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1. Introduction

Light can be a non-invasive stimulus or probe for the control or analytics of polymer
properties. While the analytics rest on the photophysical processes resulting from
the interaction of polymers with light the control of polymer properties is generally
based on light triggered chemical alterations in the polymer structure. However,
both fields of application benefit from the special characteristics of light, that are,
high velocity of propagation and in particular the possibility to adjust its energy
content as well as its intensity and localization (both spatial and temporal).

Applications based on light-polymer interactions are known for more than 4000
years now. For example, the ancient Egyptians and Babylonians utilized sunlight
to photocrosslink linen during mummification and to prepare waterproof papyrus
boats via the photopolymerization of an asphalt oil.Fl Also the first permanent
photograph prepared by Joseph Nicéphore Niépce in 1822 was based on the light
induced hardening of polymeric bitumen.®! Since the design of the first artificial
photoreactive polymers by Minsk and co-workers in the 1950s, Bl the development
of different technical applications related to such polymers has become beneficial
for daily life. 5 To mention a few examples, photoresponsive polymers are used in
photostructuring, ! as photoswitches, ™ and for optical information recording. 810
Moreover, fundamental light triggered biological processes, e.g., vision, photosynthesis,
photomorphogenesis, and photomovement at various biological levels, are of great
academic and practical interest. 112

The common feature of photoresponsive polymers is a chromophore incorporated
in the macromolecular matrix. Therefore, light absorption and the involved electronic
transitions can cause a series of transformations in the polymeric material. Some
excellent review articles are published, dealing with various aspects of polymers show-
ing light-induced conformational changes, photostimulated variations of viscosity and
solubility, photocontrol of membrane functions, and photomechanical effects. B3

Polysaccharides are a highly promising class of biopolymers owing to their enor-
mous structural diversity, functional versatility and ubiquity. They are formed
biosynthetically by many organisms as storage or as structural polymers and display

an extraordinary ability for the formation of supramolecular assemblies of variable
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types. In terms of their potential for the development of advanced materials, the
outstanding properties of naturally occurring polysaccharides can be specifically
exploited or even improved by chemical modification. 18l

However, in contrast to the enormous interest regarding photoresponsive synthetic
polymers, polypeptides and proteins, only a few publications deal with the synthesis
and characterization of photosensitive polysaccharide derivatives. The potential
arising from the chemical and physical characteristics of polysaccharides is far from
being exhausted. For example, to the best of the authors knowledge no work is
reported so far utilizing the multifunctional character of polysaccharides to prepare
highly functionalized photoactive derivatives that bear additional functional groups.
Moreover, only a very few investigations are reported studying photoactive polysac-
charide derivatives with regard to the broad structural diversity, i.e. there is neither
an information about the influence of the polysaccharide backbone on the functional-
ization with a specific chromophore nor on its influence on the photochemistry of the
functional group. Last but not least, the design of photo-controllable biopolymeric
nanostructures is of recent interest for the design of advanced materials, e.g., the
development of stimuli responsive drug delivery systems.

The essential objective reported in this thesis was the synthesis and detailed
characterization of photoactive polysaccharide derivatives. Advanced methods for
the chemical modification of polysaccharides in particular modern esterification
techniques were used for the synthesis of well defined polysaccharide derivatives
decorated with both photoactive and ionic functionalities. Following the unambiguous
structural characterization of the derivatives they were applied for the preparation

of nanostructures and their photochemistry was investigated.



Part |.

General Partﬂ

“This part is based on the review article “Photoactive polysaccharides” by Holger Wondraczek,
Anne Kotiaho, Pedro Fardim, and Thomas Heinze published in |(Carbohydrate Polymers 83
(2011) 1048-1061


http://www.sciencedirect.com/science/article/pii/S0144861710008209
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2. Light for the characterization of polysaccharides

and polysaccharide derivatives

Light absorption of a chromophore incorporated in a macromolecular matrix results
in electronic transitions similar to those of low molecular weight compounds. These
transitions involved in photoexcitation and relaxation of the excited states can be
schematically summarized in a modified Jablonski diagram (Fig.[l)). As a result
of absorption (abs) of light, the chromophore reaches a higher energy state. The
energy gained can be released either radiatively or non-radiatively. The non-radiative
relaxation processes include internal conversion (ic), vibrational relaxation (vr),
and intersystem crossing (isc). The relaxation processes including emission of light
are fluorescence (fl) and phosphorescence (phos). While fluorescence is a spin-
allowed transition, taking place in the picosecond-timescale, phosphorescence is a
spin-forbidden transition, and thus a slow process taking place in the millisecond-
or even second-timescale. The energy of the excited molecule can also be released
via interaction with other molecules by the direct transfer of energy or electrons
as well as by the formation of excited complexes. Absorption of light can also
trigger photochemical reactions like isomerization, dissociation or crosslinking (react).
However, some properties of polymers like relatively high rigidity, orderliness or
anisotropy may cause unusual spectroscopic properties and special effects within the

deactivation processes.

While conventional UV /Vis spectroscopy can be applied to analyze and to identify
polymers containing chromophors regarding their molecular constitution, sophisti-
cated absorption methods provide powerful tools to study supramolecular structures
as well. For example, circular dichroism (CD) spectroscopy allows the determina-
tion of different structural types as well as the detection of the alterations in the
supramolecular structure of macromolecular systems. To mention a few examples,
the secondary structure of proteins (a-helix, parallel and anti-parallel S-pleated
sheets, and [-turns) can be designated in type and relative content, the thermal
denaturation of superstructures such as those of DNA or collagen can be monitored,

and the chirality of newly synthesized polymers can be characterized. 2% The rele-



2. Light for the characterization of polysaccharides and polysaccharide derivatives
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Figure 1: Jablonski-type diagram. Abbreviations: abs: absorption, fl: fluores-
cence, phos: phosphorescence, ic: internal conversion, isc: intersystem crossing, vr:
vibrational relaxation, react: other deactivation processes (see text).

vance of UV /Vis spectroscopy and related spectroscopic methods for polysaccharide
chemistry is discussed in the following. However, it appears appropriate to focus on

some aspects of polysaccharide structure before.

2.1. Structure of polysaccharides

There is a wide range of naturally occurring polysaccharides derived from plants,
microorganisms, fungi, marine organisms, and animals as storage and structure form-
ing macromolecules. The polysaccharides most commonly used for polymeranalogous
reactions are summarized in Tab.[I] The common motifs are the polymer backbone,
consisting of O-linked pyranose or furanose rings, and different functionalities, e.g.,
primary and secondary OH-groups, carboxylic acid moieties, and NH, groups, acces-
sible to chemical modifications. Comprehensive reviews about important methods of

modification, including esterification, etherification, and oxidation, are available 21261,

Cellulose, the most abundant organic compound on earth, is the most prominent
polysaccharide among the biopolymers mentioned in Tab.[I It stands out due
to its unique structure characterized by regio- and enantioselectively g — (1 — 4)
linked anhydro-D-glucose units composing a polydisperse linear homopolymer (Fig..
Beside the rather simple molecular structure, complex supramolecular structures are

formed, which have remarkable influence on both physical and chemical properties



2.1. Structure of polysaccharides

Table 1: Structures of polysaccharides of different origin P!

Polysaccharide = Source Structure Ref.
Cellulose Plants f-(1—4)-anhydro-D-glucose 27
Curdlan Bacteria (-(1—3)-anhydro-D-glucose 128}
Scleroglucan Fungi (-(1—3)-anhydro-D-glucose main chain, 23]

f-(1—6)-anhydro-D-glucose branches
Schizophyllan ~ Fungi p-(1—3)-anhydro-D-glucose main chain,
anhydro-D-glucose branches

130]

Dextran Bacteria a-(1—6)-anhydro-D-glucose main chain, 125)
anhydro-D-glucose branches
Pullulan Fungi a-(1—6) linked maltotriosyl units [31152]
Starch Plants [33434)
Amylose a-(1—4)-anhydro-D-glucose
Amylopectin a-(1—4) and a-(1—6)-anhydro-D-glucose
Xylan Plants f-(1—4)-anhydro-D-xylose main chain, (53]
complex branches
Guar Plants  (-(1—4)-anhydro-D-mannose main chain, I36]
anhydro-D-galactose branches
Inulin Plants  (3-(1—2)-anhydrofructofuranose 7]
Chitin Animals  j3-(1—4)-anhydro-D-(N-acetyl)glucosamine B8l
Chitosan Fungi p-(1—4)-anhydro-D-glucosamine
Alginate Algae a-(1—4)-anhydro-L-guluronic acid, 1391
p-(1—4)-anhydro-D-mannuronic acid

of the polymer. %4 An important consequence of its supramolecular structure is
the insolubility of the macromolecule in water and in common organic liquids, which
still stimulates the search for solvents appropriate for shaping and for homogeneous
phase reactions of cellulose.#2#4 The carbon atoms at the positions 2, 3, and 6
possess hydroxyl groups, which are, in general, accessible to the typical conversions

of primary and secondary -OH groups.

6-OH OH
o L~{°
HO 2 1 (0]
3
OH OH
Figure 2: Molecular structure of cellulose including numbering of C-atoms

Dextran, a family of neutral polysaccharides, find widespread use in medicinal and

pharmaceutical applications, e.g., as blood plasma substitutes or coating material
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to prevent protein opsonization. ¥ The polymer, produced by numerous bacterial
strains (Leuconostoc and Streptococcus), consists of a a-(1—6) linked anhydro-D-
glucose main chain with varying branches. The content of a-(1—6) linkages may vary
from 97 to 50 % of total glycosidic bonds. The number and type of branches, bound
by a-(1-2), a-(1—3), and a-(1—4) glycosidic bonds, depends on the origin. 2 The
commercially applied bacteria strain Leuconostoc mesenteroides NRRL B-512(F)
produces a dextran that is predominately a-(1—6) linked and contains a relatively
low level (< 5%) of randomly distributed a-(1—3) linked branches (Fig..l‘mI This
dextran is generally soluble in water and organic solvents such as dimethyl sulfoxide
and it can be utilized for chemical conversion into unconventional derivatives, like
dextran pyroglutamate or dextran furoate, which show formation of nano-scaled

particles. 7

AN
HO OH

(6]
6
4 5
HO ©

RO 2 1
3 OH
0.,

Figure 3: Structure of dextran obtained from Leuconostoc mesenteroides NRRL
B-512(F) including numbering of C-atoms. R = predominately H and 5% glucose or
a-(1—6) linked glucopyranosyl-a-D-glucopyranoside

Pullulan is also a neutral, water soluble polysaccharide produced extracellularly
by certain strains of the polymorphic fungus Aureobasidium pullulans via the
fermentation of sugars like maltose, xylose, arabinose, glucose, and sucrose. It is a
non-branched glucan consisting of a-(1—6) linked maltotriosyl repeating units #2448l
In the repeating unit three anhydro-D-glucose moieties are joined by a-(1—4) linkages.
The polysaccharide possesses primary hydroxyl groups at position 6 of the anhydro-
D-glucose moieties b and ¢ as well as secondary hydroxyl groups at position 2 and 3
(AGU a, b and c) and position 4 (AGU a). The current knowledge on biosynthesis,
biological activity, and chemical modification of pullulan are summarized in recent

review articles. B149
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0
Hﬂ% 6_OH
OHI * \5_o0
(I)-IO . OH
3 2 OH /ﬁ‘
3 0
HO
OH
o..

C

Figure 4: Molecular structure of pullulan including numbering of C-atoms and
of the three different anhydro-D-glucose units of the a-(1—6) linked maltotriosyl
repeating units.

2.2. Light absorption by polysaccharides

Chemically pure glucans, like bacterial cellulose are poor absorbers of UV and visible
light on one hand. On the other, cellulosic pulps contain different chromophores
that are formed from polysaccharides because of thermal-oxidative stress during the
common process stages of pulping and bleaching. Moreover, subsequent process-
ing including fiber spinning and derivatization or even natural aging may lead to
additional chromophores in products manufactured from cellulosic pulps.

