 6000, and that the MjMn ratio increases with increasingMn (Figure 4-2b).

4-3-3. System wth VLA, BS-DBN, and DCP

To increase polymerization rate and chain length, one can add the radical initiator DCP to the

VLAlBS-DBN system. In the styrene/nitroxide system, such an initiator was found to work

very effectively for the mentioned purpose.I6c,25 Figure 4-4a shows the time-conversion plot,
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Figure 4-4. (a) Tirne-conversion plots for the polymerization of VLA and (b) values of
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°C: [M]/[BS-DBN]I[DCP] =40/1/6 (~), 40/1/3 (A), 40/1/0.3 (e), and 40/1/0 (.). The
full line in Figure 4-4b represents the theoretical prediction.

showing the effect of DCP. Clearly, the conversion at a fixed polymerization time increases

with increasing [DCP]. TheMn increases approximately linearly with conversion (Figure 4-4b),

indicating that the number of polymer chains does not significantly change despite the addition

of DCP. However, again, the conversion showed a leveling-off trend (Figure 4-4a), and the Mn

did not become much larger than about 7000 with the M.)Mn value increasing with increasing
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Mil (Figure 4~4b). Thus, ncp plays the expected role of enhancing the stationary value of [P*]

or Rp without a significant increase of the number of polymer chains, but it fails to increase M o

or conversion. This can be understood again in terms of a retardative (or degradative) transfer.

4·3·4. System with Ac-VLA, BS·DBN, and DCP

Since the transfer to the hydroxyl groups of VLA is likely to be the main cause for the

undesirable features of the VLA systems, namely the relatively low M o and conversion and the

broadening of polydispersity with increasing M o, the author carried out the polymerization of

the protected monomer Ac-VLA. Figure 4-5 shows the GPC curves of poly(Ac~VIA.)

synthesized with BS-DBN in the presence of a small amount of ncp. It can be seen that the

molecular weight increases with increasing reaction time, and the MJMn ratio remains

remarkably small in all cases. Figure 4~6a shows the time-conversion first-order plot for the

polymerization in the presence of a fixed amount of BS-DBN and varying concentration of

t = 5 h

M n = 12600 (MwiM n = 1.1 3)

2 h

1 h

4400 (1.14)

0.5 h

I
25 30

Elution Time / min

Figure 4-5. GPC curves for the polymerization of Ac~VLA in DMF at 90°C:
[M]/[BS-DBN]/[DCP] =40/1/2.2.
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DCP. The plots arc linear, indicating that the radical concentration stays constant during the

polymerization. Remarkably, a 90 % conversion has been reached in 5 h with the highest

concentration of DCP studied here. There seems to be a short induction period in the Ac

VLAlBS-DBN system (Figure 4-6a), the reason for which is unclear at this moment. Figure 4

6b shows that the M n of the produced polymer linearly increases with conversion, independent

of DCP concentration, and the M.jMn ratio stays around 1.1 at all conversions. Particularly

noteworthy is the essential role played by the radical initiator.15b
•
1
6c,25 It increases R p (by more

than 15 times when [DCP]/[BS-DBN] = 2.2) without causing appreciable broadening of

polydispersity. On the basis of the reported decomposition rate constant of DCP in cumene,26

the cumulative number of the polymer molecules originating from the decomposition of DCP

is estimated to be less than about 5 % of those of the BS-DBN origin even for the run with the

highest DCP concentration ([DCP]/[BS-DBN] = 2.2) and the longest polymerization time (5 h).

Obviously, tbe Rp of the DCP-free system is impractically too small (Figure 4-6a).

The M n values obtained by GPC were significantly smaller than those calculated from

the conversionlalkoxyamine ratios. Apparently, the PS-calibrated GPC does not work

accurately for this particular system. Thus, we have carried out an ultracentrifuge

sedimentation equilibrium (UCSE) analysis with one of the samples. Its M w was found to be

40000, about 2.7 times as large as the GPC value but reasonably close to the theoretical value.

These results show that the protection of the hydroxyl groups of the monomer suppresses side

reactions to provide the polymerization system with better "living" characters. Since the

deacetylation of poly(Ac-VLA) can be achieved easily and quantitatively by treatment with

hydrazine in DMF solution/7 the proposed polymerization procedure will open up a new and

practical route to the preparation of well-defined glycopolymers.

4-4. Conclusions

The free radical polymerization of VLA in DMF in the presence of a BS-DBN adduct

proceeded in a "living" fashion under limited conditions, giving relatively narrow

polydispersity PYLA. However, the monomer conversion did not become high enough, and

polymers with a high enough molecular weight could not be obtained. The polymerization of

the monomer with protected hydroxyl groups (Ac-YLA) in the presence of BS-DBN as

mediator and DCP as accelerator proceeded in a better-defined "living" fashion, giving higher

molecular weight, narrower polydispersity polymers with a high conversion. Thus this work
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has broadened the practical synthetic route to well-defined glycopolymers and the applicability

of the nitroxide-mediated "living" radical polymerization. The "living" radical polymerization

of Ac-VLA will also find important applications in, e.g., the preparation of amphiphilic block

and graft copolymers.
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Figure 4-6. (a) Time-conversion plots for the polymerization of Ac-VLA and (b)
values of Mn and MwlMn (estimated by PS-calibrated GPC) as a function of monomer
conversion. Solution polymerization in DMF with different DCP concentrations at 90
°C: [M]/[BS-DBN]/[DCP] = 40/1/2.2 (....), 40/1/1.1 (e), and 40/1/0 (.). The full line
in Figure 4-6b represents the theoretical prediction.
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ChapterS

Nitroxide-Controlled Free Radical Polymerization

ofa Sugar-Carrying Acryloyl Monomer

5-1. Introduction

As described in Chapter 4, the author succeeded in the "living" radical polymerization of styryl

monomer with pendent saccharide residue by the nitroxide-controlled free radical

polymerization technique.] His interest now focuses on developing a synthetic route to well

defined polyacrylate-type of glycopolymers, because acrylate derivatives with pendent

saccharide residues are easily made available and commonly used in the glycotechnology as

monomers polymerizable by the free radical mechanism.2

Recent successful applications of nitroxide-mediated polymerization to acrylates

include the polymerization of n-butyl acrylate (at about 145°C) mediated by a TEMPO

(2,2,6,6-tetramethylpiperidinyl-1-oxy) derivative,3 that of the same monomer (at lOQ......120 DC)

using the novel nitroxyl which has a diethyl phosphate group at the J3-position to the N atom,4

and that of tert-butyl acrylate (at 120°C) initiated with a molecular adduct of DBN (di-tert

butyl nitroxide).5 In view of the potential activity of DBN at relatively low temperatures and its

easy availability, the author has attempted the DBN-mediated polymerization of the sugar

carrying acrylate. By the use of a conventional initiator (dicumyl peroxide) as an accelerator,

he has succeeded in the synthesis of well-defined acrylate glycopolymers as well as

amphiphilic diblock copolymers comprising the glycopolymer subchain, as will be detailed

below.

5-2. Experimental Section

5-2-1. Materials

Commercially obtained styrene (Wako Pure Chemicals, Osaka, Japan) and benzoyl peroxide

(BPO, Nacalai Tesque, Kyoto, Japan) were purified by the standard methods described

elsewhere.6 An alkoxyamine adduct, 2-(benzoyloxy)-1-(phenylethyl)-di-tert-butyl nitroxide

(BS-DBN, Figure 1a) was prepared as described in Chapter 41 excepting that the reaction

temperature was 50°C. Dicumyl peroxide (DCP, Nacalai Tesque) was recrystallized from a

chloroform/methanol mixture before use. p-Xylene was dried over molecular sieves (4 A) for
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several days prior to usc. All other reagents were purchased from commercial sources and used

as received.

~ /I-Bu
o-C-0-CH2-CH-0-N

- ~ "I-Bu

V
(a) BS-DBN

CH2=CH
IC=O
r

o 0

xo-~

0-+
(b) MAlpGle

--!-CH2-(;+-!CH2-yH-+--

\ ~ l)n \ C=O)m
~ / OH

O~H,OH
OH a

(e) PST-b-PMAGle

Figure 5-1. Chemical structures of (a) BS-DBN, (b) AIpGlc, and (c) PS-b-PAGlc.

5-2-2. Synthesis of 3-0-Acryloyl-l,2:5,6-di-O-isopropylidene-a-D-glucofuranoside

(AlpGIc, Figure Ib)

This synthesis was made by a slight modification of the method proposed by Ouchi et a1.7 To a

cold solution of 1;2:5,6-di-O-isopropylidene-D-glucofuranose (26 g, 0.1 mmol) in dry acetone

(100 mL) with triethylamine (40 mL, 0.3 mmol), acryloyl chloride (25 mL; 0.3 mmol) was

added dropwise at 0 0c. The mixture was magnetically stirred for 1 h at 0 °C and then for

another 2 h at room temperature. The system was diluted with a cold water (250 mL) and

extracted three times with chloroform (200 mL). The combined extracts were dried over

anhydrous sodium sulfate. After the solvent was evacuated off, the crude product was purified

by flash silica gel chromatography with a 2:3 hexane/ethyl acetate mixture as an eluent to yield

a pale yellow syrup. Crystallization of the syrup was induced in cold 1l-hexane to give a

slightly yellow powder (24 g, 77 %): IH-NMR (CDCI3, 400 MHz): D1.25-1.55 (m, 12H, 4 CH3

of isopropylidene units), 4.05, 4.25, 4.51, 5.29, and 5.87 (7H, sugar moiety), 5.85-6.50 (3H,

three vinyl protons). Anal. Calcd forC 1sHn 0 7: C, 57.31; H, 7.07. Found: C, 57.53; H, 7.17.

5-2-3. Nitroxide-Controlled Polymerization of AIpGlc

A solution of AIpGlc (60 wt.%) inp·xylene containing a prescribed concentration of BS-DBN

and DCP was charged in a Pyrex tube, degassed by three freeze-pump-thaw cycles; and sealed
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off under vacuum. The tube was placed in an oil bath thermostatted at 100 DC for a prescribed

time, and quenched to room temperature. A part of the sample solution was subjected to a gel

permeation chromatography (OPC) analysis after appropriate dilution with tetrahydrofuran

(THF). The monomer conversion was estimated by comparing the GPC peak area of the

produced polymer with that of a model poly(AIpGlc) (PAIpGlc) dissolved in THF at a known

concentration.

The remaining sample solution was diluted with chloroform and poured into methanol.

The precipitate was purified by reprecipitation with a chloroform (solvent)/cold methanol

(nonsolvent) system and dried in vacuo to yield a polymer as a white powder.

5-2-4. Deprotection of PAIpGlc

The transformation of PAIpGlc into the hydroxyl polymer poly(3-0-acryloyl-a,,8-D

glucopyranoside) (pAGle) was achieved by the conventional method8
: the protected polymer

(170 mg) was dissolved in 80 % formic acid (20 mL) and stirred for 48 h at room temperature,

to which 8 mL of water was added and stirred for another 3 h. The solution was dialyzed

against distilled water for 2 days, concentrated in vacuo, and finally lyophilized to give PAGlc

as a white powder with a quantitative yield.

