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Abstract

Starburst polyamidoamine (PAMAM) dendrimers, structurally defined
spherical macromolecules, are composed of amidoamino subunits and are
synthesized by simple repetitive steps. They are highly soluble in aqueous
solutions and have a unique surface of primary amino groups. Taking advantage
of these properties, PAMAM dendrimers have been employed as substrates to
attach DNA, antibodies, contrast agents and radiopharmaceuticals. They have
been found to be very efficient transfection systems for cells in culture.

In the present study, we attempted to characterize PAMAM dendrimers
in the course of step-by-step synthesis and check the practical acceptance of the
existing methodology. Purification methods were developed for separating
intermediates and side-products and a combination of GC, CZE, MALDI-TOF
MS and H, *C NMR was used to characterize these products. Additionally, we
describe a modification of the first generation of PAMAM dendrimers by
attaching saccharides and oligopeptides.

We found that half generations —0.5, 0.5 and 1.5 of dendrimers could
be purified by column chromatography on silica gel using methanol or its
mixture with dichloromethane as an eluent. Generations G2.5-G4.5 of
dendrimers could be purified by column chromatography on Sephadex LH-20
using methanol as an eluent. We found that full generations of dendrimers G1
and G5 could be separated from some defective products by help of HILIC and
RP-HPLC.

We investigated decomposition of PAMAM dendrimers by using
G-0.5 as a model compound and analysing products by GC. We found that the
decomposition of PAMAM dendrimer G-0.5 generation into triester is caused
by the retro-Michael reaction. Equilibrium between the Michael and
retro-Michael reactions is shifted towards retro-Michael reaction at an elevated
temperature. Similar decomposition is possible in the case of higher generations
of PAMAM dendrimers.

CZE was used for the determination of the homogeneity of various full
generations. CZE enabled us to discriminate between the dendrimer full
generations up to fifth.

We found that MALDI-TOF MS gave a fast and accurate indication of
the purity for all generations of EDA-core PAMAM dendrimers (G-0.5-G5) and
allows identification of the defects and impurities present. The best matrix for
the analysis was 2,5-dihydroxybenzoic acid mixed with B-D-fucose. For lower
generations of dendrimers (G-0.5-G2), high-resolution mass spectra were
obtained that allowed us also to determine the structures of impurities caused by
major side-reactions. From generation G2.5 and higher, no more isotope
resolution could be obtained.

We employed 'H and ¥C NMR spectroscopy to determine the
structural integrity and purity of each generation of Starburst PAMAM
dendrimers. Analysis of the higher generations was complicated, mostly
because of an increasing amount of defective dendrimers. In the *H spectra, the
main bands were resolved and assigned up to GO0.5, in the *3C spectra, all signals
from different positions were resolved and assigned up to G2.5. Up to ~2 ppm,
long-range high field shifts were observed on core methylene carbons of the
higher generations.



We modified the first generation of PAMAM dendrimers by attaching
covalently B-D-glucopyranose, [-D-N-acetylglucosamine and disaccharide
hyaluronic acid. The saccharides were linked by reductive amination of the
aldehyde group of the sugar by amino groups of dendrimers at the presence of
sodium cyanoboronhydride. To link the HA oligosaccharides (16-mer) to the
dendrimer outer layer, carbodiimide chemistry was also used.

We used different linkers and carboxyl group activating reagents
(SMCC, SPDP, BOP) to synthesize oligopeptide-dendrimer conjugates. The
BOP reagent was found to be more efficient compared to SMCC and SPDP for
attaching oligopeptide to the dendrimer.

PAMAM dendrimeeride siintees, struktuuri iseloomustamine ja
modifitseerimine

Kokkuvote

Starburst poliilamidoamiin (PAMAM) dendrimeerid on korrapiarase
struktuuriga sfddrilised makromolekulid, mis koosnevad korduvatest
amidoamiini  ahelatest. Nende siinteesiks  kasutatakse  divergentset
stinteesimeetodit. PAMAM dendrimeerid lahustuvad véga hésti vees, nende
véliskihi moodustavad primaarsed aminorithmad, mis on fiisioloogilise pH
juures  positiivselt laetud. Neil on olemas valkudele iseloomulik
struktruurifragment - peptiidside - ning neid on vdimalik siinteesida valkudele
lahedase massiga. Lisaks on nad vdimelised rakumembraani 1dbima. Nendest
omadustest tingituna on PAMAM dendrimeerid leidnud laialdast kasutamist
molekulaarbioloogias DNA, antikehade ja kontrastainete transpordil organismi.

Kéesolevas t60s siinteesiti PAMAM dendrimeeri polvkonnad (G-0.5-
G5) vastavalt teada olevale metoodikale, kusjuures igat pool- ja tdispdlvkonda
piiiiti maksimaalselt puhastada. Lihemalt uuriti nelja meetodi — GC, CZE 'H,
13C NMR ja MALDI-TOF MS - kompleksset rakendamist dendrimeeride pool-
ja tdispolvkondade, samuti ka ldhteainete ja korvalproduktide analiiiisil. Pool- ja
taispolvkondadele  toGtati  vdlja  kromatograafilised  puhastusmeetodid
vaheiihendite ja korvalproduktide eraldamiseks. Selles t60s uuriti ka erinevate
sahhariidide ja oligopeptiidide sidumse vOimalikkust PAMAM dendrimeeri
viliskihi kiilge.

Leiti, e¢ PAMAM dendrimeeri madalamaid poolpdlvkondi (G-0.5,
G0.5, G1.5) oli vdimalik puhastada kolonnkromatograafiliselt, kus kolonni
tdidisena kasutati silikageeli ja eluendina metanooli vOi tema segu
diklorometaaniga. Ko&rgemaid poolpdlvkondi (G2.5-G4.5) puhastati samuti
kolonnkromatograafiliselt, kus kolonni tdidiseks oli Sephadex LH-20 ning
eluendiks metanool. Taispdlvkondade puhastamiseks rakendati hiidrofiilse
interaktsiooni ja poordfaasi korgsurvevedelikkromatograafiat, mis vdimaldasid
eraldada esimesest ja viiendast pSlvkonnast defektseid dendrimeere.

PAMAM dendrimeeride lagunemist uuriti lahemalt
gaaskromatograafiliselt. Mudelithendina kasutati poolpdlvkonda G-0.5.
Etiileendiamiini tuumaga PAMAM dendrimeeri pdlvkonna G-0.5 (tetraester)
lagunemine triestriks oli tingitud retro-Michaeli reaktsioonist. Tasakaal
Michaeli ja retro-Michaeli reaktsiooni vahel nihkub temperatuuri tdustes
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retro-Michaeli reaktsiooni suunas. Tdendoliselt leiab analoogne lagunemine
aset ka kdrgemate PAMAM dendrimeeride pdlvkondade korral.

CZE kasutati erinevate tédispolvkondade homogeensuse uurimiseks.
CZE voimaldas lahutada koiki siinteesituid taispolvkondi.

MALDI-TOF MS abil oli voimalik saada tidpselt ja Kkiiresti
informatsiooni PAMAM dendrimeeride defektide ja lisandite sisalduse kohta.
Parimaks maatriksiks osutus 2,5-dihiidroksiibensoehappe ja D-fukoosi segu.
Dendrimeeri  madalamate  pdlvkondade  jaoks  (G-0.5-G2)  saadi
korglahutuvusega  spektrid, mis vdimaldasid iseloomustada  tépselt
korvalreaktsioonidest tingitud lisandite struktuure. Alates polvkonnast G2.5 ei
onnestunud saavutada isotooplahutuvust.

'H ja BC NMR kasutati PAMAM dendrimeeride struktuurilise
terviklikkuse ja puhtuse iseloomustamiseks. Komplitseerituks osutus kdrgemate
polvkondade struktuuri analiilis, mis oli pohiliselt tingitud defektsete
dendrimeeride arvu kasvust. *H spektris lahutati pohipiigid ning méérati neile
vastavad struktuurifragemenid kuni pdlvkonnani GO0.5. *C spektris dnnestus
seda saavutada kuni podlvkonnani G2.5. Kdrgemate polvkondade puhul tédheldati
nende tuuma metiileensetele siisinikele vastavate keemiliste nihete nihkumist ~2
ppm vorra korgemasse vélja.

PAMAM dendrimeeri esimese pdlvkonna modfitseerimiseks kinnitati
kovalentselt tema véliskihi kiilge -D-gliikoosi, 3-D-N-atsetiiiilgliikoosamiini ja
hiialuroonhappe  disahhariidi. ~Sahhariidide aldehiiiidrithma sidumuseks
dendrimeeri aminorithmaga kasutati taandavat amineerimist
naatriumtsiianoboorhiidriidiga. Hiialuroonhappe oligosahhariidi sidumiseks
dendrimeeri viliskihi kiilge kasutati EDC-d.

Vastavate oligopeptiidide ja PAMAM dendrimeeri konjugaatide
stinteesiks kasutati erinevaid linkereid ja karboksiiiilrithma aktiveerimisreagenti
(SMCC, SPDP, BOP). BOP reagent osutus efektiivsemaks
oligopeptiid-dendrimeer konjugaadi siinteesil vorreldes SMCC ja SPDP-ga.
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3. INTRODUCTION

Dendrimers belong to a relatively new class of macromolecules. Their
highly branched monodisperse structure leads to a number of interesting
characteristics and features. Especially interesting are the properties that are
connected with its globular void-containing shape. Geometrical peculiarities of
the molecules give rise to somewhat unusual physical and chemical properties.
The first publication in this topic appeared in 1978 [1], which dealt with the
development and the realization of this fundamentally new molecular
architecture. However, these first compounds were insufficiently characterized
because of lack of appropriate analytical methods and instrumentation at that
time. After the first publication a slow progress in the characterization of
dendrimers followed, but soon afterwards it proceeded at a faster pace thanks to
the development of new mass-spectroscopy methods at the beginning of 1990s
[2,3]. Recent advances in the development of analytical instrumentation and
methods (especially multidimensional NMR, MALDI MS) have supported the
fast growth of a wide range of different methodologies of the syntheses of finely
engineered well characterized dendritic structures, many of which incorporate
functional moieties. This research is expected to lead to applications in many
areas, such as chemical -catalysis, materials science, particularly, in
pharmacology and molecular biology.

For the last ten years polyamidoamine (PAMAM) dendrimers have
been used in molecular biology as a carrier of different biologically active
molecules [4-13]. As a carrier, a PAMAM dendrimer has a number of important
advantages over other types of dendrimers. The most important property of a
PAMAM dendrimer is its ability to pass eukaryotic cells membranes. PAMAM
dendrimers are well soluble in water, and the amino groups in its outer shell are
positively charged at the physiologic pH that enables good electrostatic
interaction between a dendrimer and DNA (contains negatively charged
phosphoric acid residues). To carry DNA into cells, higher generations
(G5-G10) of PAMAM dendrimers are used [4,11,12]. PAMAM dendrimers also
contain amide bonds that are similar to peptide bonds. The conjugates of
PAMAM dendrimers with antibodies and DNA are stable and non-toxic
[8,10,11,14-16]. The reasons of PAMAM dendrimer capability to penetrate cell
membranes are not quite clear yet. It is known, however, that carrier abilities
depend on the size, shape, and number of primary amino groups on the surface
of the PAMAM polymer.

In the present study an attempt was made to characterize PAMAM
dendrimers in the course of step-by-step synthesis of the polymer. A better
characterization of the “real” geometry of the synthesized dendrimers is
required in order to understand its interaction with other molecules. The other
goal of the work was to search for new modified PAMAM dendrimers and
methods of their modification. This work was planned as the first stage in a
cell-specific DNA carriers project.
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4. LITERATURE SURVEY
4.1. Dendrimers - a class of macromolecules

It is know that macromolecules may have many different structures. In
its simplest form, the molecule has a linear long chain structure. The branched
polymers forming cross-links that join the molecules into a network are also
known. Branching without formation of the cross-links is also possible and in
that case a polymer, where the chains start from one point, is formed. That type
of polymer has a large number of branches (Figure 1) [17]. Examples of such
biopolymers are carbohydrates amylopectin and glycogen.

s
B

B

A

o

N

P
B—A B
B—A B
Y AYB—
B
|
Figure 1. 1 - linear polymer, 2 — cross-linked branched polymer, 3 — branched polymer

without cross-links (polymerization of the AB,-type monomers where A- is reactive
with B).

In 1978, Vogtle developed a method that allowed the synthesis of
branched polymers without cross-links (Scheme 1) [1]. That synthesis scheme
ensured identical chains between branch points, because the subsequent reaction
steps are chemically similar. Analogically branched, but not-cross-linked
polymers have, since then, been obtained by many synthesis methods [18-27].
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Scheme 1. Synthesis of “cascade molecules” by Vogtle et al. [1].

In the early 1980s, various names were proposed for such type of
compounds, like silvanols [28], arborols [29], cascadols [30], cauliflower
polymers [31], crowned arborols [32], molecular fractals [33], and polycules
[34]. One of the proposed names was Starburst dendrimers that has now become
a common name for such type of polymeric structures [18]. The word
“dendrimer” is derived from two Greek words dendron (branch, tree) and meros
(part). Regularity of the molecule is regarded as one of its most important
properties. The requirement of regularity in dendrimeric structures excludes
starch from the member of dendrimers, since the chains of starch between
branching points differ in length [35]. At present the term “dendrimer” means a
non-cross-linked regularly branched polymer.

4.2. The dendritic structure

Dendrimers differ from classical random coil macromolecules. They
possess three distinctive architectural components, namely
(1) aninitiator core,
(2) interior layers (generations), composed of repeating units and radially
attached to the initiator core, and
(3) exterior (terminal functionality) attached to the outermost interior
generation (Figure 2).

12
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NH,

~wN = -(CH,),-CONH-(CH,),-N_

Figure 2. Structure of the polyamidoamine (PAMAM) dendrimer.

The dendrimer core is usually a multifunctional reactive compound.
An important parameter for the dendrimer core is the so-called “core
multiplicity” (N¢), which, for example, is Nc = 3 for ammonia and N = 4 for
ethylenediamine (Figure 2). The selection of the initiator core is of great
importance. It is the fundamental unit to which the dendrons are linked. Thus,
its size, shape, multiplicity, and specialized functions will strictly influence the
dendrimer throughout its construction [36,37].

The interior layer (or generation) is classically synthesized with two
consecutive reactions. The first generation is composed of one or more
repeating units directly connected to the core (Figure 2). Additional generations,
each composed of a single layer of repeating units, are attached concentrically.
The repeating units are typically composed of alternating structural units. For
example, the repeating unit in the polyamidoamine dendrimer (PAMAM),
-CH,CH,CONHCH,CH,N=, consists of two structural units, -CH,CH,CO- and
-NHCH,CH,N= (Figure 2). Similarly, as the size and shape of the dendrimer
depend on the core multiplicity, the same parameters also depend on the
repeating unit multiplicity that is two for the PAMAM dendrimer.

The exterior shell of the dendrimer may contain reactive or passive
functional groups. The chemically reactive surface groups may be used for
further dendritic growth or for the modification of the dendritic surface. The
chemically passive groups may be used to physically modify the dendritic
surface (adjusting hydrophobic — hydrophilic ratios) [38]. The number of
terminal groups can be computed from the following formula:
number of terminal units = N¢(N)®,
in which G = number of generations

Nr = repeating unit multiplicity
N = core multiplicity

Dendrimer shapes have been investigated both experimentally and
theoretically [17]. Namely, dendrimers have a denser structure and a shape
closer to a sphere than to linear polymers. In that respect, dendrimers resemble
many natural proteins acquire a relatively well-defined and comparatively
compact conformation because of attractive forces between different parts of the
chain.
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4.3. Synthesis of dendrimers

In a classical polymer synthesis, the whole macromolecule is
synthesized in one single step. As all the reactions occur simultaneously and
competing with one another, the length of the polymer that finally forms is
greatly different [17]. Every polymerization step requires two reactions that
cannot occur simultaneously, at the end of every step, one specific compound is
formed (Scheme 2).