The chemical nature of the chromophores in cellulose has been studied utilizing
reference model compounds since the 1960’s. 5% The weak absorption bands in the
210-320 nm UV range were assigned to carbonyl and acetal groups as well as various
impurities such as trace amounts of transition metal ions. 2 So far, the reason for the
visible yellowing effect of cellulosic fibers and derivatives was largely unclear, since the
overall discoloration effect is caused by a large number of chromophores. In addition,
the concentration of these chromophores is generally extremely low, mostly in the
ppb range. By a chromophore release and identification procedure, which applies
boron trifluoride-acetic acid complexes in combination with sodium sulfite, a number
of hydroxybenzoquinone, hydroxyacetophenone, and naphthoquinone structures were
isolated from different cellulosic materials (Fig.[5).5#54 Some of these compounds,
so called Theander products, arise from cellulose degradation starting from keto
structures, e.g., oxidized spots in cellulose. They are formed mainly upon acidic,
basic, and thermal treatment of polysaccharide fragments in the presence of air and
thus their formation is largely independent of origin of the cellulosic material. P35l
Moreover secondary, mainly process-specific, chromophores are present in cellulose I1

products such as fibers, which are more prominent and color-intensive. ® Recent
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studies using UV-resonance Raman spectroscopy also demonstrate the formation of
aromatic structures from the reducing end groups of polysaccharide chains. 5

Due to the consumer notion, that only "really white" materials are clean, both
the optical properties of cellulosic materials and the formation of chromophores
are still a focus of research. %1 Tn particular, the role of aromatic structures in
brightness reversion is studied by applying sophisticated analytical tools including
reflectance UV /Vis spectroscopy, UV-resonance Raman spectroscopy, gel permeation
chromatography, and chemical methods.62%64 A thorough knowledge about the
chemical structure of the chromophores and their origin might help to develop
strategies to reduce the formation of these impurities in the processes of the paper
and textile industries from the outset, and thus for example, save bleaching costs

and reduce the environmental impact of pulp production.
OH
OH OH OH HO
X LX ° °
OH OH OH oM o
OIT' O/H 0] O/H O 0]
o) HO
9@ | |
| 0] )
----0 0., 0

Figure 5: Chromophores isolated from cellulosic materials by a chromophore release
and identification procedure. 5354
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Absorption spectroscopy is also a valuable tool especially for analytics of cellulose
derivatives. First of all, the success of functionalization with a light absorbing moiety
can be proofed and the degree of substitution (DS) can be determined by utilizing
an appropriate reference compound. Moreover, the elucidation of supramolecular
structures is possible. For example, cellulose derivatives displaying lyotropic or
thermotropic cholesteric phases can be characterized by means of absorption spec-
troscopy. By measuring the cholesteric reflection peaks, the pitch height of the
helicoidal arrangement was determined for a series of cellulose derivatives. 6569 Fig [g]
shows the UV /Vis spectra of a lyotropic mixture of cellulose carbanilate with a —C'F3
moiety in meta-position and diethylene glycol dimethacrylate. After crosslinking
the mixture at different temperatures, the cholesteric helix and thus their pitch

was fixed. The spectra, subsequently recorded at room temperature, illustrate the

10



2.3. Fluorescence of polysaccharides and polysaccharide derivatives

selective reflection of the cholesteric sample and allow the determination of the pitch
height according to literature. ™ Beside the selective reflection, the cholesteric state
is optically uniaxial and therefore displays optical rotation dispersion and circular
dichroism. These features could be used for the determination of further structural
parameters, including handedness of the cholesteric helix. The combination of the
optical effects sketched above, make lyotropic and thermotropic cellulose deriva-
tives interesting materials for opto-electronic applications as well as for opalescent
cholesteric films. %7 Moreover, these issues reveal the potential of absorption

spectroscopy for the understanding of supramolecular structures.

400 500 600 TOO 800
A nm

Figure 6: Left: UV/Vis spectra of a cholesteric mixture containing 3-
(trifluoromethyl)phenyl urethane of cellulose (45 wt.-% ) and diethylene glycol
dimethacrylate crosslinked at I: 20 °C, II: 25°C, III: 30°C, IV: 35°C, V: 40°C, VI:
45°C, VII: 50°C. Right: Picture of a film prepared from the cholesteric mixture
photo-crosslinked at different temperatures (blue: 20°C, green: 30 °C, orange: 45 °C).
Adapted from “Cholesteric phases and films from cellulose derivatives” with permission

from Wiley-VCH Verlag GmbH & Co. KGaA.

2.3. Fluorescence of polysaccharides and polysaccharide

derivatives

The absorption of light results in an electronically excited state of the polymer itself
or only the attached/incorporated chromophores. From the different deactivation
processes that can occur, fluorescence is one of the most prominent pathways.
This section will give some examples that connect the phenomenon of fluorescence

with the field of polysaccharide chemistry.
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2. Light for the characterization of polysaccharides and polysaccharide derivatives

Fluorescence typically occurs from highly conjugated polycyclic aromatic molecules.
For polysaccharides in general, and cellulosics in particular, different impurities
like lignin appear to be the main contributors to fluorescence emission. Thus the
fluorescences of lignocellulosics have been extensively studied and the nature of
the fluorescent chromophores in lignin was investigated by means of lignin model

I776] Coniferyl alcohol, biphenyl, stilbene, phenylcoumarone and structures

molecules.
similar to coniferyl aldehyde are widely considered to be the main structural elements

responsible for the fluorescence emission of wood and lignin-rich pulps.

Nevertheless, fluorescence could still be observed in different cellulose samples,
even when lignin was removed by pulping and bleaching. ™ In view of their universal
presence in all living organisms, proteins have been suggested as the source of
fluorescence emission as well as residual lignin. ™ However, Castellan et al. pointed
out that the presence of contaminants (protein, tyrosine, etc.) in microcrystalline
cellulose is very unlikely. ™8 Moreover, the lignification process for cotton linters is
quite limited. Thus, it is puzzling that fluorescence could still be observed in both
cases. Although phenolic and quinoid chromophores are proposed to be the source
of fluorescence emission, the exact chemical structure of fluorophores in cellulosics
remains unclear (Fig.. However, since fluorescence techniques are highly sensitive,
they are suitable for detailed investigations of residual lignin in bleached pulps.
Moreover, they are useful tools for the observation of bleaching and brightness

reversion.

Beside the continuing research regarding the nature of fluorescent chromophores in
cellulosics themselves, fluorescence spectroscopy provides the possibility to analyze
the molecular structure of the polymer backbone. For example, Fig.[lh shows
different oxidized functionalities, which may occur in polysaccharides in general
and in cellulosics in particular. Oxidized positions in cellulose are main reasons for
strength loss and decreased performance parameters in textiles, paper, and other
cellulosic materials. Moreover, they are responsible for general aging and are assumed
to be the promoter of thermal and light induced yellowing processes. 8% The reliable
and accurate determination of aldehyde-, keto-, and carboxyl groups in cellulose
and other polysaccharides represented a largely unsolved problem in polysaccharide
research. Recently, different methods to quantify small amounts of oxidized structures
via fluorescence spectroscopy in cellulosic pulps were developed. As shown in Fig.[7pb,
a carbazole fluorophore decorated with a spacer and an appropiate anchor group was

used to label carbonyl groups selectively. 8283 The derivatization presented proceeds
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2.3. Fluorescence of polysaccharides and polysaccharide derivatives

completely over the whole molecular weight range in the "exotic" solvent N,N—dime-
thylacetamide/lithium chloride, which is one of a limited number of solvents dissolving
high molecular weight polysaccharides. Moreover, the fluorophore does not interfere
with the multi angle laser light scattering (MALLS) detection of chromatographic
procedures and the spacer avoids any shift of the fluorescence emission, which might
be caused by the spatial environment of the fluorophore. By implementing these
method into gel permeation chromatography (GPC), it became possible to determine
not only the carbonyl content as a sum parameter, but also with regard to the
molecular weight distribution for the firunst time.B#86 Moreover, a similar method
for the determination of the carboxyl content and carboxyl profile was developed

applying 9H-fluoren-2-yl-diazomethane as selective fluorescence label (Fig.). [B7i=8|

a)
OH
HO OH o HO o o HO o
o} o o}
o0 OH HO™>¢
H OH
Q= Q=0 Q=
0 0
b)

Ir=

c) _ 0.0

H

Figure 7: a) Schematic representation of oxidized functionalities in polysaccharides,
including aldehyde-, keto-, and carboxyl groups (end groups not shown); b) Reaction
pathway for the determination of the carbonyl content in cellulosics by fluorescence
labeling; c¢) Reaction pathway for the determination of the carboxyl content in
cellulosics by fluorescence labeling. 8287

The combination of polysaccharides or polysaccharide derivatives with fluorescence

methods also leads to promising applications in the biomedical field. Here dextran is
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2. Light for the characterization of polysaccharides and polysaccharide derivatives

of particular interest. For example, the exploration of chemical micro environments
in organisms as well as on the cellular level can be realized with dextran based
fluorescent nanoparticles. A sensor system for pH monitoring in living cells is
based on nano-scaled particles prepared from dextran decorated with propionic acid,
sulforhodamine B acid, and the pH indicator dye fluorescein (Fig..lggJ The use
of the natural polymer as a basis for such functionalized nanoparticles may benefit
from the inherent biocompatibility of polysaccharides and thus overcome drawbacks
like toxicity due to monomer and surfactant residues in synthetic polymers or the

need of stimulating agents for cell uptake.

Fluorescence is one example of photoluminescence, but light emission can also be
initiated by applying voltage. An application, taking advantage of electrolumines-
cence, are devices like Organic Light Emitting Diodes (OLEDs). Cellulose and starch
were mainly used as a supporting material in order to provide biocompatibility, ¥
to improve mechanical properties, P2l or to enhance photoluminescence and elec-
troluminescence efficiency of OLEDs. %3 However, the application of functionalized
cellulose as active luminescent material for both OLEDs and an organic memory
device is reported as well. 295 Different regioselectively substituted derivatives were
prepared using 9-(4-bromobutyl)-9H-carbazole and p-methoxytrityl cellulose. These
fluorescent cellulose compounds show properties similar to poly(N-vinylcarbazole),
widely used for OLEDs. However, the results indicate that the packing manner of
the carbazole moieties as a consequence of the substitution pattern greatly affects

optical properties like the emission intensity and spectrum or the luminance voltage.

The preparation of chromophore films without scaffolding can lead to quenching
of fluorescence due to aggregation and thus to an reduced performance as sensitizers
or photocurrent generators. Therefore, polysaccharide scaffolds have also been con-
sidered for the preparation of solid structures of precisely organized chromophores,
which retain the fluorescence properties even at high concentrations of chromophores.
Typical examples are cellulose derivatives that are regioselectively functionalized in
position 6 with porphyrin moieties (DS 0.6). The chirality and the stiff backbone of
cellulose combined with the strictly defined regiochemistry lead to a helical arrange-
ment of the cellulose-bound porphyrins as shown by CD spectroscopy. Moreover,
porphyrin cellulose was studied by means of spectroelectrochemistry and picosecond
laser fluorescence in context with the application as an optoelectronic material. 2697

Langmuir-Blodgett films of porphyrin-cellulose show improved photocurrent genera-

tion in electrochemical cells compared to porphyrin films, indicating the beneficial
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2.3. Fluorescence of polysaccharides and polysaccharide derivatives

HO oH
1. Sulforhodamine B O.. 1. Propionic anhydride
acid chloride (SRB-CI) 2. Fluorescein isothiocyanate
2. Propionic anhydride (FITC)

o)

SRB-dextran propionate

o~

dialysis of DMAc solution against water

nanoparticle suspension

pH 4.0 pH 8.0
- —>
QO

Figure 8: Synthesis of sulforhodamin B and fluorescein labeled dextran propionate
and the preparation of nano sized spheres for pH-sensoring; one anhydro-D-glucose
unit is schematically presented. &
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2. Light for the characterization of polysaccharides and polysaccharide derivatives

role of cellulose as a scaffold. ! The chromophores are spaced at a fixed distance by
using cellulose with its rigid structure and thus the photocurrent quantum yields for
the LB films are increased.®¥ A further improvement of photocurrent performance
was obtained by the incorporation of fullerene (Cg,) in porphyrin-cellulose films. 100

A further indication of the ability of polysaccharides to act as an efficient scaffold
can be concluded from studies of anthracene molecules attached to dextran.0l
The polymers are water soluble at low DS of anthracene moieties. Quenching of
fluorescence after addition of suitable energy or electron acceptors in the water
solution is observed, indicating photoinduced energy or electron transfer. Thus, these
are promising polymers for photosensitation of reactions of organic compounds in

aqueous solutions. 12!
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3. Photoreactions of polysaccharides and

polysaccharide derivatives

In the discussion about photoreactions of polymer based systems, in particular
polysaccharides, different aspects must be considered: the polysaccharide itself, low
molecular weight compounds hosted by the polysaccharide matrix, and chromophores
covalently attached to the polymer backbone. These aspects cannot be strictly
separated from each other at any time and the following section will give an overview
about photochemical processes such as photodegradation, photocrosslinking, and
photochromic effects.

The absorption of light can cause photolysis in cellulose and its derivatives. Bl
In general, a decrease of the degree of polymerization and an increase of the cop-
per number, that is, an increase of the carbonyl content, as well as an increase
of alkali solubility can be observed. Moreover, the light induced degradation is
accompanied by yellowing and the formation of carbonyl- and carboxyl groups along
the polymer chain. Carbon monoxide, carbon dioxide, and hydrogen are the main
gaseous products formed during photolysis of polysaccharides. Since society invests
considerable resources in the preservation of cultural heritage a detailed understand-
ing of photoinduced degradation of polysaccharides and in particular of cellulose
is of major interest. 193197 Moreover, light stability is of growing importance in
material sciences, where a revival of interest on polysaccharides by researchers and
industrialists occurred recently. The destructive nature of UV and visible light, in
particular in case of high intensity or long exposure time, must be kept in mind for

the discussion of photoreactions.

3.1. Photocrosslinking
In polysaccharide chemistry light induced crosslinking is applied for the improvement

of material properties, 1%l the stabilization of supramolecular structures, % and the

immobilization of biomolecules. M9 Some aspects of these fields will be pointed out.
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3. Photoreactions of polysaccharides and polysaccharide derivatives

Polysaccharides in particular starch were investigated as a promising raw material
in order to replace synthetic polymers and thus reduce the environmental impact of
plastic wastes especially from packing. For example, thermoplastic starch mixtures
have found application in the polymer market as loose filler materials. Nevertheless,
the hydrophilic nature of thermoplastic starch seriously limits its wider applications.
Thermoplastic starch is sensitive to water and since the water content of the materials
changes with environmental humidity, mechanical properties change during use and
storage. Photocrosslinking is one interesting attempt to overcome these disadvantages.
A solid state crosslinking procedure of sensitized starch films using UV irradiation and
sodium benzoate as water-soluble photo additive was described. 4! In contrast to
conventional crosslinking procedures, there was no need of organic solvents and toxic
crosslinking agents like epichlorohydrine or phosphoryl chloride. The crosslinking
kinetics were studied by the determination of the degree of swelling and gel fraction,
in order to characterize the created network. The results indicate that mechanical
properties like Young’s moduli and ultimate strength can be improved by UV
treatment. Additional investigations describe the influence of photocrosslinking on
the retrogradation of starch based materials. M2 It was shown that the crosslinking
treatment partially inhibits retrogradation of starch films by limiting crystallization
and thus partially prevents aging and the decrease of the ultimate mechanical
properties (elongation and stress at break, Young’s moduli). Sodium benzoate was
also used as sensitizer for surface modifications of starch sheets, in order to improve the
surface properties without changing the bulk composition and characteristics. F13114
Compared with the bulk photocrosslinking, the required amount of sensitizer was
significantly lower and the crosslinking reaction occurred much easier in the surface
layer. One primary result of these investigations was a significant increase of the
surface water contact angle indicating an enhancement of the hydrophobic character
of the surface and a lower value for the polar component of the surface energy.
Moreover, the surface modification led to notably lower moisture uptake and an

overall improvement of water resistance.