5-2-5. Synthesis of PS-b-PAIpGlc and PS-b-PAGlc (Figure 5·1c) Diblock Copolymers

Polystyrene precursors (PS-DBN) were prepared by the bulk polymerization of styrene in the

presence of BS-DBN and DCP. In a typical run, freshly distilled styrene (3.27 g), BS-DBN (29

mg, 20 mM), and DCP (97 mg, 92 roM) were charged in a Pyrex tube, degassed by three

freeze-pump-thaw cycles, and sealed off under vacuum. The mixture was heated at 100 DC for

1.5 h, and after dilution with chloroform (5 mL) the solution was poured into methanol (50

mL). The precipitate was purified by reprecipitation with a chloroform (solvent)/methanol

(nonsolvent) system and dried in vacuo to give a polymer (P-l in Table 5-1) as a white powder

(770 mg): M n = 9300 and MjMn = 1.15. The characteristics of the PS-DBN adducts

synthesized in this work were summarized in Table 5-1.

Diblock copolymers were synthesized as follows: typically, a solution of AIpGlc (605

mg, 1.9 mmol, 60 wt.%) inp-xylene containing PS-DBN (P-l, 96 mg, 0.01 mmol) and DCP

(4.7 mg, 0.017 romol) was charged in a Pyrex tube, degassed by three freeze-pump-thaw cycles,

and sealed off under vacuum. The mixture was incubated at 100 DC for 2 h, diluted with

chloroform (3 mL), and poured into methanol (50 mL). The precipitated polymer was purified

by reprecipitation with a chloroform/methanol system and dried in vacuo to give a PS-b-
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PAlpGlc diblock copolymer as a white powder (220 mg): M n = 15700, MjMn = 1.64. The PS

b-PAlpGlc diblock copolymers prepared in this way were further treated with 80 % formic acid

to deblock the isopropylidenc groups and purified as described for PAGle.

Table 5~1. Synthesis of PS-DBN Precursor Polymers a

Polymer
Amount of Amount of Amount of

M b MwlMn
b Conversion

styrene (g) BS-DBN (mg) DCP (mg) n (%)

P-l 3.27 29 97 9300 1.15 24
P-2 1.62 29 48 4500 1.10 23
P-3 1.04 37 31 2300 1.07 22

• All reactions were carried out for 1.5 h at 100 dc.
h Estimated by PS-calibrated gel permeation chromatography.

5-2~6. Measurements

Proton-nuclear magnetic resonance CH-NMR) spectra were obtained on a JEOL JNM/AL400

400-MHz spectrometer. The GPC analysis was made on a Tosoh GPC-8020 high-speed liquid

chromatography equipped with Tosoh gel columns G2500H, G3000H, and G4000H. THF was

used as eluent, and temperature was maintained at 40°C. The column system was calibrated

with standard polystyrenes (PSs). Sample detection and quantification were made with a Tosoh

refractive-index detector RI-8020. Transmission electron microscopic (TEM) observations of

the diblock copolymer surface morphologies were performed on a lEOL transmission electron

microscope JEM-1010 operated at 100 kV. A drop of a 0.3 wt.% .N;Nwdimethylformamide

(DMF) solution of a diblock copolymer was placed directly on a carbon-coated grid and

allowed to air-dry. The cast film was then stained with a saturated aqueous solution of uranyl

acetate.

5~3. Results and Discussion

5-3-1. AIpGlc Polymerization by Using BS-DBN Adduct

The polymerization of AIpGlc with BS-DBN and OCP at 120°C was first conducted but

unsatisfactory results were obtained, presumably due to the partial decomposition of the sugar

residues at this temperature. Actually, the system was observed to become brownish after a

prolonged polymerization at 120 nc. Following the suggestions of the previous reports,I,9 in

which wellwcontrolled polymerizations of styrenic monomers were achieved by a DBN

mediator at lower temperatures (:5 100 DC), the author then attempted the polymerization at 100
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0c. At this temperature, no decomposition of the sugar residues was detected. The

polymerization proceeded smoothly by the addition of an appropriated amount of DCP.

(a)
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~ 0.1 •
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Figure 5-2. (a) Plot of In([M]J[M]) vs t and (b) values of Mo and MwlMn as a function of
monomer conversion; solution polymerization of AIpGlc (60 wL%) in p-xylene at 100°C:
[AIpGlc]c1[BS-DBN]J[DCP]o =200/1/2.4 (.) and 200/1/0 (e). The full line in Figure 5-2b
represents the theoretical prediction.

Figure 5-2a shows the plot of In([M]J[M)) versus polymerization time t, where [M]

represents the monomer concentration and the subscript zero denotes the initial state (t = 0).

The polymerization rate of the DCP-free system is impractically slow, but it can be clearly

increased by the addition of DCP. A closer inspection of the figure reveals that the first-order
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plot for the DCP-containing system is linear, indicating that the radical concentration stays

constant. On the other hand, the plot for the nCP-free system is non-linear and levels off after

a short time. Figure 5-2b shows that the M n of the produced polymer linearly increases with

conversion. Thus, DCP plays the expected role of increasing the polymerization rate and

keeping it constant without a significant increase of the number of the chains. Figure 5-2b also

shows that the Mw/Mn ratio is fairly small from an early stage of polymerization. This means

that the rate constant of activation (homolysis) of the polymer-DBN adduct is sufficiently large.

The gradual increase of the Mw/Mn ratio with time is due to side reaction(s). These results are

similar to those for the tert-butyl acrylatelDBN system, in which the decomposition of the

active polymer chain end occurs through the J3-proton abstraction by the nitroxyls and the

subsequent hydrogen transfer reaction (ct. Appendix, Al).5,10 The present system possibly

undergoes similar side reactions. Incidentally, it is also noted that the polymerization of the

unprotected monomer AGlc would be unsuccessful due to the possible chain-transfer reaction

of the growing radical to the hydroxyl protons numerously present in the system (ct. Chapter

4V
As shown in Figure 5-2b, the Mn values obtained by GPC, however, were significantly

smaller than the theoretical values, Mn,'~o' calculated from the monomer

conversion/alkoxyamine molar ratio. This is ascribed predominantly to the inaccuracy of the

PS-calibrated GPC employed here. Because of the use of the radical initiator DCP, the total

number of polymer chains is larger than the number of the alkoxyamine initiator, but the

deviation of M n from Mn,lhco for this cause is estimated to be minor even in the later stage of

polymerization. We have carried out 400 MHz IH-NMR measurements for two PAIpGlc

samples (S-l and S-2). A typical IH-NMR spectrum is given in Figure 5-3a. The number

average molecular weight was estimated on the basis of the ratio of the integral areas of peaks

Sand B, which are assignable to the anomeric protons of the sugar moieties and the two artha

protons of the phenyl ring of the BPa moiety at the chain end, respectively. Table 5-2

compares the NMR and GPC number-average molecular weights. The NMR values (Mn,NMR)

are in good agreement with the theoretical values (Mn,thCO)' confirming that the AIpGlc

polymerization proceeds in a controlled way, providing low-polydispersity polymers with a

predictable molecular weight.

Table 5-3 summarizes the characteristics of all the PAIpGlc polymers prepared in this

work.
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Figure 5-3. TypicallH-NMR spectra taken (a) before and (b) after the acidolysis of
PAIpGlc. The solvents were (a) CDCI3 and (b) DMSO-d6•

Table 5-2. Comparison of Number-Average Molecular Weight Values

Sample

S-l

S-2

4100

6200

6100

10000

7400

12000

• Estimated by PS-calibrated gel permeation chromatography.
b Determined by IH-NMR.
C Calculated from the ratio of ([M]o - (M])/[BS-DBN]o.
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Table 5-3. Results of AIpGIc Solution Polymerization in p-Xylene at 100°C a

Run /M/./[ D]r/[D]o"
Polymerization Conversion Me Mn,lhoo

d Mw/Mn"time (h) (%) n

R-l 100/1/4.6 2 26 5300 8500 1.80

R-2 100/1/4.6 5 55 8000 17600 1.99

R-3 100/1/2.3 2 12 3100 4000 1.39

R-4 100/1/2.3 7 29 5300 9300 1.58

R-5 100/1/1.2 2 7.2 2600 2600 1.27

R-6 100/1/1.2 7 13 3300 4400 1.31

R-7 100/1/0 2 5.5 2400 2100 1.27

R-8 100/1/0 7 7.0 2600 2600 1.21

R-9 200/1/4.8 2 18 7500 1160 1.67

R-lO 200/1/4.8 5 44 9700 28000 2.18

R-ll 200/1/2.4 2 8.7 6100 5800 1.38

R-12 200/1/2.4 5 19 7300 12400 1.55

R-13 200/1/0 3 6.1 4900 4200 1.27

R-14 200/1/0 6 8.4 5500 5700 1.30

• The concentration of AlpGlc monomer was 60 wI.% in all reaction conditions.
h [M]o, [B]o, and [D]o represent initial concentrations of AIpGlc, BS-DBN, and DCP, respectively.
C Estimated by PS-calibrated get permeation chromatography. The GPC M n values can be inaccurate,

as demonstrated in Table 5-2.
d Calculated from the ratio of ([M]o - [M])/[B]o.

5-3-2. Deprotection of Isopropylidene Groups of AIpGIc

The PAlpGIc sample was treated with formic acid to obtain PAGlc homopolymer. Figure 5-3

shows typical lH-NMR spectra of the homopolymer taken before (Figure 5-3a) and after

(Figure 5-3b) the acidolysis. The signals of the isopropylidene protons (1.2 -1.4 ppm in Figure

5-3a) have completely disappeared after the acidolysis and instead a broad absorption

assignable to the anomeric hydroxyl groups of the sugar moieties (6.4 - 7.0 ppm in Figure 5

3b) has appeared. This confirms that the deprotection of the isopropylidene groups proceeded

quantitatively. The PAGlc polymers obtained here were soluble in water, DMF, and dimethyl

sulfoxide.

5-3-3. Synthesis of PS-b-PAIpGlc Diblock Copolymers

The synthesis of PS-b-PAIpGlc diblock copolymers was made by using PS-DBN adducts as

"initiator". Table 5-1 summarizes the characteristics of the PS-DBN adducts studied here,

which were prepared by the bulk polymerization of styrene in the presence of varying
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Block Copolymer

(PS-b-PAlpGlc)
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Figure 5-4. GPC curves for the precursor PS and PS-b-PAIpGlc block copolymer before
purification. The polymerization was carried out for Ih at 100°C.

Table 5-4. Synthesis of PS-b-PAIpGlc Diblock Copolymers •

Amount Amount
Amount Dpr.& of

Diblock of of
ofDCP

1"" et M< M.jM/
DpeJ of

PAIpGlc
copolymer AIpGlc precursorb (h) (%) • PS block

(g) (mg)
(mg) block

B-1 0.61 P-196 4.7 2 36 15700 1.64 96 72

B-2 0.91 P-272 8.2 3 30 11000 1.68 45 60

B-3 1.05 P-333 10 4 52 12200 1.97 22 104

• All reactions were carried out at 100 dc. The concentration of AIpGlc monomer was 60 wt.% in all
reactions.

b See Table 5-1.
CPolymerization temperature.
d Monomer conversion.
e Estimated by PS-calibrated gel permeation chromatography.
r Number-average degree of polymerization.
&Calculated from the molar ratio of the AIpGlc conversion to the PS-DBN adduct.
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concentrations of BS-DBN and a fixed amount of DCP. To minimize unfavorable side

reactions/ we have limited the polymerization time of all PS-DBN adducts to 1.5 h. Figure 5-4

shows the GPC curves of the PS-DBN precursor polymer (P-2) and the crude polymer obtained

by the polymerization of AlpGlc with the PS-DBN initiator. The peak position has shifted to a

higher molecular weight region with no appreciable shoulder peak at the elution position of the

precursor and the molecular weight distribution remaining fairly narrow. This suggests

successful formation of a PS-b-PAlpGlc block copolymer. Table 5-4 shows the characteristics

of the purified block copolymers. The acidolysis of the PS-b-PAlpGlc samples gave

amphiphilic block copolymer of the type PS-b-PAGlc.