I.R-Y + X-R-Z > R-R-Z

Il. R-R-Z > R-R-Y

1. R-R-Y + X-R-Z - R-R-R-Z etc.

Scheme 2. Step-growth polymers (X, Y- reactive groups).

This is the way proteins and nucleic acids are synthesized by chemical
methods [39,40]. But chemists find it hard to perform a large number of steps
with a good yield. If every branch includes branching, the mass of the molecule
will increase in geometric progression and fewer steps are required to obtain a
large but well-defined molecule.

Dendrimers are constructed in a stepwise manner using repeating
synthetic steps [41]. Each repetition cycle creates an additional layer of
branches (generations) (Figure 2). Branching multiplicity is dependent on the
building block valency, although, a new layer can be generated during the
growth step from a non-branched building block as well [18,20]. The method is
usually designed in a such way that all the terminal groups are fully derivatized
before the next reaction is initiated. As the dendrimer is regular, its structure is
well predefined by the selected structural units and the used synthetic method.
This distinguishes dendrimers from other polymers and attracts interest. The
methods of dendrimer synthesis are classified as the divergent [19-22],
convergent [23,24,42-45], the double-stage convergent [26,46], double
exponential dendrimer growth (DEDG) [27,46], comb-burst [47], and hyper
branching strategies [48,49].

4.3.1. Divergent dendrimer growth

In the divergent strategy, pioneered by Tomalia [18] and Newkome
[22], dendrimers are built from the central core out to the periphery. In the
repeating cycle, some number (n) of reactive groups on the dendrimer periphery
reacts with the same number of monomer units to add a new layer or generation
to the dendrimer. In the next repeat cycle, 2n or 3n reactive sites will be
available depending on the monomer unit's branching multiplicity (2 or 3) [50].
Thus, the number of coupling reactions increases with each successive
generation (Scheme 3).

14
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Scheme 3. Dendritic growth via divergent approach with AB»-type chain extenders.
Protection/deprotection steps (B—X) are not necessary if selective chemistry can be
adapted. Dots represent the bonds formed between A and X groups [17].

In divergent synthesis, every generation (x) requires the addition of
4x2* monomers (X - being the number of generation). If the polymerization
reaction is not complete, then 4x2*+1 polymer molecules of different molecular
mass can form. These defected polymers differ very little from each other and
are hard to separate. In practice, the defective dendrimers are not separated. As
a result, defects will accumulate in the synthesis of higher generations. The
divergent approach is successful for the production of large quantities of
dendrimers since in each generation-adding step, the molecular mass of the
dendrimer is almost doubled (in the case if the branching multiplicity is two). A
wide variety of the dendrimer families have been synthesized by these divergent
methods: poly(amidoamine) [18,51], poly(ether) [52], poly(siloxane) [53],
poly(thioether)  [54], poly(amidoalcohol) [22], poly(amine) [36],
poly(phosphonium) [55], poly(alkane) [56], poly(nucleic acid) [57], and
poly(organometallic) [58] types. Both the commercially available PAMAM
(polyamidoamine) and PPI (poly(propyleneimine)) dendrimers are made by the
divergent method.

4.3.2. Convergent dendrimer growth

Classical examples of the convergent approach to the dendrimer
synthesis can be found in the studies of Fréchet [23], Miller [24], and Moore
[42,43]. In contrast to the divergent strategy, in this approach, the dendrimer is
built from the periphery toward the central core (Scheme 4).

Dendron growth is designed to occur via a limited number of reaction
sites. The synthesis starts first with a monomer unit 1, possessing a functional
group that will eventually constitute the dendron surface functionality (T) and a
reactive functionality (X). The monomer unit is now coupled to a branch cell
reagent 2, containing at least two coupling sites and a protected functionality (P)
to give 3 as illustrated in Scheme 4. After coupling, the functional group (P) is
transformed to (X) to give the reactive branched cell reagent 4, which is then
allowed to react with 2 to produce the new cascade fragment 5. This dendron

15
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has a single reactive group (X), which may be used to couple to a multivalent
core to produce dendrimers 6.

2 ~
2 v T "
P, P—=X  T— > -
T—X +—— > }p > x Y *: b
® B i @ . e
~
T P
T T T
N /
T * * T
N 7
*\K )/*
LN o il T - terminal group

P - protected group

*
T Y T Y - reactive group
N, L*/ P X X - reactive group

®)

Scheme 4. Dendritic growth via convergent approach. Dots represent bonds formed
between two reactive groups Y and X [37].

In the convergent synthesis, only n chains are added in each reaction
step, the n+2 compounds formed are very different and easy to separate, but the
yields of individual compounds are much less than in the divergent synthesis.
The convergent strategy is often limited to the dendrimers of lower generation
number. Dendritic wedges (= branches or “dendrons”) (Scheme 4, 5) of higher
generations encounter serious steric problems in the final reaction - attachment
to the core. A wide variety of the dendrimer types have been synthesized by
these convergent methods, like poly(arylalkyl ether) [23], poly(arylester) [59],
poly(arylene) [60], and poly(arylacetylenic) [61]. The limits of both approaches
have yet to be firmly established. At present we can say that by using the
convergent approach less than eight generations dendrimers can be obtained,
whereas using the divergent syntheses of dendrimers, as many as 10 generations
may be synthesized.

4.3.3. Other accelerated growth techniques

Since both divergent and convergent synthesis methods are time-
consuming and tedious, a synthesis method was needed that would allow
relatively easily as many functional groups in the outer layer as possible. To
solve the problem, the so-called double-stage convergent strategy, double
exponential dendrimer growth (DEDG), comb-burst, and hyper branching
strategies were developed.
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Double-stage convergent strategy

The double-stage convergent growth approach consists of two parts.
Part | covers the preparation of essentially monodisperse dendritic
macromolecules (hyper core) with a large number of functional groups evenly
distributed at the periphery. Part 1l discusses coupling of performed dendritic
fragments (branched monomer) to the highly functionalized macromolecules
[26]. It was found that the use of this technique not only reduces the number of
convergent growth steps but also simplifies the construction of large structures.
An additional advantage of the method is its great versatility that may be used
for the preparation of totally new functional globular structures or molecular
devices. For example, the hyper core and the outer dendritic layer may be built
by help of very different functionalities that provide molecules with unusual
chemical and physical properties [26]. This method is used, for example, to
construct large polyether dendrimers [26].
Double exponential dendrimer growth

Double exponential dendrimer growth (DEDG) is an accelerated
convergent scheme for the preparation of monodendrons via a bi-directional
synthesis. Double exponential growth begins with a diprotected monomer of the
type A,Bp and involves a repetitive use of a set three reactions (selective
deprotection of A, — A, selective deprotection of B, — B, and coupling of A +
B — A-B). The result of this method is a discrete straight-chain sequence of the
type Ap-(BA)"1-Bp (n — the generation number). This process can be used for
monomers of higher functionality leading to the double exponential dendrimer
growth. The disadvantages of DEDG are that a pair of orthogonal protecting
groups (rather than one) is required and the number of generations that can be
realized before steric crowding occurs is apparently very limited. The yields of
DEDG strategy are worse than for either divergent or convergent synthesis. The
double exponential growth scheme has been used for the synthesis of a
third-generation  (255-mer)  phenylacetylene  monodendron [27] and
a-sialodendrimers [62].
Comb-burst strategy

A linear polymer with a large number of reactive groups could be used
as a dendrimer core. In this case, the molecule is a macromolecule to start with,
but the synthesis method itself can be classified in one of the above mentioned
groups [47].
Hyper branching strategies

Recent advances in the synthesis of low-polydispersity hyper branched
polymers have promoted interest in their dendrimer-like properties [48]. In the
synthesis of a hyper branched polymer, AB, (n > 2) type monomers are
polymerized, but systematic protecting and deprotecting is not used. This allows
synthesis of branched polymers in a single step, but the molecule is inevitably
far less regular than in the case of other methods [63].

Other co-polymers of dendrimers and linear polymers also exist, some
of which are obtained via growing of dendrimers onto sites on the polymer,
others via attachment of dendrimers by bonds or chains [17,46].
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4.4. PAMAM dendrimer

The starburst polyamidoamine (PAMAM) type dendrimer was first
synthesized by Tomalia et al. in 1985 [18]. This dendrimer has interesting
chemical and physical properties (e.g. it is a polyelectrolyte-base). A relatively
simple divergent synthetic method for that dendrimer also exists (Scheme 5).
The dendrimer core may be ammonia and primary amines like ethylenediamine
(EDA) and tris(2-aminoethyl)amine. The first step of the synthesis of the
PAMAM dendrimer is a Michael addition reaction of the amine to the double
bond of an acrylic ester (usually methyl or ethyl acrylate). The reaction
proceeds fast with a good yield. This reaction results in a tetraester (Scheme 5).
The resulting tetraester represents the so-called half generation (G-0.5) of the
PAMAM dendrimer. The second stage of the synthesis is an amidation reaction.
The ester group of methyl acrylate reacts with an amino group of
ethylenediamine. As a result, the full generation (generation 0; GO) dendrimer is
formed. Now the outer layer of the dendrimer consists of free amino groups. In
the amidation reaction, the amine is taken in a large excess to suppress the
formation of intramolecular cycles and clusters [18,64,65]. Both steps are
carried out in methanol. By repeating these two steps, the following higher
generations up to the G10 have been obtained [36].

1. step
0
X
HNo~ \)LOCH3 )\’\ J Hs Half generation G-0.5
2 NH, — >
5 (tetraester)
CH,OH \[J \’yOCH

excess
2.step HN_~
2 NH, | CH,OH

R
Tty

|

Scheme 5. Diagram of the synthesis of EDA-core PAMAM dendrimers.

Full generation GO

H

Several  analytical  techniques, including size  exclusion
chromatography (SEC) [36,64], low angle laser light scattering (LALLS)
[36,66], infrared spectroscopy (IR) [67], capillary electrophoresis (CE) [68, I,
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1], mass spectrometry (MS) (chemical ionisation (Cl) [18], fast atom
bombardment (FAB) [18], electrospray ionization (ESI) [69] and matrix assisted
laser desorption ionization time of flight (MALDI-TOF) [70, IV]), and H, 2H,
3C NMR [18,64,68,71] have been used for the characterization of PAMAM
dendrimers.

4.4.1. Defects of the PAMAM dendrimer

Digressions from non-ideal dendrimer growth occur because of a
variety of reasons and include the following (Scheme 6):
(1) incomplete Michael addition reactions
(2) intramolecular cyclization
(3) fragmentation due to retro-Michael reaction
(4) solvolysis of terminal functionality

Incomplete Michael reaction (a) H -II:I'
NH !\L_» H
2 yom, — G0

\ NH

Q Intramolecular (b) oH
/" OCH;  cyclization @ jN]
’\L> N
H
3o, 3N

2

Dimer Formation (c) H.N
2 — O
H @
N
H, Q _/‘N(
N (@]
:}-N r)-H H
N H NH
H L}Nﬁ
gN © \w
NH 2

2 retro-Michael reaction (d)

H H
N_»H + A NeNH
O 2
(0] Nﬂ
NH,

Scheme 6. Possible side-reactions in the PAMAM dendrimer synthesis.

The most important side-reaction is the incomplete Michael reaction,
which gives a dendrimer where one or several branches are missing (Scheme 6,
a). Another possible side-reaction is intramolecular cyclization (Scheme 6, b).
This type of reaction occurs only during the formation of a full generation of the
dendrimer. It is important to maintain a large excess of amine to avoid this
side-reaction; nonetheless, such intramolecular cycles tend to form at higher
temperatures [18]. As a result, that branch of the dendrimer is terminated. Since
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the PAMAM dendrimer is synthesized by the divergent method, every step
includes a large number of separate reactions. Because of that, defects are
highly likely to form.

Retro-Michael reaction (Scheme 6, d) occurs at higher temperatures (>
60 °C) and at a very small extent also below 60 °C [64]. This reaction gives a
dendrimer with missing (deleted) branches (Scheme 6, d). It was found that the
zero generation dendrimer (core = EDA) could be reversed at a high
temperature (i.e., > 100-120 °C) either in the presence or the absence of the
EDA [18]. As a result of that reaction, the N-(2-aminoethyl) acryl amide chain
is cleaved and a defective dendrimer with one missing branch is formed
(Scheme 7). As can be seen from Scheme 7, the retro-Michael reaction results
in the removal of N-(2-aminoethyl) acryl amide chain (2) from the ideally
branched molecule and the new structure is again able to give the Michael
addition both with ethylenediamine and an ideally branched dendrimer.

Besides these three main side-reactions, there is a possibility for a
so-called dimer formation (Scheme 6, c¢), where two dendrimer molecules
connect to each other in the amidation stage [64].

>120°C

H
NN\/\NH + Tribranched Star  (3)
2 Oligimer
o

HN\/\N/\)L ravLy HZN
o
N—
(@ H#\j
H Q H H
2

Scheme 7. Side-reaction due to the retro-Michael reaction [18].
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One reason for the dendrimer fragmentation can be solvolysis of the
amide bond. The modelling studies of the sixth-generation ammonia core
dendrimer show that the internal surface area is 124% more available for
solvent interaction than the external area [36]. It is assumed that all the amide
bonds in a dendrimer, both internal and on the surface, are equivalent in relation
to solvolysis. If the solvolysis occurs in the outermost amide bonds of PAMAM
dendrimers, the number of amino groups in the dendrimer outer layer is
decreased. As a result, charge density is decreased and that is unfavourable with
regard to the transport efficiency of the dendrimer as a carrier in biological
systems [12]. Formation of defective dendrimers also occurs if the unreacted
EDA is incompletely removed from the reaction mixture. In that case, lower
generation dendrimers are formed parallel to the main dendrimer in the course
of the synthesis.

The bridged PAMAM dendrimers (dimers) can be identified and their
influence can be minimized by the process optimization and/or purification
techniques. It would be difficult to prepare dendrimers beyond generation 4 and
5 so that bridging is avoided [64]. It has been shown that generations 0-10 can
be obtained in a highly monodispersed form with symmetrical branches of 95
mol% or greater per generation [72]. The properties of the defective dendrimers
only slightly differ from the perfect ones and, therefore, they are hard to
separate by physical methods.

4.4.2. Applications of the PAMAM dendrimer

There is an urgent need in molecular biology in various carriers of
molecules like DNA, medicines, antibodies, contrast substances,
radiopharmaceuticals, etc. into a cell. Up no now the most widely used carriers
are based on viruses, lipids, polylysine, polyethylene imine, etc. For the last ten
years, PAMAM-type dendrimers have been of special attention from that
aspect. A variety of structural features, such as their size, internal cavities, and
surface channels make PAMAM dendrimers ideal synthetic analogues of
proteins, enzymes and viruses. The advantages of PAMAM dendrimers are

(1) their very good solubility in water
(2) the unique outer layer consisting of amino groups that are positively
charged at the physiological pH.

The complexes of PAMAM dendrimers with DNA and antibodies are
stable and non-toxic [8,10,11,14-16]. To carry out transfection, the higher
generations G5-G10 of PAMAM dendrimers have been used [4,11,12]. The
transfection capability of these generations is probably due to the high number
of surface amino groups and the spherical shape of G5-G10 dendrimers. These
characteristics allow simultaneous interaction with both negatively charged
phospholipides on cell membranes and negatively charged phosphoric acid
residues of DNA.

PAMAM dendrimers also give complexes with metal ions. Because of
its relative stiffness (the chains are not too long and freely folding), it does not
surround the metal ions from all directions. Such metals, bound to PAMAM,
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but freely accessible by a reagent (in a reduced state) have been used for
catalysis [73,74].