The preparation of composite materials by means of photochemical methods is also
an approach to enhance existing properties or impart new properties in polysaccharide
based polymers. UV irradiation and sodium benzoate as a photo sensitizer were used
in order to crosslink films of cellulose reinforced starch and the obtained biocomposites
show remarkably improved physical and mechanical properties. 13 Moreover, the

synthesis of interpenetrating polymer networks and polysaccharide based copolymers
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3.2. Photochromic polysaccharide derivatives

is a valuable tool to gain new materials with promising properties. In this sense,
photocrosslinking was applied to graft synthetic polymers onto polysaccharides, F16117
or to preserve the structures possessed by the polysaccharide during the preparation of
the composite material. 18 Cinnamoylisopentylcellulose is one interesting hairy-rod-
like polysaccharide (HRP) derivative that can be utilized to create Langmuir-Blodgett
(LB) assemblies of defined thickness on the nanometer scale. By crosslinking the
cinnamoyl groups, stable LB films with properties such as isotopic selectivity or a
certain swelling degree are obtained. ™ As shown in Fig.@ such LB assemblies were
used as a primer for surface modification by polymerization. M The incorporation of
methyl methacrylate as typical monomer (Fig.@a) and a subsequent polymerization

led to homogeneous nano-scaled composite films (F1g|§|b)

Guest

substrate

Figure 9: a) Schematic model of a swellable LB film of photocrosslinked cin-
namoylisopentylcellulose (CIPC). Guest molecules can be solvent, dye molecules
or monomers. b) Schematic picture of the composite multilayered CIPC and poly-
methyl methacrylate (PMMA) incorporated via vapor phase photopolymerization.
The scale of the CIPC hairy-rods and periodic spacing is only schematically repre-
sented. Adapted from “Multilayered Assembly of Cellulose Derivatives as Primer
for Surface Modification by Polymerization”. ™ With permission from Wiley-VCH
Verlag GmbH & Co. KGaA.

3.2. Photochromic polysaccharide derivatives

Photochromic compounds undergo a reversible change of color upon illumination.
As the compound is interconverted between two states by means of irradiation or
a thermal stimulus, the absorption spectrum and the physical properties of the
compound change. The interconversion between the two forms can schematically be

expressed as:

A B

s
h - v or A
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3. Photoreactions of polysaccharides and polysaccharide derivatives

Typical examples of chromophores, which show photochromic behavior upon irra-
diation with light of an appropriate wavelength, are summarized in Tab.[2l In the

following subsections some photochromic polysaccharide derivatives are discussed.

Table 2: Typical photoisomerizations

Reaction type Example

e
i O
(a) Trans-cis isomeriza- N=N —= N=N
tion of double bonds R - R
\..../
R

<554 >

(b) Zwitter ion forma- O

tion

(c) Ionic dissociation Q

(d) Ring formation and N
ring cleavage @
0" "0

3.2.1. Polysaccharides containing trans—cis isomerizable chromophores

The introduction of photoisomerizable compounds (Tab.) in polymers may yield a
photoinduced conformational change of the polymer chain induced by the confor-
mational change of the chromophore. Azobenzene compounds (azos), characterized
by an azo linkage (-N=N-) joining two phenyl rings, are the most prominent pho-
toisomerizable molecules. The azobenzene photochemistry gives rise to numerous
photoswitching and photostructuring applications due to the fact that azobenzene

chromophores undergo a large change both in structure and dipole moment during the
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3.2. Photochromic polysaccharide derivatives

isomerization. Moreover, a photoinduced orientation of the azobenzene chromophores
in polymers and, therefore, a mass transport process is possible when irradiating
with polarized light. Additionally, azos are chemically robust molecules and can
easily be incorporated into a polymer matrix or even covalently attached. 20121

In Tab.[3] a series of polysaccharide derivatives decorated with trans-cis isomeriz-
able moieties are summarized. Beside azobenzene chromophores (Tab. entry 1, 4 &
6-11) stilbene (Tab.[3|entry 2 & 3) and cinnamic acid (Tab.[3entry 5 & 12) were linked
to the polymer backbone. Cellulose was the most common starting polymer at the
beginning of the research on modification of polysaccharides with isomerizable sub-
stituents (Tab. entry 1-6). Recently, other polysaccharides in particular dextran and
starch (Tab. entry 7 & 10-12) came into focus as well as commercial polysaccharide
derivatives like methylcellulose or hydroxypropyl methylcellulose (Tab. entry 8 &
9). The linkage between the polymer backbone and the photoresponsive moieties was
realized in different ways. For example, esterification, F08122:129] etherification, F30131]
and the formation of carbamates were applied. ™2 However, esterification was the
most important path for introducing photoactive functionalities up to now. In
general, a conventional esterification procedure was employed, using the acyl chloride
either heterogeneously or homogeneously. Recently, N, N-carbonyldiimidazole was
established as an efficient activating agent for the homogeneous acylation of polysac-

charides in non-aqueous systems for substituents like azobenzene- and cinnamic

acid. 129

Table 3 : Polysaccharides with trans-cis isomerizable moieties

No. Starting polymer Photoresponsive moiety® Reference
QoH Qor
OH
Ho OoH

OH
0 0) O 23]
OH g

# including linkage to the polymer backbone
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3. Photoreactions of polysaccharides and polysaccharide derivatives

Table 3: Polysaccharides with trans-cis isomerizable moieties (continued)

No. Starting polymer Photoresponsive moiety® Reference
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22



3.2. Photochromic polysaccharide derivatives

Table 3: Polysaccharides with trans-cis isomerizable moieties (continued)

No. Starting polymer Photoresponsive moiety® Reference

,
s

HO [133]
10 HO ( H
OH C—N
0. H, p=
6
o]
11 HC’% K N 2

ﬁ

12 HO o M@ [129]
HO = \_/

2 including linkage to the polymer backbone

=

Cellulose derivatives containing azobenzene groups (Azo-cellulose) were prepared
for the first time heterogeneously by the reaction of microcrystalline cellulose with
4-phenylazobenzoyl chloride in pyridine." 22 Similar cellulose-stilbene derivatives
were synthesized using stilbene-4-carbonyl chloride. 23 Using these derivatives as
the adsorbent in thin layer chromatography, the photoregulation of the rate of flow
of different compounds was possible.

Since these first attempts to control the special properties of polysaccharides
by means of trans-cis isomerizable substituents, a series of other approaches was
developed. The photocontrolled separation of several neutral racemates by enantiose-
lective adsorption on solid [4-(phenylazo)phenyl|carbamoylated cellulose and amylose
membranes was reported. 132 Moreover, liquid crystalline phase formation and the
sol-gel transformation behaviour of different cellulose derivatives were regulated
by light induced trans-cis isomerization. 123134 The sol-gel transformation could be
influenced not only by the conversion of the photochromic group but also by additives
like a-cyclodextrin. 126128] Fig. shows the thermoreversible sol-gel transition of
an aqueous solution of azobenzene functionalized hydroxypropyl methylcellulose

monitored by turbidity measurements. Thus, isothermal and reversible regulation of
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3. Photoreactions of polysaccharides and polysaccharide derivatives

the sol-gel transition of the Azo-cellulose polymer can be realized by photoirradiation.
The difference in gelation temperature between the trans- and cis isomers can also be

influenced by addition of a-cyclodextrin, which selectively forms inclusion complexes

with the trans azobenzene. 133l

100 no o-CD 30mM 0-CD
4 V'V‘V“% Slban, m.qz;_.__,_,‘\
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— 801 A\ \A\ \ A\
@ \
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Figure 10: Sol-gel transition behaviour of azobenzene functionalized hydroxypropyl
methylcellulose in the absence and presence of a-cyclodextrin (a-CD). trans: sample
irradiated with visible light; cis: sample irradiated with UV light. Adapted from
“Photoregulated Sol-Gel Transition of Novel Azobenzene-Functionalized Hydroxy-

propyl Methylcellulose and Its alpha-Cyclodextrin Complexes”. 126l With permission
from Wiley-VCH Verlag GmbH & Co. KGaA.

Another approach, impressively demonstrating the enormous potential of polysac-
charides decorated with trans-cis isomerizable moieties, was reported by Yang and
co-workers. BUII30] A pplving a Mitsunobu type ether formation, 4-cyanophenyl-
azophenol was linked to cellulose with ultrahigh molecular weight. The irradiation
with linearly polarized light led to the trans-cis-trans isomerization accompanied by
reorientation. The orientation redistribution of the azobenzene chromophores finally
drives the cis-isomer predominantly oriented perpendicular to the polarization of
the irradiating light. This procedure results in a net dichroism and birefringence of
the material. Moreover, holographic gratings can be developed by irradiating the
photoanisotropic films by two polarized interfering beams (Fig.. The experiments
reported clearly demonstrate how to inscribe volume gratings to a ultrahigh molecular

weight polymer exhibiting no glass transition temperature even up to the temperature
of decomposition.
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3.2. Photochromic polysaccharide derivatives

Figure 11: Three-dimensional view of a photoinduced surface relief grating on
an azo-cellulose film. Adapted from “Photoinduced Surface Relief Gratings on
Azocellulose Films”. 136 With permission from Taylor & Francis.

3.2.2. Polysaccharide derivatives forming ionic structures upon irradiation

The light induced formation of a zwitterion (Tab.[2b) provides the possibility of
creating strong dipoles. Thus, a change of the polymer conformation and properties
can be obtained photochemically, by introducing compounds like spiro benzopyran.
The spiro benzopyran chromophores as well as the closely related spiro benzoxazines
and spiro naphthoxazines are well known for the formation of a merocyanine zwitter-
ion, by a ring-opening reaction. 13713 Upon irradiation with UV light, the rupture
of the C-O linkage takes place, according to the mechanism shown in Fig.[I2] This
reaction can be reversed either thermally or photochemically. The second way to
form ionic structures under UV irradiation is the dissociation to ions as known for
triphenylcarbinol or related compounds Tab. 2.

In Tab.[] different polysaccharides bearing moieties with a photochromic character
similar to triphenylcarbinol (entry 1 & 2) and spiro benzopyran (entry 3-6) are
summarized. Cellulose (Tab.[d] entry 1 & 2), methylcellulose (entry 3 & 4), cellulose
acetate (entry 5), and dextran (entry 6) were applied as starting polymer for the
modification with these chromophores. The linkage between polymer backbone and
the chromophoric group was realized by etherification (Tab. 4 entry 1, 2, 5) or
esterification (entry 3, 4, 6). All products were obtained under homogeneous reaction

conditions.
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3. Photoreactions of polysaccharides and polysaccharide derivatives

Figure 12: Photochromic transformation of spiro benzopyran to a resonance hybrid
of a quinoid and a bipolar structure.

Table 4 : Polysaccharides forming ionic structures upon irradiation

No. Starting polymer Photoresponsive moiety® Reference
Q@-o Q@-ow
\N/
OH
. O [140)]
1 /H&/O* CH
OH
/N\
\N/
OH ‘
) o) R _ [141]
OH
/N\

# including linkage to the polymer backbone
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3.2. Photochromic polysaccharide derivatives

Table 4 : Polysaccharides forming ionic structures upon irradiation (continued)

No. Starting polymer Photoresponsive moiety® Reference
Qo Qo
CHs

§ LN
(@]
sl Vol )
RO O*
CHs
° CLLN-O)
(@]
Lo ol )
RO O*

5 ' RO O\\ O
C

C o Gy .
HO on C
<70

# including linkage to the polymer backbone

In the beginning of research, the control of material properties like degree of
swelling and contact angle was the main ambition of linking photochromic sub-
stituents, displaying formation of ionic structures, to polysaccharides. M41H43] pho-
toconductive cellulosic films were also prepared applying cellulose decorated with
4,4’-bis(dimethylamino) diphenylmethyl groups. % Edahiro et al. developed a sys-
tem, which exists in a uniform single phase at room temperature in the dark, and

separates into two aqueous phases through blue light irradiation. ™9 The system
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3. Photoreactions of polysaccharides and polysaccharide derivatives

was composed of an aqueous solution of photochromic 6-nitrospiropyran modified
dextran and polyethylene glycol, which are the first studies about the control of the

affinity of photoresponsive and non-photoresponsive polymers in aqueous solution.
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4. UV-Vis spectroscopy for the characterization of

novel polysaccharide derivatives

Currently there is a substantial research activity towards advanced materials by the
chemical modification of polysaccharides. A prerequisite for these developments is to
reveal the structure property relationships of the novel polysaccharide derivatives
and thus their synthesis needs to be connected with a detailed characterization. In
particular, the characterization of multifunctional polysaccharide derivatives requires
improvements or combinations of the techniques established so far. This chapter will
illustrate how UV-Vis spectroscopy was utilized to gain the degree of substitution
(DS) as an important structural parameter of novel multifunctional polysaccharide

derivatives.