Figure 5-5. TEM micrograph of the surface of solvent-cast PS-b-PAGlc block copolymer
film; (a) deblocked B-1, (b) deblocked B-2, and (c) deblocked B-3 (cf. Table 5-4). The
light and dark regions show the PS and PAGlc domains, respectively.
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5-3-4. Surface Morphology of PS-b-PAGIc

It is well known that block copolymers often undergo microphase separation and exhibit

various microdomain morphologies. ll The PS-b-PAGlc diblock copolymer with an amphiphilic

character may corne under this case. We have investigated the surface morphologies of the thin

film of PS-b-PAGlc cast from a DMF solution. The TEM micrographs of the three sample

films stained by uranyl acetate are presented in Figure 5-5. Since uranyl acetate selectively

stains the hydrophilic polymer (PAGlc), the darker regions in the micrograph correspond to the

PAGlc domains. All micrographs clearly show regular, spherical PS domains embedded in a

continuous matrix of the PAGlc moieties. The three block copolymer samples sbO\vn here have

a PS block of roughly the same molecular weight (Table 5-4). In this regard, it is interesting

that the size of the spherical PS domain becomes larger with increasing PS content in the

diblock copolymers. Note that these observations were made for the surface structures of the

solvent-cast films, and they should be very much different from the bulk structures of the block

copolymers. Nevertheless, the regular surface morphologies observed here, which must have

resulted from the well-defmed amphiphilic molecular structure of the polymers, may play an

important role to determine the physical properties of the films, e.g., biocompatibility and

protein-recognizability.

5-4. Conclusions

The free radical polymerization of AIpGlc inp-xylene in the presence of BS-DBN as initiator

and DCP as accelerator proceeded in a "living" fashion, giving PAIpGlc with a controlled

molecular weight up to Mn = 13000 and a low-polydispersity, 1.2 < M,,/Mn < 1.6. The

polymerization of AIpGlc with PS-DBN as initiator proceeded in a controlled way, providing

well-defined diblock copolymers of the type PS-b-PAIpGlc. The acidolysis of PAIpGlc and PS

b-PAIpGlc provided water-soluble AIpGlc homopolymers and amphipbilic PS-b-PAGlc

diblock copolymers. Films of PS-b-PAGlc diblock copolymers exhibited a microdomain

surface morphologies with spherical PS domains embedded in the hydrophilic PAGlc matrix,

the size of the PS domains depending on tbe monomer composition.

Thus, the nitroxide-mediated polymerization offers a practical synthetic route to well

defined sugar-carrying polyacrylates with a reasonably high molecular weight. The

development of new nitroxides with less side reactions will lead to even better-defined

glycopolymers with a higher molecular weight, which will make many contributions to
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polymer science and glycoconjugate chemistry.
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Chapter 6

Synthesis ofa Well-Defined Glycopolymer

by Atom Transfer Radical Polymerization

6-1. Introduction

As described in Chapter 4, the author succeeded for the first time in the synthesis of a low

polydispersity glycopolymer by a free radical mechanism, which was based on the use of a

styryl derivative as a monomer and a nitroxide as a mediator.1 Furthermore, the system was

successfully applied to the synthesis of a well-defined glycopolymer of poly(acrylate) type (see

Chapter 5).2 Nitroxide-mediated polymerization is among those several controlled/"living" free

radical polymerization techniques that have been rapidly developed in recent years. Each of

them has merits and demerits with differing applicability to differing monomers. The alkyl

halide/transition-metal systems independently reported from Sawamoto's3. and

Matyjaszewski's3b groups appear to have promising applicability to various types of monomers

including methacrylates. In an attempt to widen the simple synthetic route to well-defined

glycopolymers, the author, in this chapter, has applied the technique based on the use of an

alkyl halide/copper-complex system, the so-called "atom transfer radical polymerization

(ATRP)"\ to the synthesis of a glucose-carrying methacrylate polymer. It will be shown below

that the ATRP technique is capable of providing low-polydispersity, high-molecular weight

glycopolymers as well as an amphiphilic block copolymer with a glycopolymer sequence.

6-2. Experimental Section

6-2-1. Materials

Commercially obtained styrene (Wako Pure Chemicals, Osaka, Japan) was purified by vacuum

distillation from CaH2 before use. Cu(I)Br (99.999 %, Aldrich) was used as received without

further purification. 4,4'-Di-n-heptyl-2,2'-bipyridine (dHbipy) was prepared by the dilithiation

of 4,4' -dirnethyl-2,2' -bipyridine followed by coupling with n-hexyl bromide, according to

Matyjaszewski et al. 4b Ethyl 2-bromoisobutylate (2-(EiB)Br, Figure 6-1a) and 1-phenylethyl

bromide (l-(PE)Br) were used as received from Nacalai Tesque, Kyoto, Japan, and Wako Pure

Chemicals, respectively. Veratrole (o-dimethoxybenzene) was purchased from Nacalai Tesque

and dried over molecular sieves (4 A) for several days before use. All other reagents were
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commercially obtained and used without further purification.

CH3
I

CH -C-Br
3 I

C=O
I
OC2HS

(a) 2-(EiB)Br

(b) MAlpGlc

(c) PST-b-PMAGlc

Figure 6-1. Chemical structures of (a) 2-(EiB)Br, (b) MAIpGIc, and (c) PS-b-PMAGlc.

6-2-2. Synthesis of 3-0-Methacryloyl.l,2 :5,6.di.0.isopropylidene.n-glucofuranose

(MAIpGIc, Figure 6-1b)

This synthesis was made by a slight modification of the method proposed by Klein et al. 5 To a

solution of l,2:5,6-di-O-isopropylidene-D-glucofuranose (10 g; 38.4 mmol) in 50 mL of

absolute pyridine, 10 mL of methacrylic anhydride (67.1 mmol) was added dropwise at room

temperature. The mixture was heated at 65°C for 4 h and for another 1 h after the addition of

35 mL of water, being stirred magnetically. The system was allowed to get cool to room

temperature overnight and then extracted three times with 50 mL of petroleum ether (boiling

range, 30 - 70°C). The combined extracts were washed twice with 100 mL of 5 % aqueous

sodium hydroxide solution and three times with 60 mL of water and dried over anhydrous

sodium sulfate. After the solvent was evacuated off; the crude product was purified by flash

silica gel chromatography with a 7:2:1 ethyl acetate/toluene/methanol mixture eluent to yield

the sugar-carrying monomer as a colorless oil (9.4 g, 75 %): IH-NMR (CDCI3; 200 MHz) {)
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1.25-1.55 (m, 12 H, 4 CH3), 1.95 (s, 3 H, CH3-C=CH:J, 5.60 (s, 1 H, CH'2=C<, E form H), 6.10

(5, 1 H, CH'2=C<, Z form H), 4.05, 4.25, 4.51,5.29, 5.87 (7 H, sugar moiety). Anal. Calcd for

C16H2407: C, 58.51; H, 7.38. Found: C, 58.51; H, 7.50.

6~2-3. Polymerization Kinetics of MAIpGlc

A glass tube was charged with a predetermined amount of a (solid) mixture of Cu(I)Br and

dHbipy, to which a (liquid) mixture of MAIpGlc (50 wt.%) and veratrole containing a

prescribed concentration of 2-(EiB)Br was quickly added. The mixture was immediately

degassed by three freeze-thaw cycles, sealed off under vacuum, and finally placed in an oil

bath thermostatted at 80°C. Soon after the reaction mixture was heated at 80 °C, no trace of

Cu(I)Br powder was observed in the system. The color of the homogeneous solution was

originally reddish brown and became light brown as the polymerization proceeded. After a

prescribed time t, the reaction mixture was quenched to room temperature, and analyzed by gel

permeation chromatography (GPC) after appropriate dilution with tetrahydrofuran (THF). The

monomer conversion was estimated by comparing the GPC peak area of the produced polymer

with that of a model PMAIpGlc polymer dissolved in THF at a known concentration.

6~2~4. Synthesis of Poly(3~O-methacryloyl~1,2:5,6-di-O-isopropylidene-D-glucofuranose)

(pMAIpGlc)

In a typical run, Cu(I)Br (2.8 mg, 0.019 mmo!) and dHbipy (14 mg, 0.038 mmol) were charged

in a glass tube, to which MAIpGlc (1.25 g, 3.8 mmol) in veratrole (1.21 g) containing 2

(EiB)Br (7.4 mg, 0.038 mmol) was quickly added. The mixture was immediately degassed by

three freeze-thaw cycles, and sealed off under vacuum. The tube was incubated at 80°C for 90

min, and the content was diluted with chloroform (5 mL) and poured into methanol (120 mL).

The precipitate was purified by reprecipitation with a chloroform/methanol system and dried in

vacuo to give a polymer as a white powder (0.9 g): Me = 13,500 and MjMe = 1.21 (estimated

by GPC, see below), where Me and Mw are the number- and weight-average molecular weights,

respectively.

6-2-5. Preparation of Poly(3-0-methacryloyl-a,P-D-glucopyranose) (pMAGlc, Figure 6-

Ie)

The transfonnation of PMAIpGlc into the water-soluble polymer PMAGlc was achieved by the

conventional method:5,6 the protected polymer PMAIpGlc (500 mg) was dissolved in 80 %

formic acid (60 mL) and stirred for 48 h at room temperature. Additional 25 mL of water was

added and stirred for another 3 h. The solution was dialyzed against distilled water for 2 days,
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concentrated in vacuo, and finally lyophilized to give PMAGlc as a white powder with a

quantitative yield.

vertically movable glass cylinder

I \

-1
hole for
degassing

Reactor A Reactor B

Figure 6-2. The reaction vessel used for the block copolymerization.

6-2-6. Synthesis of PS-b-PMAIpGIc Diblock Copolymer

The polymerization was carried out using a H-shaped reaction vessel composed of two glass

reactors A and B connected with a glass tube (Figure 6-2). Each of the two reactors could be

evacuated and maintained at a reduced pressure down to 10-6 Torr by means of greaseless

stoppers equipped with double Teflon O-ring. Cu(I)Br (2.75 mg, 0.0192 mmol), dHbipy (13.54

mg, 0.0384 mmol), and then a styrene solution (200 mg, 1.92 rnmol) containing l-(PE)Br (3.55

mg, 0.0192 mmol) were quickly charged in reactor A. The mixture was immediately degassed

by three freeze-thaw cycles. The reactor was then sealed under vacuum by the greaseless

stopper and placed in an oil bath thennostatted at 110 °C for 5.5 h. After the system was cooled

to room temperature, a mixture of Cu(I)Br (1.375 mg, 0.00958 mmol), dHbipy (6.77 mg,

0.0192 mIllol), MAIpGlc (630 mg, 1.918 mmol), and veratrole (630 mg) was charged in

reactor B, and immediately degassed. Then the path connecting the two reactors was opened

and the content of reactor B was poured into reactor A, which contained the precursor product
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(PS). Reactor A was sealed again and heated at 80 "C for 24 h. The produced polymer was

purified by reprecipitation with a chloroform/methanol system. This polymer was further

treated with SO % formic acid to deblock the isopropylidene groups and purified as described

forPMAGlc.

6-2-7. IH-NMR Measurement

Proton-nuclear magnetic resonance spectra were obtained on a Varian VXR-200 200-MHz

spectrometer.