Due to its large charge and well defined (monodisperse) state,
PAMAM dendrimers have been used in electrokinetic analysis, enabling good
reproducibility [75,76]. These polymers can be used as calibration standards in
size-exclusion chromatography [77] and as the delivery agent for X-ray contrast
compounds [78,79].

Easily accessible PAMAM dendrimers have been used as the
dendrimeric starting substances for the covalent addition of various substituents
[80-86].

4.5. Characterization of dendrimers

The characterization of the structure of polymers, including
dendrimers, is a complicated task. For the determination of PAMAM
dendrimers, NMR [87] and IR spectroscopy [88] has been used. Both of these
methods, as well as some other methods of chemical analysis (C, H, N analyses,
CZE, LALLS, CI and FAB mass spectrometry, SEC), reveal the chemical
nature of polymer repeating units. But neither of these methods allows us to
describe the general architecture of the molecule. The molecule consists of
similar repeating units, and to distinguish the signals of the units from different
location of the molecule is quite impossible.

Also, the mass analysis of macromolecules is a difficult task. The
standard methods for mass determination, like osmometry that gives an absolute
value of the mass of the molecule, prove much less accurate in the case of
macromolecules, giving only a certain average value of the molecular mass. The
mass distribution can be determined (if possible) by the methods that separate
polymers according to their size, such as chromatographic techniques (like GPC
and SEC) [89].

All of these methods depend on the comparison of the analyte with a
reference polymer sample of the known molar mass, composition, structure, and
conformation. Even then these methods are not sufficiently precise: dispersity
indices (defined as the ratio of number averaged and mass averaged molar
mass) below some per cent cannot be determined. Since chromatography is a
non-destructive method, the outlet from the column may be analysed in order to
determine the absolute molecular mass. However, the capability of
chromatographic methods in separating very complex mixtures has its limit.
Also, it is possible to analyse such small quantities online: electrospray mass
spectrometry has been done successfully by laser light scattering, both for SEC
output [23] and GPC output [90].

Mass spectroscopy gives the absolute mass with a good accuracy: the
errors are in tenths of per cent in the case of most inaccurate techniques, but
usually smaller by one or two orders of magnitude [3]. That method can be
applied if the molecule gives an easily identifiable molecular ion, which is
simple in the case of smallest molecules. However, that is not so simple for
large molecules. Because of that the so-called soft ionization techniques have
been developed. The most suitable methods for macromolecule mass
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determination are electrospray (ES) [69,91] and MALDI [90,92-94] MS. The
other methods, like fast-atom bombardment, desorption-chemical ionisation,
electrohydrodynamic, and secondary ion mass spectroscopy, cause excessive
fragmentation of the molecule if its mass exceeds 10000. Additionally, the field
desorption mass spectrometry is useful for molecular masses somewhat above
10000, but sample preparation in that case is difficult. Also, plasma desorption
mass spectrometry like ES is useful up to molecular mass of 50000. However,
ES is more favourable because it uses a flow of liquid sample. Thus its input
could be obtained from the chromatography output. The limitations of molar
mass determination arise from the possibility of multiple ionization: multiply
charged ions form a large number of lines for the same molecule [94].

4.6. Modification of dendrimers
4.6.1. Modification of dendrimers by carbohydrates

Glycoconjugates like glycoproteins [85,96], glycopeptides [97], and
glycopolymers [80] are quite common compounds in biochemistry. Already for
the last ten years, such conjugates where various saccharides have been
covalently bound to the functional groups of the outer layer of the dendrimer
(glycodendrimers) have aroused great interest (Figure 3). Glycodendrimers are a
new type of glycoconjugates, many of which have biological activity. As a
result, they have been used widely, mostly in mutual interaction studies of
saccharides and proteins on the molecular level.

Glycodendrimers can be divided into two classes:
(@) Glycodendrimers, where saccharides (mostly mono- or disaccharides)
are bonded to the outer layer of a dendrimer. This requires the existence

of reactive functional groups on the outer layer of the dendrimer (e. g.

-NH;, -COOH).

(b) Glycodendrimers where the saccharide itself (as a so-called “building
block™) is used in the dendrimer synthesis.

Figure 3. a — A dendrimer covered with carbohydrates, where the saccharides are
located bound to the dendrimer outer layer, b — A dendrimer synthesized from
carbohydrates [82].
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In the synthesis of the glycodendrimers of the first type, various full
generation PAMAM and PPI type dendrimers have mostly been used. Lindhorst
and Kieburg [98-101] have synthesized glycodendrimers, where the acylated
isotiocyanate derivatives of fB-D-mannose, [B-D-glucose, [-D-galactose,
[3-D-cellobiose and B-D-lactose have been covalently attached to the outer layer
of the PAMAM dendrimer (GO, G1, G2) (Scheme 8).

—~— PAMAM
n

S
)k PAMAM
N N -
H H dendrimer
n>4 n

Scheme 8. Attaching carbohydrates to the PAMAM dendrimer via thiourea linkage.

The standard Zémplen method was used to remove acyl groups [102].
An analogous method for binding saccharides to dendrimers has also been used
by Roy et al. who synthesized a dendrimer with the outer layer consisting of
-D-mannose residues [103]. Stoddart et al. modified PPl dendrimers with 4, 8,
16, 32 and 64 amino groups with thiogalactoside and thiolactoside derivatives,
employing the N-hydroxysuccinimide method for linking (Scheme 9)

[104-106].
o
PPI
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Scheme 9. Attaching carbohydrates to PPI dendrimers using N-hydroxysuccinimide.

Okada et al. [107-109] synthesized the corresponding glycoconjugates
from the second, third and fourth generation PAMAM dendrimers, using 3-D-
lactonolactone and B-D-maltonolactone. The resulting glycodendrimers are also
known as “sugar balls” (Scheme 10).
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Scheme 10. Attaching saccharides to a PAMAM dendrimer by amidation of its terminal
amino groups with aldonolactones [107].

Roy and co-workers have published a series of the synthesis of
dendritic glycosides based on polylysine and evaluated their biological activities
[81]. The first compound in this class (e.g. the octamer illustrated in figure 4)
incorporated N-acetylneuraminic acid (sialic acid) and N-acetylglucosamine as
terminal residue (Figure 4) [110].

A series of similar polylysine-based dendritic glycosides, bearing
nonreducing B-glucosaminyl, [B-actosyl, PB-lactosaminyl, and o-mannosyl
residues, have also been prepared [111,112]. The construction of the above
mentioned polylysine scaffoldings and the key couplings of sugar thiols to the
terminal N-chloroacetyl groups were performed on a solid support (Figure 4 and
Scheme 11) [81,113].
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Figure 4. Dendritic polysialoside based on the highly branched oligipeptide core [81].
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Scheme 11. Attaching thioylated saccarides to N-chloroacertyl termini of a dendritic
wedge.

Using this method, the hydroxyl groups of the corresponding
saccharides were acylated and they were deacylated only after binding the
saccharide to dendron. Instead of polylysine dendritic wedge, Roy et al. have
prepared  phosphotriester  group [81], (gallic acid [114] and
3,3"-iminobis(propylamine) [115] based dendrons. The same dendrons were also
modified with glucosamine, lactose and sialic acid residues, according to the
similar methodologies described above [116].

Synthetic carbohydrate glycodendrimers are polysaccharide analogues
that could obviously mimic a broad spectrum of polysaccharide structures and
properties. Similarly to cyclodextrines they contain internal voids and are able
to complex with different molecules. Glycodendrimers, e.g. glycoheptaoside
(4), can be used as dendritic wedges [117,118]. The focal amino group can be
generated by the removal of the Z (benzyloxycarbonyl) protecting group and,
subsequently being available to react with a central core component (Scheme
12) [119].
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a) CF,SO;H/N-iodosuccinimide/CH,Cl,, 20°C;
b) 90% CF,CO,H/CH,CI,, rt
Bz - benzoyl

Scheme 12. Synthesis of the branched glycoheptaoside [119].

4.6.2. Modification of dendrimers by oligopeptides

Avrticles on the modification of dendrimers with oligopeptidies are
relatively rare. Most attention has been focused on the PAMAM dendrimer as a
carrier of different molecules in a biological system. Through the reactive
amino groups present on the outer layer of PAMAM dendrimer it is possible
(under mild reaction conditions) to link various peptide compounds to it. From
literature it is known that for the synthesis of protein-protein, protein-peptide
and enzyme-antibody conjugates, various linkers are used [120]. Szoka et al.
have used the linker N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP) to
bind oligopeptide GALAcys covalently to the outer layer of the fifth generation
of the PAMAM dendrimer (Scheme 13) [13]. SPDP is a heterobifunctional
linker that carries a N-hydroxysuccinimide (NHS) and 2-pyridyldisulfide
groups. When the NHS ester reacts with a primary amino group, a stable amide
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bond is formed and the 2-pyridyldisulfide reacting with the thiol group of the
oligopeptide gives a disulfide bond (Scheme 13). On average, ten oligopeptides
were bound to a single fifth generation PAMAM dedrimer. This type of binding
has certain disadvantages: a cell may contain reducers that are capable of
reducing the disulfide bond. An attempt was made to bind DNA to the resulting
conjugate, but it was found that the interaction between DNA and the
corresponding conjugate was weak. Also, the corresponding transfection effect
was weaker than with an unmodified dendrimer.
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N-succinimidyl 3-(2-pyridyldithio)propionate
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Scheme 13. Modification of the PAMAM dendrimer by oligopeptide using the SPDP
reagent.

Lambert et al. linked oligopeptide to the first generation PAMAM
dendrimer using a ketone as the linker [121]. To obtain peptide modified
dendrimers, they introduced a ketone functionality to the surface of a first
generation of the PAMAM dendrimer to obtain the keto-dendrimer (1). That
compound was then condensed with aminoxy peptides to produce a peptide
dendrimer (2) (Scheme 14). On average, 5 oligopeptides were linked to a single
dendrimer by help of this method.

PAMAM 0 Peptide, 8 M urea/0.1 M Na-phosphate
Benarmer|-NH, | | CHSCOCHCH,COOR,DIC_— foamam HM buffer (pH = 4.7)
Gl CH,Cl, o1 37°C. 2 days
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ZT
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n
n=8 2
DIC — 1,3-diisopropylecarbodiimide
Peptide sequence —  H,NOCH,CO-EYLNKIQNSLSTEWSPASVT-OH

Scheme 14. Synthesis of peptide dendrimers by Lambert et al [121].
Mihara et al. have synthesized the peptide dendrimers in which

amphiphlic a-helix peptides containing cysteine (Cys) at their N-terminus were
attached to the PAMAM dendrimer through the thioether linkage [122].
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5. AIMS OF THE STUDY

So far the PAMAM dendrimer is the only one that has found a wide

practical use, especially in molecular biology. As it is an efficient transfection
agent in the biological systems, it is important to develop new modifications to
make the dendrimer macromolecule more cell-specific.

Hitherto, the analysis and purification of the higher generations of

PAMAM dendrimers and their conjugates has been problematic.

As our (and our co-operation partners’) scientific interests were

connected with the use of dendrimer conjugates in molecular biology, it was
important to study the synthesis, analysis and the purification methods of
dendrimers, and to elaborate their modification methods.

The main goals of the present investigation were:

to study a step-by-step synthesis of EDA-core PAMAM dendrimers
with an amidoamine-repeating unit in order to check the practical
acceptance of the existing methodology
o synthesize and purify chromatographically the first six
generations (GO through G5) of PAMAM dedrimers
o separate the reaction side-products for the structure elucidation
to characterize individual generations of the synthesized dendrimers
to study the formation of defective dendrimers
o the decay of PAMAM dendrimers in retro-Michael reaction
o structural deviations in PAMAM dendrimers by stepwise
synthesis/purification of the PAMAM dendrimer with
simultaneous analysis
to investigate the possibilities of modification of PAMAM dendrimers
with saccharides
to investigate the possibilities of modification of PAMAM dendrimers
with oligopeptides

29



6. RESULTS AND DISCUSSION

6.1. Synthesis and purification of various generations of PAMAM
dendrimer (I, 111)

The main goal of the present study was to elaborate the synthesis of the
EDA-core PAMAM dendrimers with amidoamine-repeating six generations
(generations 0 through 5) in order to check the practical acceptance of the
existing methodology and to prepare necessary quantities of dendrimers, and
also their side-products for the structure elucidation (Figure 5).

The first six generations of EDA-core PAMAM dendrimers were
synthesized in a stepwise process [I]. Preparation of every full generation
consists of two subsequent steps: Michael addition of amino groups of the
dendrimer (or in the very first case of EDA) to methyl acrylate, resulting in a
multiester intermediate (which is a half generation dendrimer). The synthesis is
followed by the amidation of the multiester intermediate with a large excess of
EDA, resulting in a full generation dendrimer (Scheme 5). Capillary zone
electrophoresis [I], *H and *C NMR spectroscopy [I11] and MALDI-TOF MS
[11] were used to determine the homogeneity of the synthesized dendrimers.
According to the classical divergent method (PAMAM dendrimers are
synthesized only by a divergent method), no purification is used. After the
reaction is completed, only the excess of reagents are removed to prevent
formation of side-products or formation of lower generation of dendrimers.

As we were interested in the side-reactions of the dendrimer synthesis,
we also made an attempt to remove defective dendrimers (Scheme 6). Such
side-products would otherwise accumulate in the course of the synthesis,
complicating the analysis of the higher generation of dendrimers. Also, we tried
to fractionate the major side-products and characterize them to understand better
what side-reactions occur during the dendrimer synthesis. Because of those
reasons, we introduced chromatographic purification steps and found that these
methods were suitable in both synthesis steps: for the purification of full and
half generations of dendrimers.

MALDI-TOF MS mass spectrometry was found to be the best method
to characterize the purified products and separated side-products. In fact, for
lower generation of dendrimers (up to G2), the resolution is within one mass
unit that allowed us not only to estimate the purity of the separated products but
also to define the structures of the side-products. Additionally, silica gel TLC
was used to analyse the purified half generation fractions to find the presence of
any side-products. Unfortunately, the NMR analysis appeared not very suitable
for the characterization of the side-products and higher generation of
dendrimers. The method requires a relatively large amount of pure material and
the interpretation of the spectra of larger molecules is complicated due to a
multitude of overlapping signals.

The half generation dendrimers (G-0.5-G4.5, multiester intermediates)
were purified using column chromatography on silica gel and/or size-exclusion
chromatography. The column chromatography on silica gel of G-0.5-G1.5 of
PAMAM dendrimers was performed by using the methanol/dichloromethane
mixture. In the case of G-0.5 and GO0.5 generation, the method was effective
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Figure 5. Fifth generation of the Starburst PAMAM type dendrimer.
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and defective intermediates were fully removed. For G1.5, the method was less
efficient, but we were able to remove some defective intermediates and lower
generation impurities (G-0.5 dendrimers).

For half generations G2.5-G4.5, the silica gel chromatography was not
suitable and these compounds were purified on Sephadex LH-20 gel, using
methanol as an eluent. The method allowed us to separate efficiently lower
molecular weight side-products.

Purification of full generations dendrimers is complicated because of
the presence of a large number of amino groups in the outer shell (there are no
literature references about that purification possibility). In the present work, we
tested different chromatographic methods in order to find the best purification
procedure.

We found that it is possible to separate selectively some defective
compounds from G1, using HILIC and RP-HPLC chromatography.

The HILIC method was more suitable for selective separation of
defective dendrimers that contained intramolecularly cyclized branches (-60 Da)
and RP-HPLC for separating dendrimers with missed branches (-114 Da). The
exact conditions are described in [I11] (see Appendix, No. 1).

HILIC separation that depends on the number of amino groups in the
outer layer of the dendrimer allowed a good separation of the defects caused by
intramolecular cyclization from the crude first generation of the dendrimer
(Figure 7, compounds 2 and 5) [111].