4.1. Synthesis of aminocellulose sulfates as novel zwitterionic

polymers

Zwitterionic polymers possess both cationic and anionic groups either on different

46l Since they

(polyampholytes) or on the same repeating units (polybetaines).
display unique physicochemical characteristics, polyampholytes and polybetaines
are of certain interest for various applications including protein separation and
purification, binding and recovery of metal ions, and enhanced oil recovery. 7
Therefore, the theoretical basis and simulation approaches for polyzwitterions are
currently of great academic interest and there is an ongoing research on synthetic
methods for the preparation of unconventional zwitterionic macromolecules. 46148149

Amino cellulose sulfates (ACS) are a novel class of polysaccharide based polyzwit-
terions that are accessible via a convenient three step synthesis (Fig.ll50] Namely
6-deoxy-6-(w-aminoethyl) amino cellulose-2,3(6)- O-sulfate (AECS) and 6-deoxy-6-(2-
(bis-N “,N “-(2-aminoethyl)aminoethyl)) amino cellulose-2,3(6)- O-sulfate (BAECS)
were obtained starting with the reaction of cellulose 1 with p-toluenesulfonyl chlo-
ride in the presence of triethylamine in N,N-dimethylacetamide (DMA)/LiCl as

solvent. ™1 Tn order to achieve different DS values of p-toluenesulfonyl (tosyl) groups
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4. UV-Vis spectroscopy for the characterization of novel polysaccharide derivatives

(DS,); the molar ratio of p-toluenesulfonyl chloride to anhydroglucose units (AGU)
was varied. The subsequent reaction of the tosyl cellulose (TC, 2a-c, DS, between
0.55 and 1.37) with SO, pyridine complex to tosyl cellulose sulfates (TCS, 3a-c) was
carried out homogeneously in DMA. ™52 The molar ratio of 1:5 (modified AGU:SO,
pyridine) results in products with DSqq_y, values between 1.09 and 1.27 depending
on the DSy, of starting TC (Tab.[5)). The sulfuric acid half esters were converted
into their sodium salts to avoid polymer degradation and hydrolysis of the functional
groups. As shown in Tab.[5 the DS, of the TCS is slightly decreased compared to
the DS of the initial TC.

Table 5 : Conditions for and results of the synthesis of tosyl cellulose (TC) and tosyl
cellulose sulfates (TCS)

TC2 TCSP
No. Molar ratio DS® No. DS4

AGU® TEA TosCl Tos Tos SO;Na
2a 1 1.6 0.8 055 3a 043 1.27
2b 1 2.6 1.3 085 3b 061 1.14
2c 1 4.0 2.0 1.37 3¢ 1.08 1.09

2Prepared by the reaction of cellulose with p-toluenesulfonyl chloride (TosCl) and
triethylamine (TEA) as a base within 24h at 8°C in N,N-dimethylacetamide
(DMA)/LiCl; Pprepared by the reaction of TC with sulfur trioxide pyridine complex
(5mol per mol modified anhydroglucose unit) in DMA as solvent; “degree of substi-
tution, calculated on basis of the sulfur content determined by means of elemental
analysis; Ycalculated on basis of the sulfur content and of UV-Vis spectroscopic
measurements, “anhydroglucose unit.

In general, tosyl moieties are good leaving groups for nucleophilic displacement
reactions. However, in the case of TC and TCS only position 6 is accessible, since the
replacement of tosylate groups by weak nucleophiles (e.g. amines) follows the Sy2
mechanism. 13 The homogeneous reaction of TCS 3a-c with the multifunctional
amines 1,2-diaminoethane (DAE) or tris(2-aminoethyl) amine (TAEA) leads to AECS
(4a-c) and BAECS (5a-c). To avoid intermolecular cross-linking the bifunctional
DAE and trifunctional TAEA were applied in a molar excess of 25 equivalents. 154
The nucleophilic attack of the NH, groups to the tosyl functionalized C6 of the
repeating units led to the formation of C—NH-linkage between the polymer and the
oligo amine. With increasing DS, of the TCS the DS values of the corresponding
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4. UV-Vis spectroscopy for the characterization of novel polysaccharide derivatives

amine increases (Tab.[6). Moreover, it can be noticed that no tosyl moieties remain
in the ACS synthesized starting from TCS 3a and 3b with DS < 1. In case of
using TCS 3c DS > 1, a low quantity of tosyl groups can be detected in the final
ACS (4c and 5¢, DS~ 0.2). The maximal DSp, 5 and DS, achieved could not
exceed 0.74 and 0.86, respectively. Obviously, a small amount of tosyl moieties is
cleaved off during reaction without replacement by amino groups. It is suggested in
literature that the cleavage is driven by the basic character of the amine, which may
act as catalyst for the reaction of the tosyl groups with impurities or the solvent. 153l

In particular, carrying out the reaction in water this explanation holds true.

Table 6: Conditions for and results of the synthesis of 6-deoxy-6-(w-
aminoethyl)amino cellulose-2,3(6)- O-sulfate (AECS) and 6-deoxy-6-(2-(bis-N N "~
(2-aminoethyl) aminoethyl)) amino cellulose-2,3(6)- O-sulfate (BAECS) starting from
tosyl cellulose sulfates (TCS)

TCS AECS® BAECSP
No. DS No. DS¢ No. DS¢
Tos SOg4 Tos SO; AEA Tos SO;Na BAEA

3a 043 127 4a 0 1.25 041 5a 0 1.21 0.32
3b 061 1.14 4b 0 1.14 058 5b 0 1.12 0.45
3c 1.08 109 4c 019 1.08 086 5c 0.21 0.70 0.74

2Prepared by the reaction TCS with 1,2-diaminoethane (25 mol per mol modified
anhydroglucose unit) at 100 °C in H,O within 6 h; Pprepared by the reaction TCS
with tris(2-aminoethyl) amine (25 mol per mol modified anhydroglucose unit) at
100 °C in H,O within 6 h; “degree of substitution, calculated on basis of the sulfur,
nitrogen, and carbon content determined by means of elemental analysis.

4.2. Characterization of tosyl cellulose sulfates and

aminocellulose sulfates

The success of functionalization and the structural entities of the cellulose derivatives
2a-c, 3a-c, 4a-c, and 5a-c can be visualized as well by FTIR- as by *C-NMR
spectroscopy. For example, the direct comparison of the FTIR spectra (Fig.) of
cellulose 1, TC 2a, TCS 3a and BAECS 5a allows to identify the starting material,
the intermediate products and the final ACS’s. Starting from the spectrum of 1 the
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4.2. Characterization of tosyl cellulose sulfates and aminocellulose sulfates

functionalization with tosyl groups is clearly proofed by the typical signals in the
spectrum of 2a. Namely, the signals arising from the voy,, . (3063cm™), vo_c,,...
(1600 cm™), V(45)50, (Tos) (1360 cm™), and 1550, (T0s) (1176 cm™) are visible. The
subsequent conversion with SO, pyridine complex generates sulfate moieties and
therefore the corresponding v(s)s0, (sury) (1260 cm™) and v(sy)s0, (sup) (1015cm™)
are visible in the spectra of 3a. Moreover, the signals resulting from the tosyl groups
(described above) are visible in the spectra of 3a as well. The final Sy2 reaction
of TCS 3a with TAEA lead to the formation of BAECS 5a. As a consequence the
signals arising from the tosyl groups disappear from the spectrum of 5a. The new
signals, which became visible, can be assigned to the vy, (3100cm™) and dyg,
(1490 cm!) stretching. Fig.[14p shows the 3C-NMR spectra of cellulose 1 dissolved
in DMSO-d6/tetrabutylammonium fluoride, TC 2a dissolved in DMSO-d6, TCS 3a,
and BAECS 5a both dissolved in D,O. All signals could be assigned on basis of
literature data. BLA52156057 The spectrum of 2a reveals the success of the tosylation
of cellulose. The '*C resonances of the sp, carbon atoms of the aromatic residue
of the tosyl group are visible in the range from 128 to 145 ppm. Moreover, the
signal at 22 ppm can be assigned to the methyl group of the tosyl substituent. The
direct comparison of the spectra of cellulose 1 and TC 2a shows that the signals of
C1-C5 are almost unaffected while a shift of C6 to lower field (C6-Tos) is visible after
the esterification. The C-NMR spectrum of TCS 3a obtained by the conversion
of TC 2a with SO4 pyridine complex shows the same peaks assigned to the tosyl
substituents as described above. The sulfation is proved by the typical resonance
of C6-O-SO; at 66 ppm. Moreover, a larger line width could be noticed resulting
from a short lifetime of the longitudinal and transversal magnetization. This typical
phenomenon observed in NMR spectroscopy of polyelectrolytes is caused by the
electrostatic repulsion forces and the resulting decrease in flexibility of the polymer
chain. Unfortunately, the large line width impede the clear detection and assignment
of the signals of C2-O-SO; or C3-O-SO; that must be present since the total DS of
3a is about 1.7 and therefore other positions than C6 must be functionalized. The
spectrum of 5a was recorded after the reaction of TCS 3a with TAEA. It is obvious
that all resonances assigned to the tosyl substituents disappeared. The new signals,
which became visible at 37 and 52 ppm, can be assigned to the methylen carbon
atoms of the BAEA substituents. Additionally the signal at 45 ppm, which results
from C6-NH- proofs the covalent linkage between the BAEA substituents and the
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4. UV-Vis spectroscopy for the characterization of novel polysaccharide derivatives

cellulose backbone. Comparable analytical details can be observed in the IR- and

NMR spectra of the samples 4a-c.

a) <‘ > b) TBAF DMSO TBAF

A
’ Vas Sulf VsyTos A
Z/CHG.’V‘Om

VOH /V_]/V?Hy VasToé\/ Vsy Sul f
—— \//

N,
VC— Cﬂ ’V‘Om\

B A
|
A

N

Al | 1 | LN | RTTRTIN INTRNTRTIN SATSRTSNTI RSN SNSRI RS S

4000 3500 3000 2500 2000 1500 1000 500160 140 120 100 80 60 40 20
v [em™] 6 [ppm]

Figure 14: a) FTIR- and b) 3C NMR spectra of: cellulose (1), p-toluenesulfonyl
(tosyl) cellulose (2a, DSp,,=0.55), tosyl cellulose sulfate (3a, DS =0.43,
DSgp,na = 1.27), and 6-deoxy-6-(2-(bis-N *,N ’-(2-aminoethyl)aminoethyl)) amino
cellulose-2,3(6)- O-sulfate (5a, DSp,py = 0.32, DSgo, N, = 1.21). NMR spectrum of 1
recorded in DMSO-d6 / tetrabutylammonium fluoride (TBAF), of 2a in DMSO-d6
and of 3a and 5a in D,O.
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4.2. Characterization of tosyl cellulose sulfates and aminocellulose sulfates

Although FTIR- and NMR spectroscopy gave good qualitative information about
the constitution of the polymeric repeating units, the DS as a quantitative measure of
functionalization is not accessible by these methods in case of the cellulose derivatives
2a-c, 3a-c, 4a-c, and 5a-c. The DS, can be almost surely calculated from the

sulfur content determined by elemental analysis in case of 2a-c:

My - ws(%)
Mg - 100% — Mo, - ws(%)

DSros = (4.1)
M,y denotes the molar mass of the anhydroglucose unit (AGU), Mg the molar
mass of sulfur, M, the molar mass of the tosyl group, and wq(%) the mass fraction

of sulfur in the samples determined by elemental analysis.

In case of the water soluble polyelectrolytes 3a-c, the calculation of DSy, and
the DSqq,y, is in principle possible from sulfur and carbon content determined by
elemental analysis. However, this calculation would not be reliable, since same
heteroatoms are introduced by both substituents and the carbon content changes in

an unfavorable way for this combination of substituents.

Therefore, the calculation of DS and DSgq,y, in tosyl cellulose sulfates was
carried out on the basis of UV-Vis measurements and elemental analysis. First,
the UV-Vis spectra of standard solutions of methyl-6- O-tosyl-a-D-glucopyranoside
(MTGQG) in deionized water in a concentration range from 0.010 and 0.045g/L were
measured (Fig[l5h) and the absorbance at 227nm (where only the tosyl moieties
absorb) over the concentration was plotted in order to obtain a calibration curve
(Fig[15p). Utilizing this calibration curve the concentration of tosyl moieties ¢y of a
given solutions of the tosyl cellulose sulfate sample in water can be calculated from

the absorbance A,,.:
Agor +0.0086

=== 4.2
s 12451 (4.2)
From cp,,, the mass concentration of the tosyl cellulose sulfate sample (c,y) and the
molar mass of sulfur Mg, the mass fraction of sulfur in the sample arising from tosyl
groups can be calculated:
CTos * MS . 100%

wS(%)Tos = cw (43)

Elemental analysis yields the overall sulfur content wg(%) arising from both tosyl and
sulfate moieties of the tosyl cellulose sulfate was obtained. The difference between

the overall sulfur content wg(%) and wg(%)r,, yields the sulfur content arising from
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4. UV-Vis spectroscopy for the characterization of novel polysaccharide derivatives

the sulfate groups:

ws (%) suiy = ws(%) — ws(%) Tos (4.4)
and subsequently the concentration of sulfate groups:
CSulf = ws(R)suy - cw (4.5)

Mg - 100%

The concentration of modified anhydroglucose units (AGU), ¢,y can be calculated

from:
cw — Cros(Mros — My) — csuy(Msws — M)

Macu
Combining the results of eq. (4.2)), eq. (4.5)), and eq. (4.6) lead to the degrees of

substitution in tosyl cellulose sulfates:

(4.6)

CAqUu =

CTos Csu,
DSros = — and  DSguy = Sulf (4.7)
CAGU CAGU
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Figure 15: a) UV spectra of the methyl 6- O-tosyl-a-D-glucopyranoside (MTG) dis-
solved in deionzed water at different concentrations. b) Calibration curve calculated
from the absorbance at wave length 227 nm as a function to concentration of MTG.