6-2-8. Gel Permeation Chromatography (GPC)

GPC measurements were made on a Tosoh GPC-8020 high-speed liquid chromatograph

equipped with Tosoh gel columns G2500H, G3000H, and G4000H. THF was used as eluent,

and temperature was maintained at 40°C. The column system was calibrated with standard

polystyrenes (PSs). Sample detection and quantification were made with a Tosoh refractive

index detector RI-8020. This system was used for the characterization of relatively low

molecular weight samples with a number-average molecular weight M n < 50000.

For the characterization of higher molecular weight polymers, GPC measurements were

made on a Tosoh HLC-S02 DR high-speed liquid chromatograph equipped with Tosoh gel

columns G6000H6, G5000H6, and G2000H6. Standard PSs were used to calibrate the

columns.

6-2-9. Light Scattering Measurement

Light scattering measurements were made in THF solvent at 25 "C on a DLS-7000 photometer

(Otsuka Electronics, Japan), which was calibrated with benzene. A He-Ne laser (wave length

633 nm) was used as a light source. The refractive index increment, dn/dc, in THF solution of

PMAIpGlc at 25 "C was determined to be 0.0735 mUg by a DRM1030 differential

refractometer (Otsuka Electronics).

6·2·10. Transmission Electron Microscopy (TEM)

TEM observation of the block copolymer surface morphology was performed in the same way

as described in Chapter 5.

6-3. Results and Discussion

The key role of ATRP is played by a number of activation-deactivation cycles in which the

alkyl halide P-X is reversibly transformed to the polymer radical P*. This process is activated

by a metal halide complex, e.g., Cu(I)XJ2L ex = CI or Br, and L = 4,4'-disubstituted-2,2'-
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bipyridine, for examplet:

p-x + Cu(I)XJ2L
( Cu(II)Xi2L (1)

where kp is the propagation rate constant, and k2,act and k2,deact are the rate constants of activation

and deactivation, respectively. The subscript 2 attached to the rate constants implies that these

reactions are second order. The activation process in the homogeneous ATRP of styrene is

second order as a whole, i.e., first order with respect to both [P-X] and [Cu(I)XJ2LV This

process has been kinetically confirmed for the first time by the experiments carried out by this

author and co-workers (cf. Appendix, A2). It has also been reported for the homogeneous

ATRP of styrene and methyl methacrylate (MMA) that the polymerization rate, Rp = kp[P*][M],

is first order with respect to both [P-X] and [Cu(l)XJ2L], and it also follows first-order kinetics

90 120 150 1806030
o.0 L--...L--'-..........---J._"--..............--'----'_.L.-....L...-......---L.I

o

1.5

~.........-0 1.0,........,

~.........--c
0.5

t/ min

Figure 6-3. Plot of In([M]oI[M]) vs t for the solution polymerization of MAIpGlc
(50 wt.%) in vcratrole at 80°C: [MAIpGlc]J[2-(EiB)Br]cI[Cu(I)Br]cI[dHbipy]o =
100/1/0.5/1 (.); 200/1/1/2 (e); 200/1/0.5/1 (A).
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with respect to monomer concentration.4b
.
h

6-3-2. ATRP of MAIpGIc, the Glucose-Carrying Monomer

Figure 6-3 shows the plot of In([M]J[M]) vs polymerization time t, where the subscript 0

denotes the initial state (t = 0). In all studied three cases, the plot can be approximated by a

straight line, i.e., the system follows first-order kinetics with respect to monomer conversion.

However, the dependence of Rp on the concentrations of the initiator 2-(EiB)Br and the

activator Cu(I)Br/2dHbipy is not simple. The curves for the two different values of [initiator)

with the common [activator) are nearly the same with each other. On the other hand, the curves

for the two different values of [activator] with the common value of [initiator] differ in slope

by a factor of about 3, while the activator concentrations differ only by factor 2. The reason for

the failure of the simple kinetics as observed for the styrene and MMA ATRPs is not clear at

BO60

...• ....
••••••••.......

.'
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o t...---L._..l.----L_-l-_I----l.._...L..---..1._.....

o
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o
o
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~

Conversion 1%

Figure 6-4. Values of M n and M.)Mn as a function of monomer conversion for the solution
polymerization of MAIpGlc (50 wt.%) in veratrole at 80 DC: [MAIpGlc}oII2
(EiB)Br}oI[Cu(I)Br}oI[dHbipy}o = 100/110.5/1 (.); 200/1/1/2 (e); 200/1/0.5/1 (A). The full
lines in the figure represent the theoretical predictions.
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this moment. Nevertheless the values of Mn of the produced polymers increased approximately

linearly with conversion, and the Mw/Mn ratios were remarkably small (smaller than 1.3 for

most samples), as shown in Figure 6-4.

These results have encouraged us to attempt to prepare low-polydispersity MAlpGlc

polymer with higher molecular weights. For this purpose, we have carried out two series of

polymerization runs with reduced initiator concentrations. In one series (series A), the

[monomer]J[activator]o ratio was 200, and in the other (series B), it was 400. Results are

summarized in Table 6-1, which, for the sake of comparison, reproduces part of the results

Table 6-1. Results of MAIpGIc Solution Polymerization in Veratrole at 80 DC"

Run [MAlpGlcJc! Time Conversion
MU1thcor.

b
Mn,Gpc

c M.•JMn[2-(EiB)Br]0 (h) (%)
AId 100 1.5 82 27100 13000 1.27

A2d 200 1.5 84 55400 22000 1.33

A3d 400 3.5 88 115500 51900 1.63

A4d 600 3.5 83 164300 75000 1.82

ASd 800 3 69 181500 106900 1.56

BIC 200 3 64 42200 18506 1.26

B2C 400 12 83 108600 47000 1.33

B3C 600 12 74 145000 67000 1.43

B4C 800 20 74 195200 98000 1.50

a The monomer concentration is 50 wt.%. [Cu(I)Br]oI[dHbipylo =1/Z.
h Calculated from the conversion/[initiator]o ratio.
e Estimated by gel permeation chromatography.
d [monomer]o![Cu(I)Br]o =200.
e [monomer]o![Cu(I)Br]o =400.

Table 6-2. Comparison of Weight-Average Molecular Weight Values

Sample

PI

P2

P3

20500

73000

203000

1.Z1

1.45

1.60

50000

169000

458000

M e
w,Lheor.

47000

168000

386000

• Estimated by gel permeation chromatography.
b Determined by light scattering.

c Mw,lheOL. =Mn,lhcor. x (M.jMn)opo where Mn.lheor. is the Mnvalue
calculated from the ([M]o - [MD/[initiator]o ratio.
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with the higher initiator concentrations (runs AI, A2, and Bl). Clearly, a decrease of initiator

concentration or increase of [monomer]J[2-(EiB)Br] ratio increases Mn, keeping the M,,,IMn

ratio fairly small. When compared at a common level of molecular weight, the polydispersities

of series-B polymers are generally lower (M.,,/Mn S 1.5 in all cases) than those of series-A

polymers.

The values of M n estimated by GPC are significantly smaller than the theoretical

values calculated as the molar ratio of polymerized monomer to initiator (see Figure 6-4 and

Table 6-1). This indicates the inadequacy of the polystyrene-calibrated GPC analysis. To

confirm this, we have carried out light scattering measurements for the three PMAlpGlc

samples (p1, P2, and P3) prepared by the ATRP method in a relatively large scale for this

purpose. An example of the Zimm plot is given in Figure 6-5. As Table 6-2 shows, the light

scattering (LS) M w values are much larger than the GPC values and fairly close to the Mw,lheor.

values calculated as the product of the theoretical M n and the GPC M.)Mn value. In the

examined range of molecular weight, the ratio Mw,rslMw,GPC is about 2.4 in all cases. If we

multiply the Mn,GPC values in Table 6-1 and Figure 6-4 by this factor 2.4, we finds that they

come close to the theoretical Mn values. All these results show that the ATRP of MAlpGlc

proceeds in a controlled fashion with predictable molecular weight, providing low

polydispersity polymers (MjMn < 1.5) with a molecular weight up to 200,000.
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Figure 6-5. Zimm plot for PMAIpGlc polymer P2.
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6-3-3. Preparation of PS-b-PMAIpGIc Diblock Copolymers

We have attempted to synthesize PS-b-PMAlpGlc type block copolymers by the sequential

monomer addition technique: as the first step, styrene S was polymerized in bulk with

Cu(l)Br/2dHbipy complex and l-phenylethyl bromide (l-PEBr) as an initiator at 110°C. After

S was nearly completely consumed (more than 90 % conversion, according to a reference run

carried out under the same reaction condition), a fresh feed of MAIpGlc with Cu(I)Br/2dHbipy

complex dissolved in veratrole was added under vacuum into the system induding the

precursor PS and then the mixture was heated at 80°C for 24 h. Figure 6-6 shows the GPC

PS-b-PMAlpGlc

M '" 14400n

0"

PS (Precursor)

M n '" 8000

M.)Mn =1.09

20 22 24 26 28 30 32

Elution Tim elm in

Figure 6-6. OPC curves for the precursor PS and PS-b-PMAIpOlc block
copolymer before purification: tbe curve PS was obtained for a reference run
carried out under the same reaction condition.

curve of the crude polymer thus obtained (before purification). The peak: position shifts to a

higher molecular weight region with no detectable shoulder peak: at the elution position of the

precursor and the molecular weight distribution remaining fairly narrow. This suggests

successful formation of a PS-b-PMAIpGlc type block copolymer. To be strict, the second
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block may not be a pure PMAIpGlc sequence but a statistical copolymer of MAIpGlc with a

small fraction of S due to the S monomer remaining unremoved after the first step. However,

its fraction is so small that the properties of the block copolymer thus obtained would be

approximately the same as those of the equivalent block copolymer with a pure PMAIpGlc

sequence. The IH-NMR measurement of the purified block copolymer showed that the ratio of

the number-average degrees of polymerization of PS : PMAIpGlc is 100 : 40 (on the basis of

the phenyl ring protons of S block and the sugar residue protons of PMAIpGlc block).

(a) PMAlpGlc

, , , , , , I , , , , I ! 5 5' ,,,, , I

CHC~

, ..
B 7 6 5 4 3 2 o

ppm

(b) PMAGlc

---fCH2-t~
\ c=o)n

/ OH
OtP~H,O~

;;;;:J'o/\

a

DMSO

I, ! 1 , I ! ! ! , ! ! 1 , 1 ! t , , , I [ , , ! I , [ " t , , , , I, ! , 1 I

B 7 6 5 4 3210
ppm

Figure 6-7. Typical IH~NMR spectra taken (a) before and (b) after the acidolysis of
PMAIpGlc. The solvents were (a) CDCl3 and (b) DMSO-d6•

6-3-4. Deprotection of :MAIpGlc Units into MAGic Units

The PMAIpGlc and PS-b-PMAIpGlc samples were treated with formic acid to obtain PMAGlc

homopolymers and PS-b-PMAGlc block copolymer. Figure 6-7 shows typical IH-NMR spectra

taken before and after the acidolysis. The isopropylidene protons (1.2 - 1.4 ppm in Figure 6-
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7a) have completely disappeared after the acidolysis, and instead, a broad signal assignable to

the anomeric hydroxyl groups of sugar moieties (6.4 - 7.0 ppm in Figure 6-7b) has appeared.

This confirms that the deprotection of isopropylidene groups proceeded quantitatively. The

PMAGlc polymers obtained here were soluble in water, DMF, and dimethyl sulfoxide.

