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Chapter 1 

Host-Guest Chemistry of Dendritic Molecules 

1.1 Introduction; Supramolecular System 

From the discovery of intermolecular force by Johannes Diderik Van Der Waals in 

1873, supramolecular system was established by Donald J. Cram, Jean-Marie Lehn, 

and Charles J. Pederson who awarded the Nobel Prize for chemistry in 1987 in the 

field of selective "host-guest" complexes, in which a host molecule recognizes and 

selectively binds a certain guest. Supramolecular systems are defined as chemistry 

beyond the molecule which means the chemistry of intermolecular bond, implying the 

structures and functions of the entities formed by association of two or more chemical 

species 1). These include attractive and repulsive intermolecular forces, such as van 

der Waals forces (including dipole-dipole), hydrophobic interactions, electrostatic 

interactions, hydrogen bonding, and 1t-1t stacking. The supramolecular science is 

highly interdisciplinary field of science including the chemical, physical and biological 

features of chemical species. These intermolecular forces are the glue which holds 

molecules together and therefore they play crucial roles in building up supramolecular 

structure. In order to emphasize the importance of these intermolecular interactions, 

the definitions of these forces are discussed below. 
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1.2 Host-Guest Chemistry 

• Molecular Recognition; 

e Non-covalent bonds 

selective) 

Reversible 

Host Molecule Guest Molecule Host/Guest Complex 

Fig. 1. 1 Host-Guest system 

In a general definition of "Host-Guest Chemistry", we generally consider a molecule 

(morphologically big one, host) binding another molecule (as a guest) to produce the 

so-called "host-guest" complex. According to D.J. Cram, the hosts are defined as 

synthetic molecules containing convergent binding sites, and guests as molecules or 

ions containing divergent biding sites. Depending on the compatibility of the two (or 

more) interacting species, the host-guest complex can be considered as non-specific 

or specific and highly specific complexes which can be considered as recognition 

complexes. Most common host is understood as a concave organic molecule, which 

can be preorganized for the guest and which utilizes multivalent and cooperative 

interactions. Spherands2
), calixarenes3

), resorcarenes4
), crown ethers5

), cryptands6
), 

carcerands7), and cavitands8
) are representative molecules which have confirmed 

their ability to form host-guest complexes (Fig. 1.2). 
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(c) (d) 

(e) (f) R R 

R R 

Fig. 1. 2 Representative supramolecules (a) Spherand, (b) calizarene, (c) 

resorcarene, (d) crown ether, (e) cryptand, (f) carcerand, (g) Cucurbituril, (h) 

cycleodextrin 

1.2.1 Intermolecular forces 

Intermolecular interactions are defined as interaction between one molecule and a 

neighbouring molecule. The forces of interaction which holds an individual molecule 

together are known as intramolecular interactions. An example of the importance of 

these intermolecular interactions is illustrated in Fig. 1.3. Cinchona alkaloids as 

asymmetric catalysts was provided by Wynberg9
), who reported, among numerous 

other applications, the 1,4-addition of thiols to cyclic enones catalized by quinine and 

quinidine. Three stabilizing interactions were described as being responsible for the 

high ee observed in this process: (1) electrostatic interactions between the thiol anion 

and the protonated ammonium salt, (2) the formation of hydrogen bonds between the 

hydroxyl moiety at position 9 of the alkaloid and the enone carbonyl group and (3) 

dispersion forces between the quinoline aromatic ring of the catalyst and the thiol 

anion. 

3 



Electrostatic interaction 

Fig. 1.3 Intermolecular interactions 9) 

1.2.1.1 Van der Waals interaction: Dispersion interaction 10) 

All atoms and molecules attract each other, even in the absence of charged groups, 

as a result of mutual interactions related to the induced polarization effects. These 

ubiquitous attractions, known as van der Waals interactions (Fig. 1. 4), are weak and 

close-range, varying as the sixth power of the distance between them, d-6
. They arise 

from three types of interactions: those between two permanent dipoles, those 

between a permanent and an induced dipole, and those between two mutually 

induced dipoles, known as London of dispersion force. 

( 

[: 

) 
I Chance charge 

'" separation 

[ 
...... ____ ,.,] Asecond 
_ " molecule 

: ..................................................... .!. .. !~~~~:::~ ~~:s:~:~e~ule 
I [: !~ (: !~ I 
.................................................................... 

Van der Waals interaction 

Fig. 1. 4 Schematic representation of van der Waals interaction 
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1.2.1.2 Hydrophobic interactions 11) 

Water is a very poor solvent for non-polar molecules compared with most organic 

liquids. If the non-polar molecules are added to water, formation of intermolecular 

hydrogen bonding between water molecules is energetically much more favorable 

than between water and the non-polar molecules (Fig. 1. 5). In those conditions, the 

non-polar molecules hardly participate in the hydrogen bonding, resulting in 

association or aggregation of the non-polar molecules in liquid water. Aqueous 

solutions of such molecules have many anomalous physical properties. If the 

interaction between non-polar molecules and water is energetically favorable, 

non-polar molecules should be dissolved in water. The association of the non-polar 

molecules under aqueous environments is known as "hydrophobic interactions". The 

interaction between non-polar side group of a molecule and the other non-polar side 

groups cause to aggregate to minimize surface area exposed to water, allowing these 

molecules to associate with each other in aqueous environment. 

Fig. 1. 5 A schematic description of a conformational change of a biopolymer. One 

methyl group is transferred from an essentially aqueous environment to the interior of 

the polymer. This phenomenon is that the free energy of transferring methane from 

water into a non-polar solvent is a good measure of the free energy change for the 

transfer of a -CH3 group from the random-coil conformation to the interior of the 

polymer in the native configuration 12). 
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1.2.1.3 Hydrogen bonding 13) 

A hydrogen bond occurs when two electronegative atoms compete for the same 

hydrogen atom. The hydrogen atom is formally bonded covalently to one of the atoms 

as a donor, and is also interacts favorably with the other as an acceptor. In strong 

and short hydrogen bonds, the hydrogen atom is symmetrically placed between the 

two electronegative atoms, but usually it is covalently bonded to one of the atoms, 

with a normal covalent bond length. The main component of the hydrogen bond is an 

electrostatic interaction between the dipole of the covalent bond to the hydrogen atom, 

in which the hydrogen atom has a slightly positive and negative charge on the other 

electronegative atom. One of examples of hydrogen bonding is base pair of nucleic 

acids (Fig. 1. 6). Adenine (A) forms two hydrogen bonds only with thymine (T). 

Guanidine (G) forms three hydrogen bonds only with cytosine (C). In each case, the 

hydrogen bonding is formed between the positive hydrogen end of a polar N-H bond 

and a pair of electrons on either a nitrogen or a carbonyl oxygen. 

Fig. 1. 6 Formation hydrogen bonds between guanine and cytosine, adenine and 

thymine 
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1.3 Dendrimers 

1.3.1 Dendritic molecules 

(I) 
Linear 

1930s 

(II) (III) 
Cross-linked Branched 

1940s 
Plexiglass nylon Rubbers epoxides 

1960s 
Low-density 
polyethylene 

(IV) 
Dendritic 

Hyperbranched Dendrigra fts Dendrons 

2001 

Biomedical; gene expression Sensors; Chemical 
immunodiagnostics Biological 

Dendrimers 

controlled delivery Coatlnis; Fast cure, low viscosities 
targeted delivery 

Electronics; 3D conductivity 
Quantum dots 

Fig. 1. 7 Representation of the four major classes of macromolecular architecture 14) 

About 60 years after introducing the "macromolecular hypothesis" by Staudinger, 

the field of polymer science has been summarized as consisting of three major 

architectural class, (i) linear topologies, (ii) crosslinked architectures, and (iii) 

branched architectures (Fig. 1.7). Twenty years ago, the fourth new class of polymer 

architecture, so called dendritic architecture, was suggested by D. A. Tomalia. They 

showed unprecedented new physicochemical properties compared with classical 

architectural polymers, and attracted the attention of researchers in disciplines as 

diverse as chemistry, biology, physics, and engineering. Dendritic polymers consist of 

three subsets based on degree of structural control, namely; (a) random 

hyperbranched polymers (statistical polymers), (b) dendrigraft polymers 

(semi-controlled polymers), (c) dendrons (highly controlled structure), and (d) 

dendrimers (highly controlled structure). All dendritic polymers are open covalent 

assemblies of branch cells. Each subclass and the level of structure control are 
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defined by the propagation methodology used to produce these assemblies. 

The name of dendrimer is derived from Greek words Dendron and meros meaning 

"tree" and "part", respectively. Dendrimers that are perfectly branched tree-like 

structure were firstly reported by Tomalia, et al. over 15 year ago 15). Comparing with 

incomplete or irregular hyperbranched polymer which can be prepared easily using 

"one-pot" techniques, dendrimer can precisely control molecular weight, size, water 

solubility and their toxicity validate them as excellent candidates in chemical and 

biological area. Dendrimers differ from classical monomers and random coil polymers 

by their extraordinary symmetry, high branching and maximized terminal functionality 

density. 

Influence of dendritic architecture on physical or chemical properties is totally 

different from linear polymer. This means that dramatic changes in physical and 

chemical properties are observed by simply concerting a linear topology of common 

composition to a crosslinked architecture. 

1.3.1.1 Comparison of dendritic molecules and traditional polymers 

The most significant difference in physical property of dendrimer is viscosity. In 

contrast to linear polymer that obeys the Mark-Howwink-Sakurada equation 16), the 

intrinsic viscosity of dendrimer does not increase with molecular mass. Comparing the 

viscosity parameter for linear topologies, as well as random hyperbranched polymer, 

dendrimer and dendritic graft are firstly reported by Frechet in 199617
). From this 

report, all three dendrite topologies behave differently as compared with the linear 

polymer (Fig. 1. 8). In Fig. 1. 8, the relationship between Log [11] and [M] of the 

hyperbranched polymers shows similar with that of the linear ones. However, the 

dendrigrafts exhibit intermediary behavior whereas dendrimers show a completely 
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different relationship as a function of molecular weight. 

Log[lJ] 

3.0 Log [M] 5.0 

(a) 

(b) 

Fig. 1. 8 Comparison of intrinsic viscosities (log (11» versus molecular weight (log M) 

for (a) linear, (b) hyperbranched, (c) dendrimer and (d) dendrigraft topogies. 18) 

Another important difference of dendritic compounds is monodispersity. 

Dedndritic compounds also show a completely different relationship as a function of 

molecular weight. As I said , linear or hyperbranched polymers are mostly prepared 

using "one-pot" synthesis techniques. By the "one-pot" synthesis technique, linear or 

hyperbranched polymers are randomly synthesized and polydispersed system with 

different topologies and molecular size. In contrast, dendrimer synthesis consisting of 

multi step involving divergent or convergent is hierarchical assembly strategies that 

required the construction components as shown in Fig. 1. 9. According to the 

considerate synthesizing method, the monodispersed nature of dendrimer has been 

extensively reported by mass spectroscopl8), size exclusion chromatographl 9
), gel 

electrophoresis20) and electron microscopy (TEM)21). Other unique properties of 

dendrimers comparing with traditional polymer are summarized in Table 1.1. 

9 



Core Chain end ~ 

rP 

Divergent growth Convergent growth 
; Start building core from ; Growth from the outside 

Fig. 1. 9 Two major synthetic method of dendrimer; divergent and convergent 

methods which have each different direction which the dendrimer molecules are 

being built (where G is generation number). Divergent methods are radial synthetic 

method from the central core to the outer dendrimer surface. Convergent methods 

have opposite direction which is formation of single Dendron in order to obtain a 

multidendron dendrimer one additional synthetic step is necessary. 
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Table 1. 1 

Linear Dendritic 

Flexible coil Dendron Dendrimer 

l. Random coil configurations l. Predictable shape changes as a 

2. Semicrystalline/crystalline function of Mw. and core 

materials • Robust spheroids; brea thing 

• higher glass tempera tures deformability 

3. Lower solubility 2. Non-crystalline, amorphous 

• Decreases with Mw. materials 

4. Intrinsic viscosity follows • Lower glass temperatures 

logarithmic 3. Increased solubility 

• Increases with Mw. • Increases with Mw. 

5. Entanglement directed 4. Exhibits viscosity maximum and 

rheological properties minimum plateau with Mw. 

• Shear sensitivity • Low viscosity 

6. Mobility by repetition 5. Newtonian-type rheology 

• Segmental and molecular • No shear sensitivity, 

mobility considerably lower viscosity 

7. Anisotropic electronic 6. Mobility involving whole 

conductivity dendrimer as the kinetic flow 

unit 

• Virtually no repetition 

11 



1.3.1.2 Hyperbranched polymers and dendrimers22
) 

Hyperbranched polymers and dendrimers have been extensively studied as 

representative irregular and regular dendritic polymers, respectively. Hyperbranched 

polymers contain perfectly and imperfectly branched parts. The preparation of 

hyperbranched polymers can be simplified by comparing with that of dendrimers that 

do not require pro~ection / deprotection step. The most common synthetic route is 

one-pot procedure where AxB monomers are condensed in the presence of a catalyst. 

However, due to broad distribution of molecular weight and undesired side reactions, 

hyperbranched polymers are considered as ill-defined materials. Compared with 

hyperbranched polymers, dendrimers are well-defined materials which exhibit 

controlled molecular structure, shape, size and functional groups, due to their 

step-wise synthetic method. The more detailed characteristics are summarized in 

Table 1.2. 

The concept of degree of branching (DB) was introduced by Frechet and coworkers 

to correlate between the units of hyperbranched polymer. The DB is defined as the 

structure of hyperbranched polymers as follows: . 

DB 
= (No.of dendritic units)+(No.ofterminal units) = D+T 

Total No.ofunits D+T+L 
(e.q.1.1) 

where, D is total number of dendritic units, T the total number of terminal units, and L 

the total number of linear units. Focusing on DB, the dissimilarity between dendrimer 

and hyperbranched polymer was shown in, Fig. 1.10. 

12 



A 

A 

Hyperbranched polymer 

A 

...--AyA 
B 

A A 

... 

Dendrimer 

Fig. 1. 10 Schematic structure of hyperbranched polymer and dendrimer prepared 

from A2B-type monomer. There are initial (I), linear (L), dendritic (D), and terminal (T) 

repeating units in a hyperbranched polymer. 

In a dendrimer, there are only terminal and branched units. According to Frecht and 

Hawke~3), DB of dendrimer is 1. For a hyperbranched polymer with large molecular 

weight, the number of terminal units (T) is very close to that of dendritic units (0). 

Therefore, e.q. 1.1 can be simplified as e.q. 1.2. 

1 
DB = / (e.q.1.2) 

l+L 2D 

R. Haag and coworkers have investigated the DB of hyperbranced polymers 

prepared by using glycidol as latent branching A2B monomer and allyl phenyl glycidyl 

ether as representative linear comonomer. The DB was 9% - 58% calculated from 

1H-NMR spectra22). 