The RP-HPLC method was especially suitable for the separation of
dimerized dendrimers and dendrimers with deleted branches. The
chromatograms of the first generation dendrimers are presented in the Figure
6A. The lowest molecular mass defect in the first generation is the compound 5
(Figure 7, tr = 6.00-7.60 min., Figure 6A), which could be completely separated
from the mixture. By using the RP-HPLC, the content of defective dendrimers
(Figure 7 compounds 3 and 4, tr = 7.60-8.30 min., Figure 6A) in the purified
product also decreased markedly. Still, the defective dendrimer 2 (Figure 7, tr =
8.30-8.90 min., Figure 6A), having mass very close to that of G1 itself, could
not be separated by this chromatographic method. The HPLC method also
allowed the separation of the dendrimer “dimers” (Figure 7, compounds 6 and
7, tr=8.90-10.00 min., Figure 6A). Dimer 6 is known to be formed during the
full generation synthesis stage, Scheme 6 ¢ [69]. Dimer 7 could be formed
during the half generation formation, as a result of the opening of
intramolecularly cyclisized dendrimer branch, followed by the acylation of the
resulting amino groups by the methyl ester of another dendrimer [I11]. Usually
the part of this kind of defective compounds in a crude product is so small that it
could not be clearly detected by MALDI MS before chromatographic
purification. The spectra in [Ill, Figure 6] prove that the defective dendrimers
observed in the mass spectra of various generations of PAMAM dendrimers
were formed in the course of the side-reactions during the synthesis rather than
during the fragmentation of an ideally branched dendrimer during the analysis.
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Figure 6. A - RP-HPLC chromatogram of the first generation G1 dendrimer. B -
RP-HPLC chromatogram of the fifth generation G5 dendrimer. The eluent system was:
A - 0.1% trifluoroacetic acid in water, B - acetonitrile. The linear gradient 0-50% of B

in 20 min was used (1 ml/min).
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It is possible to analyse and purify the fifth generation of the PAMAM
dendrimer (G5) chromatographically by RP-HPLC using the same conditions as
for the first generation. The G5 is purified from the defective dendrimers which
have a mass in the range 5000-15000 Da (according to the MALDI-TOF MS).
The corresponding chromatogram is shown in the Figure 6B (tr = 7.40-8.60
min., G5) The RP-HPLC was also used to separate G5 dendrimer from its
conjugates with lower molecular weight side-products.

6.2. Complex investigation of structural deviation in PAMAM
dendrimers using GC, CZE, 'H and *C NMR and MALDI-TOF MS

6.2.1. Retro-Michael degradation of PAMAM dendrimers. GC
analysis (11)

It is known that the dendrimers (especially its half generations)
partially degrade in time [123]. Also, it is known that higher full generations
PAMAM dendrimers (G5-G10), which are used for DNA transfection into cells,
may lose their ability to mediate transfection after prolonged storage [12,124].
An assumption was made that the loss of activity is connected with the
degradation of the dendrimer.

The key reactions of the PAMAM dendrimer synthesis (the Michael
reaction) is known to be reversible [125]. The reverse reaction- the
retro-Michael reaction is considered as one of the reasons for the observed
changes in dendrimer properties. Also, the content of defective PAMAM
dendrimers may be connected with the retro-Michael reaction. Therefore, we
investigated the retro-Michael reaction in order to elucidate conditions of the
reaction and its extent experimentally [I1].

We followed the stability of the PAMAM dendrimer (G-0.5) in the
methanol solution at different temperatures (-15 °C; 4 °C; ~20 °C; 50 °C). The
G-0.5 generation of a dendrimer is the only generation having sufficiently low
boiling point to be analysed by GC. That enables us to quantify exactly the
amounts of the formed degradation products. To help to identify the products,
the corresponding tetraester and triester of G-0.5 dendrimer (Scheme 15) were
separately prepared and characterized by NMR analysis [Il]. Attempts to
analyse the higher generations of dendrimers by GC were not successful
(probably due to the decomposition of dendrimers) at high temperature.

We observed the decomposing caused by retro-Michael reaction
(Scheme 15) occurs already at 4 °C. In the course of the degradation, a
corresponding triester product is formed. Only at -15 °C, the rate of
retro-Michael reaction was low and no considerable decomposition was
observed. In all cases, the equilibrium between the triester and tetraester
products (Michael and retro-Michel reaction) was achieved (tetraester/triester
ratio after 20 days: 50 °C 29/33 (achieved already after 165 h); ~20 °C 83/15; 4
°C 90/9; —15 °C 98/2).

It is obvious that similar retro-Michael decomposition occurs also in
the case of higher generation dendrimers. Therefore, these results could be
similarly applied when considering the stability of the higher generations of
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PAMAM dendrimers (e.g. during storage of dendrimers). The obtained result
may also be interpretated as one of the reasons for changes of the properties of
PAMAM dendrimers during the storage over a long period (especially at room
temperature). This might also be the reason why we did not succeed in
obtaining a pure sample of the tetraester when using silica gel column
chromatography purification, but obtained always a mixture of tetraester/triester
98.9/0.5. The practical conclusion from the result gained is straightforward: the
possibility of the retro-Michel reaction should always be considered in
preparation and storage of regular PAMAM dendrimers.
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CH,0" 0 CH,0" 0

Triester 2

Scheme 15. The decomposition of tetraester to triester (retro-Michael reaction).

6.2.2. Separation of PAMAM dendrimer generations. CZE analysis
()

Analysis of dendrimers is a complicated problem not only because of
the large number of different regular structural units, but also because of
numerous possible defective dendrimers present in a mixture. CZE method is
the most straightforward and simple analytical method that may be used in the
case of complicated separation/analysis problems. We investigated the
possibilities of separation of different generations of dendrimers (homogeneity
of the single generation) by using this method. Also, we wondered whether we
can obtain valuable information about defective products in several low
dendrimer generations by using this technique.

CZE separation of substances occurs when the analyte molecules are
charged and have different apparent electrophoretic mobilities. It is assumed
that the resistance experienced by the ion when flowing through the liquid
medium is approximately proportional to the ion’s mass (or size) and the mutual
separation of ions takes place according to the charge-to-mass ratio [126]. This
is the reason why half and full generations of PAMAM dendrimers exhibit
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different electrophoretic behaviours depending on the pH value of the running
buffer.

Dendrimer full generations have terminal amino groups that become
protonated in an acidic medium and the positively charged molecules move
during the electrophoretic process in the direction of an electroosmotic flow (i.e.
towards a cathode). The calculated charge-to-mass ratio remains essentially
constant for all PAMAM generations (assuming that all amino groups are
protonated) and electrophoretic velocities of different generations should be
close to each other. Nevertheless, our experiments showed that in the acidic
phosphate buffer (pH = 2.7), where the electroosmotic flow is practically
suppressed, the first six generations of EDA-core PAMAM dendrimers with
molecular masses ranging from 516 to 28788 Da could be separated (Figure 8).

G1

GO G5

G2

G3

Absorption at 212 nm, arbitrary unuts

T T T T T
6 8 10 12 14

Time, min

Figure 8. Electropherogram of the first six generations of EDA-core PAMAM
dendrimers.

Half generation dendrimers (amidoesters) are not ionized at the pH
range commonly used for CZE and we did not succeed separating the mixture
of different half generation dendrimers. In a moderately basic phosphate buffer
with pH = 7.8, however, half generation dendrimers are remarkably labile and
hydrolyze readily. In these conditions, we observed fast hydrolysis of the ester
groups of dendrimers (clearly seen by CZE).
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6.2.3. Identity of dendrimer generations. 'H and 3C NMR
spectroscopy (I11)

High field (11.7T) H and *C NMR spectroscopy was used to follow
the addition of new generations to the EDA core of PAMAM dendrimeric
molecules. The addition of identical branches to the initial core and the fast
increase of the molecular weight of the dendrimer results in the overlapping of
signals of intensities strongly different from non-equivalent positions. Thus, in
the 'H spectra already in generation 0.5 out of 9 different bands, only 7 are
clearly resolved. In 3C NMR spectra all signals from different positions are
resolved up to generation 2.5 (Figure 9).

\\-\
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172 52 &1 &0 43 ppm 37 36 35 34 33 ppm

Figure 9. 125.77 MHz BC NMR spectrum of EDA core based PAMAM G2.5
dendrimer in CDCls. Indicated by arrows are pairs of connected methylene carbons.
Inside the carbons there are broad lines. The assignment of lines is given in [Ill, Table
1].

The chemical shift data for *H and *3C nuclei (CDCl; solution) for the
first generations of PAMAM dendrimers are given in [lll, Table 1]. The
solubility of higher-generation PAMAM dendrimers in chloroform is too low
for NMR studies and, therefore, some CDsOD was added. Comparison of the
spectra obtained with the published NMR data on EDA core PAMAM
dendrimers [18,36,65] reveals some obvious assignment errors and misprints in
earlier publications. Usually, in raw synthetic products, several irregular
branching products were always observed in low concentrations. In different
layers of dendrimer molecule, the same nearest environment forms for the same
atomic groups and this is a good starting point for the assignment of different
signals within individual layers. Despite the possible solvent, concentration and
impurity effects, some general trends from long-range effects could be
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observed. The most remarkable of them is a nearly 2 ppm change of the core
methylene carbon shift to a higher field. Within the pairs of two connected
methylene groups between the CO group and N atom, or between two N atoms,
the inner methylene carbon in this pair has always a broader signal (Figure 9).
This can be attributed to the lower mobility of this methylene group in the
movement towards the core of the dendrimer molecule. This phenomenon has
been observed even on the outer layer of the dendrimer molecule and was also
referred to in the published spectrum of the terminal, the -NHCH>CH>NH;
group of the PAMAM dendrimer [36].

6.2.4. Structural deviations of PAMAM dendrimers. MALDI TOF
MS analysis (111)

In this work we investigated the potential of MALDI-TOF MS as an
analytical tool for the analysis and control of the synthesis of Starburst
PAMAM dendrimers. Using the spectra of the lower generation dendrimers, we
also intended to provide a closer view on the fragmentation mechanism during
the MALDI analysis.

Different standard matrixes, such as 2,5-dihydroxybenzoic acid (dhb),
4-hydroxy-3-methoxycinnamic acid (ferulic acid), a-cyano-4-hydroxycinnamic
acid, dithranol, and dhb/fucose 1:1 mixture, were tried for dendrimers. We
found dhb/fucose is the matrix of choice for full generation dendrimers in both,
providing the best signal and causing least fragmentation. We also proved
a-Cyano-4-hydroxycinnamic acid to be a “hot” matrix, causing most
fragmentation just as in the case of peptides and proteins. We used both linear
and reflectron modes to measure mass spectra and obtained isotope resolution
up to mass 4000 Da. This provided us with precise mass numbers, facilitating
precise conclusions about both ideally branched and defective molecular
structures, and also allowed us to identify a novel dissociation channel.

MALDI mass spectra were measured for all half and full generations up
to G5 in the linear mode and up to G2.5 in the reflectron mode. Most of the
analyses were done in the linear mode. Using this mode, the molecular
dissociation products are, in general, visible and the discrimination against high
mass is smaller. The full isotopic resolution and superior accuracy of the
reflectron mode was used to confirm our assignments of the defective
dendrimer structures and prompt decay products. The limitation of the
reflectron mode is that we see only the prompt decay products that are formed
within the initial delay between the laser pulse and acceleration pulse, but we
lose all information about the ions that decompose in the flight time, as these
are not focused on the detector by our gridless ion reflector.
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Figure 10. MALDI-TOF MS spectra of the G1.5, G2.5 and G4.5 PAMAM generations.

We obtained spectra for half generations with all matrixes tried. Up to
G1.5 (Figure 10), the spectra near MALDI threshold consist of sharp lines
corresponding to the ideally branched and the defective protonated dendrimers,
their fragmentation products and weak lines corresponding to the Na and K
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adducts. We have matched all lines in the spectra with the corresponding
structures of defective dendrimers ([I11], Figure 4). Beginning with G2.5 (Figure
10), unresolved background emerges and for G4.5 (Figure 10), no line structure
is observable any more. Still, molecular weight distributions are readily
obtained.

For dendrimer full generations, good spectra could be obtained with
standard matrixes only for GO and G1 ([Ill], Figure 3). For higher generations,
the spectra lines became weak, excessive laser power was needed, and for G4
and G5, strong enhancement of the low mass range was observed due to strong
mass discrimination or extensive prompt decay of molecules. As there was no
reason to expect that full generations are harder to ionize than half generations,
we assumed that the reason is the matrix incompatibility. We continued with a
mixed matrix dhb/fucose 1:1 that provided us with equally good spectra for both
half and full generations. It is a well known “cold” matrix that is used to
suppress fragmentation in peptide research and does it in the case of dendrimers
as well. As in the case of the half generations, the higher generations (G4 and
G5) do not give the line spectra ([111], Figure 3). Still, general molecular weight
distribution is well observed.

6.3 Modification of PAMAM dendrimers

6.3.1. Modification of PAMAM dendrimers by N-substituted and
N,N-disubstituted ethylenediamine

The outer layer of the ordinary PAMAM dendrimer is covered with
primary amino groups. In this work, the modified fifth generation PAMAM
dendrimers with N,N-dimethylamino or N-methylamino groups in the outer
layer were synthesized according to Scheme 16:

o /
NN \
PAMAM 2 PAMAM AN
dendrimer OCH3 dendrimer N
G4.5 n CHSOH G5 H n
n=128 n=128
H —
O N O
PAMAM FbN/A\V/ ~ PAMAM /ﬂ\ H
dendrimer OCH dendrimer N/\/
G4.5 3n G5 H m
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PAMAM NH
dendrimer ).LN/\/ 2

G5 | K
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Scheme 16. Modification of the end groups of the PAMAM dendrimer with
N,N-dimethylethylenediamine or N-methylethylenediamine.
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In the first case, during the synthesis of G5, instead of
ethylenediamine, N,N-dimethylethylenediamine was added to G4.5. As a result,
the outer layer of the dendrimer consists of N,N-dimethylamino groups
(Appendix, No. 2a).

In the second case (reaction of N-methylethylenediamine with G4.5),
there is also a possibility of the reaction of G4.5 ester group with N-substituted
amino group. Thus, the outer layer of this dendrimer consists of methylamino
and amino groups (Appendix, No. 2b).

These types of dendrimers were used in the investigation of the
transfection of DNA. It was established that their transfection effect was very
weak in comparison with the ordinary G5 PAMAM dendrimer (see Part 6.4).

10000 20000 30000 40000
Mass (Da)

Figure 11. MALDI-TOF MS spectra of the fifth generation of PAMAM dendrimers
(A), dendrimers modified with N-methylethylenediamine (B) and dendrimers modified
with N,N-dimethylethylenediamine (C).
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6.3.2. Modification of PAMAM dendrimers with carbohydrates

In order to investigate the possibility of making dendrimers more
cell-specific in various biological processes (for example, in transportation of
DNA into cell), we have investigated the binding of oligosaccharides covalently
to the surface of a dendrimer.

It is known from literature that several cell membrane receptors like
CD44, RHAMM, ICAM-1 are sensitive to hyaluronic acid (HA) [127,128].
Based on that information, we made an attempt to synthesize a glycoconjugate
of HA oligosaccharide and the PAMAM dendrimer.

Hyaluronic acid is a linear polysaccharide consisting of alternating
1,4-linked units of 1,3-linked glycuronic acid and N-acetylglucosamine (Figure
12) and is one of several glycosaminoglycan components of the extracellular
matrix (ECM) of the connective tissue. HA differs from the other major
glycosaminoglycans in that it does not contain sulfate groups.

D-glucuronic acid  N-acetyl-D-glucosamine

Figure 12. Tetrasaccharide fragment of HA (disaccharide repeat units are shown).

HA has been chemically modified via carboxyl group, via hydroxyl
groups, via the reducing end, and in some cases partially via N-deacetylated
materials [129]. Our final goal was to develop a method that allows us to attach
hyaluronic acid oligosaccharide molecules to the outer layer of the fifth
generation PAMAM dendrimer.