In case of the cellulose derivatives AECS and BAECS the calculation of DS,

andDSg,p, as well as DSqq v, can be carried out on basis of elemental analysis,

since the different substituents possess different heteroatoms.
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5. Tailored synthesis and structure
characterization of new highly functionalized

photoactive polysaccharide derivatives

As highlighted in Part[[ there is an substantial interest in the synthesis of pho-
toresponsive polysaccharide derivatives and the development of novel functional
materials thereof. In this context polysaccharides do not only afford a renewable
alternative to synthetic polymers but also feature properties like polyfunctionality
and biocompatibility. However, the potential arising from the chemical and physical
characteristics of polysaccharides is far from being exhausted. For example, the
influence of regioselectivity of photoresponsive polysaccharide derivatives on their
properties has only been touched on in the literature. Moreover, only a very few
investigations are reported studying photoresponsive polysaccharide derivatives with
regard to the broad structural diversity. Up to now, there is neither an information
about the influence of the polysaccharide backbone on the functionalization with
photoactive moieties nor about its impact on the photochemistry.

The first section of this chapter is focusing on the synthesis and characterization of
highly functionalized photoactive derivatives starting from different polysaccharides.
In the second section, the preparation of water soluble photoactive polyelectrolytes
is described as an example of utilizing the polyfunctionality of polysaccharides to
achieve not only a high degree of functionalization but also different functionalities

within one polymeric structure.

5.1. Photoactive polysaccharide esters

5.1.1. Synthesis

Acylation of polysaccharides is an important path to design the structure and hence
the properties by introducing new functionalities. Conventional esterification of
polysaccharides employs acyl chlorides and acid anhydrides. Because of the limited

compatibility of the acyl chlorides with common polysaccharide solvents, the limited
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photoactive polysaccharide derivatives

availability of the carboxylic acid anhydrides and due to loss of half of the acid (i.e.,
one mol acid is formed as by-product of the reaction per mol acid anhydride) as
well as due to the formation of acidic by-products, novel acylation systems applying
the carboxylic acid are required. In particular, for the synthesis of unconventional
polysaccharide derivatives with complex or sensitive functional groups a mild and
efficient activation of the carboxylic acid is necessary. Therefore, coupling reagents
known from peptide chemistry have been studied and N, N-carbonyldiimidazole (CDI)
was found to be an efficient activating agent for the acylation of polysaccharides in

non-aqueous systems. 29!

CDI was applied as activating agent for 2-|(4-methyl-2-oxo0-2 H-chromen-7-yl)oxy|a-
cetic acid (8) and the intermediately generated imidazolide was allowed to react with
cellulose (1), dextran (6), and pullulan (7). The reaction of the dissolved polymers
(1 in DMA/LICl, 6 and 7 in DMSO) yields the corresponding polysaccharide 2-|(4-
methyl-2-oxo-2 H-chromen-7-yl)oxy| acetates 9a-f, 10a-f, 11a-f (Fig[l6). The DS
of the polysaccharide derivatives can easily be adjusted by the molar ratio of the
AGU:CDI:8 (Table. However, cellulose, dextran and pullulan posses a different
reactivity. In case of dextran and pullulan the lowest molar ratio of 1:0.125:0.125 (10a
and 11a) lead to quantitative conversion of the carboxylic acid into the corresponding
ester. With increasing molar ratio to 1:1:1 (10f and 11f) , the efficiency of conversion
to the ester decreases to ~90 % for dextran and to ~75% for pullulan. In case of
cellulose, about the half of the amount of the carboxylic acid is converted into the
corresponding ester at all molar ratios applied. The differences in reactivity observed
might be a result of both different molecular structures of the polymers and their
different molar masses. Anyhow, the reaction efficiency achieved is still high for
a polymeranalogous conversion of polysaccharides. In particular, when dextran is
applied the reaction can be termed as highly efficient, since even at a molar ratio of

1:3:3 (10h) ~66 % of the carboxylic acid are converted to the corresponding ester.

5.1.2. Characterization

The structure of the different polysaccharide 2-[(4-methyl-2-oxo-2H-chromen-7-
yl)oxy| acetates 9a-f, 10a-f, 11a-f was evaluated by 'H- and *C NMR spectroscopy.
To eliminate intra- and intermolecular interactions of the polymer chains by hydrogen
bonds and any overlap of the signals of the protons of the polysaccharide backbone

and the hydroxyl groups, the remaining OH groups were perpropionylated. Thus,
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5.1. Photoactive polysaccharide esters

the completely functionalized polysaccharide esters were used for NMR studies in

case of the samples 9a-f, 10a-f, 11a-f that gave well resolved spectra.

Fig.[17 shows the 'H- and '3C NMR spectra of perpropionylated dextran 2-[(4-
methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate 10c as a representative example. The
proton resonances of the substituents appear at 7.6 (H11), 6.9 (H18), 6.8 (H10),
6.1 (H15), and 4.8 ppm (HS8). The signal of the methyl group (H14) overlaps with

the resonance of the methylene protons of the propionate moiety. Furthermore, the
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Figure 16 : Synthesis scheme for the preparation of cellulose-, dextran- and pullulan
2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetates via the activation of the carboxylic
acid with N,N-carbonyldiimidazole (CDI) in N,N-dimethylacetamide (DMA)/LiCl
or DMSO.
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photoactive polysaccharide derivatives

Table 7: Conditions for and results of the esterification of cellulose, dextran and
pullulan with 2-[(4-methyl-2-oxo0-2 H-chromen-7-yl)oxy| acetic acid (8) via activation
with N,N-carbonyldiimidazole (CDI)

Polysaccharide Molar ratio No. DS
AGU* CDI 8 UVP NMR®
cellulose 1 0.125 0.125 9a 0.06 0.05
cellulose 1 0.250 0.250 9b 0.16 0.16
cellulose 1 0.375 0375 9c 025 0.24
cellulose 1 0.500 0.500 9d 0.33 0.33
cellulose 1 0.750 0.750 9e 0.38 0.37
cellulose 1 1.000 1.000 9f 049 0.51
dextran 1 0.125 0.125 10a 0.12 0.11
dextran 1 0.250 0.250 10b 0.25 0.25
dextran 1 0.375 0.375 10c 0.38 0.38
dextran 1 0.500 0.500 10d 0.47 0.48
dextran 1 0.750 0.750 10e 0.71  0.69
dextran 1 1.000 2.000 10f 090 0.93
dextran 1 2.000 3.000 10g 1.45 1.44
dextran 1 3.000 1.000 10h 2.01 1.99
pullulan 1 0.125 0.125 11a 0.12 0.11
pullulan 1 0.250 0.250 11b 0.19 0.21
pullulan 1 0.375 0.375 11c 0.24 0.25
pullulan 1 0.500 0.500 11d 0.37 0.37
pullulan 1 0.750 0.750 11le 0.57 0.51
pullulan 1 1.000 1.000 11f 0.74 0.76

& Anhydroglucose unit; P degree of substitution, determined by means of UV-Vis
spectroscopy in DMA; ¢ degree of substitution, determined by means of 'H NMR
spectroscopy after perpropionylation.

proton signals of the AGU are visible in the range from 3.7 to 5.7 ppm (Fig.). The
well resolved '*C NMR spectrum (Fig.) allows the assignment of the carbon atoms
by comparison with spectra of both the methyl ester of 8 and dextran propionate
reported. 23 The NMR spectra prove the success of the functionalization with the
photoactive moiety. Moreover, the DS value can be calculated from the 'H NMR

spectrum out of the relation of the spectral integrals of the protons of the aromatic
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5.1. Photoactive polysaccharide esters

system (5.9 to 7.9 ppm) versus the CH; protons of the propionate moiety (1.0 ppm):

)

The DS values can also be calculated on basis of UV-Vis spectroscopic measure-

3 - ]H, 104+11+15+18

DS = (5.1)

1 1
1. H,104+11+15+18 n H,21
4 3

ments. Applying the methyl ester of 8 as reference compound a calibration curve
was obtained (Fig., which allows the determination of the concentration of the
photoactive moieties cp,,, in a solution of the polysaccharide 2-[(4-methyl-2-oxo-

2H-chromen-7-yl)oxy| acetates:
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Figure 17: a) 'H- and b) *C NMR spectra of perpropionylated dextran 2-|(4-
methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate (10c, DS 0.38) both aquired in acetone-
d6.
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photoactive polysaccharide derivatives
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Figure 18: a) UV spectra of 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy|acetic acid
methyl ester (8-Me) dissolved in N, N-dimethylacetamide at different concentrations.
b) Calibration curve calculated from the absorbance at wave length 320 nm as a
function of the concentration of 8-Me.

For a known mass concentration c, the concentration of modified anhydroglucose

units (AGU), ¢,y can be calculated:

Cw — CPhoto(MPhoto - MH)

Macu

CAGU — (53)

Combining the results of eq. (5.1]) and (5.3)) the DS of photoactive 2-[(4-methyl-2-

oxo-2 H-chromen-7-yl)oxy| acetate moieties can be obtained:

DSPhoto = CPhoto (54)
CAGU

It is important to note that the DS values calculated on basis of NMR- and
UV-Vis spectroscopic measurements agree very well (Tab.. In comparison, UV-
Vis spectroscopy is a much faster method and lower DS values can be accurately
determined. The NMR spectroscopic determination of the DS according to eq.[5.]]
requires an additional functionalization of the polymer (perpropionylation) and its
sensitivity is at least one order of magnitude lower. However, the prerequisites for
the UV-Vis spectroscopic determination of the DS in general are a high purity of the
polymer (other chromophores must not be present), the polymer must be soluble in a

solvent, which is appropriate for UV-Vis spectroscopy at the desired wavelength, and
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5.1. Photoactive polysaccharide esters

the absorption characteristics must not be changed by the linkage to the polymer

compared to the model compound.

The knowledge of the DS as an average parameter allows a more detailed analysis
of the structure of the polymers 9-11. Fig.[I9h shows the 3C NMR spectra of
cellulose 1 dissolved in DMSO-d6/tetrabutylammonium fluoride and cellulose 2-
[(4-methyl-2-0x0-2 H-chromen-7-yl)oxy|acetate 9e in DMSO-d6. Again, all signals
could be assigned by two dimensional measurements (HSQC-DEPT, TOCSY) and
comparison with the spectra of the methyl ester of 8. The spectrum of 9e reveal the
success of the esterfication with the photoactive moiety. As discussed above, the 13C
resonances of the coumarin moiety (C9-C18) are visible in the range from 162 ppm
to 102 ppm. The signal of C18 appears as shoulder beside the resonance of C1 of
the repeating unit. The signal of the methylene group of the acetate linker (C8)
overlaps with the resonances of C3 and C5 at about 75 ppm and the resonance of the
methyl group (C14) appears at about 18 ppm. The direct comparison of the spectra
of cellulose and 9e shows that the signals of C2-C5 are almost unaffected, while a
shift of C6 to lower field (C6s) is visible after the esterification. Although it is not
possible to give an exact measure from *C NMR spectra as it is possible from the
spectral integrals of proton NMR, the relative intensities of the signals of C6 and C6s
reveal that both species appear in almost same quantity. Keeping in mind that the
DS of the sample measured is about 0.38 it may be concluded that the esterification
takes place predominantly at position 6 of the repeating unit. However, the small
peak appearing at about 100 ppm (assigned to Cl,,) indicates also a esterification of

the hydroxyl groups at position 2, although the resonance of C2s is not resolved.

The direct comparison of the spectra of dextran and 10c also reveals the success
of the functionalization (Fig.[19p). The peak at about 100 ppm (assigned to C1,,)
and the signal at 77 ppm (assigned to C2s) prove the ester linkage at position 2.
However, compared to cellulose no preference of the esterification for the hydroxyl
groups at any specific position can be concluded, since the resonances of C3 and C4

or C3s and C4s cannot be resolved under the measurement conditions applied.

Pullulan and the corresponding polymer 11d display even more complex *C
NMR spectra (Fig.[19). The single positions of the three different a-(1—4) linked
AGUs, which are joined by a-(1—6) linkages to the maltotriosyl repeating units,
have an individual chemical shift. Therefore, 18 signals appear already in the *C
NMR spectrum of pullulan and various additional resonances related to the polymer

backbone appear in case of functionalization. However, the most significant changes
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Figure 19: *C NMR spectra of a) cellulose recorded in DMSO-d6 / tetrabutylammonium fluoride (TBAF) , b) dextran

(D,0), ¢) pullulan (D,0) and the corresponding polysaccharide 2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy| acetates 9e, 10c,

and 11d all with a DS of 0.38 (DMSO-d6). Numbering of the substituent according to Em.E
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in the spectra allow more detailed conclusions about the structure of 11d and thus
reveal some trends for the functionalization of pullulan. For example, it can be
noticed that the functionalization of primary hydroxyl groups located in position
C6), and C6, results in a similar shift to lower field (C6, ,s) as described above for
cellulose. The signals of C6, Je and C6, /S have almost the same relative intensities
and again, it can be concluded (keeping in mind the uncertainties mentioned above)
that esterification of the primary hydroxyl groups is preferred. However, the signal
assigned to Cl,, at about 100 ppm is more pronounced than in case of cellulose and
the resonance assigned to C2s is clearly visible at about 76 ppm. In difference to
the spectrum of 10c it can be noticed that this signal consists of three individual
peaks that maybe result from the different AGUs of pullulan. The field strength
applied for the NMR measurements is to low for a definitive assignment by two
dimensional measurements of the derivative 11d. Nevertheless, from lower to higher
field the order C2,s, C2,s and C2 s can be assumed, since signals resulting from the

corresponding carbon atoms of the unmodified pullulan appear in that order.