13 



Table 1. 2 

Hyperbranched Dendrimer 

Topology 3D, ellipsoidal 3D, globular 

Synthesis One-step, cost-effective Multistep, laborious 

Purification Precipitation Chromatography 

Molecular weight Mixed molecular weight Same molecular weight 

Polydispersity > 3.0 1.0 

Index 

Degree of 0.4 - 0.6 1.0 

branching 

Entanglement Weak Very weak or no 

Viscosity Low Very low 

Solubility High Very high 

Functional group At linear and terminal units At terminal units 

Reactivity High Very high 

14 



1.3.1.3 Various types of dendrimers 

(A) Polyaminoamine (PAMAM) dendrimer 

PAMAM dendrimer was firstly reported by D. A. Tomalia in 1985. In this report, 

starburst polymer, was synthesized by a divergent method involving two step process; 

Micheal addition of amine initiator core with methyl acrylate and amidation of the 

esters with ethylenediame (EDA) (Fig. 1. 11). 

o 
o }-OMe 

MeO--{ r 
~~N 
~N ~OMe 

MeO--\ 0 
o 

----~~~ Higher generation 
-----~~ PAMAl\f c1endrimers 

Generation 0 PA~vrAM clenchimer 

Fig. 1. 11 Synthesis of PAMAM dendrimer 

After reporting this report, physicochemical properties of PAMAM dendrimer have 

been studied, and applied in the fields of physical, chemical and biomedical area. For 

example, William's group has clarified the conformational change of PAMAM 

depending on pH change24
). In those studies, they profiled the pH-induced 

conformational change from a "dense core" (high pH) to a "dense shell" (low pH) and 

suggested the possibility of PAMAM as a drug delivery vehicle, where encapsulation 

and release of guest molecules can be controlled by using pH as the trigger. 

15 



Howorka's group has tried to control nanoscale protein pores placing PAMAM 

dendrimers into a pore lumen for ion-selectivity filters of molecular sieves (Fig. 1. 12) 

25). In this study, G3-PAMAM dendrimer in the channel lumen reduced the ionic 

current by 45%, indicating that the hyperbranched and positively charged polymer 

blocked the passage of ions through the pore. Use of PAMAM dendrimers has 

advantages over other spherical materials such as quantum dots of similar size or 

functionality including that;(a) dendrimers have residual degree of structural flexibility 

which can help overcome small steric permeation barriers, and (b) controlling and 

tuning the flow of matter through the engineered pore while solid impermeable 

spheres would likely lead to much more drastic and less tunable changes in the 

permeation properties. 

t:" 
b • • V. t> . . ..... 
V • ...... V.· • 

b. V VA. ....... . ..... .., . . 

• PAMAM dendrimer 
Molecular sieve 

Ion selectivity filter 

t:" 
b • • V. t> · V.· t>.v. • • 

• •• • • 
Fig. 1. 12 Nanoscale protein pore placing PAMAM dendrimer into a pore lumen 
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(8) Poly(propylene imine) (PPI) dendrimer 

PPI dendrimer was firstly synthesized by Meijer group in 1993 26). Until now, there 

are several kinds of improved synthetic method of PPI dendrimers. The firstly 

reported PPI dendrimers were synthesized by two step process consisting of Michael 

addition (primary amines to acrylonitrile) and heterogeneous hydrogenation with a 

Raney cobalt catalyst. Using their terminal amino groups, PPI dendrimers can readily 

be per-functionalized. For example, Kaifer's group prepared and characterized PPI 

dendrimers functionalized with peripheral cobaltocenium subunit27). Such a 

fourth-generation dendrimer proved to be suitable guest system for ~-cyclodextrin as 

a host compound (Fig. 1. 13). 

Fig. 1. 13 Electrochemical activation of ~-CD binding to dendrimer 

8alzani's group succeeded in obtaining the PPI dendrimers functionalized in 

periphery with dansyl unit with increasing the generation of dendrimer, but not in strict 

dependence upon the number of fluorophores (Fig. 1. 14)28). The quenching of the 

fluorescence of the dansyl units was induced by complexation of the metal ions. 

17 



Fig. 1. 14 Chemical structure of dansylated PPI dendrimer, G4 

Kaneda's group has tried the preparation of palladium complexes within PPI 

dendrimer modified with decanoyl chloride and 3,4,5-triethoxybenzoyl chloride, 

respectively, to give the alkylated and akylated dendrimer29
). Palladium particles were 

encapsulated through ionic interaction (Fig. 1. 15). The nano-scaled environment 

created by the densed amino group located in the PPI dendrimer can provide high 

catalytic activity and stability for the palladium complexes. 

18 



........ -~--I--...... 

• • • • • • 

• • • • • 

• • 

-• • • • • • 

.......~---....... . 

Fig. 1. 15 Proposed structure of dendrimer-encapsulated Pd complex 

(C) Carbon/oxygen-based Frechet type dendrimer 

Frechet's group introduced new approach to convergent synthetic method of 

dendrimer, which possesses a number of significant features, such as controlled 

molecular architecture (Fig. 1. 16)30). Convergent method allows the synthesis of 

almost monodisperse dendritic molecules with highly controlled molecular 

architecture. Taking this advantage of convergent method, Gitsov31
) and Leuduc32

) 

have prepared Frechet type-dendrimers using anionic or living free radical 

polymerization. This type of dendrimer is mused as multifunctional platform of diverse 

dendritic molecules. For example, di- or tri-block ABA copolymer hybrides33), 

side-chain functionalized or dendronized copolymer hybride34
) and amphiphilic 

hybrides35
) were prepared for multifunctional dendrimers. 
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OBr 
OH 

+H1e 
[G4]-Br [C]-(OHh [G4k[c] 

Fig. 1. 16 Convergent synthetic method of Frechet type-dendrimer 

(D) Polyglycerol dendrimer 

Polyglycerol dendrimers (PGDs) (Fig. 1. 17), which were firstly reported by R. 

Haag in 2000, have considered as bio-inert materials and low toxicity materials due to 

their elementary compositions of carbon, oxygen and hydrogen atom. Low toxicity of 

PGDs is attributed to their lack of any nitrogen atoms as seen in PPI and PAMAM 

dendrimer, the cationic nature of which is believed to cause cytotoxicitl6). Since the 

solubility of a poorly water-soluble drug in 50 wt% PGD aqueous solution was 

significantly higher than that in PEG aqueous solution, dendritic architecture of PGDs 

can increase solubility of the poorly water-soluble drug37
). Another characteristic of 

PGDs is that intramolecularly cross-linked PGDs synthesized by polyallyation and 

catalytic cross-linking displayed crown-type binding of picrate ions in organic 

phases38
). 

20 



HO OH 

~ OH 
rrJl.o~ 

0!1 HO~~~~ H~ -:0 
HO\;~~ HO ('01 

HO 0 H 
HO? 

HOjzH .J:. HO 

~\;OH HO~~ H 

PGD-G1 PGD-G2 PGD-G3 

PGD-G4 PGD-G5 

Fig. 1. 17 Chameical structuere of polyglycerol dendrimers of generation 1 (PGD-G1), 

generation 2 (PGD-G2), generation 3 (PGD-G3), generation 4 (PGD-G4) and 

generation 5 (PGD-G5) 
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1.3.2 Conformational Characteristics 

In previous section, I classified and characterized the macromolecular architectures. 

Main reason why the dendrimer and dendron are classified fourth class is their highly 

controlled architecture. Dendrimers possess three distinguished architectural 

components; core, interior and surface functionality (Fig. 1. 18). Each part of dendritic 

architecture exhibits specific functions described below. The core decides the 

dendritic shape, directionality and multiplicity which are expressed via the covalent 

connectivity to the outer shells. The surface group has the possibility of chemical 

modification to provide functionality of dendrimer. Also, the surface group is passive 

or reactive gate controlling entry or release of guest molecules from the interior part. 

Finally, the interior part constructs void space that is enclosed by the terminal groups 

with increasing the generation of the dendrimer. This space is found in not only 

dendritc architecture but also the other polymers. The interior space has the nature of 

guest-host properties that are possible with a particular dendrimer family and 

generation. The conformational characteristics contribute to modulation of their 

properties and their potential applications in interdisciplinary field. The several 

applications applying the property of dendritic conformation are summarized in the 

following section. 

~_1111 ......... _ .. 1 Exterior surface 1 

Fig. 1. 18 Dendritic conformation 
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The core part that is located at the central position of the dendrimer is hardly come 

close to the surrounding bulk solvent. The nano-environment, where interior parts are 

located between the core and the bulk solvent, was functionalized by designing the 

nano-environment using stimuli-responsive moieties. McGrath and his coworkers 

have prepared two analogous types (flexible or rigid) of dendrimer with a single 

azobenzene moiety at the core (Fig. 1. 19)39). Due to the photonic properties of 

azobenzene located on core moiety, The E isomer is wsitched to the Z form by 

irradiating with UV light at 313 nm and can be converted back to the E form by 

irradiation of light at 254 nm or by heating. The E ~ Z photoisomerization quantum 

yield decreased due to the localization of 2p orbital on benzene ring. The dendrimers 

can playa role of photo-switch able hosts for eosin Y. 

hu - • 
hu ' 

Fig. 1. 19 Photo-switchable dendrimers 

Zimmerman and his coworkers have reported two kinds of molecularly imprinted 

polymer (MIP) after removing the template molecule used as a core moiety (Fig. 1.20) 

40). The MIP was prepared by crosslinking dendrimer shell, the core part of which is 

capable of binding porphyrin at center. Two kinds of templates (5, 10, 15, 
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20-tetrakis( 4-hyd roxyphenyl )porphyri n and 5, 10, 15, 

20-tetrakis(3,5-dihydroxyphenyl)porphyrin) were esterified with fourth- and 

third-generation Frechet-type dendrons containing homoallyl end groups, respectively. 

After removal of the porphyrin cores by hydrolysis, the dendrimers were investigated 

for selective binding of porphyrins by spectrophotometric method. And rigorous test of 

imprinting which performed in the cross-reactivities of two denderimers derived from 

different templates are compared. The highly cross-linked hosts showed rapid, 

elective, high affinity, two-point binding of straight-chain diamine guests. This test 

reveals a guest-dependent kinetic binding effect masquerading as evidence of highly 

selective two-point imprinting process. 

Crosslink 

Binding 

..... I Remove .... -1 Template 

Fig. 1. 20 Schematic representation of the dendritic M I P 
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Compared with linear polymer, dendrimers have extensive surface in their 

molecular weight. This makes it very attractive toward applications for 

stimuli-responsive materials or catalysts with large reacting area. Taking these 

distinguishing properties into account many researchers have tried to functionalize 

dendrimers through chemical modification of dendritic surface. Thayumanvan and his 

coworkers have characterized self-assembly of an amphiphilic dendrimer in which 

every repeat unit within the macromolecule contains hydrophilic and hydrophobic 

functionalities on opposite faces of dendritic bone on surface41
). Substrate that was 

modified with amphiphilic dendrimer showed the effective modification of surface. In 

their research, hydrophobic surface could not be converted to hydrophilic surface by 

these dendrimers, due to surface affinity against surface energy competition of alkyl 

group. However, they suggest the possibility of modification of substrates using 

dendritic molecule. 

Since polymers proved their therapeutic use, dendrimers have also studied as a 

therapeutic material, due to their well-defined and nanoscaled polymeric scaffold 

bearing monodispersity and the controlled surface functionalities. Nanometer-sized 

dendrimers (range of 1-100 nm) may interact effectively and specifically with callualr 

membrane, cell organelles and proteins, as all these cellular components are 

themselves nanometer in size range42
). However, toxicity associated with 

terminal-NH2 groups and multi cationic charge limits their candidatures for biomedical 

applications43
). Therefore, many researchers tried to reduce the toxicity through 

dendritic surface modification such as PEGylation44
), acetylation45

) and conjunction 

with carbohydrates46
) or amino acids47

). 

Finally, the interior of dendrimers is protected from the outside bulk solvent by the 

dendrimer surface. The dendritic area is most attractive nature compared with classic 
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polymers. 

1.3.3 Dendritic interior for molecular encapsulation 

The three-dimensional motif of dendrimer imparts with interior space, unlike linear 

polymer which posses random coil structure with high conformational degree. The 

idea of molecular encapsulation within dendritic interior, i.e. topogical trapping, has 

been suggested for the first time by Maciejewski in 198248
). Compared to the 

relatively open structures, dendrimers which are proper generations, i.e. PAMAM 

generations 4 or 5, tend to adopt an extended conformation with a spherical surface 

containing pockets of space in the interior capable of forming guest-host complex. 

After the report of topological trapping by shell molecules, the first host-guest 

complex within dendritic interior was reported by Meijer group, in 1994 (Fig. 1. 21) 49). 

In their report, they referred to this new construction as the 'dendritic box'. Fifth 

generation of amine-functionalized poly(propylene imine) (PPI) dendrimer with 

(t-Boc)-protected induced dendritic encapsulation of L-phenylalanine or the other 

amino acids 50) due to densely formed hydrogen-bonded surface shells and the 

tertiary amines. The maximum number of encapsulated guest molecules per dendritic 

interior was directly related to the shape and the size of the guest molecules, as well 

as to the number, shape and size of the available interior. Most remarkable point was 

the controlled "On and Off system of dendritic box". Partial hydrolysis of the 

hydrogen-bonded shell liberated only small guest molecules. 

26 



Partial 

In solution of; Hydrolysis .. ,,/ 
+ 

@-~H2 • 
1 GS 0 • Protection 

" group 
Total 
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1 
Fig. 1. 21 Topological encapsulation of guest molecules within dendritic box 

According to "dendritic box theory of Meijier", the presence of internal interior within 

dendrimers is strongly related to their conformational behavior and to the number of 

terminal groups. Through several studies, these factors not only involve the nature of 

the dendrimer and terminal groups but also the surrounding solvent and pH51
). 
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1.4 Dendritic host-guest chemistry 

1. 4. 1 Nonspecific internal binding 

•• •• •• •• 'E) 

• • • • • • • • • • 

'-__ "'!:Ie •• 

• • • • • • • • • • • • • 

•• •• •• 

Fig. 1. 22 Formation of the host-guest complexation between PAMAM dendrimer 

bearing ionic assembled shell with dodecanoic acid (left) and methyl orange (right). 

Crooks groups reported host-guest complexation of inverted micelle-like structures 

that are formed by ionic complexation between fatty acids (decanioic acid) and an 

amine-terminated PAMAM dendrimer of fourth-generation (G4-PAMAM) and a 

hydrophilic guest molecule (Fig. 1.22). In this report, they suggested its potential as 

a extraction system toward hydrophilic guest molecules into nonpolar solvents from 

aqueous phase52
). Methyl grange, a hydrophilic dye, is used as the guest molecule 

capable of binding to amine groups in micelle-like structures. Matal particles (Cu) also 

could be prepared by sorption of metal ions into the interior of dendrimers. Taking this 

advantage of dendrimer into account, they tested dendrimer-encapsulated Pd 

particles in toluene solution for catalytic activity by examining their effectiveness 

toward hydrogenation53
). 
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1. 4. 2 Directed internal binding 

1. 4. 2. 1 Using hydrogen bonding 

W. Xu's groups investigated the host-guest chemistry of PAM AM denerimer-drug 

complexes by NMR techniques, including 1H-NMR and 2D-NOESy' One of their 

reports suggest the interaction between PAMAM dendrimer and mycophenolic acid 

(MPA) (Fig. 1.23, Fig. 1.24)54). The 1H-NMR spectroscopy techniques showed that 

the MPA molecules are bound in the interior of dendrimer pockets by hydrogen-bond 

interactions and hydrophobic interactions. The 2D NOESY analysis predicted the 

localization of MPA molecules in the pockets of dendrimers. 