As we had a very small quantity of ready-made oligosaccharide (16
monomeric units) available (1 mg) for the synthetic experiments, it was
necessary to develop the reaction conditions on the model compounds. Based on
the knowledge that the MALDI-TOF MS spectra of the early generation
PAMAM dendrimer are well resolved and that these dendrimers can be
obtained relatively free from defects, we have selected purified G1 as a model
compound ([H1], Figure 3). The saccharides selected as model compounds for
the synthesis were D-glucose (Glc), D-N-acetylglucosamine (GIcNAc), and
disaccharide unit of hyaluronic acid (DiHA) (Figure 13).
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Figure 13. Hyaluronic acid disaccharide.

The aldehyde form of the saccharide reacts with the amino group of the
dendrimer resulting Schiff base (imine) (Scheme 17).
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Scheme 17. Intermediates in the attaching of saccharide to the first generation PAMAM
dendrimer.

6.3.2.1. Reactions between G1 dendrimer and saccharides

The reaction between dendrimer G1 and D-glucose or D-N-
acetylglucosamine or disaccharide of hyaluronic acid was conducted under the
same conditions (Appendix, No. 3). In all cases, Schiff base-type compounds
were formed, but the reactivity of saccharides toward dendrimer was different.

Using Glc as a saccharide, the following products were identified from
the mass spectra: G1+1xGlc (1592.48 Da), G1+2xGlc (1754.10 Da), G1+3xGlc
(1916.06 Da), G1+4xGlc (2077.54 Da) and G1+5xGlc (2239.10 Da) (Figure
14A). A similar addition of Glc to the defective dendrimers was also observed.
An analogous situation occurs in the case of GIcNAc (Figure 14B). The only
principal difference between those two cases was that in the last case, the mass
spectra did not reveal the compounds G1+4xGIcNAc and G1+5xGIcNAc and
the peaks corresponding to the products G1l+1xGIcNAc (1633.27 Da),
G1+2xGIcNAc (1836.67 Da), G1+3xGIcNAc (2039.02 Da) had a lower
intensity. When hyaluronic acid disaccharide was used, only the compound
G1+1xHA disaccharide was detected in the mass-spectra.
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It was found that under given conditions, the equilibrium between the
corresponding saccharide and G1 dendrimer was established in about one day
(Appendix, No. 3, Figure 15). As the formation of Schiff’s base in aqueous
environment is reversible, a certain amount of the starting compounds is always
present. These compounds may again result in numerous side-products. It was
clearly observed on standing of saccharide-dendrimer conjugates.
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Figure 14. MALDI-TOF MS spectra. A — the reaction mixture of the first generation of
PAMAM dendrimer and Glc in water solution, B - the reaction mixture of the first
generation of PAMAM dendrimer and GIcNAc in water solution. * - corresponding
sodium ion.
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Figure 15. MALDI-TOF MS spectra of samples taken at different times during the
reaction that show the establishment of the equilibrium between the first generation
PAMAM dendrimer and GIcNAc. * - corresponding sodium ion.
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6.3.2.2. Reaction between G1 dendrimer and saccharides in the presence
of NaCNBH3

The influence of the equlibrium may be eliminated by reducing the
imine group into a secondary amine. The Schiff’s base can be reduced into a
secondary amine with sodium cyanoborohydride (frequently used reagent for
such purposes in biochemistry [130-133]). The elimination of the imine from
the reaction mixture makes the reaction unidirectional (Scheme 18).

OH OH
OH OH ~ OH OH
i C=N—R L i C—N—R
H o N H o g
y \OH H H H \OH H, H
H OH H OH

R - PAMAM dendrimer G1

Scheme 18. Reduction of the Schiff base to the secondary amine by NaCNBHs.

When NaCNBHj3 was added to the reaction mixture, containing G1 and
saccharide, in the mass-spectra, the lines exceeding mass by two units were
observed (Appendix, No. 3). That is exactly what was expected: after reduction
of the Schiff’s base, the corresponding mass numbers should increase by two
mass units (Scheme 18). When the reaction mixture was analysed 28 h later,
low-intensity lines, with mass numbers exceeding those of G1 and Glc addition
products by +25 Da appeared in the mass spectra. Since the reaction mixture
contains CN- (originating from NaCNBHz), there is reason to think that the
compound is formed by adding CN- to the corresponding Schiff base (which
forms from the unreacted saccharide and dendrimer). When the reaction mixture
was analysed two and seven days later, a new peak corresponding to the
unidentified compound with mass +26 Da appeared and the intensities of the
peaks corresponding to the target products decreased. The intensities of the
spectra lines corresponding to the +25 Da adducts did not change during this
period. A similar phenomenon also occurred when GIcNAc was used instead of
Glc (Figure 16).
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Figure 16. MALDI-TOF MS spectra characterizing the ratio between reaction products
and impurities in the reaction mixture during the reduction of Schiff base between G1
and GIlcNAc with NaCNBHs.

A - 28 h after the beginning of the reaction

B - 2 days after the beginning of the reaction

C - 7 days after the beginning of the reaction

D - reaction products purified of impurities with RP-HPLC

In the case of GIcNAc, the reaction was slower compared to Glc,
because of that the products G1+4xGIcNAc and G1+5xGICNA were missing
and the peaks corresponding to compounds G1l+1xGIcNAc (1635.90 Da),
G1+2xGIcNAc (1841.70 Da), G1+3xGIcNAc (2046.58 Da) had a lower
intensity than in the case of Glc (Figure 17). The reaction seemed to be even
slower with hyaluronic acid disaccharide only, and so a weak signal
corresponding to a single saccharide molecule added to G1 dendrimer (1793.39
Da) was detected (Figure 17).

To avoid the side-reactions between the dendrimer conjugate and CN-
anion, the reaction mixture was purified by RP-HPLC, which allowed the
separation of inorganic salts (NaCN and NasBOs), unreacted saccharide and
impurities with mass < 900 Da (Figure 18). According to the MS analysis, the
conjugate did not contain any side-products after the purification (Figure 16D).
The purified conjugate was stable on prolonged standing. Thus, the optimum
conditions for preparation of G1 dendrimer-saccharide conjugates require a
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simultaneous

reduction of

the

formed Schiff’s base by sodium

cyanoborohydride and chromatogrphic purification by RP-HPLC. It was also
found that too large excess of NaCNBH; increased the formation of

side-products.
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Figure 17. MALDI-TOF MS spectra of the crude products after the reduction of Schiff
base between G1 dendrimer and various glycosides (A — Glc, B — GIcNAc, C — DiHA)

with NaCNBHs.
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Figure 18. RP-HPLC chromatogram of the reaction mixture containing G1 dendrimer
(including defective molecules) (1) and the corresponding conjugates of G1 dendrimer
and GIcNAc (2). The eluent system was: A - 0.1% trifluoroacetic acid in water, B -
acetonitrile. The linear gradient 0-50% of B in 20 min was used (1 ml/min).
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6.3.2.3. Binding the hyaluronic acid oligosaccharide to G1 dendrimer by
EDC carbodiimide

In order to find a method that might be used also on a micro scale, we
tried to attach HA oligosaccharide 16-mer (contained also small amounts of
14-mer and 18-mer as impurities) to the first generation dendrimer, using
carbodiimide chemistry (Scheme 19, Appendix, No. 4).

PAMAM
dendrimer

Gl

(0]
dendrimer —NH, + /U\O_

Iz

H,O, rt

H L
EDC = /Cl\:_\/\/N=C=N\/

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

Scheme 19. Attaching hyaluronic acid oligosaccharide to G1 using EDC.

RP-HPLC allowed the purification of the reaction mixture from
compounds with mass < 900 Da. The unreacted oligosaccharide was also
collected as a separate fraction. In the MALDI-MS spectrum of the main
fraction (tz — 8.10-8.60 min, Figure 19), the desired product (4465.08 Da) was
observed, however, in quite low intensity (Figure 20). The spectrum revealed
also a peak that corresponds to a conjugate (3208.62 Da, Scheme 20) that is
likely a hyaluronic acid N-acylisourea. The presence of the conjugates of
14-mer (2828.88 Da) and 18-mer (3587.45 Da) was also observed. The
formation of N-acylisourea is a reaction that has been described earlier in the
literature (Scheme 20) [134].

.—COOH + /N\/\/N C=N_~

o

/N\/\/ Y + \/\/NYN\/
Oi‘( ° o:io
o 3
\N/\/\N)L N + \N/\/\NJLN/\
\

| Ho

Scheme 20. Possible reaction pathways for coupling of EDC with HA [134].
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Figure 19. RP-HPLC chromatogram of the reaction mixture containing 16-mer
oligosaccharide of HA (1), G1 dendrimer (including defective molecules) (2),
corresponding conjugate of G1 dendrimer and oligosaccharide (2) and modifications of
oligosaccharide (3) (Scheme 20).

3208.62
(M+H)"

4465.08 (M+H)"

product
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Figure 20. MALDI-TOF MS spectrum of the purified conjugate of G1 dendrimer and
16-mer oligosaccharide. The fraction still contains some modifications of 16-mer
oligosaccharide as impurities (Scheme 20).

In an attempt to prepare an active intermediate that would have a larger

half-life in a water environment compared to O-acylisourea, we prepared a
N-hydroxysuccinimide ester of the hyaluronic acid (Scheme 21, Appendix, No.

5).
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dendrimer
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PAMAM
dendrimer

Gl

NHS — HO— N

/U\ EDC,NHS _
H ,0, rt
o)

N-hydroxysuccinimide

Scheme 21. Strategy for attaching HA to dendrimer through EDC and NHS.

RP-HPLC allowed the removal of the impurities with mass < 900 Da
from the reaction mixture. The unreacted oligosaccharide was collected into a
separate fraction. The main fraction (tr — 8.00-8.60 min contained a certain
quantity of the modified product (4580.91 Da) that had a MW 115 Da higher
than the desired product (Figure 21 and 22). The formation of that product may
be explained by Scheme 22.
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HN  NH, H~N" NH, H-N" N,
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N S H N E—— H N —_—
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dendrimel dendrime dendrime
Gl Gl Gl

PAMAM PAMAM

PAMAM
dendrime
G1

dendrime dendrime
Gl Gl

o
N
H-n HN ~oH
L ¥
%I o

PAMAM
dendrime
G1

Scheme 22. The synthesis scheme for glycodendrimer modified with
N-hydroxysuccinimide.
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In the mass spectrum, the peak that corresponds to a modified
oligosaccharide (3208.02 Da) dominated again. The main fraction after
purification also contained some modifications of G1 dendrimer. One of them, a
compound with mass 1545.74 Da, might have been formed as a result of the
re-amidation reaction between the amino group of dendrimer and
N-hydroxysuccinimide. That reaction is presented in Scheme 23.

PAMAM H,0
dendrimer

PAMAM
dendrimer

Scheme 23. Addition of N-hydroxysuccinimide to dendrimer.

1.04

Volts

0.5

N B O

Figure 21. RP-HPLC chromatogram of a reaction mixture containing 16-mer
oligosaccharide of HA (1), G1 dendrimer (including defective molecules) (2),
corresponding modification of the conjugate of G1 dendrimer and oligosaccharide (2),
modifications of G1 dendrimer and modifications of oligosaccharide (2) (Scheme 20
and 23). The eluent system was: A - 0.1% trifluoroacetic acid in water, B - acetonitrile.
The linear gradient 0-50% of B in 20 min was used (1 ml/min).
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Figure 22. MALDI-TOF MS spectrum of the purified conjugate of G1 dendrimer and
16-mer oligosaccharide. The fraction contains various modifications of 16-mer
oligosaccharide and G1 dendrimer as impurities (Scheme 20, 23).

Despite a low yield, it was demonstrated that the HA oligosaccharide
(16-mer) could be linked to the G1 dendrimer. The reason of the low yield in
EDC-supported coupling reaction could be that the reaction was performed in
an aqueous medium, since the HA was in the sodium salt form. Probably in
organic solvents (DMSO, DMF) hyaluronic acid oligosaccharide ammonium
salt may give a better reaction.

An attempt to link the HA oligosaccharide (16-mer) to the G1
dendrimer by reductive amination was not successful. Theoretically, the method
should work and that was also demonstrated in the case of HA disaccharide.
Due to the lack of HA oligosaccharide, we were limited to a single experiment
and the reaction had to be conducted on a very small scale (1 ul) that made
precise monitoring and controlling of the reaction conditions impossible.

We demonstrated that saccharides could be linked to the PAMAM
dendrimer by using carbodiimide chemistry and by reductive amination. To
produce the conjugates on the preparative scale and to optimize substantially
bigger amounts of hyaluronic acid, oligosaccharide is needed.

6.3.3. Modification of PAMAM dendrimers by oligopeptide

The other type of cell-specific dendrimers may be dendrimer-peptide
conjugates. Therefore we investigated a possibility to bind oligopeptides
covalently to the outer layer of the fifth generation PAMAM dendrimer. In
order to check and compare different synthesis possibilities, we investigated the

52



binding of oligopeptides to model dendrimer compound. Again, for the
purposes of simplicity and a possibility of price analysis of the products by
MALDI TOF MS, G1 dendrimer was chosen as the model compound.

In the present work, we used two oligopeptides (oligopeptide | and II) with
different amino acid sequences (Figures 23 and 28).

AGYLLGKINLKALAALAKKIL-CONH,

0
NH]
R’ "R
K (Lys) —
NH
o]
C (Cys) —> NH,
SH

Figure 23. The amino acid sequence of the oligopeptide I. The amino group at the side
chain of Lys at position of the peptide was acylated with Cys residue. The thiol group of
the Cys side chain attempted to attach to the linker.

First, we made an attempt to bind the oligopeptide | to the outer layer
of the PAMAM dendrimer via a SMCC linker, capable of reacting with thiol
groups (Appendix, No. 6). SMCC linker is known and widely used in binding
different proteins to each other [135]. It is a heterobifunctional linker which has
NHS ester on the one end and maleimide function on the other end of the
molecule (Scheme 24). When the NHS ester reacts with a primary amino group,
a stable amide bond is formed. The maleimide, on the other hand, can react with
thiol groups of oligopeptide (Scheme 24). Since the thiol group can easily be
oxidized into disulphide, a reducing agent like TCEP is added to the reaction
mixture in order to avoid that problem (Scheme 24).

o
PAMAM . SMCC, TCEP PAMAM H
dendrimery —NH, + Peptide—SH ——————— | gendrimer—N N .
Gl 0.5 M KH,PO, Gl S—Peptide
pH=7.5 o o
0 o
smMce == N—0 i : N ‘
O o o)

succinimidyl 4- (N-malemidomethyl)-cyclohexane-1-carboxylate

TCEP —— P(CH,CH,COOH),x HCI
tris-(2-carboxyethyl)phosphine hydrochloride

Scheme 24. Attaching oligopeptide to the outer layer of the dendrimer by SMCC linker.
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We performed the experiment with the oligopeptide I. When the
reaction mixture was analysed by MALDI TOF MS, we found that the G1
dendrimer had reacted with 1 to 4 molecules of linkers (G1+1xSMCC (1688.53
Da (M+K)*), G1+2xSMCC (1907.65 Da (M+K)*), G1+3xSMCC (2126.58 Da
(M+K)%), and G1+4xSMCC (2345.80 Da (M+K)®)), but not with peptide.
Masses that correspond to the conjugates of defective dendrimers with linkers
were also found. In addition to the unreacted oligopeptide (2323.42 Da
(M+K)"), a dimer peak corresponding to the mass of peptide dimer (4604.84 Da
(M+K)"), oxidized via the disulfide bridge, was observed in the spectrum.