5.2. Synthesis of photoactive polysaccharide polyelectrolytes

Among the enormous diversity of polysaccharide derivatives polysaccharide-based
polyelectrolytes are of great practical and academical interest.?3 For example,
polysaccharide sulfates (PSS) are an abundant class of naturally occurring carbohy-
drate compounds containing anionic sulfuric acid half ester moieties. As recently
highlighted, they are widespread structure forming materials and play an important
regulatory role in living organisms. Moreover, they possess a number of biologi-
cal activities, making them promising antimicrobial or antiviral agents and potent
pharmaceuticals e.g. for prevention of blood coagulation and inflammation reac-
tions. %8 Semi-synthetic PSS, derived from homopolysaccharides such as dextran
or cellulose, can mimic the beneficial properties of naturally occurring substances
but have the advantage that they are available in larger quantities with defined

y I56I59I60] - The following subsection is focusing on

structural features and purit
the synthesis of photoactive polysaccharide sulfates starting from the dextran and
pullulan 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetates 10, and 11 described in
section[5. Il The aim was to obtain multifunctional derivatives that should be able to
respond to disparate stimuli, namely ionic strength and light, and thus allow the

photocontrol of solution properties or the control of properties of modified surfaces.
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5.2.1. Mixed 2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy]acetic acid- sulfuric

acid half esters of dextran and pullulan

Several homogeneous and heterogeneous synthesis pathways for sulfation of polysac-

25l In all cases the strongly acidic protonated form of

charides have been developed
the sulfuric acid half ester must be converted to its sodium salt, to avoid the auto
catalytic hydrolysis of the ester moieties and chain degradation of the polysaccharide
backbone. A gentle method to produce well-defined polysaccharide sulfuric acid half
esters is the application of SO; complexes of organic bases (e.g. pyridine) or aprotic

dipolar solvents like N, N-dimethylformamide (DMF). 156611

Synthesis

In the present work the easily manageable SO, /DMF complex was applied as reagent
for the sulfation of the polysaccharide esters 10a-f and 11a-f (Fig.. By carrying
out the reaction under homogeneous conditions in DMF as solvent, an uniform
distribution of the sulfate moieties along the polymer chain can be guaranteed. 150l
Therefore, water soluble products were obtained even at low DS values of sulfate
groups (DSgg,n,). The proton scavenger 2-methyl-2-butene was added to prevent
undesired polymer degradation and as can be noticed from the values summarized in
Tab.[§] the cleavage of the 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy|acetate moieties
was prevented (DSpy,, remains constant). The DSgq,y, Was adjusted by varying the
molar ratio of modified AGU to sulfating agent and thus the hydrophilic/hydrophobic
balance of the resulting mixed polysaccharide esters was controlled. However, the
exact value of DSqq,y, is depended on the reaction conditions as well as on the
DSpy40 Of the initial polysaccharide ester. The DSqq .y, values increase in case of all
samples with increasing molar ratio of modified AGU to SO;/DMF complex from
1:1 to 1:3. Moreover, a higher DS, ., of the initial polysaccharide ester lead to
products with an increased DSgq_y, until a limiting DSp, ., is exceeded. For example,
DSg0,na increases from 0.24 to 0.69 if the polysaccharide esters 10a-e (DSpy,, 0.12
to 0.71) are converted to the corresponding mixed 2-[(4-methyl-2-oxo-2 H-chromen-7-
yl)oxylacetic acid- sulfuric acid half esters applying equimolar amounts of SO;/DMF
complex (samples 12al-12el). In contrast, the DSgq y, value of sample 12f1 is
remarkable lower. The same behavior can be observed in case of the conversion of the
pullulan esters 11a-f, but the limiting DSy, is about 0.25 and beyond this point

DSg0,n. starts to decrease again. The direct comparison of the DSqq, v, values of
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Figure 20: Synthesis scheme of the sulfation of the 2-[(4-methyl-2-oxo-2H-chromen-
7-yl)oxy| acetates of dextran (10) and pullulan (11) with SO;/DMF comlex in
N, N-dimethylformamide (DMF)

mixed 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxyl|acetic acid- sulfuric acid half esters
of dextran and pullulan, which were prepared starting from polysaccharide esters
with similar DSp, ., (e.g. 12b1-3 and 13el-3 prepared from 10b and 11e), reveals

a higher reactivity of pullulan.

Although it is difficult to give a definitive interpretation of the findings described
above, they need to be attributed to the properties of the starting polysaccharide
esters 10a-f and 11a-f. On one hand, it seems contradictorily that the DSgq, y,
is increasing when the DSy, . of the initial polymer increases, since less hydroxyl
groups are available for modification. On the other, aspects like polymer interactions
and the conformation of the polymers chains must be considered. For example, at
lower DSp, ., more intra- and intermolecular hydrogen bonds can be expected. As a

consequence the flexibility of the polymer chains is reduced and the solvating power
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of DMF might be not high enough to guarantee a molecularly dispersed solution
of the polymers. Both effects reduce the accessibility of the hydroxyl groups for
modification. At higher values of DSp, ., hydrogen bonding is less pronounced and
the number of hydroxyl groups available become the ruling parameter and thus
the DSqq,y, values decrease. The differences in reactivity of dextran and pullulan
may arise from the different primary structure. The higher DSgq,\, values of the
pullulan samples can be explained by the higer reactivity of the primary hydroxyl
groups, which are present in the polymer. Moreover, the different glycosidic linkages
in pullulan (a-(1—4) and a-(1—6)) might affect hydrogen bonding and flexibility in

the terms mentioned above.

Table 8: Conditions for and results of the sulfation of the 2-[(4-methyl-2-oxo0-2H-
chromen-7-yl)oxy| acetates of dextran (10) and pullulan (11) with SO;/DMF comlex
in N,N-dimethylformamide (DMF) as reaction media.

Educt Molar ratio Product

No. DSpuye® AGUP SO,/DMF  No. DSpio® DSso,na

10a 0.12 1 1 12al 0.12 0.24
10a 0.12 1 2 12a2 0.12 0.53
10a 0.12 1 3 12a3 0.11 0.77
10b 0.25 1 1 12b1l 0.25 0.29
10b 0.25 1 2 12b2 0.24 0.54
10b 0.25 1 3 12b3 0.25 0.82
10c 0.38 1 1 12c1 0.38 0.47
10c 0.38 1 2 12c2 0.38 0.79
10c 0.38 1 3 12c3 0.38 1.06
10d 0.47 1 1 12d1 0.46 0.68
10d 0.47 1 2 12d2 0.46 1.06
10d 0.47 1 3 12d3 0.45 1.20
10e 0.71 1 1 12el 0.71 0.69
10e 0.71 1 2 12e2 0.70 1.04
10e 0.71 1 3 12e3 0.69 1.11
10f 0.93 1 1 12f1 0.91 0.41
10f 0.93 1 2 1212 0.91 0.79
10f 0.93 1 3 1213 0.90 0.75

2 Degree of substitution (DS) of photoactive 2-[(4-methyl-2-oxo0-2 H-chromen-7-yl)oxy]|
acetate moieties; ® modified anhydroglucose unit; ¢ DS of sulfuric acid half ester
(sodium salt) moieties.
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Table 8: Conditions for and results of the sulfation of the 2-|[(4-methyl-2-oxo-2H-
chromen-7-yl)oxy| acetates of dextran (10) and pullulan (11) with SO;/DMF comlex
in N,N-dimethylformamide (DMF) as reaction media (continued).

Educt Molar ratio Product

No. DSppye® AGUP SO,/DMF  No.  DSpuo® DSsona’

11a 0.12 1 1 13al 0.12 0.42
11a 0.12 1 2 13a2 0.11 0.84
11a 0.12 1 3 13a3 0.12 1.27
11b 0.20 1 1 13bl 0.20 0.50
11b 0.20 1 2 13b2 0.20 1.00
11b 0.20 1 3 13b3 0.20 1.37
11c 0.25 1 1 13cl 0.24 0.59
11c 0.25 1 2 13c2 0.25 1.15
11c 0.25 1 3 13c3 0.25 1.40
11d 0.37 1 1 13d1 0.37 0.45
11d 0.37 1 2 13d2 0.35 1.11
11d 0.37 1 3 13d3 0.36 1.38
11le 0.54 1 1 13el 0.54 0.44
1le 0.54 1 2 13e2 0.53 1.02
1lle 0.54 1 3 13e3 0.53 1.35
11f 0.75 1 1 13f1 0.74 0.39
11f 0.75 1 2 13f2 0.75 0.96
11f 0.75 1 3 13£3 0.73 1.34

2 Degree of substitution (DS) of photoactive 2-[(4-methyl-2-oxo-2 H -chromen-7-yl)oxy]|
acetate moieties; P modified anhydroglucose unit; ¢ DS of sulfuric acid half ester
(sodium salt) moieties.

Characterization

The degrees of substitution (DSpy,,, and DSgq,y,) of the mixed 2-[(4-methyl-2-oxo-
2 H-chromen-T7-yl)oxy|acetic acid- sulfuric acid half esters of dextran and pullulan were
calculated on the basis of elemental analysis and UV-Vis spectroscopic measurements
analogous to the procedure described in section[f.2] As well the content of sulfur as of

carbon was used for calculation, since it is difficult to obtain water free polysaccharide
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sulfates. For the UV-Vis measurements sample 8 was applied as reference compound
and the spectra of all compounds were measured in a boronic acid/borate Clark and
Lubs standard buffer solution at pH 9.

The structural characterization of the compounds 12 and 13 was carried out by
means of FTIR- and *C NMR spectroscopy. Fig.21] exemplarily shows the FTIR
spectra of pullulan 2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy| acetate (11d, DSp, .,
0.37) and of its sulfated derivative (13d3, DSpy, 0.37, DSgp,x, 1.38). In both
spectra typical signals arising from v,_ stretchings are visible at about 1720 cm !
and 1610 cm™!. The signal at 1720 cm ™! can be assigned to the carbonyl group of
the ester linkage of the coumarin chromophor (C7 according to F ig. and the
carbonyl group of the lactone like structure of the substituent (C16 according to
Fig. gives rise to the signal at 1610 cm™!. These signals prove the presence of
2-|(4-methyl-2-ox0-2 H-chromen-7-yl)oxy| acetate moieties and their covalent linkage
to the polymer backbone. In the spectrum of 13d3 two additional distinct signals

can be noticed. The first one at about 1260 cm™!

results from the 14550, stretching
of the sulfate groups and the second at about 1015cm™ from the corresponding

V(sy)SO, Vibration.

(9 [
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Figure 21 : IR spectra of pullulan 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate
(11d,DSp),, 0.37, bottom) and sulfated pullulan 2-[(4-methyl-2-oxo-2 H-chromen-
7-yl)oxy] acetate (13d3, DSpy, 0.37, DSgp,n, 1.38, top); numbering of carbonyl

atoms see Fig.

Figure shows the 13C NMR spectra of pullulan (Fig.), pullulan 2-[(4-methyl-2-
oxo-2H-chromen-7-yl)oxy| acetate (11d, DSp,, 0.37, Fig.[22b), and sulfated pullulan
2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy]| acetate (13d3, DSp,,, 0.37, DSgp,x, 1.38,
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Fig.22c). In the spectra of 11d and 13d3 the typical signals of the 2-[(4-methyl-2-oxo-
2 H-chromen-7-yl)oxy| acetate moiety are visible indicating its covalent attachment
to the polymer backbone and the stability of the ester moieties during sulfation.
In Fig.22k a larger line width can be noticed resulting from the short lifetime
of longitudinal and transversal magnetization; a typical phenomenon observed in

polyelectrolytes caused by the electrostatic repulsion forces and thus a decrease in
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Figure 22: 3C NMR spectra of: a) pullulan (7) in D,O, b) pullulan 2-|(4-methyl-2-
oxo-2H-chromen-7-yl)oxy| acetate (11d, DSp,, 0.37) in DMSO-d6, c) sulfated pul-
lulan 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate (13d3, DSp,,, 0.37, DSgp, xa
1.38) in D,0.
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flexibility. Although these effects hamper a clear and definitive assignment some
general effects can be noticed. First, the group of signals at about 76 ppm, which can
be assigned to C2s are of much larger intensity than in the spectra of 11d. Moreover,
the signal arising from C6, Je is of very low intensity. Keeping in mind the discussion
on the limiting DSp, ., and the availability of hydroxyl groups to the modification
by SO;/DMF complex it can be assumed that the sulfation predominately occurs in

position 2 and 6 in case of pullulan.

5.2.2. Mixed 2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy]acetic acid-

(3-carboxypropyl)trimethylammonium chloride esters of cellulose

Cationic polyelectrolytes derived from polysaccharides also display unconventional
properties like protein-like oligomerizationP 8 and are currently in the focus of
research as flocculation agents in several industrial fields, %3 for self assembly onto
different surfaces, 164165 and for delivery of therapeutic or imaging agents. F57166]
This section describes the synthesis and characterization of multifunctional cellulose
derivatives bearing both photoactive 2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy|acetate

residues and cationic (3-carboxypropyl)trimethylammonium chloride ester moieties.