(c) 

HOOC 

CH3 OH 

Fig. 1. 23 Chemical structure in the (a) G5 PAMAM dendrimer interior repetitive units, 

(b) G5 PAMAM dendrimer outermost layer, and (c) MPA molecule. 
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Fig. 1. 24 Host-guest complexes; Encapsulation of MPA molecules in the interior of 

dendrimers by hydrophobic interactions / hydrogen-bond interaction 

1. 4. 2. 2 Apolar binding 

H. R. Tseng's group reports a convenient, flexible and modular synthetic approach 

to the preparation of size-controlled (30-45 nm) supramolecular nanoparticle (SNPs) 

(Fig. 1. 25) 55). Cyclodextrin/Adamantan (CD/Ad) complex was employed to achieve 

self-assembly of SNPs from three different molecular building blocks. To analyze how 

the mixing ratios between Ad-PAMAM and CD-PEl affect the size of the resulting 

SNPs, they utilized dynamic light scattering (DLS) measurements to analyze the 

freshly prepared SNPs. 
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n-Ad-PAMAM P-CD-PEI 
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Fig. 1. 25 A convenient, flexible, and modular synthetic approach for preparation of 

size-controlled supramolecular nanoparticles (SNPs). A molecular recognition system 

based on adamantane (Ad) and b-cyclodextrin (CD) was employed to assemble three 

molecular building blocks. 1) n-Ad-PAMAM (n=4* or 8), 2) CD-PEl, and 3) Ad-PEG. 
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1.5 Objective of this study 

Dendrimers are well-defined densed branch architecture that is obtained via 

step-wise addition of repeated layers of branched segments to a multifunctional core. 

These unique architectures have observed in nature, such as neuron which carries 

impulses to cell body. 

The significant difference between dendrimers and classical polymers is interior 

space which can entrap guest molecules. Dendritic systems reveal highly densed 

endgroups, increasing with each new generation of branched segments. The densed 

endgroups and the branched structure construct the interior space that is 

distinguished from external environment of bulk solvent. Since 1994 at the first report 

"dendritic box" by Meijer, the interior space has been demonstrated as encapsulating 

space fir guest molecules, suggesting that they act as nano-sized macromolecular 

carriers. For example, PAMAM dendrimer and its derivatives could encapsulate drugs 

via electrostatic interaction or/and hydrophobic interaction. Since PAMAM 

dendrimers contain peripheral primary amine and internal tertiary amine groups, 

those groups can be protonated below those pKa in aqueous conditions, which 

becomes driving force to form complexes with oppositely charged guest molecules. 

However, the amine-based dendrimers express toxicity due to their high number of 

cationic charge, leading to the limited biomedical application. 

Polyglycerol dendrimers (PGDs) consist of glycerol units, and their application is 

expected in the field of bio-functional materials due to their good biocompatibility. To 

apply the PGDs for practical use, the densed surface hydroxyl groups have been 

modified for protein resistance. However, interior spaces of PGDs are still veiled for 

the development of PGDs. Therefore, I hypothesed that PGDs can act as host 

molecules with non-toxic properties if the physicochemical properties of interior space 
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are clarified. 

This dissertation describes the study of dendritic host-guest systems by using 

PGDs as a host and several guest molecules. In order to understand the properties of 

host-guest complex of PGDs, fluorescent and thermodynamic analyses for the 

host-guest complex was carried out by means of fluorescence spectroscopy, NMR 

titration and isothermal titration calorimetry (ITC). In this dissertation, 

4-amino-3-hydroxynaphthalene-1-sulphonic acid (AHSA), 5-fluorouracil (5-Fu) and 

amino acids were used as the guest molecules. AHSA will give some information of 

the complication within the interior parts of PGDs in terms of hydrophobic 

environments and intermolecular interactions. For the practical application of 

host-guest system using PGDs, I selected 5-Fu as a model drug. In combination 

with mosodispersed nature of PGDs, stoichiometric analysis may be achieved and 

applicable for pharmaceutical use. As an exploratory study of further guest 

molecules toward PGDs, amino acids were subjected for complexation with PGDs, 

which are tried to perform using ITC to get stoichiometric information. 

Through the investigation of the interior space for the host-guest systems, the 

scientic evidences will provide new opportunity of PGDs as a host molecule for 

encapsulation of biologically active agents toward pharmaceutical applications. 
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1.6 Survey of this dissertation 

This dissertation is classified by the guest molecules. In chapter 2, synthesis and 

purification of PGDs of generation 1 and 2 (PGD-G1 and -G2) were described, and 

the analyses of molecular interaction between PGD-G1 or G2 and AHSA were 

described. Here, the binding constant and stoichiometry were evaluated by ITC. In 

chapter 3, synthesis and purification of PGDs of generation 3 and 4 (PGD-G3 and 

-G4) were described, and molecular interaction between PGD-G3 or G4 and AHSA 

were investigated. Here, the binding constant and stoichiometry were evaluated by 

ITC. In order to determine the average diameter of PGD-G3 or G4 in presence or 

absence of AHSA in aqueous solution, DLS was employed. In chapter 4, the 

interaction between PGDs and 5-Fu were discussed by 1H_, 19F-NMR and fluorescent 

measurements. In chapter 5, exploratory study of amino acids as alternative guest 

molecules was investigated to evaluate the interaction between side chains of amino 

acids and interior of PGDs. 
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Chapter 2. 

Preparation of Polyglycerol Dendrimers (PGD-Gl and 

G2) and their Host-Guest Interaction with Fluorescent 

Probe 

2.1 Introduction 

Recently, PGDs and hyperbranched polyglycerol (HyPG) have been focused on in 

various biomedical applications due to their positive biocompatibilities and unique 

physicochemical properties 1). Although HyPG shows such the bio-inert properties in 

aqueous media2
), it is reported that shell crosslinked nanocapsules of HyPG can bind 

not only metal ions3
), but also fluorescent dyes accompanied with large aggregation 

in water4
), indicating that the crosslinked shell plays an important role for entrapment 

of the guest. However, due to its distribution of molecular weight, it is difficult to 

expect the reproducibility of its functionality. 

This chapter deals with (a) the preparation of PGD-G1 and PGD-G2, (b) 

characterizations of interactions between fluorescent probe and PGD-G1 and G2. In 

this study, I focused how the generation of PGDs which are relatively low generation 

of PGDs, affects the localization of a fluorescent molecule in the well-defined 

dendritic' structures, as observed through fluorescence measurement, 1H-NMR 

titration, and isothermal titration calorimetry (ITC). From these characterizations, the 

binding constant and stoichiometry of interactions between fluorescent probe and 

PGD-G1 and G2 were determined. Based on these results, the interaction between 

fluorescent probe and PGD-G1 and G2 were discussed. 
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2.2 Experimental 

2.2.1 Material 

Allyl chloride, 4-mtehylmorpholine N-oxide (NMO), and 50 wt% of sodium 

hydroxide solution were purchased from Sigma-Aldrich Co. (St. Louis. USA) and used 

without further purification. Tetrabutylammonium bromide (TBAB) and aqueous (4 

wt%) osmium tetraoxide solution were purchased from Tokyo Chemical Industry Co. 

(Tokyo, Japan). Sodium hydroxide, 1,1, 1-tris(hydroxymethyl)propane (THMP), 

4-amino-3-hydroxynapthalene-1-sulphonic acid (AHSA) and magnesium sulfate were 

purchased from Wako Pure Chemical Industries (Osaka, Japan) and were used 

without further purification. t-Butyl alchol (t-BuOH), acetone, ethyl acetate, toluene 

and methanol were reagent grade and purchased from Nacalai Tesque (Kyoto, 

Japan). Petroleum ether was reagent grade and purchased from Kanto Chemical Co. 

Inc. (Tokyo, Japan). 

2.2.2 Synthesis and purification of PGD-G1 and G2 

PGDs were synthesized by two-step process based on allylation of alcohols and 

catalytic dihydroxylation. For preparation of PGD-G1, allylchloride (0.5 mol) was 

added to a solution of THMP (0.1 mol alcohol equiv.), TBAB (0.01 mol) and 50 % 

sodium hydroxide solution (0.5 mol) in a three-necked round-bottom flask, over 22 h 

at 45°C with stirring using a overhead mechanical stirrer. When the reaction reached 

completion (monitored by TLC), 100 mL of toluene was added to the flask. The 

organic phase was separated, dried with MgS04, filtered and concentrated under 

vacuum. The allylated THMP was purified by a silica gel column chromatography 

(eluent: petrolether/ethyl acetate). The allylated THMP (0.1 mol equiv.) and 
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N-methylmorpholine-N-oxide (0.11 mol) were dissolved in acetone (50 mL), distilled 

water (50 mL) and t-butanol (10 mL), and then 4 wt% OS04 solution in water (2 mL) 

was added to the mixture and stirred for 24 h at 25°C. When the reaction was over, 

the volatile compounds were removed in vacuo. The obtained crude PGD-G1 (9.5 g) 

dissolved in methanol (10 mL) was applied to an acidic active alumina column 

(eluent: methanol/water), and the recovered crude product was then applied to a 

silica gel chromatography (eluent: ethyl acetate/methanol), giving PGD-G1 as clear 

and sticky substance. In a similar manner, PGD-G2 was synthesized by using 

PGD-G1 as a starting material. The obtained PGDs were identified by 1H-NMR 

measurements using a 500 MHz FT-NMR apparatus (Bruker Advanced 500 

spectrometer) and a MALDI-TOF-MS apparatus (Voyager 2000, AB SCIEX). 
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CI~ 0504 
HO~ H~ 

H~OH ~O OH ~ .... 
OH TEAB .f0 Water/Aceton 0 

50wt% t-BliOH HOJOH 
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GO GO.S Gl 

OH 

~ 2 NMO HO~ to: 
Cl~ [<"~e':J-o'\ 0504 

HOyu\ )- OH 

.. .. HO ~O ()'\'::OH 

TBAB Water/Aceton 
~) \~ 50wt% 

C ~ t-BliOH 

NaOH Soln. HO ~OH 
OH H 

Gl.S G2 

Fig. 2. 1 Synthesis of PGD-G1 and G2 
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PGD-G1 : Yield: 84 % 

1H-NMR (020, 500 MHz): () = 3.77 (m, 3H, HOCHCH2-), 3.55-3.50 (dd, 4H, 

-OCjJzCH-), 3.45-3.40 (m, 6H, HOCjJzCH-), 3.39-3.34 (m. 2H, -OCjJzCHOH), 3.30 (q, 

4H, -CCjJzO-), 3.22 (s, 2H, -CCH~O-), 1.24 (q, 2H, -CCH~CH3), 0.73 (t, 3H, 

-CCH2CH3) 

MALDI-TOF-MS (matrix: CHCA) m/z = 379.16 (PGD-G1 + Na+) 

PGD-G2 : Yield: 85 % 

1H-NMR (020,500 MHz): () = 3.76 (m, 6H, HOCHCH20-), 3.68 (m, 3H, -OCHCH20-), 

3.64-3.53 (m, 12H, HOCHCH20-), 3.53-3.48 (m, 12H, HOCjJzCH-), 3.48-3.38 (m, 

12H, -OCjJzCHO-), 3.29 (q, 4H, -CCjJzO-), 3.22 (s, 2H, -CCjJzO-), 1.25 (q, 2H, 

-CCH~CH3), 0.74 (t, 3H, -CCH2C!::h) 

MALDI-TOF-MS (matrix: CHCA) m/z = 823.12 (PGD-G2 + Na+) 

2.2.3 Fluorescent measurements of AHSA in the presence of various 

concentrations of PGDs 

AHSA (3mg, 13 Ilmol) was dissolved in 100 mL of 10 mM acetate buffer (pH 5.0) as 

a stock solution. PGD-G1 (2,4,9, 18,35,70 mmol) was dissolved in 1 mL of 10 mM 

acetate buffer (pH 5.0). The stock solution of AHSA (30 IlM) was added to each 

PGD-G2 was incubated for 30 min at 4 °C in a quartz cell, and emission spectra of 

the solution were measured (excitation wavelength: 342 nm) by a spectrofluorometer 

(F-2500, HITACHI, LTD., Japan) at 4 °C under nitrogen atmosphere. The same 

experiments were performed using PGD-G2 instead of PGD-G1. Glycerol sample 

was used as a control sample of PGDs. 

2.2.4 1H-NMR titration of AHSA toward PGDs 

PGD-G1 or G2 was dissolved in 10 mM acetate buffer prepared by 0 20, pO of 

which was adjusted by NaOD and acetic acid-d4 (concentration: 7.37 mM). AHSA 

dissolved in the buffer was added to the PGD-dissolved solution to be 4.93, 9.87, 
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19.7 and 49.3 mM (final concentration of AHSA: 49.3 mM). 1H-NMR spectra of each 

solution were measured using a 500 MHz FT-NMR apparatus (Bruker Advanced 500) 

2.2.5 ITC (Isothermal Titration Calorimetry) titration between AHSA 

and PGDs 

ITC titrations were carried out with a VP-ITC microcalorimeter (MicroCal LLC, GE 

Healthcare). PGDs were dissolved in distilled water (concentration: 0.1 mM). And 

AHSA salt was also prepared in the same way (concentration: 0.5 mM or 1 mM). The 

PGD solutions were placed in the calorimeter cell. The titration syringe was loaded 

with AHSA solution at a 5 - 10 times higher concentration than in the cell. The 

titrations were carried out with 25 injections of 10 /!L each with time intervals of 20 

second. The solution was stirred at 300 rpm as suggested by the manufacturer. 

Titrations were carried out at a cell temperature of 25°C and with a reference power 

of 10 /!cals-1. ITC data analyses were carried out in Origin 7 SR 2 (OriginLab Corp.) 

with the provided microcal ITC routines. 
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2. 3 Results and discussion 

2.3.1 Fluorescent measurements of AHSA in the presence of various 

concentrations of PGDs 

200 a} PGD-Gl 
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III ... 
C 

400 450 500 
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Fig. 2. 2 Fluorescent spectral change for a solution of AHSA on the addition of 

PGD-G1 and G2 
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In order to estimate of branched 

2,3-dihydroxy-propoxymethyl units 

structure of PGDs consisting of 

on the interaction with 

4-amino-3-hydroxynapthalene-1-sulfonic acid (AHSA) as a fluorescent indicator, the 

change of fluorescent spectra of AHSA as a function of PGD concentrations was 

firstly examined. Due to various functional groups, relatively small size and simple 

chemical structure, AHSA was chosen. And AHSA has been previously studied as a 

fluorescent dye that exhibits changes in fluoresce intensity in response to external 

polaritl). If difference in the generation of PGDs between glycerol and G2 affects the 

polarity change, one can imagine that hypsochromic or bathochromic shifts might be 

observed. 