A double bound of the maleimide is also able to react with the amino
group and it is very likely that after acylation of the dendrimer amino group
with NHS ester, an intramolecular reaction followed. That would explain why
the masses that correspond to the conjugates of dendrimers and oligopeptides
were not found. This hypothesis is further supported by the fact that only
dendrimers reacted with 1-4 linkers were found in the spectra. In this case, four
attached linkers correspond to a case where all eight amino groups of the
dendrimer have reacted (Figure 24).

N
H o}
Nw~N N%N/g
H 3 S~ H
N—N O
& 2 H
~-NWw~N N~N
H £ %
NH NH O

~wtN = -(CH,),-CONH-(CH,),-NZ

Figure 24. Possible side-reaction occuring during the derivatization of the dendrimer
with SMCC linker.

If we change the order of the addition of the reagents by adding the
linker to oligopeptide first, then low yields will also be expected due to the large
number of side-reactions: the corresponding oligopeptide contains four amino
groups and one thiol groups, which can all react with the linker.

Indeed, when we tried to bind cystein to the dendrimer the results
similar to those described above were obtained. The only differences observed
were: cystein dimer was not observed in the spectrum; a compound with the
mass number (1809.04 Da (M+K)*) has appeared (indicated that dendrimer had
reacted with the linker, and the linker, in turn, was attached to the cysteine). The
intensities of those peaks were very low compared to the intensity of the peaks
corresponding to the dendrimer (Figure 25).
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Figure 25. MALDI-TOF MS spectrum that shows the ratios of the product (G1
dendrimer+SMCC+Cys) and various impurities in the reaction mixture.

The reaction of the oligopeptide | with N-ethylmaleimide was studied
separately (Appendix, No. 7). The MALDI TOF MS spectra indicated that
oligopeptide had reacted with 1 to 3 N-ethylmaleimide molecules. It means that
the amino groups of the peptide can successfully react with the double bond of
N-ethylmaleimide (Figure 26).

2573.53 (M+K)"
peptide+(2*NEM)

2448.84 (M+K)"

peptide+(1*NEM)
2698.29 (M+K)"
peptide+(3*NEM)

2823.70 (M+K)"
peptide+(4*NEM)

2948.49 (M+K)"
peptide+(5*NEM)

/

T T
2000 2500 3000 3500
Mass (Da)

Figure 26. MALDI-TOF MS spectrum of the reaction products between
N-ethylmaleimide (NEM) and peptide.
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SPDP linker (see structure in Scheme 25) was also tested in the petide
addition reaction. The SPDP linker is attached to the amino groups of the
dendrimer outer layer analogously to SMCC linker. SPDP is also a
heterobifunctional linker that carries a NHS ester group on its one end and the
2-pyridyldisulfide group (that is able to react with thiol groups) on the other
end. As a result, a disulfide bond is formed between the linker and a peptide
(Scheme 25, Appendix, No. 8). The drawback in using this linker is that the
disulfide bond may not be stable enough, as in practical use, its proposed
biological environment contains reducing agents (for example glutathione) that
are able to reduce this bond.

We found that oligopeptide | was bound to the dendrimer with SPDP
linker (3800.05 Da (M+H)*), but the intensity of the corresponding peak was
low compared, with for example, with the peak (corresponding to the dendrimer
itself; Figure 27). Free oligopeptides (2285.73 Da (M+H)*), conjugate of the
dendrimer and the linker (1628.50 Da (M+H)") and the oligopeptide dimer
(4604.84 Da (M+K)*), were also observed in the spectrum. When the mixture
was re-analysed in three days after the beginning of the reaction, no important
changes compared to the earlier spectra were observed. Only a more intensive
oligopeptide dimer peak was observed.

(e}
PAMAM . SPDP PAMAM )k/\ S
dendrimer/—NH, + Peptide —SH ———> —N s” \Peptide
G1

Gl DMF H

@
pr— N—O S N
SPDP Y\/ ~s N

o (0]

N-succinimidyl 3-(2-pyridyldithio)propionate

Scheme 25. Attaching oligopeptide 1 to the outer layer of dendrimer by SPDP linker.

2285.73 (M+H)"

/ peptide

1430.36 (M+H)"
G1

1628.50 (M+H)"

G1+1*linker 3800.05 (M+H)"

product

T T T T T
1000 1500 2000 2500 3000 3500
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Figure 27. MALDI-TOF MS spectrum that shows the ratios of the product (G1
dendrimer+SPDP+Peptide-Cys) and various impurities in the reaction mixture.
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6.3.3.1. Modification with oligopeptide Il

The structure of the oligopeptide Il is shown in Figure 28.

Fmoc Fmoc

CH,CO—EAGYLLGKINLKALAALAKKIL-CONH,

T Fmoc Fmoc
HO
O
E (Glu) —
0]
M A
"N
H
O

Figure 28. The amino acid sequence of the oligopeptide II. The first amino acid is
N-acylated glutamic acid.

An important difference of oligopeptide | from oligopeptide Il is that
in the latter the Lys side chains are protected by Fmoc
(9-fluorenylmethoxycarbonyl) groups. The amino acid sequence is also
different. The oligopeptide Il had glutamic acid at the end of the the chain, that
has a free carboxyl group. We tried to attach the oligopeptide to the outer layer
of the dendrimer via this carboxylic group, using BOP reagent (Scheme 26,
Appendix, No. 9). The Fmoc groups were later removed with 50% piperidine /
dimethyl formamide.

) BOP, DIPEA .
+ peptide-COOH ——— > peptide

DMF, rt
'I\II PFg”
_N

N
~

N_

N
|
|+ -
TN

N
/ \

benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexaflurophosphate

Scheme 26. Attaching oligopeptide 11 to the dendrimer using the BOP reagent.
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We succeeded in obtaining the corresponding oligopeptide (3182.28
Da) G1 dendrimer conjugates (3705.15 Da). This method proved quite
promising for the synthesis of dendrimer-oligopeptide conjugates.

6.4. Use of G5 PAMAM dendrimer in biological experiments

G5 dendrimer has been used by molecular biologists in DNA
transfection processes. For a closer study of the transfection processes, G5
dendrimer was marked with a fluorescent marker (AlexaFluor 488) and its
transfection was monitored by fluorescence microscopy. It was observed that
the PAMAM dendrimer enters the cells relatively quickly (ca. 15 min). A
couple of hours later, most of dendrimers had accumulated around the nucleus
but only very few had entered the nucleus.

It is known from the literature that a PAMAM dendrimer loses the
ability to participate in transfection processes on prolonged storage [12]. One
reason for this can be that the dendrimer molecules form associates on standing.
Such associates were, indeed, observed in the case of the fluorescently labeled
dendrimer (located outside the cell membrane) and for those dendrimers the
transfection effect was extremely low.

G5 PAMAM dendrimer was preferentially suitable for transfection of
oligonucleotides in cells, providing better results as compared to PEI
(polyethylenimine).

G5 dendrimer with the modified outer layer (N-methyl- and
N,N-dimethylamino groups instead of amino groups) was also tested for DNA
transfection. The dendrimer with N,N-dimethylamino groups had no
transfection effect. The transfection effect of dendrimer with N-methylamino
groups was also low (lower than that of G5 itself).
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7. CONCLUSIONS

In this work, the fifth generation PAMAM dendrimer with EDA-core

was synthesized step-by-step and the reaction conditions for the synthesis of
higher dendrimer generations (G2.5-G5) were worked out.
In the course of synthesis of half generations, suitable chromatographic methods
were developed for their purification, which depending on the generation
allowed a complete or partial separation of the defective dendrimers. Column
chromatography on silica gel was used to purify the generations G-0.5, G0.5,
G1.5 and size-exclusion chromatography on Sephadex LH-20 to purify
generations G2.5, G3.5, G4.5. The HILIC and RP-HPLC were found to suit best
for the separation of the full generation of dendrimers from the defective
products and were successfully applied to G1 and G5 generations.

For the analysis of various generations, GC, CZE, 'H and *C NMR
and MALDI-TOF MS were used.

GC could only be used to analyse the generation G-0.5, which allowed

closer investigation of one of the main side-reactions causing dendrimer
fragmentation, namely retro-Michael reaction. This reaction can be observed
already at 4 °C and is quite considerable at room temperature. Due to the
retro-Michael reaction, the defective dendrimers with missed branches as well
as the compounds with active double bond could be formed. The latter are able
to give the Michael reaction both with ethylenediamine and ideally branched
dendrimer and result in new defective denrimers.
CZE was suitable for the determination of the homogeneity of various full
generations; the analysis of half generations was more complicated due to their
hydrolysis. CZE enabled us to discriminate between the dendrimer full
generations up to fifth.

'H and *C NMR were successfully used for the analysis of dendrimers
up to generation G2.5. Analysis of the higher generations was complicated,
mostly because of the increasing number of defective dendrimers. Furthermore,
this method did not clarify the structure of various types of defects because of
the large number of overlapping signals.

The best analysis method proved to be MALDI-TOF MS.
MALDI-TOF MS, allowing a detailed analysis of different generations,
independent of whether it was half or full generation. Suitable matrixes were
also found for the analysis of PAMAM dendrimers by MALDI-TOF MS. Up to
generation G2.5 (included), the structures corresponding to all mass peaks could
be devised. The method allows us to determine the purity of dendrimers and
define the structures of the side-products.

The fifth generation PAMAM dendrimer was used as a carrier to
investigate various biological processes (e. g. DNA transfection into cell) which
were performed in cooperation with molecular genetics from the NICPB
(National Institute of Chemical Physics and Biophysics). In order to vary the
properties of the carrier, two types of the fifth generation dendrimer were
synthesized. In one of them, the outer layer consisted of N,N-dimethylamino
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groups, in the other, of N-methylamino groups. Both modifications were also
used to investigate DNA transfection.

Initial conditions for synthesising dendrimer conjugates were worked
out on model compounds. Among the dendrimers, the chosen model compound
was G1; among the saccharides, D-glucose, D-N-acetylglucoseamine and
hyaluronic acid disaccharide were used. The corresponding saccharides were
linked to G1 via Schiff base, which was then reduced with NaCNBHs.

The HA oligosaccharide (16-mer) was linked to G1 dendrimer outer layer by
employing carbodiimide chemistry. The oligosaccharide was coupled by using
EDC alone and also in combination with N-hydroxysuccinimide.

To attach the oligopeptides to the dendrimer outer layer, different
linkers or carboxyl group activating reagents (SMCC, SPDP, BOP) were used.
The BOP reagent was found to be a more efficient as compared to SMCC and
SPDP.

60



8. REFERENCES

1. Buhleier, E., Wehner, W., Vogtle, F. “Cascade”- and “nonskid-chain-like”
syntheses of molecular cavity topologies. - Syn., 1978, 155-158.

2. Vogte, F., Gestermann, S., Hesse, R., Schwierz, H., Windisch, B., Functional
dendrimers. - Prog. Polym. Sci., 2000, 25, 987-1041.

3. Burlingame, A. L., Boyd, R, K., Gaskell, S, J. Mass spectrometry. - Anal.
Chem., 1998, 70, 647R-716R.

4. Eichman, J., Bielinska, A., Kukowska-Latallo, J., Backer, J. The use of
PAMAM dendrimers in the efficient transfer of genetic material into cells. -
Pharm. Sci. Technol. Today 2000, 210, 232-245.

5. Wiwattanapatapee, R., Gomez, B. C., Malik, N. and Duncan, R. Anionic
PAMAM dendrimers rapidly cross adult rat intestine in vitro: a potential oral
delivery systems? - Pharmaceutical Research., 2000, 17(8), 991-998.

6. Bielinska, A. U., Chen, C., Johnson, J. and Baker, J. R. Jr. DNA complexing
with polyamidoamine dendrimers: implications for transfection. - Bioconjucate
Chem., 1999, 10, 843-850.

7. Singh, P. Terminal groups in Starburst dendrimers: activation and reactions
with proteins. - Bioconjugate Chem., 1998, 9, 54-63.

8. Tang, M. X., Szoka, F. C. The influence of polymer structure on the
interactions of cationic polymers with DNA and morphology of the resulting
complexes. - Gene Therapy, 1997, 4, 823-832.

9. Bielinska, A. U., Kukowska-Latallo, J. F., Bajer Jr. J. R. The interaction of
plasmid DNA with polyamidoamine dendrimers: mechanism of complex
formation and analysis of alterations induced in nuclease sensitivity and
transcriptional activity of the complexed DNA. - Biochim. Biophys. Acta, 1997,
1353, 180-190.

10. Bielinska, A., Kukowska-Latallo, J. F., Johnson, J., Tomalia D. A. and
Baker, J. R. Jr. Regulation of in vitro gene expression using antisense
oligonucleotides or antisense expression plasmides transfected using Starburst
PAMAM dendrimers. - Nucleic Acids Research, 1996, 24(11), 2176-2182.

11. Kukowska-Latallo, J. F., Bielinska, A. U., Johnson, J., Spindler, R.,
Tomalia, D. A. and James Jr.R. B. Efficient transfer of genetic material into
mammalian cells using Starburst polyamidoamine dendrimers. - Proc. Nat.
Acad. Sci. USA. 1996, 93, 4897-4902.

12. Tang, M. X., Redemann, C. T., Szoka, F. C. In Vitro Gene Delivery by
Degraded Polyamidoamine Dendrimers. - Bioconjugate Chem., 1996, 7,
703-714.

13. Haensler, J. H. And Szoka, Jr. F. C. Polyamidoamine cascade polymers
mediate efficient transfection of cells in culture. - Bioconjugate Chem., 1993, 4,
372-379.

14. Wu, C., Brechbiel, M., Kozak, R. W. and Gansow, O. Metal-chelate-
dendrimer-antibody constructs for use in radioimmunotherapy and imaging. -
Bioorg. Med. Chem. Lett., 1994, 4(3), 449-454.

15. Barth, R. F., Adams, D. M., Soloway, A. H., Alam, F. and Darby, M, V.
Boronated Starburst dendrimer-monoclonal antibody immunoconjugates:
evaluation as a potentsial delivery system for neutron capture therapy. -
Bioconjucate Chem., 1994, 5, 58-66.

61



16. Singh, P., Moll, Il F., Lin, S. L., Kwok, C. F.,, Yu, S., Koski, R. K., Saul,
R. G., Cronin, P. Starburst™ dendrimers: enhanced performance and flexibility
for immunoassays. - Clinical Chemistry, 1994, 40(9), 1845-1849.

17. Newkome, G. R., Moorefield, C. N., Vogtle, F. Dendritic molecules:
concepts, syntheses, perspectives; VCH: Weinheim, 1996, 261.

18. Tomalia, D. A., Baker, H., Dewald, J. R., Hall. M., Kallos, G., Martin, S.,
Roeck, J., Ryder, J. and Smith, P. A new class of polymers: Starburst-dendritic
macromolecules. - Polym. J., 1985, 17, 117-132.

19. Denkewalter, R. G., Kolc, J. F., Lukasavage, W. J. Macromolecul highly
branched homogeneous compound. - U.S. Pat. 4,410,688, 1983.

20. de Brabander-van den Berg, E. M. M., Meijer, E. W. Poly(propylene iminge)
dendrimers — large-scale synthesis by heterogeneously catalyzed
hydrogenations. - Angew. Int., 1993, 32, 1308-1311.

21. Wérner, C., Miilhaupt, R., Polynitrile-functional and polyamine-functional
poly(trimethylene Imine) dendrimers. - Angew. Int., 1993, 32, 1306-1308.

22. Newkome, G. R., Yao, Z.-Q., Baker, G. R., Gupta, V, G. Cascade
Molecules: A new approach to micelles. a [27]-arborol. - J. Org. Chem., 1985,
50, 2003-2004.

23. Hawker, C. J. and Fréchet, J. M. J. Preparation of polymers with controlled
molecular architecture. a new convergent approach to dendritic
macromolecules. - J. Am. Chem. Soc., 1990, 112, 7638-7647.

24. Miller, T. M., Neeman, T. X. Convergent synthesis of monodisperse
dendrimers based upon 1,3,5-trisubstituted benzenes. - Chem. Mater., 1990, 2,
346-349.