Synthesis

The photoactive cellulose esters 9a-f were allowed to react with (3-carboxypropyl)tri-
methylammonium chloride (14) in order to prepare the cationic photoactive cellulose
derivatives (15a-f, Fig.. As in case of the synthesis of 9a-f, CDI was applied
for the activation of the carboxylic acid 14 and the corresponding imidazolide was
added to 9a-f dissolved in DMA /LiCl. As summarized in Tab.[9] the molar ratio of
9:14:CDI of 1:0.5:0.5 yields DS values of the cationic group in the range from 0.19
to 0.36. Moreover, the DS of the photoactive group remains almost constant during
the second esterification. The products 15a-f are well soluble in water and aprotic
dipolar solvents including DMSO and DMF.

Characterization

The degrees of substitution (DSp,.,, and DS;, of all mixed 2-[(4-methyl-2-oxo-
2 H-chromen-7-yl)oxyl|acetic acid- (3-carboxypropyl)trimethylammonium chloride
esters of cellulose were calculated on the basis elemental of analysis and UV-Vis

spectroscopic measurements analogous to the procedure described in sectionfd.2] As
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well the content of nitrogen as of carbon was used for calculation, since the samples
are hygroscopic and therefore it is difficult to obtain them in a water free form. The

UV-Vis measurements were carried out as described in subsection[5.2.11
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Figure 23 : Synthesis scheme of the esterification of the cellulose 2-[(4-methyl-2-oxo-
2 H-chromen-T7-yl)oxy| acetates (9a-f) with (3-carboxypropyl)trimethylammonium
chloride (14) in N,N-dimethylacetamide (DMA)/LiCl

The structural characterization of the compounds 15a-f was carried out by means
of 13C NMR spectroscopy. Fig.[24]exemplarily shows the '*C NMR spectra of cellulose
(1) dissolved in DMSO-d6/tetrabutylammonium fluoride (Fig.[24h), cellulose 2-[(4-
methyl-2-oxo-2H-chromen-7-yl)oxy|acetate 9e in DMSO-d6 (Fig.24b), and the mixed
2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy|acetic acid- (3-carboxypropyl)trimethylam-
monium chloride ester of cellulose 15e in DMSO-d6 (Fig.24k). All signals could be
assigned by two dimensional measurements (HSQC-DEPT, TOCSY) and comparison
with the spectra of the methyl ester of 8 and 14, respectively. In the spectra of 9e
and 15e the typical signals of the 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate
moiety are visible indicating its covalent attachment to the polymer backbone and
the stability of the ester moieties during the cationization reaction. In the spectrum
of the polyelectrolyte (Fig.24k) again a larger line width could be noticed for the
reasons mentioned above. However, all 1*C resonances of the 3-carboxypropyl)tri-
methylammonium chloride ester are visible. The signal arising from the C-atom of
the carbonyl group of the linking ester moiety (C19) is visible at 172 ppm and the
resonance of the methylene group C21 appears at 30 ppm. The signals of the other
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methylene groups of the propyl spacer C20 and C22 overlap with the resonances of
the repeating unit (C2, 3, 5) from 70-77 ppm and the methyl group C23 at 53 ppm
respectively. From the NMR spectra of 15e is obvious that esterification with 14
predominately takes place in position C6 as described in discussion on the structure
of 9e (sectio, page). The relative intensities of the resonances assigned to
C6 and C6s are roughly in agreement with the total DS of 0.75. Moreover, the signal
assigned to Cl,, have almost the same intensity as in the spectrum of 9e indicating

that no further functionalization at position 2 occurs.

Table 9:
acetic acid- (3-carboxypropyl)trimethylammonium chloride esters of cellu-
lose|Conditions for and results of the synthesis of mixed 2-[(4-methyl-2-oxo-2H-
chromen-7-yl)oxy|acetic acid- (3-carboxypropyl)trimethylammonium chloride esters of

cellulose (15a-f) via activation of (3-carboxypropyl)trimethylammonium chloride (14)
with N,N-carbonyldiimidazole (CDI) carried out in N, N-dimethylacetamide/LiCl

Educt Molar ratio Product
No. DSppoi0” AGUP CDI 14 No. DSpioio® DSq4¢

9a 0.06 1 0.5 05 15a 0.05 0.19
9b 0.16 1 0.5 0.5 15b 0.16 0.34
9c 0.25 1 0.5 05 15¢c 0.25 0.32
9d 0.33 1 0.5 0.5 15d 0.32 0.34
9e 0.38 1 0.5 0.5 15e 0.37 0.36
of 0.49 1 0.5 0.5 15f 0.48 0.35

2 Degree of substitution (DS) of photoactive 2-[(4-methyl-2-oxo0-2 H-chromen-7-yl)oxy]|
acetate moieties; ® modified anhydroglucose unit; ¢ DS of sulfuric acid half ester
(sodium salt) moieties.
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Figure 24 : 3C NMR spectra of: a) cellulose (1) in DMSO-d6 / tetrabutylammo-
nium fluoride (TBAF), b) cellulose 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate
(9e, DSpy,oi0 0.38) in DMSO-d6, ¢)mixed 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy|a-
cetic acid- (3-carboxypropyl)trimethylammonium chloride esters of cellulose (15e,
DSppoto 0-37, DSy, 1.38) in in DMSO-d6.
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6. Preparation of nanoparticles from photoactive

polysaccharide esters

Cellulose esters like cellulose acetate are known since the middle of the 19*" century
and were commercially produced since roughly hundred years now. Edgar et al.
highlighted that in spite of their long history, there is still a substantial research
activity around cellulose esters and creative ways to exploit them in novel commer-
cial applications were found recently. F67168 The authors illustrate the conventional
shaping of cellulose esters and their performance in modern coatings, controlled
release applications, plastics, composites, optical films, and membranes. However,
nanostructures may possess properties that are dramatically different from their bulk
material and thus there is an emerging interest on the engineering of polysaccharide
based nanoassemblies during the last decade. ¥ Especially nanoscaled particles are
of certain interest for the application as nanomaterials, particularly for controlled
delivery of active principles. P01 Nevertheless, the hydrophilic character of many
polysaccharides applied for the preparation of nanoparticles so far makes it diffi-
cult to entrap hydrophobic substances such as certain drugs or dyes. Therefore,
polysaccharide esters decorated with a broad variety of functional ester moieties
came into focus for the preparation of nanoparticulate assemblies. For example,
pharmacologically active-, 67l sensor-, B! and reactive functionalities® ™ were
covalently attached to different polysaccharides via esterification and the resulting
hydrophobic derivatives were applied for the preparation of nanoparticles. Although
highly engineered, the derivatives and the particles obtained so far can be termed as
static or passive systems, since their properties are governed by the intrinsic polymer
properties and the preparation conditions. For example, the pH value for a drug
release can be predetermined by introducing acid labile acetal moieties into the
polymer structure. ™ However, neither the exact location nor the timing can be
adjusted to patient needs or the changing of physiological circumstances. A stimuli
responsive particulate system whose properties can be actively controlled would

for example allow a spatial- and temporal on-demand dosing independently from
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the administration. Therefore, the preparation of nanoparticles from photoactive

polysaccharide derivatives is a highly promising pathway for triggerable systems.

The current chapter first is focusing on some general aspects of the preparation
of nanoparticles from polysaccharide esters. The adaptation of different concepts
(emulsification-evaporation and solvent-displacement) known for the generation of
nanoparticles from hydrophobic polymers to the commercially available cellulose esters
including cellulose acetate (CA), cellulose acetate propionate (CAP), and -butyrate
(CAB) is described. The specific requirements, advantages, and disadvantages of the
different methods will be highlighted with respect to the properties of the particular
polysaccharide ester applied. In the second part the preparation of nanoparticles

from selected photoactive polysaccharide esters will be described.

6.1. Nanoparticles from conventional cellulose esters:

Evaluation of preparation methods

The two main concepts adapted for the preparation of nanoparticles from hydrophobic
cellulose esters, are the emulsification-evaporation process from a lipophilic solution
of the polymer and the solvent—displacement processes from a hydrophilic solution.
These techniques for nanoparticle generation can be divided in high- and low-energy
procedures, according to the mechanical and thermal energy applied. Depending
on the properties of the particular cellulose esters both procedures were applied
in order to provide a pool of nanoparticles meeting the specific aims of particular
applications. The method of emulsification-diffusion lies somewhere in between the
both other methods and this procedure will not be discussed in the following. For a
detailed survey about the theory of the preparation methods of organic nanoparticles

including polymeric particles the reader is referred to the excellent work from Horn

and Rieger. 178!

As conventional cellulose esters cellulose triacetate (16, CTA), cellulose acetate
(17, CA), cellulose acetate propionate (18, CAP), and cellulose acetate butyrate
(19, CAB) were applied. The compounds were characterized by means of 'H-NMR
spectroscopy after pernitrobenzylation ™™ and size exclusion chromatography. The

analytical values are summarized in Table[I0]
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methods

Table 10 : Degree of substitution (DS) and weight average molecular weight (My,)
of cellulose acetate (CA), cellulose acetate propionate (CAP), -butyrate (CAB), and
-phthalate (CAPh) samples applied in the current study.

No. Substance DS My©
[g/mol]
16 CA 2.952 304 000
17 CA 2.49* 97900
18 CAP 0.10/2.17* 191100
19 CAB 0.15/2.10* 57300

aDetermined by means 'H-NMR spectroscopy after pernitrobenzylation; Pdetermined
by means 'H-NMR spectroscopy after perpropionylation; °determined by means of
size exclusion chromatography with dimethyl sulfoxide as eluent.

6.1.1. Emulsification-evaporation process

The emulsification-evaporation process is a common method for the preparation of
water dispersed nanoparticles from water insoluble organic compounds including
hydrophobic polymers. Since the resulting nanoparticle formulations are effec-
tively based on nanometric-scaled emulsions the procedure is frequently termed as
nanoemulsion- or miniemulsion process. Anton et al. offer a comprehensive review
about the theoretical and practical aspects of the preparation of nanoemulsions and

the formation of nanoparticles thereof. 180

The basic procedure adapted in this work for cellulose esters can be described
as follows: In the first step the nanoemulsion template is generated by sonification
from a solution of the cellulose ester in a not water mixable volatile organic solvent
and a solution of polyvinyl alcohol as a stabilizing surfactant in water. Subsequently
the organic solvent is evaporated from the polymer containing nanodroplets and a
stable suspension of cellulose ester nanoparticles is generated (Figure. Typical
organic solvents applied for this procedure are chlorinated solvents in particular
dichloromethane (CH,Cl,). Therefore, only the cellulose triacetate 16, cellulose
acetate propionate 18, -butyrate 19 were used for the emulsification-evaporation

technique, which possess the required solubility in CH,Cl,.

Since the final nanoparticle properties are governed by properties of the nanoemul-
sion template the focus was on the optimization of particle properties by the directly

controllable formulation parameters of the emulsification. Tab.[11] summarizes the
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cellulose ester
_|_

(organic compound % E
CH »Cl,

|

(loaded) cellulose ester nanoparticles
in aqueous PVA solution

Figure 25: Principle of the preparation of cellulose ester nanoparticles by
emulsification—evaporation process applying dichloromethane (CH,Cl,) as organic
solvent and polyvinyl alcohol (PVA) as stabilizer; adapted from Hl

conditions applied for emulsification-evaporation of 16 and the properties of the
nanoparticles obtained. A first set of experiments was carried out to determine the
quantity of energy of sonification, which is necessary to create nanoparticles (Tab.
16a-d). It turned out that below 100 W no nanoemulsion and thus no nanoparticles
are obtained. Obviously the energy provided mostly dissipated, generating heat and
being wasted in viscous friction. 18!l Therefore, the additional free energy needed
to generate the enormous interfacial area of the nanoemulsion is not obtained. An
energy of sonification above 100 W finally yields particles of a size approximately
250nm (16a) and there are no remarkable effects on the size in case of a further
increase of the energy. However, applying 150 W a minimum of particle size (206 nm)
is reached and the most uniform particles are obtained (PDI 0.049). Therefore, this
energy was used in all further experiments. The time of sonification was the second

formulation parameter, which was optimized (Tab.[11] 16e-k). It turned out that
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the minimal time needed for the generation of a nanoemulsion template is about
5sec and the resulting particles have a size of approximately 250 nm (16e). An

increase of sonification time to 10sec reduces the droplet- and thus the nanoparticle

Table 11 : Conditions for and results of the preparation of nanoparticles (NP) from
cellulose triacetate (CTA, 16), cellulose acetate propionate (CAP, 18), and cellulose
acetate butyrate (CAB, 19) by emulsification-evaporation; not water mixable organic
solvent: dichloromethane (CH,Cl,); aqueous phase: polyvinyl alcohol (PVA, 3% w/v,
My =13 000-23 000 g/mol).