A fluorescence spectrum of AHSA itself was observed at wavelength between 358 

and 550 nm, with a maximum intensity at 450 nm. Comparing with glycerol, the 

intensity of AHSA in presence of PGD-G2 was increased with increasing the 

concentration of PGD-G2. And hypsochromic shift was observed, whereas such an 

increase was not observed in the presence of any concentration of glycerol (Fig. 2. 2 

a), c)). 

The increased fluorescence intensity means that the expanded 

2,3-dihydroxy-propoxymethyl units of PGDs provide an hydrophobic region capable 

of binding with AHSA as well as the other solvatochromic fluorescent molecules such 

as 1-anilinonapthalene-8-sulfonate5
). In addition to the fluorescence intensity change, 

the hypsochromic shift value (&) was calculated by subtraction between the 

wavelengths at the maximum intensity of AHSA in the absence and presence of 

PGDs (Eq. 2-1). 
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The l::J.. increased proportionally to the concentration of each of the substrates, where 

the increment order of substrates was PGD-G2 > PGD-G1 > glycerol (Fig. 2: 3). The 

interaction between PGD-G1 or G2 and AHSA suggests that the increase number of 

2,3-dihydroxy-propoxymethyl units in PGDs provided less polar microenvironments 

than the aqueous environment, which was reflected in the hypsochromic shift. 

25 
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• PGD-Gl 

.. PGD-G2 

Fig. 2. 3 Hypsochromic shift of AHSA with increase in the concentration of PGD-G1, 

G2 and glycerol in the acetate buffer (pH 5.0) 

Considerable reason is that the strength of hydrogen bonds between 2-napthol 

groups of AHSA and hydroxyl groups of PGDs under the different less polar 

environments. It is reported that some hydroxyarene molecules such as 2-napthol 

showed hypsochromic shift when a hydrogen bond was accepted to its hydroxylic 

oxygen atom from protonated solvents?). Since the number of hydroxyl groups of 

PGD-G1, PGD-G2 and glycerol are 6, 12 and 3, respectively, the increased number 
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of hydroxylic hydrogen atom in the dendritic structure possibly provides the 

opportunity of more frequent collisions with the hydroxylic oxygen atoms of AHSA with 

increasing the generation from 1 to 2, which might be dependent on the formation of 

less polar internal cavity in the dendritic structure. Another possible explanation is 

restricted tWist motion of C-N bonds of AHSA, which is closely related to 

excitation/emission energy based on twisted intramolecular charge-transfer (TICT) 

mechanism (Fig. 2.4) 8}. If the primary amine participates in hydrogen bonding with 

the hydroxyl groups, typical angles between the ion-pair lobe on nitrogen atom and 

the carbon 2p7t-orbital on the naphthalene ring might show high energy, leading to the 

observed hypsochromic shift. 
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Fig. 2. 4 Twisted intramolecular charge-transfer (TICT) 
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2.3.2 1H-NMR titration of AHSA in the presence of various 

concentrations of PGDs 

In order to clarify the location and interaction of AHSA in the PGDs via 

intermolecular interactions, 1 H-NMR titration of AHSA with PGDs in 10 mM acetate 

buffer (pO 5.0) was employed. 

2.3.2.1 1H-NMR titration between PGD-2 and AHSA 

AHSAonly 

AHSA: PGD-G2 
0.7 : 1 

AHSA: PGO·G2 
6.7 : 1 

b 

8.5 

Fig. 2. 5 1H-NMR spectra of the mixture of AHSA and PGD-G2 

When the molar ratio of AHSA to PGD-G2 increased, the doublet peak for Hb of 

naphthalene ring (8.4 ppm) noticeably shifted downfield, and the doublet peak of He 

of naphthalene ring (7.9 ppm) and the singlet peak for Ha (7.7 ppm) were shifted 

towards upfield (Fig. 2.5). One can account for this observation in that the hydroxyl 

oxygen atom is positively charged so as to be b+ via attraction of the unshared 

electron pair of the hydroxyl oxygen atom with the hydroxyl hydrogen atom of 

PGD-G2 and/or the primary amine of AHSA; hence, the oxygen atom may become an 

electron acceptor capable of drawing electrons adjacent to the Ha-proton in an 
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Hydrogen bond" 

• Oxygen acts as 
electron acce'ptor. 

Fig. 2. 6 Image of AHSA in presence of PGD-G2, in acetate buffer (pH 5) 

inductive and resonant way (Fig. 2. 6). Interestingly, multiplet peaks attributed to He 

and Hd protons of the naphthalene ring (around 7.5 ppm) were divided into two peak 

regions. Since the He and Hd protons are considered to be in a non-polar environment, 

we hypothesized that the He and Hd protons are feasibly located in the hydrophobic 

environment, resulting in the peak division. Therefore, we next focused on the 1H 

NMR spectra of PGD-G2. 

PGD-G2 only 

AHSA: PGD-G2 

0.7 : 1 

AHSA: PGD-G2 

6.7 : 1 

8,8' 7,7' 
.. r-, ---1.----, 

~/VZ 
~ 

9,9' 

Fig. 2. 7 1 H-NMR spectra of the mixture of AHSA and PGD-G2 

When the molar ratio of AHSA to PGD-G2 was increased up to 6.7, the peaks 

attributed to the protons 1, 2, 3, and 3' of PGD-G2 were found to move downfield 
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significantly (Fig. 2. 7). These results indicate that the AHSA molecule interacted with 

the core part of PGD-G2. The peaks attributed to 4,4' 5,5',6,6',7,7' 8,8',9, and 9' of 

PGD-G2, which are located from interior to outer parts of it, were slightly shifted to 

downfield and became broader, suggesting that the interior and outer parts of 

PGD-G2 were also attractively associated with AHSA. Thus, AHSA was likely 

encapsulated within the PGD-G2 molecule, where the He and Hd protons of AHSA 

were interacted with H1 and H2 protons that are located at the hydrophobic core parts 

of PGD-G2. 

2.3.2.2 1H-NMR titration between PGD-G1 and AHSA 

b 

AHSAonly -- ..... "'.'" .~----~---.....---I 
I 

AHSA: PGD-Gl 0.7 : 1 __ ,..Jv' __ - __ .................... __ _ 

AHSA: PGD-Gl 
6.7 : 1 

I 
8.5 

I 
8 .. 0 

Fig. 2. 8 1H-NMR spectra of the mixture of AHSA and PGD-G1 

, . 
7.5 PPM 

From a 1H-NMR titration spectrum of AHSA, the characteristic peaks attributed to 

AHSA were observed in the range of chemical shifts between 7.0 and 9.0 ppm. With 

increasing molar ratio of AHSA to PGD-G1, the peaks of AHSA attributed to Hb (8.4 

ppm), He (7.7 ppm) and Hc, Hd (7.5 ppm) shifted downfield (Fig. 2.8). On the other 

hand, the doublet peak of He (7.9 ppm) shifted upfield. These results indicate that 
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-Oxygen acts as 
electron donor. 

Fig. 2. 9 Image of AHSA in presence of PGD-G1, in acetate buffer (pH 5) 

AHSA was actually interacted with PGD-G1. The downfield shift of Ha (7.7 ppm) 

denotes enhanced deshielding effect, hence, the hydroxyl oxygen could act as an 

electron donor (Fig. 2. 9), leading to the increased electron density of the C3 position, 

and, unlike in the PGD-G2, the hydroxyl groups of AHSA do not contribute significant 

hydrogen bonds. When the molar ratio of AHSA to PGD-G1 was 6.7:1, new peaks 

were appeared around at 8.4 and 7.5 ppm, indicating the existence of free AHSA 

molecules under this condition. Since such peaks attributed to the free AHSA 

molecules were not observed in the case of PGD-G2, the equilibrium shift to 

AHSA-PGD-G1 complex formation was small as compared with the case of PGD-G2. 

PGD-Glonly 

AHSA: PGD-Gl 

0.7 : 1 

5,5' .. 
~, 

6 
5 4 6'5' 

2 03 0 4, 
3' 1 :0 

____ ----r-

33' 

2. 

Fig. 2. 10 1H-NMR spectra of the mixture of AHSA and PGD-G1 
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The peaks attributed to 3, 3', 4, 4', 5, 5', 6 and 6' of PGD-G1 were shifted 

considerably upfield, while moderate peak shifts of 1 and 2 were observed when the 

molar ratio of AHSA to PGD-G1 was 6.7 (Fig. 2.10). Taking all the above-mentioned 

results of PGD-G1 into account, it can be surmised that the AHSA molecule 

preferentially interacted with the outer parts of PGD-G1, where either hydroxyl 

hydrogen or primary amino hydrogen of AHSA might act as a weak hydrogen donor 

toward ether oxygen and/or hydroxyl oxygen of PGD-G1. 
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2.3.3 ITC titration of AHSA in the presence of various concentrations 

of PGD-G2 and G1 

o 
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Fig. 2. 11 ITC titration curves for PGD-G2 and AHSA in water. ITC measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGD-G2 (0.1 mM) was titrated with a solution of AHSA (Total volume: 1 mM). 

The results of a typical titration calorimetry measurement, which consisted of 

adding 10 /-lL aliquots of 1 mM AHSA solution to 0.1 mM PGD-G2 solution in water at 

25°C is shown in Fig 2.11 (a). The results exhibit a monotonic decrease in the 

exothermic heat of binding with each successive injection until saturation is achieved. 
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A non-linear least-squares fit of the ITC data to the identical site model described by 

eq 2, is also presented in Fig. 2. 11 (b). As shown by the curve in Fig. 2. 11(b), the 

incremental heats per mole of added AHSA follows closely the injection number. This 

result of ITC measurements supported the encapsulation of AHSA into PGD-G2. The 

Ka value was calculated to be 2.6 x 10 4 (M-1
) with a 1 : 1 stoichiometry of PGD-G2 

and AHSA. And the L1H and L1S are -2.66 x 10 4 (M-1
) and -67.9 (M-\ respectively. 

In a similar manner, calorimetric titration of PGD-G1 solution with AHSA solution 

was performed under the same conditions. 

Time (min) 
-10 0 10 20 30 40 50 60 70 

o 

Fig. 2. 12 ITC titration curves for PGD-G1 and AHSA in water. ITC measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGD-G1 (0.1 mM) was titrated with a solution of AHSA (0.5 mM) (Total volume: . 

1mM). 
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The results of a typical titration calorimetry measurement, which consisted of 

adding 10 III aliquots of 0.5 mM AHSA solution to 0.1 mM PGD-G2 solution in water 

at 25°C is shown in Fig 2.12 (a). The raw data (Fig. 2.12 (a») between PGD-G1 and 

AHSA also exhibit a monotonic decrease in the exothermic heat of binding with each 

successive- injection until saturation is achieved. A non-linear least-squares fit of the 

ITC data to the identical site model described by eq 1, is also presented in Fig. 2. 12 

(b). The Ka value was calculated to be 3.4 x 10 4 (M-1
) with a 1 : 0.02 stoichiometry, 

suggesting that AHSA actually interacted with PGD-G1, but the number of AHSA 

molecules that participated in the interaction was much smaller than with PGD-G2. 

And the L1H and L1S are -5.47 x 10 5 (M-1
) and -1.81 x 10 3 (M-1

), respectively. Taking 

all the above-mentioned results of PGD-G1, it can be summarized that 1 mole of 

AHSA preferentially interacted with 50 moles of PGD-G1, where either hydroxyl 

hydrogen or primary amino hydrogen of AHSA might act as a weak hydrogen donor 

toward outer hydroxyl oxygen PGD-G1, showing the same orders of magnitude of the 

Ka value with PGD-G2. 
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2.4 Conclusion 

Molecular interactions between AHSA and PGD-G1 and G2 were analyzed by 

fluorescent measurements, 1H-NMR titration and ITe. A less polar and hydrophobic 

environment was formed by PGD of generation 2 (PGD-G2), which enhanced uptake 

of AHSA into the dendritic interior of PGD-G2 with a 1 : 1 stoichiometry. On the other 

hand, AHSA was seen to interact with only the outer part in the case of PGD-G1. 

Therefore, higher generation of PGDs in conjunction with the construction of dendritic 

interior could be a factor in the enhanced uptake of guest molecules. This concept of 

molecular uptake using the biocompatible PGDs might have potential application for 

nanocarriers for drug delivery and nanomaterials for molecular recognition. 
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Chapter 3. 

Dendritic Host-Guest Interaction of Polyglycerol 

Dendrimer of Generation 3 {PGD-G3} and 4 {PGD-G4} 

with a Fluorescent Probe 

3.1 Introduction 

In chapter 2, I discussed the interaction between a fluorescent probe (AHSA) and 

PGD-G1 or G2. From the results, the generation dependency of PGDs toward the 

interaction with AHSA was observed. This phenomenon suggests that PGDs of 

generation over 2 affect the intermolecular interactions with AHSA. 

This chapter deals with the investigation of the interaction between PGD-G3 or G4 

and AHSA. To understand the interactions between PGD-G3 or G4 and AHSA, 

fluorescence measurement, 1 H-NMR titration, ITC and DLS were employed as 

described in chapter 2. 

3.2 Experimental 

3.2.1 Material 

Allyl chloride, 4-mtehylmorpholine N-oxide (NMO), and 50 wt % of sodium 

hydroxide solution were purchased from Sigma-Aldrich Co. (St. Louis. USA) and used 

without further purification. Tetrabutylammonium bromide (TBAB) and aqueous (4 

wt %) osmium tetraoxide solution were purchased from Tokyo Chemical Industry Co. 

(Tokyo, Japan). 1,1,1-Tris(hydroxymethyl)propane (THMP), 

4-amino-3-hydroxynapthalene-1-sulphonic acid (AHSA), sodium hydroxide and 
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magnesium sulfate were purchased from Wako Pure Chemical Industries (Osaka, 

Japan) and were used without further purification. t-Butyl alchol (t-BuOH), acetone, 

ethyl acetate, toluene and methanol were reagent grade and purchased from Nacalai 

Tesque (Kyoto, Japan). Petroleum ether was reagent grade and purchased from 

Kanto Chemical Co. Inc. (Tokyo, Japan). 