25. Martin, 1. K. and Twyman, L. J. The synthesis of unsymmetrical PAMAM
dendrimers using a divergent/divergent approach. - TL, 2001, 42, 1119-1121.
26. Wooly, K. L., Hawker, C. J. and Fréchet, J. M. J. Hyperbranched
macromolecules via a novel double-stage convergent growth approach. - J. Am.
Chem. Soc., 1991, 113, 4252-4261.

27. Kawaguchi, T., Walker, K. L., Wilkins, C. L. and Moore, J. S. Double
exponential dendrimer growth., J. Am. Chem. Soc. - 1995, 117, 2159-2165.

28. Newkome, G. R., Hu, Y., Saunders, M. J. Silvanols: Water-soluble
calixarenes. - TL, 1991, 32(9), 1133-1136.

29. Newkome, G. R., Moorefield, C. N., Baker, G. R. Building blocks for
dendritic macromolecules. - Aldrichimica Acta, 1992, 25, 31-38.

30. Bochov, A. F., Kalganov, B. E., Chernetskii, V. N. Sintez kaskadola —
vysokorazvetvlennogo funkcionalizirovannogo poliefira. - lzv. Akad. Nauk.
SSSR. Ser. Khim., 1990, 2394-2395.

31. de Gennes, P. G., Hervert, H. J. Statistics of “starburst” polymers. - Phys.
Lett., 1983, 44, 351-360.

32. Nagasaki, T., Ukon, M., Arimori, S., Shinkai, S. '‘Crowned arborols'. - J.
Chem. Soc. Chem. Commun., 1992, 608-610.

33. Mendenhall, G. D., Liang, S. X., Chen, E. H-T. Synthesis and
characterization of the f(1.2) molecular fractal, 5,5-bis(3',3'-dimethylbutyl)-
2,2,8,8-tetramethyl-nonane. - J. Org. Chem., 1990, 55, 3697-3699.

34. Chapman, O. L., Magner, J., Ortiz, R. Polycules. - Polymer. Prepr., 1995,
36(1), 739-740.

62



35. Galinsky, G., Burchard, W. Starch fractions as examples for randomly
branched macromolecules. 1. dimensional properties. - Macromolecules, 1995,
28, 2363-2370.

36. Tomalia, D. A., Naylor, A. M. and Goddard 111, W. A. Staburst dendrimers:
molecular-level control of size, shape surface chemistry, topology, and
flexibility from atoms to macroscopic matter. - Angew. Int., 1990, 29, 138-175.
37. Tomalia, D. A. Starburst/cascade dendrimers: fundamental building blocks
for a new nanoscopic chemistry set. - Aldrichimica Acta, 1993, 26(4), 91-101.
38. Tomalia, D. A. and Dvornic, P. R. Dendritic polymers, divergent synthesis
(Starburst  polyamidoamine dendrimers). In The Polymeric Materials
Encyclopedia Synthesis, properties and aplication (J. C. Salamone, Ed.), CRC
Press Inc., 1996, 3, 1814-1830.

39. Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Watson, J. D.
Molecular biology of the cell; Gatald Publishing Inc.: New york, 1989, 12109.
40. Solomons, T. W. G. Fundamentals of Organic Chemistry; John Wily &
Sons: New York, 1990, 968.

41. Feuerbacher, N., Vogtle, F. Iterative synthesis in organic chemistry. - Topics
Curr. Chem., 1998, 197, 1-18.

42. Xu, Z. F., Moore, J. S. Stiff dendritic macromolecules. 3. rapid construction
of large-size phenylacetylene dendrimers up to 12.5 nanometers in molecular
diameter. - Angew. Int., 1993, 32, 1354-1357.

43. Xu, Z. F., Moore, J. S. Synthesis and characterization of a high molecular
weight stiff dendrimer. - Angew. Int., 1993, 32, 246-248.

44. Hawker, C. J. and Fréchet, J. M. J. A New convergent approach to
monodisperse dendritic macromolecules. - J. Chem. Soc., Chem. Commun.,
1990, 1010-1013.

45. Fréchet, J. M. J., Gistov, 1., Grubbs, R. B., Hawker, C. J., Henmi, M.,
Leduc, M., Sanford, E., Yui, K. New approaches to dendritic macromolecules. -
Polymeric Materials Science and Engineering, 1995, 73, 271-272.

46. Matthews, O. A., Shipway, A. N., Stoddart, J. F. Dendrimers—branching out
from curiosities into new technologies. - Prog. Polym. Sci., 1998, 23, 1-56.

47. Tomalia, D. A., Hedstrand, D. M. and Ferritto, M. S. Comb-burst dendrimer
topology. new macromolecular architecture dervied from dendritic grafting. -
Macromolecules, 1991, 24, 1435-1438.

48. Turner, S. R. Hyperbranched polymers-review and progress. - Proc. Am.
Chem. Soc., Div. Polym. Mater.: Sci. Eng., 1995, 73, 77-78.

49. Fréchet, J. M. J. and Hawker, C. J. Hyperbranched polyphenylene and
hyperbranched polyesters: new soluble, three-dimensional, reactive polymers. -
React. Funct. Polym., 1995, 127-136.

50. Zeng, F. And Zimmermann, S. C. Dendrimers in supramolecular chemistry:
from molecular recognition to self-asembly. - Chem. Rev., 1997, 97,
1681-1712.

51. Tomalia, D. A., Berry, V., Hall, M. and Hedstrand, D. M. Starburst
dendrimers. 4. covalently fixed unimolecular assemblages reminiscent of
spheroidal micelles. - Macromolecules. 1987, 20, 1164-1167.

52. Padias, A. B., Hall, Jr., H. K. Tomalia, D. A., McConnell, J. R. Starburst
polyether dendrimers. - J. Org. Chem., 1987, 52, 5305-5312.

63



53. Uchida, H., Kabe, Y., Yoshino, K., Kawamata, A., Tsumuraya, T. and
Masamune. General strategy for the systematic synthesis of oligosiloxanes.
silicone dendrimers. - J. Am. Chem. Soc., 1990, 112, 7077-7079.

54. Padias, A. B., Hall Jr, H. K. and Tomalia, D. A. Starburst polyether and
polythioether dendrimrs. - Polym. Prepr. Am. Chem. Soc. Div. Polym. Chem.,
1989, 30, 119-120.

55. Renegan, K., Engel, R. Phosphonium cascade molecules. - J. Chem. Soc.,
Chem. Commun., 1990, 1084-1085.

56. Bashir-Hashemi, A., Hart, H. And Ward, D. L. Tritriptycene: A D3iCe2
hydrocarbon with three U-shaped cavities. - J. Am. Chem. Soc., 1986, 108,
6675-6679.

57. Damha, M. And Zabarylo S. Automated solid-phase synthesis of branched
oligonucleotides. — TL, 1989, 30(46), 6295-6298.

58. Denti, G., Campagna, S., Serroni, S. Ciano, M. and Balzani, V. Decanuclear
homo- and heterometallic polypyridine complexes: syntheses, absorption
spectra, luminescence, electrochemical oxidation, and intercomponent energy
transfer. - J. Am. Chem. Soc., 1992, 114, 2944-2950.

59. Kwock, E. W., Neenan, T. X., and Miller, T. M. Convergent synthesis of
monodisperse aryl ester dendrimer. - Chem. Mater., 1991, 3, 775-777.

60. Miller, T. M., Neenan, T. X., Zayas, R. and Bair, H. E. Synthesis and
caracterization of a series of monodisperse, 1,3,5-phenylene-baesd hydrocarbon
dendrimer including Co7¢H1gs and their fluorinated analogues. - J. Am. Chem.
Soc., 1992, 114, 1018-1025.

61. Moore, J. S. and Xu, Z. Synthesis of rigid dendritic macromolecules:
enlarging the repeat unit size as a function of generation permits growth to
continue. - Macromolecules, 1991, 24, 5893-5894.

62. Zanini, D. and Roy, R. Synthesis of the a-Thiosialodendrimers and Their
Binding Properties to the Sialic Acid Specific Lection from Limax Flavus. - J.
Am. Chem. Soc., 1997, 119, 2088-2095.

63. Kim, C., Chang, Y. and Kim, J. S. Dendritic hyperbranched polyethynylenes
with the 1,3,5-s-triazine moiety. - Macromolecules, 1996, 29, 6353-6355.

64. Smith, P. B., Martin, S. J.,, Hall, M. J. and Tomalia, D. A. A
Characterization of the structure and synthetic reactions of polyamidoamine
“Starburst” polymers., Applied Polymer Analysis and Characterization
Mitchell, J. Jr., Ed.; Hanser Publishers: New York, 1987, 354-385.

65. Tomalia, D. A. and Durst, H. D. Genealogically Directed synthesis:
Starburst/cascade dendrimers and hyperbranched structures. - Topics Curr.
Chem., 1993, 165, 193-313.

66. Tomalia, D. A., Baker, H., Dewald, J. R., Hall. M., Kallos, G., Martin, S.,
Roeck, J., Ryder, J. and Smith, P. Dendritic macromolecules: synthesis of
Starburst dendrimers. - Macromolecules, 1986, 19, 2466-2468.

67. Meltzer, A. D., Tirell, D. A., Jones, A. A., Inglefield, P. I. Chain dynamices
in poly(amido amine) dendrimers. a study of 2H NMR relaxation parameters. -
Macromolecules, 1992, 25, 4549-4552.

68. Brothers Il, H. M., Piehler, L. T., Tomalia, D. A. Slab-gel and capillary
electrophoresis characterization of polyamodoamine dendrimers. - J Chrom. A,
1998, 814, 233-246.

69. Toli¢, L. P., Anderson, G. A., Smith, R. D., Brothers 1I, H. M., Spindler, R.,
Tomalia, D. A. Electrospray ionization Fourier transform ion cyclotron

64



resonance mass spectrometric characterization of high molecular mass Straburst
dendrimers. - Int J Mass Spectrom and lon Processes., 1997, 165/166, 405-418.
70. Zhou, L., Russell, D. H., Zhao, M. And Crooks, R. M. Characterization of
poly(amidoamine) dendrimers and their complexes with Cu?* by matrix-assisted
laser desorption ionization mass spectrometry. - Macromolecules, 2001, 34,
3567-3573.

71. Meltzer, A. D., Tirrell, D. A., Jones, A. A., Inglefield, P. 1., Hedstrand, D.
M. s Tomalia, D, A Chain dynamlcs in poly(amldo amine) dendrlmers a study
of °C NMR relaxation parameters. - Macromolecules, 1992, 25, 4541-4548.

72. Kallos, G. J., Tomalia, D. A., Hedstrand, D. M., Lewis, S. and Zhou, J.
Molecular weight determination of a polyamidoamine Starburst polymer by
electrospray ionization mass spectrometry. - Rapid Communication in Mass
Spectrometry, 1991, 5, 383-386.

73. Astruc, D., Chardac, F. Dendritic catalysts and dendrimers in catalysis. -
Chem. Rev., 2001, 101(9), 2991-3023.

74. Twyman, L. J., King, A. S. H. and Martin, I. K. Catalysis inside dendrimers.
- Chem. Soc. Rev., 2002, 31, 69-82.

75. Castagnola, M., Cassiano, L., Lupi, A., Messana, I.,. Patamia, M., Rabino,
R., Rossetti, D. V., Giardina, B. lon-exchange electrokinetic capillary
chromatography with Starburst (pamam) dendrimers: a route towards
high-performance electrokinetic capillary chromatography. - J. Chrom. A, 1995,
694, 463-469.

76. Tanaka, N., Fukutome, T., Hosoya, K., Kimata, K., Araki, T. Polymer-
supported pseudo-stationary phase for electrokinetic chromatography
electrokinetic chromatography in a full range of methanol-water mixture with
alkylated Starburst dendrimers. - J. Chrom. A, 716, 57-67.

77. Dubin, P., Edwards, J., Kaplan, J., Mehta, M., Tomalia, D., Xia, J.
Carboxylated Starburst dendrimers as calibration standards for aqueous size
exclusion chromatography. - Anal. Chem., 1992, 64, 2344-2347.

78. Yoo, H., Sazani, P., Juliano, R. L. PAMAM dendrimers as delivery agents
for antisense oligonucleotides. - Pharmaceutical Research., 1999, 16(12),
1799-1804.

79. Krause, W., Hackmann-Schlichter, N., Maier, F., Muller, R. Dendrimer in
diagnostics. - Topics Curr. Chem., 2000, 210, 261-308.

80. Roy, R. Blue-Prints, Synthesis and applications of glycopolymers. - Trends
in Glycoscience and Glycotechnology, 1996, 8(40), 79-99.

81. Roy, R. Glycodendrimers: a new class of biopolymers. - Polymer News,
1996, 21, 226-232.

82. Jayaraman, N., Nepogodiev, S. A. and Stoddart, J. F. Synthetic
carbohydrate-containing dendrimers. - Chem. Eur. J., 1997, 3(8), 1193-1199.
83. Takada, K., Storrier, G. D., Goldsmith, J. 1. and Abruna, H. D.
Electrochemical and adsorption properties of PAMAM dendrimers surace-
functionalized with polypyridyl cobalt complexes. - J. Phys. Chem. B., 2001,
105, 2404-2411.

84. Ahmed, S. M., Budd, P. M., McKeown, N. B., Evansm, K. P., Beaumont, G.
L., Donaldson, C., Brennan C. M. Preparation and characterization of a
chromophore-bearing dendrimer. - Polymer, 2001, 42, 889-896.

85. Kimura, M., Mizumo, K., Muto, T., Hanabusa, K., Shirai, H. Synthesi and
caracterization of a ligand-substituted poly(aminoamine) dendrimer with

65



external terpyridine units and its iron(ll) complexes. - Macromol. Rapid
Commun. 1999, 20, 98-102.

86. Seth M. Cohen, Stéphane Petoud, and Kenneth N. Raymond. Synthesis and
metal binding properties of salicylate-, catecholate-, and hydroxypyridinonate-
functionalized dendrimers. - Chem. Eur. J., 2001, 7(1), 272-279.

87. In Encyclopedia of analytical science; Townshend, A., Ed., Academic press:
New York, 1995, Vol 6, p. 3358-3590.

88. Encyclopedia of spectroscopy and spectrometry; Lindon, J. C., Ed.,
Academic press: New York, 2000, Vol 2, p. 1035-1071.

89. Puapaiboon, U., Taylor, R. T. Characterization and monitoring reaction of
polyurethane dendritic wedges and dendrimers using matrix-assisted laser
desorption/ionization  time-of-flight ~ mass  spectrometry. -  Rapid
Communications in Mass Spectrometry, 1999, 13, 508-515.

90. Creel, H. S. Prospects for the analysis of high molar mass polymers using
MALDI mass spectrometry. - Trends in Polymer Science, 1993, 1(1), 336-342.
91. Gaskell, S. J. Electrospray: principles and practice. - Journal of Mass
Spectrometry, 1997, 32, 677-688.

92. Wu, K. J., Odom, R. W. Characterizing synthetic polymers by MALDI MS.
- Analytical Chemistry News and Features, 1998, 456-461.

93. Billeci, T. M. and Stults, T. S. Tryptic mapping of recombinant proteins by
matrix-assisted laser desorption/ionization mass spectrometry. - Anal. Chem.,
1993, 85, 1709-1716.

94. Schriemer, D. C., Li, L. Detection of high molecular weight narrow
polydisperse polymers up to 1.5 million daltons by MALDI mass spectrometry.
- Anal. Chem., 1996, 68, 2721-2725.

95. Stowell, C. P., Lee, Y. C. Neoglycoproteins: the preparation and
applications of synthetic clycoproteins. - Adv. Carbohydr. Chem. Biochem.,
1980, 37, 225-281.