Figure 6-8. TEM micrograph of the surface of a solvent-cast PS-b-PMAGlc
block copolymer film. The light and dark regions show the PS and PMAGlc
domains, respectively.

6-3-5. Surface Morphology of PS-b-PMAGIc

Block copolymers often undergo microphase separation and exhibit various microdomain

morphologies.s The diblock copolymer PS-b-PMAGlc obtained here is expected to show

microphase separation due to its amphiphilic character. We have investigated the surface

morphology of the PS-b-PMAGlc film prepared by casting from a DMF solution of the

polymer. A TEM micrograph is presented in Figure 6-8. Because uranyl acetate selectively

stains hydrophilic regions. (PMAGlc domains), the darker regions in the micrograph

correspond to PMAGlc domains. The micrograph clearly shows regular, spherical PS domains

of about 20 nm in diameter embedded in a continuous matrix of the PMAGlc moieties. It

should be noted that this observation was made for the surface of the solvent-cast film, and

therefore, the relationship between the microdomain and molecular structure cannot be
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rigorously discussed. Nevertheless, the regular surface morphology observed here must have

resulted from a well-defined ampruphilic molecular structure.

6-4. Conclusions

The free radical polymerization of MAIpGlc in veratrole in the presence of alkyl

halide/copper-complex proceeded in a "living" fashion, giving PMAIpGlc with controlled

molecular weight up to M n = 200 000 and low-polydispersity, 1.2 ~ M.jMn ~ 1.5. The

acidolysis of those polymers provided water-soluble PMAGlc polymers. The sequential

monomer addition technique, in which the first and the second monomer were S and MAIpGlc,

respectively, was successfully adopted to give a diblock copolymer of the type PS-b

PMAIpGlc with narrow molecular weight distribution. After the acidolysis of the PMAlpGlc

sequence, a film of this block copolymer exhibited a microdomain surface structure with

spherical PS domains embedded in the hydrophilic PMAGlc matrix. Thus, this work has

broaden the practical synthetic route to well-defmed glycopolymers. The ATRP of sugar

carrying monomer will find unique applications in, e.g., the preparation of sugar-carrying

amphiphile like glycolipid and graft polymers by constructing various initiating system.
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Chapter 7

Synthesis ofa Well-Defined Novel Glycolipid

by Nitroxide-Controlled Free Radical Polymerization

7-1. Introduction

Molecular recognition mediated by sugar residues at interfaces between, e.g., two lipid layers

or a lipid layer and a liquid phase in vivo is an essential process including virus infection,

fertilization, and immunological protection: A wide variety of synthetic glycolipids have

attracted much attention in designing model systems for the basic understanding of saccharide

recognition events at membrane surfaces.2 Kitano et aI. and the author have prepared a new

type of sugar-carrying amphiphile, in which glucose- and galactose-carrying vinyl monomers

were polymerized with a lipophilic azo-type radical initiator to give a glycolipid with sugar

carrying polymer (or oligomer) chain as a hydrophilic group (see Chapter 1 - 3). A single

drawback of the method was the difficulty of obtaining well-defined (Jow-polydispersity)

sugar-carrying polymer chains when the conventional free radical polymerization was

employed.

As described in Chapters 4 through 6, the author succeeded in the first synthesis of a

low-polydispersity glycopolymers by free radical mechanism, in which "living"

polymerizations of styrenic and methacryloyl monomers with pendent saccharide groups were

achieved by nitroxide-controlled4 and atom transfer radical polymerizations, respectively.

These successes have encouraged the author to synthesize well-defined artificial

glycolipids by "living" radical polymerization. At first, the work appeared him to be a rather

straightforward application of the established techniques. However, the first lipophilic initiator

systems designed by him have failed to give satisfactory results with respect to the

predictability of the molecular weight and/or low polydispersity of the product. The author

finally achieved a truly successful result with a newly designed lipophilic alkoxyamine initiator

and a styryl monomer having a pendent saccharide group. The following was the first report of

the synthesis of a well-defined artificial glycolipid by free radical mechanism and its fonnation

of a liposomal structure upon mixing with a phospholipid.
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7-2. Experimental Section

7-2-1. Materials

N,N-DiocLadecylamine (DODA) was from Fluka. Di-tert-butyl nitroxide (DBN) and 4

ethylbcnzoyl chloride were from Aldrich. Concanavalin A (Con A, from Canavalia ensijormis),

agglutinin RCA l20 (RCA, from Ricinus communis), and L-a-dimyristoylphosphatidylcholine

(DMPC) were from Sigma. N~(p-Vinylbenzyl)-2,3,5,6-tetra-O-acetyl-4-0-(2,3,4,6-tetra-0

acetyl-f3-D-galactopyranosyl)-D-gluconamide (Ac-VLA, Figure 7-1a) was prepared as

described in Chapter 4.4
• 2-Pyridinecarbaldehyde ll-propylimine was prepared according to the

method proposed by Haddleton et al. 6 1,2-Dichloroethane was dried over molecular sieves (4

A) for several days before use. Other reagents were commercially obtained.

(a) Ac-VLA (R =acetyl) (b) DODA-PE-DBN

CH3-yH-1-------- CH2

o
C'8H37 .1.0

............ N
C18H3~

(c) DODA-PAcVLA (R = acetyl) (d) DODA-PVLA (R =H)

Figure 7-1. Chemical structures of (a) Ac-YLA, (b) DODA-PE-DBN, (c) DODA
PAcYLA, and (d) DODA-PYLA.

7-2-2. Synthesis of 1-(4-N,N-Dioctadecylcarbamoylphenyl)ethyl-DBN (DODA·PE·DBN,

Figure 7-1b)

DODA-PE-DBN was synthesized via the three step reactions described below. First step: (4-
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N;N-dioctadecylcarbarnoylphenyl)ethane (DODA-PE) was prepared by the reaction of 4

ethylbenzoyl chloride with DODA in dry chloroform (yield, 86 %). Second step: the

brornination of benzyl position of DODA-PE was carried out according to the conventional

method7 using N-bromosuccinimide and catalytic amount of benzoyl peroxide in dry carbon

tetrachloride to obtain 1-bromo-1-(4-N;N-dioctadecylcarbamoylphenyl)ethane (DODA-PE-Br)

(yield, 82 %). Third step: Cu(I)Br (1.15 g, 8.02 mmol) was charged in a round-bottomed flask,

to which DODA-PE-Br (1.18 g, 1.61 mmol) dissolved in a mixture of dry benzene (5.3 mL)

and dry N,N-dimethyIformamide (9.5 mL) containing 2-pyridinecarbaldehyde n-propylimine

(3.03 g, 20.4 rnmol) and DBN (710 mg, 4.92 mmol) was quickly added. The mixture was

immediately degassed by three freeze-pump-thaw cycles, sealed off under vacuum, and then

stirred magnetically at room temperature for one week. After the solvent was evacuated off, the

crude product was purified by flash chromatography on a silica gel column with a 5:1

hexane/ethyl acetate mixture eluent to yield a pale yellow oil as the final product (yield, 81 %).

IH-NMR (CDCl3, 400 MHz): b 0.88 (t, 6H, CH3CHJ, 1.00 (s, 9H, C(CH3)3 of DBN unit),

1.21-1.29 (br s, 64H, CHz of alkyl chains), 1.30 (s, 9H, C(CH3)3 of DBN unit), 1.47 (d, 3H,

CH3CH), 3.16 and 3.46 (br, 4H, CHzN), 4.82 (q, IH, CH3CH), 7.30 (m, 4H, ArH); 13C-NMR

(CDCI3, 100 MHz): b 14.2 (CH3CHJ, 22.8 (CH3CH), 29.4-29.8 (CHz of alkyl chains), 30.7

(C(CH3)3)' 32.0 (CHzN), 61.8 (C(CH3)3), 82.6 (CH3CH), 126.0, 126.7, 135.7, and 146.0

(phenyl), 171.4 (NC=O). Anal. Calcd for CS3HIOONzOz: C, 79.81; H, 12.66; N, 3.51. Found: C,

79.90; H, 12.52; N, 3.58.

7-2-3. General Procedure for Polymerization of Ac-VLA "Initiated" by DODA-PE-DBN

Adduct

A Pyrex tube was charged with a predetermined amount of Ac-VLA (55 wt.%), to which a

solution of 1,2-dichloroetbane containing a prescribed amount of DODA-PE-DBN and

dicumyl peroxide (DCP) was added. The mixture was degassed by three freeze-pump-thaw

cycles, and sealed off under vacuum. The tube was placed in an oil bath thermostatted at 90°C

for a prescribed time, quenched to room temperature, and subjected to a gel permeation

chromatography (GPC) analysis after appropriate dilution with tetrabydrofuran (THF). The

monomer conversion was estimated by comparing the GPC peak area of the produced

polymers with that of DODA-PAcVLA (Figure 7-1c) model polymer dissolved in THF at a

known concentration. The produced polymer was purified by reprecipitation with a chloroform

(solvent)/cold methanol (nonsolvent) system.
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7-2-4. Deprotection to ObUiin Sugar-Carrying Amphiphile (DODA-PYLA, Figure 7-1d)

To a cold solution of the protected polymer DODA-PAcVLA (350 mg) in DMF (33 rnL) was

added at 0 °C hydrazine monohydrate (6.6 mL). The mixture was magnetically stirred for 30

min at 0 °C and for another 4.5 h at room temperature, to which 11 mL of acetone was added

and stirred for several minutes, and then 33 mL of water was added to dissolve the resulting

oily precipitate. The obtained clear solution was dialyzed against distilled water for 5 days,

concentrated by evacuation of the solvent, and finally lyophilized to give DODA-PVLA as a

white powder with a quantitative yield.

7-2-5. Preparation of Liposome

DMPC (24 mg) was dissolved in chloroform (2 mL) in a small round-bottomed flask. After

evaporation of the solvent, the lipid thin membrane was dispersed in a N-(2

hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES) buffer (5 mL, pH 7.2, 10 mM) in

which DODA-PVLA (6 mg) had been dispersed beforehand. The system was sonicated by

ultrasonifier (Astrason W-385, Heat-System-Ultrasonics, Inc., New York) for 5 min at 40°C.

Thus obtained liposome suspension was fractionated by passing through a GPC column

(Sephacryl S-200, 2 ern i.d. x 20 em, eluting solution HEPES buffer (10 mM, pH 7.2»

equipped with a UV-monitor to confirm that DODA-PYLA molecules had completely been

incorporated in the liposomes (vide infra).

7-2-6. Measurements

The GPC analysis was made on a Tosoh GPC-8020 high-speed liquid chromatography

equipped with Tosoh gel column G2500H, G3000H, and G4000H. THF was used as eluent,

and temperature was maintained at 40°C. Sample detection and quantification were made with

a Tosoh differential refractometer RI-8020 calibrated with a known concentration of THF

solution of the DODA-PAcVLA. Proton-nuclear magnetic resonance CH-NMR) spectra were

obtained on a lEaL JNM/AL400 400MHz spectrometer. Hydrodynamic diameter of the

liposome was estimated by the dynamic light scattering (DLS) technique (DLS-7000, Otsuka

Electronics, Japan, light source He-Ne laser, 632.8 nm). The aggregation processes of

liposomes mediated by lectins were followed by observing the evolution of turbidity at 350 nm

with a stopped-flow spectrophotometer (RA-401, Otsuka Electronics). The optical cell was

thermostatted at 25°C.
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7-3. Results and Discussion

7-3-1. Ac-VLA Polymerization by Using DODA-PE-DBN Adduct

Previous reports
8

on nitroxide-controlled free radical polymerization have shown that the use

of a limited amount of a conventional radical initiator along with an alkoxyamine brings about
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Figure 7-2. OPC curves for the polymerization of Ac-VLA in 1,2-dichloroethane at 90 DC:
[Ac-VL\}oI[DODA-PE-DBNJw'[DCP}o =501113.

an increase in polymerization rate and, consequently, the chain length, for a given

polymerization time without causing any appreciable broadening of molecular weight

distribution. Thus, Ac-VLA was polymerized with the DODA-PE-DBN adduct in the presence

of a small amount of dicumyl peroxide (DCP). As the ope curves in Figure 7-2 show, the

molecular weight increases with increasing reaction time, keeping the MJMnratio remarkably

small, where Mw and Me are the weight- and number-average molecular weights, respectively.