3.2.2 Synthesis and purification of PGD-G3 and G4 (Fig. 3.1) 

PGO-G3 and G4 were synthesized by two-step process based on allylation of 

alcohols and catalytic dihydroxylation. For preparation of PGO-G3, allylchloride (1660 

mmol) was added to a solution of PGO-G2 (554.2 mmol alcohol equiv.), TBAB (55.4 

mmol) and 50 % sodium hydroxide solution (0.5 M) in a three-necked round-bottom 

flask, over 22 h at 45°C with stirring using a overhead mechanical stirrer. When the 

reaction reached completion (monitored by TLC), 100 mL of toluene was added to the 

flask. The organic phase was separated, dried with MgS04, filtered and concentrated 

under vacuum. The allylated PGO-G2 was purified by a silica gel column 

chromatography (eluent: petrolether/ethylacetate). The allylated PGO-G2 (272.6 

mmol) and N-methylmorpholine-N-oxide (299.9 mmol) were dissolved in acetone 

(270 mL), distilled water (270 mL) and t-butanol (55 mL), and then 4 wt% OS04 

solution in water (4 mL) was added to the mixture and stirred for 24 h at 25°C. When 

the reaction was over, the volatile compounds were removed in vacuo. The obtained 

crude PGO-G3 (39.2 g) dissolved in methanol (50 mL) was applied to an acidic active 

alumina column (eluent: methanol/water), and the recovered crude product was then 

applied to a silica gel chromatography (eluent: ethyl acetate/methanol) or HPLC, 

giving PGO-G3 as clear and sticky substance. In a similar manner, PGO-G4 was 

synthesized by using PGO-G3 as a starting material. The obtained PGOs were 
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identified by 1 H-NMR measurements using a 500 MHz FT-NMR apparatus (Bruker 

Advanced 500 spectrometer) and a MALOI-TOF-MS apparatus (Voyager 2000, AB 

SCIEX). 

OH 
H0-<C OH 

HO~~ .~H OH (~ 
HO +0 cJ\OH 

..J.0 TSA8 

0 SOw!% 

HCr): 'ZrOH NaOHSoin. 
OH 
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5Owt% 

NaOHSolll. 

G3.S 

.. 

l..o ~ 6 
~ lo~ 

~JO~ J. 0) 

°1~ ( 'V' 

.J~ ~~ 
G2.S 

NMO 

0<0, 

Water/Aceton 

t-8110H 

NMO 

OsO, 

Water/Aretoll 

t-8uOH 

Fig. 3. 1 Synthesis of PGO-G3 and G4 

PGO-G3: Yield: 72 % 

G3 

G4 

1H-NMR (020, 500 MHz): 8 = 4.0 (d, 24H, HOC.!:hCHCH2-), 3.8-3.73 (m, 12H, 

HOCHCH20-), 3.71-3.64 (m, 24H, HOCHC.!:hO-), 3.63-3.56 (m, 9H, -OCHCH20-), 

3.56-3.24 (m, 36H, -OC.!:hCHC.!:hO-), 3.08 (t, 6H, -CCH20C.!:hCH-), 2.8 (s, 6H, 

-CCH20- ), 1.27 (q, 2H, -CC.!:hCH3), 0.77 (t, 3H, -CCH2CH3) 

MALOI-TOF-MS (matrix: CHCA) m/z = 1712.83 (PGO-G3 + Na+) 

PGO-G4 : Yield: 68 % 

1H-NMR (020, 500 MHz): 8 = 3.8-3.73 (m, 48H, HOCHCH20-), 3.71-3.64 (m, 48H, 

HOCHC.!:h0-), 3.63-3.56 (m, 64H, -OCHCH20-), 3.56-3.24 (m, 48H, 

-OCH2CHC.!:h0-), 3.3-3.2 (q, 36H, -OC.!:hCHO-), 1.28 (q, 2H, -CC.!:hCH3), 0.78 (t, 3H, 

-CCH2CH3) 

MALOI-TOF-MS (matrix: CHCA) m/z = 3491.85 (PGO-G4 + H20) 
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3.2.3 Fluorescent measurements of AHSA in presence of various 

concentrations of PGDs 

AHSA (3 mg, 13 Ilmol) was dissolved in 100 ml of 10 mM acetate buffer (pH 5.0) 

as a stock solution. PGO-G3 (1.1,2.1,4.2, B.5, 17,34 Ilmol) was dissolved in 1 mlof 

10 mM acetate buffer (pH 5.0). The stock solution of AHSA (30 Ill) was added to 

each PGO-G3 solution, followed by incubation for 30 min at 4 °C in a quartz cell. 

Emission spectra of the solution were measured (excitation wavelength: 342 nm) 

using a spectrofluorometer (F-2500, HITACHI, lTD., Japan) at 4 °C under nitrogen 

atmosphere. The same experiments were performed using PGO-G4. Glycerol sample 

was used as a control sample of PGOs. 

3.2.4 Fluorescent measurements of AHSA in various solvents 

AHSA (3 mg, 13 Ilmol) was dissolved in 100 ml of dioxane, poly(ethylene glycerol) 

(PEG) 400, ethanol and glycerol as a stock solution, respectively. Each stock solution 

of AHSA (30 Ill) was added to the corresponding solvents (970 Ill), and then the 

mixture (final concentration of AHSA (30 11M) was incubated for 30 min at room 

temperature in a quartz cell. Emission spectra of the solutions were measured 

(excitation wavelength: 342 nm) using a spectrofluorometer (F-2500, HITACHI, lTD., 

Japan) at room temperature. 

3.2.5 1H-NMR titration of AHSA toward PGDs 

PGO-G3 or G4 was dissolved in 10 mM acetate buffer prepared by 0 20, pO of 

which was adjusted by NaOO and acetic acid-d4 (concentration: 7.37 mM). AHSA 

dissolved in the buffer was added to the PGO-dissolved solution to be 4.93, 9.B7, 

19.7 and 49.3 mM. 1H-NMR spectra of each solution were measured using a 500 
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mHz FT-NMR apparatus (Bruker Advanced 500) 

3.2.6 Isothermal titration calorimetry (ITe) experiments between 

AHSA and PGDs 

ITC titratrons were carried out using a VP-ITC microcalorimeter (MicroCal llC, GE 

Healthcare). PGDs were dissolved in distilled water (concentration: 0.1 mM). AHSA 

was also dissolved in distilled water (concentration: 0.5 or 1 mM). The PGD solutions 

were placed in the calorimeter cell. The titration syringe was loaded with the AHSA 

solution at a 5 - 10 times higher concentration than in the cell. The titrations were 

carried out with 25 injections of 10 III each with time intervals of 20 second. The 

solution was stirred at 300 rpm as suggested by the manufacturer. Titrations were 

carried out at a cell temperature of 25°C and with a reference power of 10 Ilcals-1
. 

ITC data analyses were carried out in Origin 7 SR 2 (Originlab Corp.) with the 

provided microcal ITC routines. 

3.2.7 Dynamic Light Scattering (DLS) of PGDs 

DlS measurments were performed using a Zetasizer Nano-ZS instrument (Malvern 

Instruments Ltd, Worcestershire, UK). The experimental conditions of PGDs in 

presence or absence of AHSA were the same with ITC titration between AHSA and 

PGDs. The mixtures of PGD and AHSA were prepared by mixing with 1.4 ml of PGD 

aqueous solution (concentration: PGD-G3; 0.1 mM, PGD-G4; 0.2 mM) and 250 III 

AHSA aqueous solution (concentration; 1 mM). Final concentration of AHSA was 0.2 

mM. DlS data were analyzed by using a Zetasizer Software (Malern Instruments Ltd.) 

with the provided DLS routines. 
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3. 3 Results and discussion 

3.3.1 Fluorescent measurements of AHSA in presence of various 

concentrations of PGDs 

200 a) PGD-G3 

400 450 500 550 
Wavelength (nm) 

200 b) PGD-G4 

r 
400 450 500 550 

Wavelength (nm) 

00 C) glycerol 

~ .t; 50 
c 
Col ... 
C 

400 450 500 550 
Wavelength (nm) 

Fig. 3. 2 Fluorescent spectral change for a solution of AHSA on the addition of PGDs 

(concentration of PGD-G3; 1.1,2.1,4.2,8.5, 17 and 34 ~M, concentration of PGD-G4; 

0.2, 0.4, 0.7, 1.4, 2.8, 5.5, 11 and 22 ~M, concentration of glycerol; 0.3, 0.5, 1.0,4.0, 

9.0, 18 and 35 ~M) 
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Fluorescent measurements of AHSA in the presence of PGO-G3, G4 and glycerol 

were performed (Fig. 3.2). A fluorescence of AHSA itself was observed at wavelength 

between 358 and 550 nm with a maximum intensity at 450 nm. The intensity at 450 

nm of AHSA in presence of PGO-G3 was higher than in the presence of glycerol. In 

the presence of PGO-G4, the maximum intensity was sifted to low wavelength region, 

and the intensity increased slightly with increasing the concentration. In this case, 

hypsochromic shift was observed, whereas such an increase was not observed in the 

presence of any concentration of glycerol (Fig. 3. 2). 

Concentration dependency of PGO-G3 against the intensity change was scarcely 

observed. However, fluorescent intensity with PGO-G3 was higher than with 

glycerol at the same concentration (Fig. 3.2 (a) and (c)). This means that the 

increased number of 2,3-dihyroxymethyl units in PGO-G3 provide an hydrophobic 

region capable of interaction with AHSA as well as the other solvatochromic 

fluorescent molecules. In the case of PGO-G4, the intensity of AHSA increased with 

the concentration of PGO-G4 (Fig. 3.2 (b)). The hypsochromic shift (L1/-.) of AHSA as 

seen in the case of PGO-G3 and G4 was calculated according to Eq. 2-1 (see chapter 

2, p. 50), and the concentration dependency of L1/-. was summarized in Fig. 3. 3. 

The L1/-. of AHSA in presence of PGO-G3 increased slowly with increasing the 

concentration of PGO-G3. However, L1/-. of AHSA in presence of PGO-G4 increased 

drastically, even at low concentration of PGO-G4. When the concentration of PGO-G4 

was over 0.7~M, L1/-. decreased moderately. These results suggest that AHSA in the 

presence of PGO-G4 located in much less polar microenvironment than in the 

presence of PGO-G3. 
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Fig. 3. 3 Hypsochromic shift of AHSA with an increase in the concentration of 

PGO-G3, G4 and glycerol in the 10 mM acetate buffer (pH 5.0) 

Considerable reason of the drastic hypsochromic shift of AHSA in presence of 

PGD-G4 is that the formation of intramolecular hydrogen bond between hydroxyl 

group and primary amine on AHSA molecule. When the hydrogen bond was formed, 

AHSA molecule becomes planar shape showing unstable energy state that is known 

to affect on hypsochromic shift 1). Another considerable reason is the decreased 

dielectric constant of the solution. It is known that the !J.'A of fluorescent probe based 

on 2-napthol like AHSA was changed by surrounded environmental polarity2). This 

polarity is related to dielectric constant (E). The E is the ratio of the permittivity of a 

substance to the permittivity of free space. The E of the solvent provides a rough 

measure of a solvent's polarity2). It is known that the solvents with a E of less than 15 

are suggested to be non-polar. To calculate the absolute E value of AHSA in presence 

of PGD-G3 or G4 solutions, fluorescent measurement of AHSA was carried out in 

various solvents bearing given E value. 
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Fig. 3. 4 Oielectric constant and hypsochromic shift (dA) of AHSA in various solvent 

Fig. 3.4 shows the relationship between the dA of AHSA in dioxane (E: 2.21), PEG 

400 (E: 13.6), ethanol (E; 24.3) and glycerol (E: 42.5) and the corresponding E values. 

From the two results of Fig. 3.3 and Fig. 3.4, the E of PGO-G3 or G4 solutions were 

calculated by using the calibration curve. In the case of PGO-G3 at the concentration 

of 34 ).lM, the hypsochromic shift was too small to place on the graph (Fig. 3. 4), 

suggesting that the E of PGO-G3 in the concentration range from 1 - 34 ).lM might be 

larger than 42.5. Meanwhile, the E of PGO-G4 at the concentration of 2 ).lM was 

calculated to be 10.5. According to the calculated E values of PGO-G3, PGO-G3 

might provide much polar environment than glycerol. On the other hand, the PGO-G4 

solution was much less polar than glycerol, EtOH and PEG400. Thus, PGO-G4 

solution might be act as a non-polar solvent, whereas PGO-G3 solution might behave 

like a polar protic solvents as well as EtOH. 
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3.3.2 ITe titration of AHSA in presence of various concentrations of 

PGD-G3 and G4 
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Fig. 3. 5 ITe titration curves for PGO-G3 and AHSA in water. ITe measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGO-G3 (0.1 mM) was titrated with a solution of AHSA (Total volume: 1 mM) 

The result of a typical titration calorimetric measurement for PGO-G3 is shown in 

Fig 3.5. The results exhibit a monotonic decrease in the exothermic heat of binding 

with each successive injection until saturation is achieved. A non-linear least-squares 

fit of the ITe data to the identical site model described. As shown by the curve in Fig 

3.5, the incremental heats per mole of added AHSA follows closely the injection 

number. The result of ITe measurements supported the interaction between AHSA 

and PGO-G3. The Ka value was calculated to be 2.42 x 106 (M-1
) with a 1 : 2 

stoichiometry of PGO-G3 and AHSA. L1H and L1S were calculated to be -2.17 x 10 4 

(kcallmol) and -43.6 (kcallmol·K), respectively. 
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Fig. 3. 6 ITe titration curves for PGD-G4 and AHSA in water. ITe measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGD-G4 (0.2 mM) was titrated with a solution of AHSA (Total volume: 1 mM) 

The results of a typical titration calorimetric measurement for PGD-G4 were shown 

in Fig 3.6. The results exhibit two kinds of interaction mode. By adding of AHSA, 

endothermic interaction between PGD-G4 and AHSA decreased until 7th injection of 

AHSA. However, after 8th injection of AHSA, exothermic curve was observed. The 

titration curve between PGD-G4 and AHSA indicates that interaction between 

PGD-G4 and AHSA at initial stage is endothermic, and with increasing the 

concentration of AHSA, the interaction changes to exothermic interaction. The ITe 

titration curves for PGD-G4 and AHSA supported the interaction (from 1 st injection to 

7th injection) and dissociation (from 8th injection) between PGD-G4 and AHSA. Since 

the extent of the endothermic or exothermic heat was much smaller than that for 
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PGO-G3 titration, the strength of interaction between PGO-G4 and AHSA was 

obviously weaker than the interaction between PGO-G3 and AHSA. The considerable 

reasons might include; 1) weakly hydrophobic interaction accompanied by entropic 

gain of dissociation of water molecules from PGO-G4, and 2) dissociation of an 

intermolecularly assembled PGO-G4 by the increased addition of AHSA. Because 

PGO-G4 provided considerably less polar environment, hydrophobic interaction 

would be one of driving force to interact with AHSA. 

3.3.3 DLS study of PGDs in presence of AHSA 

From the results of lTC, it is suggested that the interactions between PGO-G3 and 

AHSA were totally different from between PGO-G4 and AHSA. OLS measurements of 

the mixture of PGO-G3 or G4 and AHSA were performed to discuss how the solution 

states affect the molecular interaction. 

Figs. 3. 7 and 3. 8 show the size distribution by intensity and by mean volume of 

PGO-G3 in aqueous solution (concentration; 0.1 mM), respectively. The obtained 

results in Fig. 3.7 suggest that PGO-G3 aggregates in aqueous solution with average 

diameter of 82.7 nm. Since the theoretical diameter of PGO-G3 calculated from a 

result of a molecular mechanics simulation was 2.47 nm, the observed diameter is 

likely to be caused by intermolecularly associated PGO-G3. In the presence of 0.2 

mM of AHSA, the diameter of PGO-G3 became large to be 215 nm by intensity (Fig. 3. 