96. Hughes, R. C. Glycoproteins; Chapman and Hall: London, 1983, 95.

97. Kunz H. Synthesis of Glycopeptides, partial structures of biological
tecognition components. - Angew. Int., 1987, 26, 294-308.

98. Lindhorst, T. K. and Kieburg, C. Glycocoating of Oligovalent Amines:
Synthesis of Thiourea-Bridged Cluster Glycosides from  Glycosyl
Isothiocyanates. - Angew. Int., 1996, 35(17), 1953-1956.

99. Kieburg, C. and Lindhorst, T. K. Glycodendrimer synthesis without using
protecting groups. - TL, 1997, 38(22), 3885-3888.

100. Bezouska, K., Kren, V., Kieburg, C., Lindhorst, T. K. GIcNAc-terminated
glycodendrimers from defined precipitates with the soluble dimeric teceptor of
rat natural killer cells, SNKR-P1A. - FEBS Lett., 1998, 426, 243-247.

101. Dubber, M. and Lindhorst, T. K. Trehalose-based octopus glycosides for
the synthesis of carbohydrate-centered PAMAM dendrimers and
thiourea-bridged glycoclusters. - Org. Lett., 2001, 3(25), 4019-4022.

102. Zémplen, G., Pascu, E. Uber die verseifung acetylieter zucker und
verwandter substanzen. - Ber., 1929, 62, 1613-1614.

103. Page, D., Aravind, S. and Roy, R. Synthesis and lectin binding properties
of dendritic mannopyranoside. - Chem. Commun., 1996, 1913-1914.

104. Ashton, P. R., Hounsell, E. F., Jayaraman, N., Nilsen, T. M., Specer, N.,
Stoddart, J. F., and Young, M. Synthesis and biological evaluation of

66



a-D-mannopyranoside-containing dendrimers. — J. Org. Chem., 1998, 63,
3429-3437.

105. Ashton, P. R., Boyd, S. E., Brown, C. L., Jayaraman, N. and Stoddart, J. F.
A Convergent synthesis of a carbohydrate-containing dendrimers. - Angew. Int.,
1997, 36(7), 732-735.

106. Ashton, P. R., Boyd, S. E., Brown, C. L., Nepogodiev, S. A., Mejer, E. W.,
Peerling, H. W. I. and Stoddart, J. F. Synthesis of glycodendrimers by
modification of poly(propylene imine) dendrimers. - Chem. Eur. J., 1997, 3(6),
974-984.

107. Aoi, K. Itoh, K. and Okada, M. Globular carbohydrate macromolecule
“Sugar Balls”. 1. synthesis of novel sugar-persubstituted poly(amidoamine)
dendrimers. - Macromolecules, 1995, 28, 5391-5393.

108. Aoi, K. Itoh, K. and Okada, M. Divergent/convergent joint approach with a
half-protected initiator core to synthesize surface-block dendrimers. -
Macromolecules. 1997, 30, 8072-8074.

109. Tsutsumiuchi, K., Aoi, K. and Okada, M. Globular carbohydrate
macromolecule “Sugar Balls” IV. synthesis of dendritic nanocapsules with
molecular recognition sites on periphery. - Polym. J., 1999, 31, 935-941.

110. Sigal, G. B., Mammen, M., Dahmann, G., Whitesides, G. M.
Polyacrylamides bearing pendant o-sialoside groups strongly inhibit
agglutination of erythrocytes by influenza virus: the strong inhibition reflects
enhanced binding through cooperative polyvalent interactions. - J. Am. Chem.
Soc., 1996, 118, 3789-3800.

111. Zanini, D., Park, W. K. C. and Roy, R. Synthesis of novel dendritic
glycosides. - TL, 1995, 36(41), 7383-7386.

112. Pagé, D., Zanini, D. and Roy, R. Macromolecular recognition: effect of
multivalency in the inhibition of binding of yeast mannan to concanavalin A
and pea lectins by mannosylated dendrimers. - Bio. Med. Chem., 1996, 4(11),
1949-1961.

113. Denkewalter, R. G., Kolc, J. F., Lukasavage, W. J. Macromolecul highly
branched homogeneous compound based on lysine units. - U.S. Pat. 4,289,872,
1981.

114. Roy, R., Park, W. K. C., Wu, Q. and Wang, S.-N. Synthesis of hyper-
branched dendritic lactosides. - TL, 1995, 36(25), 4377-4380.

115. Zanini, D. and Roy, R. Novel dendritic a-sialosides: synthesis of
glycodendrimers based on a 3,3’-iminobis(propylamine) core. - J. Org. Chem.,
1996, 61, 7348-7354.

116. Roy, R., Zanini, D., Meunier S. J. and Romanowska, A. Solid-phase
synthesis of dendritic sialoside inhibitors of influenza a virus haemagglutinin. -
J. Chem. Soc., Chem. Commun., 1993, 1869-1872.

117. Fiigedi, P., Birberg, W., Garegg, p. J., and Pilotti, A. Syntheses of a
branched heptasaccharide having phyto-alexin-elicitor activity. - Carbohydr.
Res., 1987, 164, 297-312.

118. Verduyn, R., Douwes, M., van der Klein, P. A. M., Mésinger, E. M., van
der Marel, G. A., and van Boom, J. H. Synthesis of a methyl heptaglucoside:
analogue of the phytoalexin elicitor grom phytophtora megasperma. - Tetr.,
1993, 49(33), 7301-7316.

67



119. Colonna, B., Harding, V. D., Nepogodiev, S. A., Raymo, F. M., Spencer,
N., Stoddart, J. F. Synthesis of oligosaccharide dendrimers. - Chem. Eur. J.,
1998, 4(7), 1244-1255.

120. Hermanson, G. T., Bioconjugate Techniques; Academic press: New York,
1996, 785.

121. Mitchell, J. P., Roberts, K. D., Langley, J., Koentgen, F., and Lambert, J.
N. A direct method for the formation of peptide and carbohydrate dendrimers. -
Bio. Med. Chem. Lett., 1999, 9, 2785-2788.

122. Sakamato, M., Ueno, A., and Mihara, H. Multipeptide-matalloporphyrin
assembly on a dendrimer template and photoinduced electron transfer based on
the dendrimer structure. - Chem. Eur. J., 2001, 7(11), 2449-2458.

123. Subbi, J. Unpublished date

124. Kogerman, P. Unpublished date

125. Bergmann, E. D., Ginsburg, D., and Rappo, R. The Michael reaction. In
Organic Reactions (Adams, R., ed.), Vol. 10. John Wily & Sons: New York,
1959, 179-561.

126. Heiger D. N. High Performance Capillary Electrophoresis; Hewlett-
Packard Company: France, 1992, 136.

127. Tammi, R., MacCallum, D., Hascall, V. C., Pieniméki, J-P., Hyttinen, M.
and Tammi, M. Hyaluronan bound to CD44 on keratinocytes is displaced by
hyaluronan decasaccharides and not hexasaccharides. - J. Biol. Chem., 1998,
273, 28878-28888.

128. Lesley, J., Hascall, V. C., Tammi, M., Hyman, R. Hyaluronan binding by
cell surface CD44. - J. Biol. Chem., 2000, 275, 26967-26975.

129. Prestwich, G. D. Biomaterials from Chemically-Modified Hyaluronan.,
http://www.glycoforum.gr.jp/science/hyaluronan/HA18/HA18E.html, 23.
November 2001.

130. Coy, D. H., Hocart, S. J., and Sasaki, Y. Solid phase reductive alkylation
techniques in analogue peptide bond and side-chain modification. - Tetr., 1988,
44, 835-841.

131. Jacobson, K. A., Marr-Leisy, D., Rosenkranz, R. P., Verlander, M.,
Melmon, K., and Goodman, M. J. Conjugates of catecholamines. 1. N-alkyl-
functionalised carboxylic acid congeners and amides related to isoproterenal. -
J. Med. Chem., 1983, 26, 492-499.

132. Marsh, J. W., Denis, J., and Wriston, J. C. Glycosylation of escherichia
coli L-asparaginase. - J. Biol. Chem., 1977, 252, 7678-7684.

133. Wilsom, G. Effect of reductive lactosamination on the hepatic uptake of
bovine pancreatic ribonuclease A dimer. - J. Biol. Chem., 1978, 253,
2070-2072.

134. Pouyani, T., Kuo, J. W., Harbison, G. S. and Prestwich, G. D. Solid-state
NMR of N-acylureas derived from the reaction of hyluronic acid with
isotopically-labeled carbodiimides. - J. Am. Chem. Soc., 1992, 114, 5972-5976.
135. Baumert, H. G., Fasold, H. Cross-linking techniques. - Methods Ennzymol,
1989, 172, 584-609.

68



9. ACKNOWLEDGEMENTS

I’'m very grateful to my supervisor Margus Lopp who offered me a
possibilty to do my Ph. D. in this laboratory, for his patience and for giving me
excellent support and inspiration that | needed.

I’'m grateful to my colleagues and co-authors: Juhan Subbi, Tdnis
Pehk, Arkadi Ebber, Merike Vaher, Priit Kogerman, Anders Valkna and Anne
Meikas, for smooth and fruitful collaboration. | also thank all my other
colleagues from the Department of Organic Chemistry and from Prosyntest Ltd.

I wish to thank Veiko Allikmaa, Kalle Kaljuste and Tonis Kanger for
their excellent collaboration and all kind of help during these years.

I would also like to thank my teachers at Tartu University for helping
me to make my first steps in science.

I am grateful to my parents for their support during all these years.

69



10. APPENDIX
Experimental

1. HILIC. 10 x 150 mm glass column was filled with 55 mg Silasorb Diol (10
um; Chemapol Prague-Czechoslovakia). 1 mg G1 was dissolved in 100 pl
acetonitrile/water (1:1) mixture and inserted into the column. Air pressure (0.1
bar) was applied to the column, and the first fraction was collected. The next
fractions were collected analogously, using 100 ul of the same eluent, 2 x 100
ul of distilled water, 2 x 100 ul of distilled water acidified with acetic acid to
pH = 3.39, and finally, with 2 x 100 ul of distilled water/acetic acid (pH =
2.98). The resulting fractions were lyophilized and analysed by MALDI-TOF
MS.

HPLC. HPLC analysis was carried out on the Shimadzu system: LC 10AT vp
HPLC pump, SPD-10A VP UV-VIS detector and SCL-10A VP system
controller. Samples of the reaction mixtures were analysed in a Symmetry Cig
column (4.6 x 250 nm, 5 um), detection at 218 nm. The eluent system was: A -
0.1% trifluoroacetic acid in water, B - acetonitrile. The linear gradient 0-50% of
B in 20 min was used (1 ml/min).

2. a) Synthesis of G5 dendrimers modified by N,N-dimethylamino groups
in the outer layer

G4.5 (0.081 g, 0.0032 mmol) was dissolved in 1 ml of methanol. The solution
of N,N-dimethylethylene diamine (5.43 g, 61 mmol) in methanol (2.2 ml) was
prepared separately. Both solutions were cooled in a refrigerator at
approximately -20 °C for an hour. Then the solutions were mixed and the
temperature of the reaction mixture was allowed to rise to the room
temperature. The air was replaced with argon and the reaction mixture was left
to stand at room temperature for 14 days. The excess of N,N-dimetylenediamine
was distilled off as an azeotrope with n-butanol (75 ml). The reaction product
was analysed by MALDI-TOF MS. The analysis of spectra revealed that the
desired product was in the correct mass range (Figure 11).

b) Synthesis of G5 dendrimers modified by N-methylamino groups in the
outer layer

The synthesis and analysis were carried out analogously to the previous part
(N,N-dimethylamino modified dendrimer) with the next amounts of reagents:
G4.5 0.077 g, 0.003 mmol in 0.6 ml methanol; N-dimethylethylene diamine 4.4
g, 0.058 mmol in 2.7 ml methanol (Figure 11).

3. General procedure for the synthesis of dendrimer and saccharide
conjugates

G1 was dissolved in water (concentration of G1 in solution 0.087 M), then

saccharide was added (concentration of saccharide in the reaction mixture 0.7
M). One day later, NaCNBH; was added (concentration of NaCNBHs in
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reaction mixture 0.3 M). Five hours after addition of the reducer, the reaction
mixture was chromatographed with RP-HPLC.

4. Attaching of the hyaluronic acid oligosaccharide to G1 dendrimer by
EDC

G1 dendrimer (0.2 mg, 0.14 umol) dissolved in water (0.35 ul), EDC (0.01 mg,
0.056 pumol) was added to the resulting solution, followed by the solution of HA
oligosaccharide (16-mer, 0.15 mg, 0.051 umol) in water (0.35 ul). The mixture
was left standing overnight and chromatographed by RP-HPLC (Figure 19).
The collected fractions were lyophilized and analysed by MALDI-TOF MS
(Figure 20).

5. Attaching of the hyaluronic acid oligosaccharide to G1 dendrimer by
EDC and NHS

G1 dendrimer (0.4 mg, 0.3 umol) was dissolved in water (0.3 ul). To the
resulting solution, EDC (0.014 mg, 0.075 pumol), NHS (0.0086 mg, 0.075 pumol)
and the solution of HA oligosaccharide (16-mer, 0.2 mg, 0.069 umol) in water
(1.1 pl) were added. 2.5 hours later the reaction mixture was chromatographed
by RP-HPLC (Figure 21). The resulting fractions were lyophilized and analysed
by MALDI-TOF MS (Figure 22).

6. Attaching of oligopeptide to dendrimer by SMCC

G1 dendrimer (0.2 mg, 0.14 umol) was dissolved in 11 pl of 0.5 M phosphate
buffer (pH = 7.5). SMCC (0.05 mg, 0.14 umol) was separately dissolved in 2 pl
of THF or DMF and added to the dendrimer solution. The reaction mixture was
allowed to stand at room temperature for 1.5 h. Thereafter an oligopeptide (0.3
mg, 0.14 umol, dissolved in 7 ul of 0.5 M phosphate buffer pH = 7.5) and
TCEP (0.04 mg, 0.14 umol, dissolved in 4.4 ul of 0.5 M phosphate buffer pH =
7.5) were added. After the mixing, the pH of the solution was 7.2-7.5 (by
indicator paper). The reaction mixture was left to stand at room temperature for
an hour and then stored overnight at 4 °C. The resulting reaction mixture was
analysed by MALDI-TOF MS.

7. The reaction between N-ethylmaleimide and oligopeptide

N-ethylmaleimide (0.01 mg, 0.087 umol) was dissolved in 3 pl of THF. The
resulting solution was added to the solutions of oligopeptide (0.2 mg, 0.087
umol) and TCEP (0.025 mg, 0.087 umol) in 8 ul of 0.5 M phosphate buffer (pH
= 7.5). The reaction mixture was left to stand at room termperature for 24 hours
and later analysed by MALDI-TOF MS (Figure 26).

8. Attaching of oligopeptide to dendrimer by SPDP
G1 dendrimer (0.12 mg, 0.087 umol) was dissolved in 7 ul of water, and 0.027

mg SPDP dissolved in 1.8 ul DMF was added. Half an hour later, the peptide
(0.2 mg, 0.087 umol) was added to the reaction mixture. The reaction mixture
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was left standing at room temperature. The first specimen to analyse the
reaction mixture by MALDI-TOF MS was taken three hours from the starting of
the reaction (Figure 27).

9. Attaching of oligopeptide to dendrimer by BOP

Oligopeptide (1.8 mg, 0.58 umol) was dissolved in 10 ul of DMF, where BOP
(0.37 mg 0.838 umol) and DIPEA (0.22 mg, 1.68 ul) were added. The solution
of G1 dendrimer (0.4 mg, 2.2 umol) in DMF (5 ul) was added to the resulting
solution. The reaction mixture was left standing overnight. On the next day, 15
ul of piperidine was added to the reaction mixture (to remove Fmoc groups) and
left standing for five hours. The reaction mixture was chromatographed with
RP-HPLC, collected fractions were lyophilized and analysed by MALDI-TOF
MS.
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