Figure 7-3 shows the time-conversion first-order plot for the polymerization in the presence of

a fixed amount of DODA-PE-DBN and varying concentrations of DCP. The plots are linear,

indicating that the radical concentration stays approximately constant throughout the

polymerization. More interestingly, an over 90 % conversion has been reached in 3 h with the
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Figure 7~3. Plot of In([M]oI[M)) vs t for the solution polymerization of Ac-VLA C55
Wl.%) in 1,2-dichloroethane at 90°C: [Ac-VLA]oI[DODA-PE-DBN]cI[DCP]o =
50/1/0 C.); 50/1/2 ce); 50/1/3 C+), 50/1/4 CAl·

highest concentration of ncp studied here. There seems to be a short induction period, which

was observed also in the 2-(benzoyloxy)-1-(phenylethyl)-DBN (BS-DBN)/Ac-VLA syslem

examined earlier (see Chapler 4).48 The reasons for these phenomena are unclear at this

moment. Figure 7-4 shows that the M n of the produced polymer increases linearly with

conversion, independently of DCP concentration, and the MjMn ratio stays below 1.2 at all

conversions for all concentrations of DCP. This means that the cumulative number of polymer

species initiated by the decomposition of DCP is negligibly small compared with the number

of adduct molecules. Clearly, the polymerization without DCP is impractically too slow, as

Figure 7-3 suggests. Details of the role played by the conventional radical initiator in such a

system were discussed by Fukuda's and Matyjaszewski's groups.s

The M n values obtained by ope are much smaller than the theoretical values, Mn.rhenr.,

calculated from the monomer conversion/[DODA-PE-DBNJo ratios. This is attributable to the

inadequacy of the polystyrene-calibrated OPC analysis. The author has carried out 400 MHz

lH-NMR measurements for the three DODA-PAcVLA samples (pI, P2, and P3). A typical1H

NMR spectrum is given in Figure 7-5a. The number-average molecular weight was estimated
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Figure 7-4. Values of Mn and Mw/Mn as a function of monomer conversion for the
solution polymerization of Ac-VlA (55 wt.%) in 1,2-dichloroethane at 90 °C: [Ac
VLA.]J[DODA-PE-DBN]J[DCP}o =50/1/0 (.); 50/1/2 ce); 50/113 (+), 50/1/4 (A).
The full line in the figure represents the theoretical prediction.

on the basis of the ratio of the integral areas of peaks d and a, which are assignable to the

aromatic ring protons of the polymer chain and the terminal methyl protons of the alkyl chain

moieties, respectively. As shown in Table 7-1, the Mn•NMR values are, on the average, 2.4 times

as large as the Mo.GPC values and fairly close to the Mn,~r. values. This factor 2.4 also explains

most part of the discrepancies between Mo,GpC and Mn,theor, demonstrated in Figure 7-4. These

results show that the polymerization with the specific lipophilic alkoxyamine initiator proceeds

in a "living" fashion providing low-polydispersity polymers.

7-3-2. Deprotection of Acetyl Groups of DODA-PAcVLA

The DODA-PAcVLA samples were treated with hydrazine to obtain DODA-PYLAs. Figure 7-
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5 shows typical IH-NMR spectra before and after the hydrolysis. The acetyl gro~p protons

(around 2 ppm in Figure 7-5a) have completely disappeared after the hydrolysis, and instead

broad overlapping signals (3.2-5.4 ppm in Figure 7-5b) assignable to the hydroxyl groups and

hydrogens of the sugar moieties have newly appeared. This confirms that the deprotection of

acetyl groups proceeded quantitatively. The DODA-PVLAs obtained here formed a stable

suspension in water.

(a) DODA-PAcVLA
acetyl group

b

I '
8
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7 6 5 4

c c
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Figure 7-5. Typical1H-NMR spectra taken (a) before and (b) after the hydrolysis of DODA
AcVlA (Pl). The solvents were (a) CDCl3 and (b) DMSO-d6·
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Table 7-1. Comparison of Number-Average Molecular Weight Values

P1

P2

P3

5200

7000

12400

10200

16500

36000

10500

19300

38000

• Estimated by gel permeatin chromatography.
b Determined by 'H-NMR.
C Calculated from the ([M]o - [M])I[DODA-PE-DBN]o ratio.

7-3-3. Interactions of Lectins with Sugar-Carrying Polymer Chains on the Liposome

Surface

The tiposome was purified by passing through the Sephacryl S-200 column to confirm that the

DODA-PYLA molecules fonn a stable tiposomal structure by mixing with phospholipid. The

GPC curve detected by UV-monitor was clearly mono-modal, suggesting the formation of a

stable liposomal structure. By the DLS technique, the average diameter of the sugar-carrying

liposome composed of DMPC and DODA-PYLA (PI) was estimated to be 950 A. Upon

mixing with a solution of RCA, which mainly recognizes fJ-galactose, the sugar-carrying

tiposome suspension quickly increases its turbidity (Figure 7-6a), whereas, after the liposome

suspension is mixed with a solution of Con A, which mainly recognizes Q-mannose and a

glucose, the system shows no appreciable increase in turbidity (Figure 7·6b). Next, when the

sugar-carrying liposome suspension incubated with an RCA solution for 2 min is mixed with a

lactose (4-0-!3-D-galactopyranosyl-D-glucose) solution, the turbidity decreases steeply at first

and then gradually (Figure 7-6c). Furthermore, upon the addition of maltose (4-0-a-D

glucopyranosyl-D-glucose) instead of lactose, there is no detectable change in turbidity (Figure

7·6d). This unequivocally shows that the increase in turbidity in Figure 7-6a has resulted from

the tetrameric RCA molecules' specific recognition of galactose residues on the tiposome

surfaces to form large aggregates composed of the liposomes and lectins.

7-4. Conclusions

The free radical polymerization of Ac-VLA in the presence of DODA-PE-DBN as a mediator

and DCP as an accelerator proceeded in a "Living" fashion, giving DODA-PAcVLA with low

polydispersities, 1.1 < M..)Mn S 1.2. The hydrolysis of the polymers provided a new type of

glycolipid with a well-defined glycopolymer subchain as a hydrophilic group (DODA-PYLA).
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Mixing DODA-PVLA with a phospholipid gave a stable liposome. The galactose residues on

the liposome surfaces were specifically and effectively recognized by the galactose-specific

lectin RCA. Thus, this work has broaden the practical synthetic route to well-defined

glycolipids. A vesicle composed of DaDA-PYlA will be useful for a fundamental

understanding of the roles of sugar chains at membrane surfaces and also find important

applications in, e.g., drug delivery systems based on a drug-encapsulated liposome with a

sugar-specific interaction ability.
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Figure 7-6. Typical profiles of turbidity change: Final concentrations; (a) [liposome} = 500 Ilg of
lipid/mL and [RCA} =100 IlglmL, (b) [liposome} =500 Ilg of lipid/mL and [Can A} =100 Ilg/mL, (c)
[liposome} =250 Ilg of lipid/mL, [RCA} =50 llg/mL, and [lactose} =0.5 mM, (d) [liposome} =250 Ilg
of lipid/mL, [RCA} =50 IlglmL, and [maltose} = 0.5 mM. In HEPES (10 mM, pH 7.2) buffer;
wavelength = 350 nm.
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Appendix

Some Kinetic Aspects ofControlled/"Living" Radical Polymerizations

AI. Thermal Decomposition ofPolymer-Nitroxyl Adduct

AI-I. Introduction. The free radical polymerization mediated by stable nitroxyl radicals such

as 2,2,6,6-tetramethylpiperidinyl-l-oxy (TEMPO) and its derivatives has aroused much interest

as a novel and simple synthetic route to well-defined polymers.1 The key process of this method

is the reversible dissociation-combination reaction of the alkyl-nitroxyl adduct (Scheme Al

.la).lC.2 However, a side reaction can possibly occur. It is the decomposition of the adduct

molecule through the abstraction of the ,B-proton of the polymer radical by the nitroxyl,

producing terminally unsaturated polymer and hydroxyamine (Scheme Al-lb). This reaction

was suggested by Li et al} who observed the decomposition of the model compound S

TEMPO (Figure AI-la) according to a similar mechanism.4 Depending on the magnitude of

the decomposition rate constant, kdec, this reaction can bring about a severe limitation to the

"livingness" of the system, causing a serious broadening of the product polydispersities.

Therefore, kdec also is another essential parameter characterizing a given polymer/nitroxyl

system. The following demonstrates the determination of kdlX of two model compounds, Le., an

oligomeric-PS adduct with TEMPO (pS-TEMPO; Figure Al-lb) and its unimer model (BS

TEMPO; Figure AI-Ie). The results indicate that the thermal decomposition of these

compounds are less serious than that of the model compound S-TEMPO, as will be described

below.

Al-2. Experimental Section. The PS-TEMPO was synthesized as follows: freshly distilled

styrene, benzoyl peroxide (BPO, 0.094 mol L-1
), and TEMPO (0.112 mol L-

1
) were charged in

a round-bottomed flask, degassed by several freeze-pump-thaw cycles, and sealed off under

vacuum. The mixture was heated at 95 °C for 2.5 h to achieve complete decomposition of BPO'

and then at 125°C for 2 h. After unreacted monomer was removed by vacuum evaporation, the

viscous oily product was diluted with chloroform and subjected to fractionation on a Tosoh

semipreparative gel permeation chromatograph (OPC) Model 1ll..C-827 with chloroform as

eluent. This gave a PS-TEMPO adduct as a main fraction. The unimer model compound
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Scheme At-I. Main Reactions That a PS-TEMPO Adduct Can Make at High Temperature:
(a) Reversible Dissociation; (b) Decomposition (!3-Proton Abstraction); (c) Bialkyl
Combination (fermination).

~CH22)~
'7,
"'-

(a) kc 1~ kd

~CH22).

'7,
"'-

...............CH2)H
v

J
"'-

2 ~CH2Z;.v,
"'-

+

+

(c)kj

-0{;

dead polymer(s)

(a) S-TEMPO

(b) PS-TEMPO

o-to-CH2(;~
<P'\
""-

(c) BS-TEMPO

Figure At-t. Chemical structures of (a) S-TEMPO, (b) PS-TEMPO, and (c) BS-TEMPO
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Figure Al-2. lH_NMR spectra of BS-TEMPO (a and b) and PS-TEMPO (c and d) before (a and c) and
after (b and d) the thermal treatment at 160°C. See the text for assignments.