9) and 216 nm by volume (Fig. 3. 10). These results suggest that AHSA molecules 

became incorporated into the assembly of PGO-G3. 
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Fig. 3. 7 Size distribution by intensity of PGO-G3 (concentration: 0.1 mM) aqueous 

solution by OLS 
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Fig. 3. 8 Size distribution by volume of PGO-G3 (concentration: 0.1 mM) aqueous 

solution by OLS 
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Fig. 3. 9 Size distribution by intensity of PGO-G3 (concentration: 0.1 mM) aqueous 

solution in presence of AHSA (concentration: 0.2 mM) by OLS 
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Fig. 3. 10 Size distribution by volume of PGO-G3 (concentration: 0.1 mM) aqueous 
solution in presence of AHSA (concentration: 0.2 mM) by OLS 
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Figs. 3. 11 and 3.12 show the size distribution of PGD-G4 by intensity in aqueous 

solution (concentration; 0.2 mM). The average diameter calculated from the 

histogram was 3.2, 221 and 5380 nm (dust) by intensity (Fig. 3. 11) and 2.7 nm by the 

volume (Fig. 3.12). Since the theoretical diameter of PGD-G4 calculated from a result 

of a molecular mechanics simulation was 3.40 nm, the observed diameter around 3.2 

nm is likely to be the free PGD-G4 molecule. From the result of Fig. 3.12, the majority 

of PGD-G4 molecules in aqueous solution were the unimer of PGD-G4. The second 

histogram with mean diameter 221 nm is considered to be attributed to an associate 

of PGD-G4, since the diameter of PGD-G4 in solution was 1.9 nm calculated by DLS 

measurement 3). From these results, most of PGD-G4 molecules in aqueous solution 

hardly associate in water, presumably due to their highly densed terminal groups. In 

the presence of AHSA, the diameter by intensity attributed to the associate became 

small from 221 nm (Fig. 3.11) to 125 nm (Fig. 3. 13). The difference in DLS results of 

PGD-G4 between in the presence and absence of AHSA suggests that 

AHSA-induced dissociation of the associate of PGD-G4. The dissociation 

phenomena are possibly correlated with, the results of ITe with showing endothermic 

peaks (Fig. 3.6). Since the diameter of PGD-G4 by volume after adding AHSA was 

0.78 nm that is attributed to the unimer of PGD-G4, the majority of PGD-G4 in 

presence of AHSA was considered the unimer (Fig. 3. 14). Even through the 

associated PGD-G4 molecules were not the majority of composition of PGD-G4 in 

aqueous solution, the decreased size of the association of PGD-G4 might be a 

dominant factor for the whole system of interaction between PGD-G4 and AHSA. 
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Fig. 3. 11 Size distribution by intensity of PGD-G4 (concentration: 0.2 mM) aqueous 

solution by DLS 
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Fig. 3. 12 Size distribution by volume of PGD-G4 (concentration: 0.2 mM) aqueous 

solution by DLS 
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Fig. 3. 13 Size distribution by intensity of PGD-G4 (concentration: 0.2 mM) aqueous 

solution in presence of AHSA (concentration: 0.2 mM) by DLS 
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Fig. 3. 14 Size distribution by volume of PGD-G4 (concentration: 0.2 mM) aqueous 
solution in presence of AHSA (concentration: 0.2 mM) by DLS 
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3.3.4 1H-NMR titration of AHSA in presence of various 

concentrations of PGDs 

AHSA only 

AHSA: PGO·G3 

0.7 : 1 

AHSA: PGO-G3 

6.7 : 1 

b .. 
H...... ",H 

H"'OWN e d 
1# c a 

y; b 

~ ---I '-----

I I 

8 .5 8.0 

a 

e d, c .. 
I 

Fig. 3. 15 1H-NMR spectra of the mixture of AHSA and PGO-G3 

With increasing the molar ratio of AHSA to PGO-G3, the singlet peak for Ha (7.7 

ppm) was shifted towards upfield (Fig. 3. 15). A doublet peak for He (7.9 ppm) and 

triplet peaks for Hd , c (from 7.5 to 7.4 ppm) were slightly shifted toward upfield (Fig. 3. 

15). Lastly, the doublet peak for Hb (8.4 ppm) did not show any shift (Fig. 3. 15). In the 

1H-NMR titration of PGO-G3 with AHSA, most distinguishing point is that the state of 

AHSA was almost same with free AHSA (Fig. 3. 15, AHSA only). When the molar ratio 
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of AHSA to PGD-G3 increased, chemical shifts were slightly shielded except for the 

peak Hb in Fig. 3.15. The peaks of AHSA attributed to He (7.9 ppm), Ha (7.7 ppm) and 

He, d (from 7.5 to 7.4 ppm) were slightly shifted downfield (Fig. 3. 15). On the other 

hand, the doublet peak of Hb did not shift the chemical shift. It is noted that the peak 

of He and Hd did not show the peak separation. This result suggests that He and Hd 

protons kept the similar mobile motion with before mixing with PGD-G3, and AHSA 

molecule is considered to maintain a non-planar state that is supported by the 

moderate hypsochromic shift in presence of PGD-G3 (Fig. 3.3). 

Fig. 3. 17 1 H-NMR spectra of the mixture of AHSA and PGD-G4 

~ 

~ • • 
AHSAOnly 

AHSA : PGD·G4 

0.7 : 1 

AHSA : PGD· G4 6: B 6.7 : 1 
3.8 3.7 36 3.5 3.4 3.3 3.2 1.4 1.3 1.2 1.1 1.0 0.9 0.8 07 0.6 PPM 

Fig. 3. 18 1H-NMR spectra of the mixture of AHSA and PGD-G4 
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1H-NMR titration between PGD-G4 and AHSAwas also performed. When the molar 

ratio of AHSA to PGD-G4 increased, the doublet peak for Hb of naphthalene ring (8.4 

ppm) noticeably shifted toward downfield, and the doublet peak of He of naphthalene 

ring (7.9 ppm) and the singlet peak for Ha (7.7 ppm) were shifted toward upfield (Fig. 

3.17). With increasing the concentration of AHSA, the peaks attributed to the protons 

of branch part of PGD-G4 were found to move downfield, excluding the core part of 

PGD-G4 (Fig. 3. 18). 

The spectra of 1H-NMR titration between PGD-G4 and AHSA were the almost 

same with the spectra of 1H-NMR titration between PGD-G2 and AHSA, excluding 

core part of PGDs (see chapter 2, p. 52) (Fig. 3. 17 and Fig. 3. 18). These results 

support that the interaction mode between PGD-G4 and AHSA is almost same with 

the interaction between PGD-G2 and AHSA. Since the core parts of PGD-G4 did not 

show any shifts (Fig. 3. 18), the AHSA is not likely to permeate through highly densed 

hydroxyl group of PGD-G4. This is supported by the broad peak of core part (methyl 

and ethyl peak of PGD-G4) in relation to their slight solubility in D20 (Fig. 3. 18). 

79 



3.3 Conclusion 

In this chapter, molecular interactions between AHSA and PGO-G3 and G4 were 

analyzed by fluorescent measurements, 1H-NMR titration, ITe and OLS. AHSA was 

attractively interacted with PGO-G3 with a 1 : 2 stoichiometry, where AHSA might be 

incorporated into the associated PGO-G3 molecules (Fig. 3. 19). From the 1 H-NMR 

spectra, non-polar part of naphthalene ring in the AHSA was located in the polar 

environment that might be formed in the associates PGO-G3 molecules. AHSA 

interacted moderately with periphery part of PGO-G4, the majority of which exists as 

a unimer. 

Fig. 3. 19 Image of aggregated PGO-G3 in presence of AHSA 
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Chapter 4. 

NMR study of Host-Guest Interaction between 

Polyglycerol Dendrimers and an Anti-Cancer Drug 

4.1 Introduction 

Dendrimers have been focused on their controlling chemical and biochemical 

characteristics through fine control of their molecular architecture and molecular 

weight1
). One of the unique characteristics of dendrimers is molecular encapsulation 

of guest molecules, where the inside part of a dendrimer has the ability to act as a site 

of molecular recognition2
). For example, poly(amidoamine) (PAMAM) dendrimer and 

its derivatives could encapsulate drugs as a carrier3
). Since PAMAM dendrimers 

contain surface primary amine and internal tertiary amine groups, those groups can 

be protonated below those pKa in aqueous conditions, which becomes driving force to 

form complexes with oppositely charged drug molecules including 5-fluorouracil 

(5-Fu)4). However, PAMAM dendrimers express toxicity due to their high cationic 

charge density and this has limited their application in vitro and in vivo5
). Although 

chemical modification of the peripheral amine group using poly(ethyl glycol) (PEG) is 

thought to be a good approach to overcome the problem6
), it might be difficult to 

remove uncertainty toward the drawbacks unless nitrogen is included in dendrimers. 

Recently, glycerol-based materials, such as PGDs, have been received attention due 

to their biocompatibility. 

Previous chapters (chapter 2 and 3), the interactions between different generation 

and various concentrations of PGDs and fluorescent probe were firstly suggested. 
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And the possibility of encapsulation of fluorescent probe within PGDs' interior was 

also implied. Taking this result into account, I tried to estimate the potential of PGDs 

with 5-Fu as a drug loader. This chapter deals with characterization of interaction 

between 5-Fu and PGDs. In this study, I focused the potential of encapsulation of 

5-Fu within PGDs' interior to practical use. To estimate the potential of PGDs as a 

drug loader, the interaction between PGDs and 5-Fu was carried out by fluorescence 

measurement, 1H, 19F-NMR titration and ITe. Based on these results, the potential as ' 

a nano-container was discussed. 
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4.2 Experimental 

4.2.1 Material 

5-Fu was purchased from Nacalai Tesque (Kyoto, Japan). Glycerol was purchased 

from Kanto Chemical Co., Inc. (Tokyo, Japan). PGD-G1, G2 and G3 were prepared 

according to the method of Haag et al.. Deutrium oxide and acetic acid-d4 was 

purchased from Merch Chemicals (Darmstadt, Germany). Potassium fluoride was 

purchased from Wako Pure Chemical Industries (Osaka, Japan) and was used 

without further purification. 

4.2.2 Fluorescent measurement of 5-Fu in presence of 

various concentrations of PGDs 

A stock solution of 5-Fu was prepared by dissolving 5-Fu in a 10 mM acetate buffer 

(pH 5) to be 12.5 IlM. Separately, PGD-G1, G2 and G3 (6, 12.5, 24, 50 Ilmol) were 

dissolved in 800 III of the same buffer. The 5-Fu stock solution (200 Ill) was added to 

each PGD solution (final concentration; 5-Fu: 2.5 IlM, PGDs: 1.25, 2.5, 5, 10 Ill). The 

mixture of 5-Fu and PGDs was stood for 30 min at room temperature in a quartz cell, 

and then emission spectra of the solution were measured (excitation wavelength: 267 

nm) at room temperature using a spectrofluorometer (F-2500, HITACHI, Ltd., Japan) 

under the conditions of 20 nm slit widths. 

4.2.3 1H, 19F_NMR titration of 5-Fu toward PGDs 

The 5-Fu was dissolved in a 10 mM acetate buffer prepared by D20, and the pO 

was adjusted to be 5.0 by adding NaOD and acetic acid-d4 (concentration of 5-Fu: 
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12.5 ~M). Each PGD (PGD-G1, G2 or G3) dissolved in the buffer were added to the 

5-Fu solution to be (2.5, 5.0, 1 0.0 ~M) (final concentration of 5-Fu: 2.5 ~M). 1H-NMR 

and 19F-NMR spectra of each solution were measured using a 500 MHz FT-NMR 

apparatus (Bruker Advanced 500) and 400 MHz FT-NMR apparatus (Varian Unity 

Inova-400), respectively. In case of 19F_NMR, the shift is given relative to HF, a 

reference compound. 
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4. 3 Results and discussion 

4.3.1 1H, 19F_NMR titration of 5-Fu in presence of various 

concentrations of PGDs 

(d) 

~~"..;..--.-~ 

(c) 
..,..~~~w;o-.... ~, ... ; ... Attl''''~~'~~'''''''' 