BS-TEMPO was prepared according to Hawker.1h

Parts a and c of Figure Al-2 show the proton nuclear magnetic resonance CH-NMR)

spectra of the two model compounds. Figure Al-2a suggests that the BS-TEMPO adduct is

contaminated by some impurities (about 5%), but it should not affect the results. The number

average molecular weight Mn of the PS-TEMPO estimated from the spectrum in Figure Al-2c

was 1100 after appropriately correcting for the protonous toluene impurities included in

toluene-d8 used as solvent (see below for the main assignments). The polydispersity index

Mw/Mn estimated by GPC was 1.03. Incidentally, the GPC value of Mn is less reliable for such a

low-mass sample because of the differences in end groups between this sample and the

standard PSs used for calibration.

The process of thermal decomposition was followed by IH-NMR spectroscopy: each

model compound was dissolved in toluene-d8 ([BS-TEMPO] ::= 0.080 mol L-
1
, and [PS

TEMPO] = 0.040 mol r;-l), charged in a NMR tube, carefully degassed, and sealed off under

vacuum. It was heated at a prescribed temperature T for a prescribed time t, quenched to room

temperature, and studied by lH-NMR.
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Al-3. Results and Discussion. Parts band d Figure Al-2 show the IH-NMR spectra of BS

TEMPO and PS-TEMPO, respectively, taken after the thermal treatment. In the case of BS

TEMPO (Figure Al-2b), we followed the signals of the a-proton (5.2 - 5.3 ppm) next to the

TEMPO moiety for the concentration E of active molecules, and those of the double-bond

protons (6.5 - 6.7 and 7.7 -7.8 ppm) for the concentration D of decomposed molecules. In the

case of PS-TEMPO (Figure Al-2d), the a-proton (E) next to the TEMPO moiety and the

methylene protons (24) connected to the oxygen of the BPa moiety appear in group at ;4.2 

4.6 ppm (5 = E + 24), the double-bond protons (20), at 6.2 - 6.4 ppm, and the two artha

protons (28) of the BPO phenyl ring at 8.1 - 8.3 ppm. Because A has to be equal to E, we

obtained E as £ = S - 28.

Here we make two assumptions, which will be justified later on: (1) the

decomposition is a first-order reaction and (2) other side reactions such as bialkyl termination

(see Scheme AI-I) are unimportant. Then, since E + D = Eo, where Eo is the concentration of

active (adduct) molecules at t = 0, we may write

In[£/(£ +D)] =-kdoc!

0.0

-0.2

-0.4

0
+ -0.6
W-W -0.8

c:
-1.0

-1.2

0 10000

Time Is

20000

(1)

Figure Al-3. Plot of In [E/(E+D)] vs t for the decomposition experiment at 160°C: (.) PS
TEMPO; (e) PS-TEMPO containing 1.8 mM of TEMPO; ("') BS-TEMPO. The lines shown
are the best least-squares linear fits.
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Figure Al-4. Arrhenius plots of k~c: C.) PS-TEMPO; ce) BS-TEMPO.

Figure Al-3 shows the plot of In[E/(£ + D)] vs t for BS-TEMPO and PS-TEMPO at

160 0c. In each case, the data points fallon a straight line, from which a well-defmed value of

kdee can be obtained.

Figure Al-4 shows the Arrhenius plots of kdec thus detennined at three different

temperatures. The straight lines read

with

and

kdee = A decexP(-EdeelRI)

Adee = 4.7 X 1014
S-1 Edec = 157 kJ mol-1

Adee =5.7 X1014
s-1 Edec =153 kJ marl
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Regarding this analysis, several points may need discussion. It would be reasonable to

consider that the l3-proton abstraction occurs competitively with the alkyl-nitroxyl dissociation

as well as combination. The chances of abstraction at the two stages would be essentially equal

and usually small compared with the frequencies of dissociation and combination. Since, in the

absence of other side reactions, a dissociation is necessarily followed by a combination, the

proton abstraction or decomposition has to be first order in the adduct concentration, like the

dissociation is. The nitroxyl concentration just controls the "transient" lifetime 1:\ of the alkyl

radicals,s but not the frequency of decomposition. In fact, if we add (free) TEMPO molecules

to the PS-TEMPO system, we observe no change in kdec, as Figure Al-3 shows. Thus the first

assumption given above is justified.

The alkyl-alkyl termination, if any occurs, is believed to have no important influence

on these results. According to a computer simulation6 based on the known kinetic data of the

PS-TEMPO system,S,? the termination occurs at an appreciable rate only at an early stage of

thermal treatment, because free TEMPO molecules, rapidly accumulating in the system due to

the termination, make the radical lifetime 1:\ shorter and shorter or its concentration lower and

lower as time elapses. As a result, the total amount of bimolecularly terminated species is

estimated to be much less than 10 % of the originally active molecules in all studied cases. The

above-mentioned result that the addition of free TEMPO has no influence on kdec indicates also

that the termination is unimportant here.

On the other hand, the rate of alkyl-alkyl termination in the BS-TEMPO system may

not be so small. The extra peaks at around 2.9 and 4.5 ppm observable in Figure A1-2b can be

assigned to dirnerized 2-(benzoyloxy)-1-phenylethyl. The production rate of this compound is

similar to that of 2,3-diphenylbutane in tbe S-TEMPO system started with the same adduct

concentration of 0.080 mollL (cf. Figure 1 in ref 3). In the case presented in Figure Al-2b,

about 19 % of the original adduct has gone to the dimer after 6 h of the heat treatment, while

56 % has changed to the unsaturated compound. Nevertheless, it can be confirmed that the

presented results of analysis are correct as a remarkably good approximation owing to the

mathematical structure of eq 1. The analysis based on this equation is admirably insensitive to

impurities present from the onset and/or produced afterward. This is the main reason why we

have adopted this analysis. The alkyl-alkyl termination in the PS~TEMPO system should occur

at a much lower level, since the initial adduct concentration is half that in the BS-TEMPO and
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S-TEMPO systems (hence the chance of bialkyl reaction is 114) and since polymer-polymer

reactions should be slower than those between low-mass radicals. This has been confirmed by

the computer simulation mentioned above.

As already implied, the decomposition reaction is rust order ill the adduct

concentration, and the rate constant kdec may be properly written

(5)

where kd is the rate constant of dissociation and Pdec is a probability factor (Pdec « 1, usually).

Combination of the present result for kdec (eqs 2 and 4) with the previous one for the

dissociation rate constant,S kd = 2.0 X 1013 exp(-124200IR1), allows us to write

pdec = 29 exp(-29000IR1) (7)

Namely, the activation energy of the /3-proton abstraction is estimated to be 29 kJ mol-I.

.c. 1000
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Figure AI.5. 10% Decomposition time of PS-TEMPO as a function of temperature (in toluene).
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Al-4. Conclusions. We have determined the decomposition rate constants of the two model

compounds BS-TEMPO and PS-TEMPO. The results indicate that in the TEMPO-mediated

polymerization of styrene, the decomposition of the active chain-ends would occur less

seriously than implied by the experiments with S-TEMP03 but still at an important level

especially at high temperatures. For reference, Figure Al-5 gives the times required for PS

TEMPO to decompose by 10 % at various temperatures. These results should be important for

designing polymerization processes and predicting product characteristics.6 However, it should

be stressed that these results refer to the reactions in the particular solvent. In the presence of

the monomer or other solvent, results can be different.
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A2. Activation Process in Atom Transfer Radical Polymerization

A2-1. Introduction. CODtrolled/"living" radical polymerization techniques have attracted

much attention as new and robust synthetic routes to well-defined polymers. 1 Mechanistically,

they are commonly based on an alternating activation-deactivation process in which the

potentially active (dormant) species P-X is reversibly transformed to the active species

(polymer radical) p* or vice versa by thermal, photochemical andlor chemical stimuli:

P-X

kact

p*\ kp.J (monomer)
(1)

Here k p is the rate constant of propagation, and k act and kdeact are those of activation and

deactivation, respectively, with a reaction order dependent on mechanistic details. When

necessary, the reaction order will be specified by a numerical subscript: for example, k1,act

denotes that the activation reaction is, or is viewed as, first-order, and k2,deact implies that the

overall order of deactivation reaction is second-order or so assumed. Two general methods to

determine k1,act have been proposed and applied to nitroxide-mediated and iodide-mediated

systems to disclose the mechanistic details of these techniques of "living" radical

po1ymerization.2,3

In the atom transfer radical polymerization (ATRP) in which a capper(I) complex,

Cu(I)Xl2L (X =Cl or Br, and L =4,4' -disubstituted-2,2'-bipyridine, for example), is used as an
. 4aCtlvator,

kZ,act

P-X + Cu(I)Xl2L

k2,deact

the k1,ac! defined as above would take the form

k1,ac! = k 2,act [Cu(I)Xl2L]

P* + Cu(ll)Xz/2L (2)

(3)

where k2,act is the second-order rate constant. As has been reported,4 the homogeneous ATRP of

styrene can yield polymers with predetermined degrees of polymerization up to DP "'" 100 and
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polydispersity indices, Mw/Mn, as low as 1.04 - 1.05 from an early stage of polymerization.

Since an essential requirement for a low polydispersity in such a system is a sufficiently large

number of activation-deactivation cycles,3,5 the reported result indicates that the magnitude of

kJ,acl of the ATRP system is exceptionally large. In what follows, we have confirmed this by

directly measuring kl,aCI by the OPC (gel permeation chromatography) curve-resolution

method.2 At the same time, this work presents experimental evidence for the mechanistic

scheme given by eq 2.

A2-2. Experimental Section. A polystyryl bromide (PS-Br) was prepared by the homogeneous

ATRP.4 According to the PS-calibrated OPC (see below), it has a number-average molecular

weight Mn of 1400 and a Mw/Mn ratio of 1.06. This PS-Br will be used as a model adduct Po-X.

A chain-extension test has demonstrated that about 6 % of the chains are potentially inactive

without a halogen atom at the end (Figure A2-1). Styrene and tert-butyl hydroperoxide (BHP)

were purified by fractional distillation. Cu(I)Br (99.999 %, Aldrich) was used without further

purification.

In a typical run, a Schlenk flask was charged with a predeteIDlined amount of

Cu(I)Br/2L (in this work, L = 4,4'-di-n-heptyl-2,2'-bipyridine), to which 4 mL of styrene

b (110°C, 5h)

i
20

i
22

I

26

6%

i
34

Elution Time

Figure A2-1. OPC elution curves for (a) the PS-Br adduct Po-X and (b) the product obtained after a
long enough (t =5 h) polymerization of styrene "initiated" with Po-X ([PS-Br]o =35 mmol L-1 and
[Cu(I)Br/2L]o = 80 mmol L-1

). The tail part of curve b contains about 6 % of Po-X remaining unreacted,
which means that Po-X originally contains this much of potentially inactive species.
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solution with BHP (20 mmol L~l) and Po-X (12 mmol L-1) dissolved in advance was quickly

added, and the flask with a glass stopper was immediately attached to a vacuum line, followed

by three cycles of evacuation and dry-argon introduction. The system was then kept at 110 °C

and stirred magnetically. After a prescribed time t, an aliquot (0.1 mL) of the solution was

taken out by a syringe and quenched to room temperature, and a known amount of the solution

was injected to a GPC apparatus for a quantitative analysis.

The GPC analysis was made on a Tosoh GPC-8020 high-speed liquid chromatograph

equipped with Tosoh gel column G2500H, G3000H, and G4000H. Tetrahydrofuran (THF) was

used as eluent, and temperature was maintained at 40°C. Sample detection and quantification

were made with a Tosoh differential refractometer RI-8020 calibrated with a known

concentration of THF solution of Po-X adduct.

A2M3. Results and Discussion. The direct method for determining k1,act used here is based on

the OPC observation of an early stage of the polymerization "initiated" with a probe adduct Po

X:2 when Po-X is activated via the halogen atom transfer to Cu(l)Br/2L, the resulting Po*

radical will take up monomer unites) and then be deactivated by Cu(II)Br2!'2L to give a new

adduct PI-X, where the subscript 1 denotes one redox cycle. Hence Po-X may be

distinguishable from P1-X (or any other species possibly produced in the system) by GPC,

owing to the difference in molecular weight and its distribution. Then kI,acl may be determined

according to the first-order plot:

In ( So / S ) =kI•acl t (4)

where So and S are the concentrations or the peak areas of Po-X at times 0 and t, respectively.

Accurate resolution of the ope curve into the mentioned two components requires

that a sufficiently large number of monomer units be added to the polymer radical during one

activation-deactivation (redox) cycle. To meet this requirement, the ratio of [Cu(I)Br/2L] to

[Po-X] was greatly reduced (usually,4 this ratio is set to unity), and a small amount of the

radical initiator BHP, which has a long half-life time at the reaction temperature, was added.

Such radical initiators have been found to play the expected role of an accelerator in nitroxide

systems.2,3a,6
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t = 0 min
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Figure A2-2. GPC charts for the PS-Br (Po-X)/styreneIBHP mixture with different Cu(DBr/2L
concentrations heated at 110 °c for 10 min: [Po-X]o = 12 mmol L-1

; [BHPJo = 20 mmol L-1
;

[Cu(I)Br/2L]o =1,2,3, and 4 mmol L-1
•

Figure A2-2 shows the GPC traces of the reaction mixtures with vanous

concentrations of Cu(I)Br/2L, heated at 110°C for 10 min. AU curves are clearly bimodal with

a lower-molecular weight component corresponding to the unactivated adduct Po-X and a

higher-molecular weight one composed of the grown chain PI-X and other minor species

possibly produced by a further activation of PI-X, decomposition of BHP, and so on. The

devolution of the Po-X concentration with time is shown in Figure A2-3 in a first-order plot. At

all examined concentrations of Cu(I)Br/2L, a straight line was obtained. Since Po-X originally

contains about 6 % of potentially inactive species (cf. Figure A2-1), it has been corrected by

subtracting 0.06So from both So and S in eq 4. Clearly, an increase in the concentration of

Cu(I)Br/2L makes the slope of the straight line or the value of kl,act larger.

Figure A2-4 shows the plot of thus determined k1,acl against [Cu(I)Br]o. The data

points fonn a straight line passing through the origin, and k2,act can be estimated to be 0.45 L

mol-1
S-1 according to eq 3. Here we have assumed that the equilibrium concentration [Cu(I)Br]

is equal to the initial one [Cu(I)Br]o. This is justified as follows: the radical concentration is

estimated to be B 2.0 x 10-8 mol L-1 from the plot of In([M]oI[M]) vs t (data not shown), where

[M] is the monomer concentration. The equilibrium constant K (= [P*][Cu(II)Br2l2L]/[P

X][Cu(I)Br/2L]) of 3.9 x 10-8 estimated by Matyjaszewski et al.4b suggests that [Cu(I)Br] is
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Figure A2-3. Plot of inC So / S ) vs t for the PS-Br activated by cuprous halide complex at 110°C:
[Cu(I)Br/2L]o =1 C....), 2 ce), 3 C-), and 4 CX) mmol L-1

•

smaller than the initial value only by approximately 5 %, which is negligibly small compared

with other experimental errors. Also importantly, the straight line passing through the origin,

given in Figure A2-4, suggests that the degenerative transfer re~ction
7 is negligible in this

system. Also notably, the above cited value4b of the equilibrium constant K = k 2,acJk2,deac! of 3,9

x 10-8 combined with the kZ,acl value of 0.45 L mol-1
S-1 gives kZ,deact =1.1 X 10-7 L morl

S-l.
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A2-4. Conclusions. The second-order activation rate constant k2,act in cuprous bromide

mediated ATRP at 110°C was determined by the GPC peak-resolution method to be 0.45 L

marl s-J. This k2,act value combined with a typical Cu(I)Br concentration of 0.1 mol L-1 gives a

kl,ac' value of 0.045 S-I, i.e., a PS-Br adduct is activated once every 22 s. This figure is much

smaller than, e.g., the k1,act-
1 value of 45 min for a PS-TEMPO (2,2,6,6-tetramethylpiperidinyl

l-oxy) adduct at the same temperature,2b and explains why the ATRP system provides low

polydispersity polymers from an earlier stage ofpolymerization.4
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Summary

In Chapter 1, a glucose-carrying monomer (2-(methacryloyloxy)ethyl-a-D-glucopyranoside,

MEGlc) was polymerized by using a lipophilic radical initiator. The obtained amphiphile

formed a stable liposome by mixing with L-a-dipalmitoylphosphatidylchotine (DPPC) or

di(trans,trans-2,4-octadecadienoyl)phosphatidylcholine (DDPC, polymerized by UV

irradiation after preparation of liposome), and the interaction of sugar moieties of the

arnphiphile with a lectin at liquid-lipid and solid-lipid interfaces was investigated by the

turbidimetry and the multiple internal reflection fluorescence (MIRF) method, respectively.

The rate of binding of the sugar-carrying liposome to the surface modified with the lectin was

smaller than the theoretical value for a simple collision and strongly dependent on both weight

percent of the sugar lipid in the liposome and the degree of polymerization of MEGlc.

In Chapter 2, a galactose-carrying monomer (2-(methacryloyloxy)ethyl-~-D

galactopyranoside, MEGal) was polymerized by using a lipophilic radical initiator. The

amphiphile obtained formed a liposome by mixing with bis(trans,trans-2,4

octadecadienoyl)phosphatidylcholine (DDPC), and the obtained tiposome was physically

stabilized by the polymerization of DDPC by UV irradiation. The enzymatic treatment of the

galactose-carrying liposomes with galactose oxidase resulted in the formation of aldehyde

groups on the liposome surface. By the subsequent mixing of the tiposome suspension with the

amino-group carrying liposome suspension, a rapid increase in turbidity was observed due to

the formation of Schiff bases between the aldehyde groups and amino groups at the interface of

the liposomes. The rate of turbidity change strongly depended on the degree of polymerization

of MEGal, the surface densities of galactose and amino groups on the liposome, the distance

from the liposome surface to amino end groups, and the flexibility and deformability of the

liposomes.

In Chapter 3, a galactose-carrying vinyl monomer (2-(methacryloyloxy)ethyl-~-D-

galactopyranoside, MEGal) was polymerized by using a lipophilic radical initiator. The

obtained amphiphiles (DODA-PMEGal) formed stable liposomes by mixing with

phospholipids, and the galactose residues on the liposome surface were effectively recognized

and oxidized by galactose oxidase. The affinity (estimated by the 1/Km value) of galactose

oxidase for the galactose residues on the liposomes was higher than those for free galactose

and MEGal, and dependent on the length of galactose-carrying polymer chains on the tiposome
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surface and the fluidity of the membranes, whereas not significantly influenced by the surface

density of galactose residues on the liposomes. The affinity of galactose oxidase for the

galactose-carrying linear polymers, which were prepared by using an ordinary azo-type radical

initiator and a chain transfer reagent, was also higher than those for free galactose and MEGal,

and dependent on the degree of polymerization of MEGal. The affinity was, however,

relatively much smaller than those for DODA-PMEGals incorporated in liposomes.

In Chapter 4, the first synthesis of a well-defined glycopolymer by free radical

polymerization was described. N-(p-vinylbenzyl)-[0-fJ-D~galactopyranosyl-(1-4)]~D

gluconamide (VLA), a styrene derivative with an oligosaccharide moiety, was polymerized in

.N,N-dimethylformamide solution at 90°C by the nitroxide-mediated free radical

polymerization technique. Acetylated VLA gave polymers with a molecular weight from about

2000 to 40000, an MwlMn ratio of about 1.1 in all cases, and a conversion of up to about 90 %,

where M w and Mn are the weight- and number-average molecular weights. Indispensable for

this success were (1) the use of di-tert-butyl nitroxide (DBN) rather than other nitroxides like

TEMPO, (2) the acetylation of VLA, and (3) the use of a radical initiator DCP (dicumyl

peroxide) as an accelerator. DBN provided a well-controlled polymerization of VLA at 90°C

(VLA becomes unstable at higher temperatures, e.g., > 120°C). The acetylation effectively

prevented the chain transfer that leads to dead polymers and broad polydispersities. DCP

remarkably accelerated the rate of polymerization (the rate of chain extension), which

otherwise was impractically slow, without causing any appreciable broadening of

polydispersity.

In Chapter 5, controlled free radical polymerization of a sugar-carrying acrylate, 3-0

acryloyl-1,2:5,6-di-0-isopropylidene-a-D-glucofuranoside (AIpGlc), was achieved in p-xylene

at 100 °C by using a di-tert-butyl nitroxide (DBN)-based alkoxyamine as an initiator and

dicumyl peroxide (DCP) as an accelerator. The polymerization gave low-polydispersity (1.2 <

MwlMn < 1.6) polymers with predicted molecular weights. The same approach with a DBN~

capped polystyrene (pS-DBN) as an initiator afforded block copolymers of the type PS-b

PAlpGlc. The acidolysis of the hornopolymers and block copolymers gave well-defined

glucose-carrying polymers PAGlc and PS-b-PAGlc, respectively. These amphiphilic PS-b

PAGlc block copolymers were observed to exhibit microdomain surface morphologies, which

differed for different copolymer compositions. This success opens up a novel route to the

synthesis of well-defined sugar-carrying polymers of various architectures.
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In Chapter 6, controlled free radical polymerization of sugar-carrying methacrylate, 3

O~methacryloyl-l,2:5,6-di-O-isopropylidene-D-glucofuranose (MAIpGlc) was achieved by the

atom transfer radical polymerization (ATRP) technique with an alkyl halideJcopper-complex

system in veratrole at 80 nc. The time-conversion first-order plot was linear and the number

average molecular weight increased in direct proportion to the ratio of the monomer conversion

to the initial initiator concentration, providing PMAIpGlc with a low polydispersity. The

sequential addition of the two monomers styrene (S) and MAIpGlc afforded a block copolymer

of the type PS-b-PMAIpGlc. The acidolysis of the homo- and block copolymers gave well

defined glucose-carrying water-soluble polymers PMAGlc and PS-b-PMAGlc, respectively.

The amphiphilic PS-b-PMAGlc block copolymer exhibited a microdomain surface morphology

with spherical PS domains in a PMAGlc matrix.

In Chapter 7, controlled free radical polymerization of N-(p-vinylbenzyl)-2,3,5,6-tetra

O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-,B-D-galactopyranosyl)-D-gluconamide (Ac-VIA) was

achieved by the nitroxide-mediated free radical polymerization technique with a lipophilic

alkoxyamine "initiator" with a dioctadecyl group in 1,2-dichloroethane at 90°C. The

polymerization proceeded in a "living" fashion, providing Ac-VLA polymers with a low

polydispersity. The hydrolysis of the polymers gave well-defmed glycopolymer-carrying

amphiphiles, viz., artificial "glycolipids", the mixing of which with a phospholipid gave a

stable liposome. The galactose residues on the liposome were confirmed to be specifically and

effectively recognized by a lectin (RCA).

In Appendix, kinetics of thermal decomposition of a polymer-nitroxyl adduct and

kinetics of the activation process in an atom transfer radical polymerization were described.
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