(b) . 11 
~~~"""~"'_~~~1\W~ 
_(_a) ____________ !~ ______________ __ 

, , i i • I Iii iii I I , iii Iii iii ' iii ' i 

40.8 40.6 40.4 40.2 40.0 39.8 39.6 PPM 

Fig. 4. 1 19F-NMR titration of 5-Fu with PGD-G3; PGD-G3 : 5-Fu = (a) 0 : 1, (b) 1 : 1, 

(c) 2 : 1, and (d) 4 : 1. Solvent: 10 mM acetate buffer (pO 5.0) 

Among the series of PGDs, I hypothesized that higher generation of PGDs have 

potential to incorporate inside into the interior part of PGDs 1). For the estimation of the 

interaction between 5-Fu and PGD-G3, 19F-NMR spectra of 5-Fu would give good 

information of the location in the presence of PGD-G3. Fig. 4.1 shows the 19F-NMR 

spectra of 5-Fu titrated by PGD-G3. The chemical shift of 19F of 5-Fu itself was 

observed at 40.3 ppm, as a sharp doublet (Fig. 4. 1). When the concentration of 

PGD-G3 increased, the chemical shift of 19F was shifted toward down field (PGD-G3 : 

5-Fu = 1 : 1, Fig. 4.1 (b)) and difficult to find the peak (PGD-G3 : 5-Fu = 2 : 1 and 4 : 1, 

Fig. 4.1 (c) and (d)). Since the downfield shift of 19F peak is closely related with imino 

proton exchange caused by solute proton acceptor2), it is suggested that the imino 
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proton was attracted when the ratio of PGO-G3 and 5-Fu was 1 : 1. With increasing 

the ratio to 2 : 1 and 4 : 1, 5-Fu molecule is likely to buried within interior part of 

PGO-G3, because 19F signal was no longer detected as seen in the case of 

encapsulated drugs in polymeric micelles3
). These results clearly demonstrated that 

19F moiety of 5-Fu in the presence of PGO-G3 showed much slower motions 

compared to that without PGO-G3. 

(e) 
1$ ~ 

(b) g 
L. _______ j 

(a) 

7.60 40 3S 36 34 32 H 14 i3 i2 H 08 07 ppm 

Fig. 4. 2 1H-NMR titration of the mixture of 5-Fu and PGO-G3; (a) 5-Fu, (b) PGO-G3 : 

5-Fu = 1 : 1, (c) PGO-G3 : 5-Fu = 2 : 1, (d) PGO-G3 : 5-Fu = 4 : 1 and (e) PGO-G3. 

Solvent: 10 mM acetate buffer (pO 5.0) 

1H-NMR spectra were measured under the same condition of 19F-NMR 

measurements. The Ha peak of 5-Fu itself was appeared as a broad peak near 7.55 

ppm, to slow mobility in relation to the poor solubility in water (10 mg/mL) (Fig. 4. 2 

(a)). At 1 : 1 molar ratio of PGO-G3 and 5-Fu, the peaks around 4.0 ppm (CH protons 

adjacent to terminal OH groups: (a) in Fig. 4.2) and 2.8 ppm (protons: B in- Fig. 4. 2), 

which was the same as seen in the 1H-NMR spectrum of PGO-G3 itself. Here, it is 

noted that the most peaks attributed to PGO-G3 became sharp in comparison with 

the peaks of PGO-G3 without adding 5-Fu. This result suggests that molecular motion 

of PGO-G3 in the buffer was enhanced by the interaction with 5-Fu. Presumably, the 
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solubility of PGO-G3 in the buffer increased by elimination of intra- or intermolecular 

hydrogen bonds of hydroxyl groups due to the interaction with amide groups of 5_Fu4l. 

With increasing the molar ratio from 2 : 1 to 4 : 1, the chemical shift of Ha in 5-Fu 

molecule was deshielded with signal boarding (Fig. 4. 2 (e)). In addition, the peaks 

attributed lo the branch part of PGO-G3 (A and B in Fig. 4. 2) became broad. These 

phenomena suggest the interaction between 5-Fu and the branch part of PGO-G3. 

Taking the results of 19F-NMR titration (Fig. 4. 1) into account 5-Fu molecule was 

encapsulated within the branched part of PGO-G3 at over two moles of PGO-G3 

against one mole of 5-Fu. 

_ ... _(d_) ___ ...... ., .. __ • _",.,_ .. ____ ._._u __ L , '''~ .... ~I" .... 
iM •• t i 'W Iii .. 

(c) Jl _, -.--"'_~_4" _____ I_'_'" __ .I11_"_"_'*_":oil_, ._,....1 ....... iii .to ...... 

___ ~b_ •. )_,_,.. ........... " _ ... _ .. _I'I" ___ ,._._.t"""iIj. ___ ."._IIjJI .... _~_._ ... _._II_ .... _Jl_. 
J ................. ,. II 

(a) 
, iii , { i , , i ' • , , , , i • , , , , , , , , , 

40.8 40.6 40.4 402 40.0 39.8 39.6 PPM 

Fig. 4. 3 19F-NMR titration of the mixture of 5-Fu and PGO-G2: (a) 5-Fu, (b) PGO-G2 : 

5-Fu = 1 : 1, (c) PGO-G2 : 5-Fu = 2 : 1 and (d) PGO-G2 : 5-Fu = 4 : 1. Solvent: 10 mM 

acetate buffer (pO 5.0) 
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Fig. 4. 4 19F_NMR titration of the mixture of 5-Fu and PGD-G1: (a) 5-Fu, (b) PGD-G1 : 

5-Fu = 1 : 1, (c) PGD-G1 : 5-Fu = 2 : 1 and (d) PGD-G1 : 5-Fu = 4 : 1. Solvent: 10 mM 

acetate buffer (pO 5.0) 

In a similar way as in the case of PGD-G3, 19F-NMR titration of 5-Fu against 

PGD-G2 and PGD-G1 were performed under the same conditions. With increasing 

the concentration of PGD-G2 and G1, 19F signal of 5-Fu were shifted to downfield, 

and signal broadening as seen in the case of PGD-G3 (Fig. 4. 1) was not observed 

even when the molar ratio of PGDs and 5-Fu was over 2: 1 (Fig. 4. 3 (bHd), Fig. 4. 4 

(b)-(d)). These results suggest that 5-Fu was actually interacted with PGD-G2 and G1, 

but not fully incorporated into the interior part of PGD-G2 and G1. 
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4.3.2 Fluorescent measurement of 5-Fu in presence of various 

concentrations of PGDs 

25 
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Fig. 4. 5 Fluorescent spectral chance (Ex: 267 nm) of 5-Fu (2.5 mM) on the addition 

of PGO-G3 in 10 mM acetate buffer (pH 5.0) at room temperature. PGO-G3 

concentration = 1.25, 2.5, 5.0, 10.0 mM 

In order to understand the encapsulation of 5-Fu within the interior part of PGD-G3, 

fluorescent spectra were measured under. It is known that 5-Fu has been previously 

studied as a photosensitizer capable of fluorescent change via tautomeric formation; 

the amide form and imidic acid form5
). Since I obtained both the 19F and 1H-NMR 

signal changes in the presence of PGO-G3, I hypothesized that fluorescent spectra 

would also give some information of the location of 5-Fu within the interior part of 

PGD-G3 in relation to the formation of 5-Fu tautomers. A fluorescence spectrum of 

5-Fu excited at 267 nm, exhibited bands in the range between 300 and 500 nm (Fig. 

4. 5). With increasing the concentration of PGD-G3, the intensity around 462 nm 

remarkably increased, especially, when the concentration of PGD-G3 was 10.0 mM. 
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Fig. 4. 6 Proposed image of delocalization of 7t-conjugated system attracted by the 

ether oxygen of PGD-G3 

The increased intensity at low energy band region (462 nm) means that the 

7t-conjugated system of 5-Fu is extended. Since 5-Fu exhibits the amide and imidic 

acid forms, this result strongly suggests the imidic acid form of 5-Fu increased with 

the concentration of PGD-G3. Therefore, when 5-Fu was encapsulated within the 

interior part of PGD-G3, the imine proton is possibility attracted by ether oxygen of 

PGD-G3, resulting in changing a kind of reduction product of 5-Fu with delocalization 

of 7t-conjugation (Fig. 4. 6). Thus, the increase intensity near 462 nm suggests 

encapsulation of 5-Fu within interior part of PGD-G3. 
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Fig. 4. 7 Fluorescent intensity change of 5-Fu at 462 nm (Ex: 267 nm) with increasing 

the concentration of PGD-G1, G2, G3 and glycerol in the acetate buffer (pH 5) 

Generation dependency of PGDs for the encapsulation of 5-Fu was demonstrated 

by the fluorescent change. Fig. 4. 7 shows fluorescent intensity change of 5-Fu at 

462 nm (Ex: 267 nm) with increasing the concentration of PGD-G1, G2, G3 and 

glycerol in the acetate buffer (pH 5.0). The intensity increase of PGD-G1, G2 and 

glycerol with increasing those concentrations were significantly small as compared 

with PGD-G3, indicating that the ability of attaching the imine proton within the interior 

of PGDs with low generation might be poor. 
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4.3 Conclusion 

The dendritic interior of PGO-G3 could encapsulate 5-Fu in an aqueous condition, 

which was confirmed by 19F_ and 1H-NMR titrations. Fluorescent spectra of 5-Fu in 

the presence of PGO-G3 revealed that 7t-conjugated system of 5-Fu was extended by 

attraction of the imine proton of 5-Fu by ether oxygen of PGO-G3. Although such the 

attraction of the imine proton in 5-Fu was suggested by 19F-NMR and fluorescent 

measurements in the presence of PGOs with lower generation (PGO-G1 and G2), 

broadening of 19F-NMR signals as seen in the case of PGO-G3 were not observed. 

Therefore, the higher generation of dendritic interior contributed to the encapsulation 

of 5-Fu, where ether oxygen plays an important role for the attraction of the imine 

proton of 5-Fu. The encapsulation of 5-Fu in aqueous solution using the 

biocompatible PGOs is expected to develop as nano-sized drug carriers with showing 

well-defined size and structure, which is believed to be a key factor for drug targeting 

in vivo. 
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Chapter 5. 

Exploratory Study of Guest Molecules toward 

Polyglycerol Dendrimers by Isothermal 

Titration Calorimetry. 

5.1 Introduction 

The results in chapter 4 suggest that the host-guest system using PGDs has a 

potential for pharmaceutical applications. To expand the application of PGDs as a 

host molecule, the exploratory study was performed. Since the internal interior of 

PGDs was found to be contributed to the encapsulation of 5-Fu, where ether oxygen 

plays an important role for the attraction of the imine proton of 5-Fu. In order to obtain 

the information of guest molecules capable of amino acids, which have various pKa 

side chains, were employed as candidates of the guest molecules. This chapter 

describes a preliminary study of the host-guest interaction between amino acids and 

PGD-G3. 
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5.2 Experimental 

5.2.1 Material 

Acetonitrile (CH3CN) and tetrahydrofuran (THF) were purchased from Wako Pure 

Chemical Industries (Osaka, Japan) and were used without further purification. 

Sodium chloride (NaCI), ethyl acetate (AcOEt), sodium sulfate (Na2S04), L-arginine, 

L-histidine, L-Iysine and glutamic acid were reagent grade and purchased from 

Nacalai Tesque (Kyoto, Japan). 2-(2-aminoethoxy ethanol), 4-aminobutyric acid 

(GABA) and N, N-Diisopropylehtylamine) (DIPEA) were purchased from Tokyo 

Chemical Industry Co. (Tokyo, Japan). N, N'-Di-Boc-1 H-pyrazole-a-carboxyamidine 

was purchased from Sigma-Aldrich Co. (St. Louis. USA) and used without further 

purification. 

5.2.2 Preparation of 

amino(2-(2-hydroxyethoxy)ethylamino)methaniminium chloride 

(AEMC) 

To CH3CNITHF (30 mL, v/v = 2/1) solution of 2-(2-aminoethoxy ethanol) (2.93 

mmol, 0.41 mL) were successively added DIPEA (1.6 mL) and N, 

N'-di-Boc-1 H-pyrazole-a-carboxyamidine (3.22 mmol, 1 g). After being stirred 

overnight at room temperature, the reaction mixture was evaporated to dryness, and 

the residue was dissolved in AcOEt (160 mL), and washed with brine (160 mL). The 

organic extract was dried over Na2S04, evaporated to dryness. Clear oil (1) was 

obtained (58%). To a MeOH (94.5 mL) solution of 1 (1.14 mmol, 0.38 g) was added 

12N HCI (3.15 mL), and the mixture was stirred overnight at room temperature. Then, 

the reaction mixture was evaporated to dryness to give AEMC white oil in 70% yield. 
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Scheme 4. 1 Preparation of AEMC 

1H-NMR (COCb, 300 MHz): 0 = 3.84 (t, 2H, -NHCH2CH20-), 3.6 (t, 2H, -OCH2CH20-), 

3.45 (t, 2H, HOC!:!gCH-), 2.8 (m. 2H, -NHC!:!gCH2-), 1.5 (s, 18H, -OCCH3) 

AEMC: Yield: 70 % 

1H-NMR (COCb, 300 MHz): 0 = 3.84 (m, 2H, -NHCH2CH20-), 3.6 (m, 2H, 

-OCH2CH20-), 3.45 (t, 2H, HOC!:!gCH-), 2.8 (m. 2H, -NHC!:!gCH2-) 

5.2.3 ITC study of amino acids and AEMC against PGD-G3 

ITC titrations were carried out using a VP-ITC microcalorimeter (MicroCal LLC, GE 

Healthcare). PGO-G3 was dissolved in distilled water. And amino acids (glutamic acid, 

histidine, lysine and arginine) or AEMC were also prepared in the same way 

(concentration: 0.5 mM or 1 mM or 10 mM). The PGO-G3 solutions were placed in the 

calorimeter cell. The titration syringe was loaded with amino acid or AEMC solution at 

97 



a 5 - 100 times higher concentration than in the cell. The titrations were carried out 

with 25 injections of 1 0 ~L each with time intervals of 20 second. The solution was 

stirred at 300 rpm as suggested by the manufacturer. Titrations were carried out at a 

cell temperature of 25°C and with a reference power of 1 0 ~cals-1. ITC data analyses 

were carried out in Origin 7 SR 2 (OriginLab Corp.) with the provided microcal ITC 

routines. 

5.2.4 1H-NMR and 20 1H_1H NOESY NMR of L-arginine or L-Iysine 

against PGO-G3 

PGO-G3 was dissolved in 0 20. L-arginine or L-Iysine dissolved in 0 20 was added 

to the PGO-G3 dissolved solution to be 0.5 mM. (final concentration of L-arginine or 

L-Iysine: 5 mM). 1 H-NMR spectra of each solution were measured using 500 MHz 

FT-NMR apparatus (Bruker Advanced 500). 

Using the same solution with 1H-NMR, NOESY experiments were obtained and 

acquired at 500 MHz, using 300 ms mixing time. The data were processed 

XWINPLOT and zero filling in both dimensions to display on a 1024 x 102420 matrix. 
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5.3 Results and discussion 

5.3.1 ITC study of amino acids and AEMC against PGD-G3 

o 

-10 

C 
2l 
(,) -2 
<J) 

:5' 
'0 
<J) 
(5 -4 

.€ 
~ 

-6 

Time (min) 

-10 0 10 20 30 40 50 60 70 

il,' ';Ii I' ii/ i I( I 'lfrW '1/ ! 
i l 

... 
~ 

0.0 0.5 1.0 1.5 2.0 

Molar Ratio 

Fig. 5. 1 ITC titration curves for PGO-G3 and L-arginine in water. ITC measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGO-G3 (0.5 mM) was titrated with a solution of L-arginine (5 mM) 

The result of a typical titration calorimetric measurement of PGO-G3 with L-arginine 

is shown in Fig 5.1. The titration curves between PGO-G3 and L-arginine exhibit a 

two site model which decrease in the exothermic heat of binding with each injection. 

This ITC titration curves support the interaction between PGO-G3 and L-arginine. The 

stoichiometries of each binding site were PGO-G3 : L-arginine = 1 : 5 and 1 : 0.7, 

respectively. The Ka1 value was calculated to be 1.12 x 106 (M-1
). LlH1 and LlS1 were 

calculated to be -5.19 x 103 (M-1
) and 10.3 (M-1

). The Ka2 value was calculated to be 

99 



Comparing the binding constant of first and second binding site, the first binding was 

much stronger than second binding. 

From ITC study between PGO-G3 and L-arginine, the interaction between PGO-G3 

and L-arginine was suggested. For this reason, I hypothesized that the guanidine 

group on arginine is the dominant factor on the interaction between PGO-G3 and 

L-arginine. According to the hypothesis, synthesized AEMC which has guanidine 

function group was prepared. The result of a typical titration calorimetric 

measurement for PGO-G3 with AEMC is shown in Fig 5.2. 
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Fig. 5. 2 ITC titration curves for PGO-G3 and AEMC in water. ITC measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGO-G3 (0.1 mM) was titrated with a solution of AEMC (1 mM) 
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The result shows endothermic heat which is inadequate to recognize the interaction 

between PGO-G3 and AEMC (Fig. 5. 2). This ITC titration of PGO-G3 with AEMC 

supports that the guanidine group on L-arginine is not the dominant factor of 

interaction between PGO-G3 and L-arginine. Therefore, I amended the hypothesis. In 

case of L:'arginine, the pKa of side group is 12.48 indicating the high pKa value in 

amino acids. Focused on pKa of L-arginine, other amino acids, such as L-Iysine (pKa: 

10.79), L-histidine (pKa: 6.04), and glutamic acid (pKa: 4.25), were employed. 
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Fig. 5. 3 ITC titration curves for PGO-G3 and L-Iysine in water. ITC measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGO-G3 (0.5 mM) was titrated with a solution of L-Iysine (5 mM) 

Fig. 5. 3 shows the result of ITC titration of PGO-G3 with L-Iysine in water. The 

titration curves between PGO-G3 and L-Iysine also exhibit a two site model This ITC 
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titration curves support the interaction between PGO-G3 and L-Iysine, similarly to the 

ITe titration curves of PGO-G3 with L-arginine. The stoichiometries of each binding 

site were PGO-G3 : L-Iysine = 1: 2 and 1 : 1, respectively. The Ka1 value was 

calculated to be 9.64 x 104 (M-\ L1H1 and L1S1 were calculated to be -5.44 x 103 (M-1
) 

and 4.56 (M-\ The Ka2 value was calculated to be 4.97 x 104 (M-\ L1H2 and L1S2 were 

calculated to be -4.60 x 103 (M-1
) and 6.08 (M-\ 
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Fig. 5. 4 ITe titration curves for PGO-G3 and L-histidine in water. ITe measurements 

were performed to establish solution binding constants. In this experiment, a solution 

of PGO-G3 (0.5 mM) was titrated with a solution of L-histidine (5 mM) 

The result of ITe titration of PGO-G3 with L-histidine is shown in Fig. 5. 4. Like 

previous ITe titration of PGO-G3 with L-arginine or lysine, the ITe titration curves of 

PGO-G3 with L-histidine also showed two site model. However, the endothermic heat 
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of each injection was remarkably decreased, compared with endothermic heat of 

PGO-G3 with L-arginine or L-Iysine. The Ka1 value was calculated to be 8.17 x 104 

(M-1
). L1H1 and L1S1 were calculated to be -2.51 x 103 (M-1

) and 9.50 (M-1
). The Ka2 

value was calculated to be 2.27 x 102 (M-1
). L1H2 and L1S2 were calculated to be -3.50 x 

103 (M-1
) and -1.00 (M-1

). 

Time (min) 

-10 0 10 20 30 40 50 60 70 
0.4 ..,-,..--,--r-,..........-,--.--,-,-.....,.-,.---,-r-.,....--r--, 

0.2 

0.0 

-0.2 

~ -0.4 

~ -0.6 
~ 
::l. -0.8 

-1.0 

-1.2 

-1.4 +----,---.--,.----,---,r--,.----r---r--r---I 

0.00 -c 
~ -0.02 
Q) 

'2' 
;;: -0.04 
o 
Q) 

~ -0.06 

~ 
..\I: -0.08 

• 

• 
0.0 

•• • ••••••• ••• ••••• • • •• 

0.5 1.0 1.5 2.0 

Molar Ratio 

Fig. 5. 5 ITe titration curves for PGO-G3 and glutamic acid in water. ITe 

measurements were performed to establish solution binding constants. In this 

experiment, a solution of PGO-G3 (0.5 mM) was titrated with a solution of glutamic 

acid (5 mM) 

Fig. 5. 5 shows the ITe titration for PGO-G3 and glutamic acid in water. Generally, 

the ITe titration result showed exothermic process during the injection of glutamic 

acid into PGO-G3 solution. The amount of exothermic heat was few compared with 

previous ITe titration results, such as L-Iysine. Therefore, it was difficult to find the 
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interaction between PGO-G3 and glutamic acid. Considerable reason of exothermic 

heat is the separation of glutamic acid dimer. Glutamic acid has carboxylic acid (as an 

electron donor) on side chain and amine (as an electron acceptor). Therefore, it is 

easy to form the dimer of glutamic acid. With injection of glytamic acid into PGO-G3, 

the dimer of glutamic acid might begin to be separated. 

To understand the ineraction between PGO-G3 and amino acids, PGO-G3 ITC 

titration with L-arginine or L-Iysine or L-histidine or glutamic acid was carried out. 

Each ITC titration curves suggests that the amino acids interacted with two binding 

site within PGO-G3. The series of side chain pKa showed that the main driving force 

for interaction between PGO-G3 and amino acid is basicity of side chain on amino 

acid. While, the role of a-amino on the interaction between PGO-G3 and amino acid 

is still veiled. Therefore, GABA, which does not bear a-amino, was employed. 
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Fig. 5. 6 ITC titration curves for PGO-G3 and GABA in water. ITC measurements 

were performed to establish solution binding constants. In this experiment, a solution 
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of PGO-G3 (0.5 mM) was titrated with a solution of 4-aminobutyric acid (5 mM) 

Fig. 5. 6 shows the ITC titration curves for PGO-G3 and GABA. Ouring injection of 

GABA into PGO-G3 solution, exothermic heat was observed. And the amount of heat 

was less. than the ITC titration of PGO-G3 with glutamic acid. This exothermic 

phenomenon is also considered the separation heat of GABA dimer. This result 

supports that the a-amino of amino acid is also involved in the interaction between 

PGO-G3 and amino acids. 

5.3.2 1H-NMR and 20 1H_1H NOESY NMR of L-arginine or L-Iysine 

against PGO-G3 
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Fig. 5. 7 1H-NMR spectra of PGO-G3, L-arginine and mixture of PGO-G3 and 

L-arginine 

When the L-arginine was mixed with PGO-G3, the multiplet for Hb, C (1.5 ppm) were 

105 



separated and deshieled toward upfield. The triplet for Hd (3.1 ppm) was also 

deshielded toward upfield. The triplet for Ha might be overlapped branch part of 

PGO-G3. In case of PGO-G3, the chemical shift such as shielding or deshielding, was 

not observed. However, the triplet peak for branch part of PGO-G3 (4.0 ppm) was 

disappeared. And whole peaks attributed to PGO-G3 became to be sharp. This 

phenomenon means that the solubility of PGO-G3 in 0 20 increased, because of the 

interaction between PGO-G3 and L-arginine. The peak separation of Hb and He 

means that the electronic condition was nonequivalent. These results support the 

interaction between PGO-G3 and L-arginine in aqueous solution. However, the 

interaction site within PGO-G3 was still unknown. Therefore, NOESY between 

PGO-G3 and L-arginine was carried out. 
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Fig. 5. 8 20 1H_1H NOESY spectra of the PGO-G3 and L-arginine in 0 20 

20 homonuclear 1H_1H NOESY spectra of the PGO-G3 and L-arginine are shown 

in Fig. 5. 8. NOESY analysis is capable of revealing the distance of two nuclei in a 

single molecule or a complex. Nuclei within a spatial distance of 5 A give NOE 

cross-peaks while distant nuclei show much weaker NOE interactions because the 

NOE signal intensity decays with distance 1). As shown in Fig. 5. 8, cross-peaks are 
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observed between protons Hb, He and Hd in the dendritic interior of PGO-G3 (Fig. 5. 6 

1,2,3 and 4). 

The cross-peak of 1 and 2 were observed between core part of PGO-G3 and Hb, e 

of L-arginine. These corss-peaks suggest that the Hb, e protons of L-arginine were 

located within 5 A with core of PGO-G3. The cross-peaks 4 between branch part of 

PGO-G3 and Hd of L-arginine were observed. These cross peaks suggest that the Hd 

was located within 5 A with branch of PGO-G3. 
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Fig. 5.9 1H-NMR spectra of PGO-G3, L-Iysine and mixture of PGO-G3 and L-Iysine 

When the L-Iysine was mixed with PGO-G3, the multiplet for Hb, d (1.5 ppm) were 

separated and deshieled toward upfield. The triplet for He (2.8 ppm) was also 

deshielded toward upfield. The triplet for Ha might be overlapped branch part of 

PGO-G3. To find triplet for Ha in branch part of PGO-G3, COSY was employed. At 3.6 

ppm on COSY, the cross peak of L-Iysine was observed (Fig. 5. 9). The whole peaks 
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attirubed PGD-G3 did not show any change, like 1H-NMR spectra of mixture of 

PGD-G3 and L-arginine. And whole peaks attributed to PGD-G3 also became to be 

sharp. Due to the interaction between PGD-G3 and L-Iysine, the solubility of PGD-G3 

was increased in D20 and the peak separation between Hb and Hd was observed. 

These re'sults support the interaction between PGD-G3 and L-Iysine in aqueous 

solution. To understand the interaction site between PGD-G3 and L-Iysine, NOESY 

was carried out. 
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Fig. 5. 10 2D 1 H_1 H COSY spectra of the PGD-G3 and L-Iysine in D20 

The cross-peak of 1 was observed between core part of PGD-G3 and He of L-Iysine. 

This corss-peak suggests that the Hd, e protons of lysine were located within 5 A with 

core of PGD-G3. The cross-peaks of 2 were observed between core part of PGD-G3 

and He of L-Iysine. These corss-peaks suggest that the He proton of L-Iysine were 

located within 5 A with branch of PGD-G3. 
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5.4 Conclusion 

The dendritic interior of PGO-G3 could interact with amino acids, such as 

L-arginine or L-Iysine or L-histidine, in an aqueous condition, which was confirmed by 

lTC, 1H-NMR and 20 1H_1H NOESY NMR. The ITC results revealed that L-arginine 

and L-Iysine were found to interact with PGO-G3, as "two site model". With increasing 

the pKa value of amino acids, the binding constant was increased (L-arginine > 

L-Iysine> L-histidine). The ITC titration of PGO-G3 with GABA suggests that two basic 

groups like L-arginine and L-Iysine in one molecule is necessary for the binding 

toward PGO-G3. The results of 20 1H_1H NOESY NMR measurements supported the 

localization of the side chain groups at approximate position of the interior parts of 

PGO-G3. Therefore, it is suggested that ether oxygen atom in PGO-G3 attract the 

protonated basic chain groups, the pKa of which is a dominant factor for the molecular 

interaction. In addition, a-amino groups of the basic amino acids poly an essential 

role for the interaction. 
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Chapter 6. 

General conclusion 

This dissertation described the host-guest complexation using polyglycerol 

dendrimers (PGDs) as host molecules, focusing on dendritic interior constructed by 

glycerol unit. 

In chapter 2, the host-guest interactions between fluorescent molecule (AHSA) and 

polyglycerol dendrimer of generation 1 (PGD-G1) and generation 2 (PGD-G2) were 

analyzed by fluorescent measurements, 1H-NMR titration and ITC. The core, interior 

and peripheral hydroxyl group of PGD-G2 interacted attractively with AHSA. A less 

polar and hydrophobic environment was found to be formed by the addition of 

PGD-G2 in aqueous solution, which enhanced uptake of AHSA into the dendritic 

interior of PGD-G2 with a 1 : 1 stoichiometry. The core part of PGD-G1 did not interact 

with AHSA, whereas the peripheral part of PGD-G1 interacted with AHSA. From this 

study, PGD-G1 and G2, which should be bio-inertmolecules, have hydrophobic 

dendritic interior and donated the space for host-guest complexation. 

In chapter 3, the host-guest interaction between AHSA and PGD-G3 and PGD-G4 

was described. The molecular interaction between AHSA and PGDs were analyzed 

by the similar analytical methods described in chapter 2. PGD-G3 was found to be 

associated at 0.1 mM. After adding AHSA into PGD-G3 aqueous solution at the 

same concentration, AHSA and PGD-G3 were interacted with 2 : 1 stoichiometry, 

which was clarified by ITC measurements. Some of PGD-G4 molecules were also 

found to be associated at 0.2 mM, and most of PGD-G4 molecules existed as unimer 
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state. ITC data reflect the PGD-G4 and AHSA interaction, the driving force of which 

includes hydrophobic interaction. Probably, AHSA was embedded in highly densed 

hydroxyl group layer located on PGD-G4 periphery In conclusion of this part, AHSA 

was located in the associated molecules of PGD-G3, where polarity was higher than 

glycerol. On the other hands, AHSA was stuck in the densed surface of PGD-G4 

unimer, where the solution environment was less polar than glycerol, EtOH and 

PEG400. 

In chapter 4, based on the possibility of host-guest interaction (from Chapters 2 and 

3), the host-guest interaction between PGDs and 5-fluorouracil (5-Fu) as a model 

drug was investigated to estimate the system for the application of PGDs as host 

molecules,. 5-Fu is known as a photosensitizer capable of fluorescent change via 

tautomeric formation. The interaction between PGDs and 5-Fu in an acetate buffer 

(pH5.0) was proved by 1 H- and 19F-NMR titrations. Downfield shift of 19F peak with 

increasing concentration of PGD-G3 against 5-Fu might suggest the buried 5-Fu 

within dendritic interior of PGD-G3. It is suggested that the ether oxygen of 

2,3-dihydroxy-propoxymethyl unit acted electron donor, and thus, the interaction 

between PGDs and 5-Fu was probably based on electron donor-acceptor relationship. 

Therefore, the driving force of the interaction in interior part of PGD-G3 should 

provide new insight into the host-guest interaction, which should be different from 

hydrophobic interaction-based driving force observed in encapsulation of guest 

molecules into micelles. 

In chapter 5, the exploratory study of guest molecules toward PGD-G3 by ITC was 

described. In order to obtain the information of guest molecules capable of interacting 
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with ether oxygen in the interior part, amino acids, which have various pKa side 

chains, were employed as candidates of the guest molecules. Most of interaction 

mode between PGO-G3 and amino acids was fitted to the two binding model. With 

increasing of side chain pKa, the binding constant of interaction between PGO-G3 

and amino acids was increased; L-arginine (pKa; 12.48, Ka1; 1.12 x 106 (M-1), Ka2; 4.19 

X 104 (M-1)), L-Iysine (pKa; 10.79, Ka; 1.12 X 106 (M-1), Ka2; 4.97 X 104 (M-1)) and 

L-histidine (pKa; 6.04, Ka; 8.17 x 104 (M-1)), Ka2; 2.27 x 102 (M-1)). Glutamic acid (pKa; 

4.25) did not interact with PGO-G3. To understand the role of a-amino group of amino 

acids, 4-aminobutyric acid (GABA) was employed. The ITe curves of PGO-G3 with 

GABA suggest that the a-amino group was essential for the interaction with PGO-G3. 

From these results, the PGO-G3 cooperatively interacts with both the basic side chain 

and a-amino group. The bivalent interaction was proved by 20 1H_1H NOESY NMR 

measurements, which supported the localization of the side chain groups at 

approximate position of the interior parts of PGO-G3. Therefore, the pKa value of side 

chain was the key factor of the strength of the binding because the binding constant 

increased with the pKa values (L-arginine> L-Iysine> L-histidine). It was concluded 

that two basic groups of a-amino groups or side chain in one molecule is necessary 

for the binding toward PGO-G3. Probably, ether oxygen atom in PGO-G3 attracted 

the protonated basic chain groups. 

There are two ways for application of PGOs; Surface modification and host-guest 

complexation within the dendritic interior. The surface modification of hydroxyl group 

on surface is the dominant research on the application of PGOs. However, this type of 

research is based on the recognition which PGOs are considered as a building block 

for molecular design. On the other hand, the application of dendritic interior is still 

insufficient because polyglycerols' interior is obscure. I believe that these 
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fundamental studies of PGD interior contribute to establish the foundation of PGD 

research. 
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