No. Preparation conditions NP properties®

E  tonification ™16 Vemwc, Veva Z-average  PDI

(W] [sec/ [mg] [mL] [mL|]° |nm]
16a 100 10 25 1 2 249 0.095
16b 125 10 25 1 2 256 0.056
16¢c 150 10 25 1 2 206 0.049
16d 175 10 25 1 2 246 0.051
16e 150 5 25 1 2 242 0.039
16f 150 15 25 1 2 206 0.017
16g 150 20 25 1 2 209 0.023
16h 150 25 25 1 2 211 0.020
16i 150 30 25 1 2 204 0.023
165 150 35 25 1 2 208 0.021
16k 150 40 25 1 2 208 0.035
161 150 10 5 1 2 203 0.033
16m 150 10 10 1 2 200 0.043
16n 150 10 15 1 2 213 0.026
160 150 10 20 1 2 212 0.036
16p 150 10 30 1 2 218 0.031
16q 150 10 35 1 2 241 0.046
16r 150 10 40 1 2 250 0.033
16s 150 10 50 1 2 250 0.027
16t 150 20 250 10 20 253 0.052
18a 150 10 25 1 2 210 0.054
19a 150 10 25 1 2 215 0.060

# Mean values of whole sample determined by dynamic light scattering using cum-
mulants method assuming spherical particle shape; P pulsed ultrasound (1s puls
followed by 0.5s stop); © after sonification all samples were diluted 3:10 with PVA_
(0.3% w/v).
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size by about 20% (16c, 206 nm). However, a further increase has almost no effects
on size and distribution and since longer sonification times might have negative
consequences (e.g. degradation) 10sec was considered as most efficient sonification
time. In order to study the effects of the amount of cellulose ester applied for the
emulsification-evaporation the concentration of the polymer solution was varied from
5 to 50 mg/mL (Tab.[I1] 16l-s). A trend of an increasing size of the final particles
with increasing polymer concentration became obvious. Nevertheless, the absolute
values of particle size change only about 20% (from ~200 to &~ 250) while the polymer
concentration was ten times higher comparing sample 161 and 16s. Finally, one
experiment applying a larger quantity of 16 and larger volumes of CH,Cl, and PVA
solution was carried out to evaluate the possibility to produce larger amounts of
nanoparticles (16t). The particles obtained have a size and distribution very similar
to the particles obtained by the smaller scaled experiments. From the direct compari-
son of the samples prepared under the same conditions from the the different cellulose
esters (16¢, 18a, and 19a) it can be noticed that the particle size and distribution
is almost independent from the cellulose ester used for the emulsification-evaporation

technique.

6.1.2. Solvent-displacement

The spontaneous particle formation by solvent-displacement is an alternative to
the energy extensive formation of o/w emulsion by mechanical homogenization
as preliminary stage of the nanoparticle formation. The techniques of solvent
displacement are are also known as nanoprecipitation, osmosis based precipitation, or
solvent shifting. 82184 The particle formation is usually explained by an interfacial
deposition of the polymer, initiated by boundary layer concentration fluctuations
during the displacement of a water mixable organic solvent from the polymer solution
(Figurel26). P9 Practically, solvent-displacement can be carried out applying dialysis

or a simple dropping technique.

Dialysis

Dialysis is based on the use of a physical barrier (dialysis membrane) that allows the
passive transport of solvents and on the slow mixing of the polymer solution with the
nonsolvent. The resulting solvent mixture is progressively less able to dissolve the
polymer and the increasing interfacial tension drives the macromolecules to aggregate

and finally precipitate as particles. ¥ When the precipitation process is slow enough
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a so-called equilibrium morphology is reached, corresponding to the minimal free
energy of the system. Thus, in the experiments reported in this work dialysis lead to
spherical particles, since the most important thermodynamic parameter is the free
interface energy. However, other shapes including disks, sponges and tubular rods

are reported in literature as well. 1844186l

cellulose ester

+
(organic compound) % E water
+
DMA or (CH3)2CO \l/
Solvent
Solvent
.. macroscopic
interface

Solvent
Solvent

spontaneous palrtlcle formation
by mterfaaall precipitation

(loaded) cellulose ester nanoparticles in water

Figure 26: Principle of the preparation of polysaccharide nanoparticles by the
solvent-displacement process, applying N, N-dimethylacetamide (DMA) or acetone
as organic solvent, adapted from 178!

The properties of the particles obtained by solvent-displacement in general and
dialysis in particular are governed by the intrinsic physicochemical characteristics of
the system. Namely the solvent solvation power, the hydrophobic-hydrophilic balance
of the polysaccharide ester, and the polymer concentration have an influence on the
particle formation and properties as well as on the particle morphology. Since the
number of solvents that is applicable for dialysis is limited this work focusing on the

polymer concentration and and the hydrophobic-hydrophilic balance as parameters
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for the control of the particle properties. For this purpose, 16 and 17 were dissolved
in N,N-dimethylacetamide and dialyzed against the non-solvent water. Fig.[27] shows
the dependency of the particle size (z-Average) and the polydipersity index (PDI)
as a measure of the size distribution on the mass concentration (c,) of the initial
polymer solution. It can be noticed that in case of 16 (Fig.) the particle size
increases from /230 to ~320 nm when increasing the polymer concentration from 1
to 6 mg/ml. Simultaneously the PDI increases from 0.090 to 0.164. Above the critical
overlap concentration ¢*, which was determined by plotting the reduced viscosity
(Threa) OVer ¢, irregular precipitation occurs. In case of 17 (Fig.[27p) the particle size
and distribution increases from ~380 (0.077) to ~420 nm (0.098) until c¢* is reached.
Above c¢* larger particles are obtained and the PDI increases to 0.3, which indicates

the change from a narrow size distribution to a very broad one.

The phenomenon of the formation of nano-scaled particles by solvent-displacement
can be attributed to the nucleation of macromolecules due to concentration fluctua-
tions caused by the interdiffusion of water and the solvent DMA. The initial nuclei
tend to grow by capturing macromolecules from the solution. Simultaneously the
polymer solution becomes progressively more supersaturated, since the ratio of water
to DMA increases. Therefore the number of nuclei increases until they have frequent
encounters that cause their aggregation. ™3 As a consequence of this nucleation and
growth- and nucleation and aggregation mechanism the mean particle diameter and
the size distribution tend to increases with the initial concentration of the polymer
solution. The results of the dialysis of 16 and 17 can be explained by this model
very well until ¢* is reached. Beyond the ¢* entanglements between the polymer
chains are present and therefore macroscopic aggregates can be expected as it is
observed in the case of 16. The fact that in case of 17 still nanoparticles, albeit
with a broad distribution, are obtained may be attributed to the molecular mass
of 16 that is three times higher than that of 17. Thus the entanglements of the
polymer chains above ¢* may result in more drastic effects with respect to irregular
precipitation. However even in case of 17 macroscopic aggregates are obtained when
starting with a polymer solution with a concentration higher than 26 mg/mL. Beside
the different concentration dependency all particles obtained from 17 are larger than
those from 16 even when the same polymer concentration is applied. For example,
the particles obtained from a polymer solution with a concentration of 5mg/mL

yields particles of a size of ~310 and ~350 nm depending on if 16 or 17 was used.
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This finding can be attributed to the more hydrophobic character of 16 which tends

the particles to a more compact structure, which probably contains less water.

Dropping Technique

An alternative technique of solvent-displacement is the dropwise addition of water
to the dilute polymer solution under stirring. ™87 Since the organic solvent is not
removed during the nanoprecipitation as in case of dialysis, the application of volatile
solvents mixable with water is favored. Therefore, cellulose acetate with a DS of 2.49
(17), which is soluble in acetone, was utilized to evaluate this technique. Since the
mechanism of nanoprecipitation by dropwise addition of the nonsolvent is assumed to
be similar to that of dialysis, the same dependency on ¢* can be expected. The value
of ¢* of 17 in acetone was determined to be 14 mg/mL and all further experiments
were carried out applying less concentrated polymer solutions to prevent any effects
related to polymeric entanglements. Comparing to dialysis, the dropping technique is
a more efficient path for the preparation of larger quantities of nanoparticles because
of the low price and low toxicity of acetone compared to DMA. Furthermore, no
dialysis membrane is needed. However, beside the concentration of the polymer
solution two other formulation parameters namely the water/acetone ratio and the
rate of water addition need to be controlled. Table[I2] summarizes the conditions for
and results of the preparation of nanoparticles from 17 by the addition of water to

the polymer solution.

A first set of experiments was carried out to evaluate the influence of the ratio of
water to acetone. For this purpose, the total volume of water added to a fixed volume
of polymer solution (20mL) was varied. It turned out that at all concentrations
applied the size of the final particles increases with increasing amount of water added.
This holds true until a certain water acetone ratio is reached and than no further
increase in size can be observed. The direct comparison of the samples 17g-1 (CW”
6mg/mL) and 17m-r (cy,, 4mg/mL) suggests that amount of water needed to
reach the final particle diameter decreases with decreasing polymer concentration.
Moreover, the the absolute value of the final diameter decreases as well. This tendency
can not be assumed as a sure fact, since the samples 17s-x (cyy,, 2mg/mL) show
no regular trend. In further experiments the influence of the rate of water addition
was varied. By comparing samples 17a-f (5mL/min) and 17g-1 (10 mL/min) it

can be noticed that a faster addition yields smaller particles. Since it is difficult to
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Figure 27 : Dependency of the particle size (z-Average) and polydispersity index (PDI) of nanoparticles obtained via dialysis
(top) and reduced viscosity (7,4, bottom) on the concentration of a) cellulose triacetate (16) and b) cellulose acetate (17,
DS 2.49) dissolved in N,N-dimethylacetamide; ¢* denotes for the critical overlapping concentration.
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guarantee an instant mixing of polymer solution and the water added, higher rates

of water addition gave no reproducible results and are not reported for that reason.

Table 12: Conditions for and results of the preparation of nanoparticles (NP) from
cellulose acetate with a DS of 2.49 (17) by the addition of water to a polymer
solution; water mixable organic solvent: acetone ((CH,),CO).

No. Preparation conditions NP properties®

my7 Viem,co Vmo Tate of addition Z-average PDI

[mg] [mL| [mL [mL /min]| [nm]
17a 120 20 20 5 310 0.066
17b 120 20 30 5 334 0.073
17¢ 120 20 40 5 362 0.080
17d 120 20 50 5 403 0.111
17e 120 20 60 5 425 0.112
17f 120 20 70 5 422 0.132
17g 120 20 20 10 285 0.065
17h 120 20 30 10 294 0.074
171 120 20 40 10 295 0.061
17j 120 20 50 10 330 0.099
17k 120 20 60 10 328 0.104
171 120 20 70 10 337 0.072
17m &0 20 20 10 226 0.086
17n &0 20 30 10 293 0.089
170 80 20 40 10 310 0.104
17p 80 20 50 10 314 0.138
17q 80 20 60 10 307 0.090
17r 80 20 70 10 294 0.072
17s 40 20 20 10 281 0.132
17t 40 20 30 10 326 0.189
17u 40 20 40 10 240 0.135
17v 40 20 50 10 308 0.125
17w 40 20 60 10 250 0.231
17x 40 20 70 10 712 0.619

# Mean values of whole sample determined by dynamic light scattering using cum-
mulants method assuming spherical particle shape.
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6.1.3. Conclusions

Comparing the methods of emulsification-evaporation and solvent-displacement,
different advantages and disadvantages can be concluded. In case of emulsification-
evaporation very small and uniformly (even monomodal) distributed particles can
be obtained very fast and with an excellent reproducibility. The high concentrations
that are applicable allow to prepare large amounts of nanoparticles very efficiently.
However, the need of chlorinated solvents and stabilizing agents such as polyvinyl
alcohol are the main drawbacks of this method in particular if biomedical applications
are considered. Moreover, the thermal treatment of the initial nanoemulsion in
order to generate the nanoparticles might have undesirable effects if polysaccharide
derivatives are applied, which are more sensitive than cellulose acetate. Last but
not least, ultrasonic treatment of polysaccharides and polysaccharide derivatives is
known to induce polymer degradation. ™8 The solvent-displacement by dialysis or
dropping technique is very easy to use and yields small narrowly distributed particles
as well. Compared to emulsification-evaporation, the properties of the particles
obtained by solvent-displacement are much more dependent on the concentration
of the initial polymer solution. In particular, high a concentration above c¢* is not
applicable for the preparation of nanoparticles by dialysis and dropping technique.
Moreover, solvent-displacement is much more dependent on the polymer properties.
From the direct comparison of dialysis and dropping technique, it can be concluded
that the latter is much faster and the use of an expensive dialysis membrane can be
avoided on one hand. On the other, a thermal treatment of the samples is required
if the organic solvent needs to be removed in case of the dropping technique, while

dialysis yields solvent free particles from the outset.

6.2. Nanoparticles from highly substituted dextran
2-[(4-methyl-2-ox0-2H-chromen-7-yl)oxy] acetates

On the basis of the experience gained during the experiments described in the
previous section, dialysis was applied simple and mild method for the preparation of
nano-scaled particles from the photoactive dextran 2-[(4-methyl-2-oxo-2 H-chromen-
7-yl)oxy| acetates 10a-h. The dextran samples were chosen for this experiments,
since a broad DS range including highly substituted derivatives is accessible very
efficiently. At first ¢* of the samples 10a and 10h in DMA was determined to be

9mg/mL and 11 mg/mL, respectively, and it was assumed that the ¢* values of
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10b-g are in the same range. Therefore, a concentration of 4 mg/mL was applied for
dialysis to prevent any effects related to polymeric entanglements described above
(subsection[6.1.2). Table[L3|summarizes the results of the preparation of nanoparticles
from 10a-h via dialysis from DMA. It can be noticed that the diameter and the
size distribution of the particles decreases with increasing DS. Below a DS of 0.38
(samples 10a-b) no nanoparticles but irregular precipitation can be observed. In
Fig.[28] scanning electron microscopy (SEM) images of the particles obtained from
10c and 10h are shown as representative examples. In accordance with the expected
equilibrium morphology of hydrophobic particles in aqueous media both samples
exhibit spherical particles which posses a minimal free interface energy. The trend of
a decrease of the average particle size with increasing DS can also be noticed in the
SEM images. Eye-catching is the more uniform distribution of the particles obtained
from 10h compared to those obtained 10c. This finding qualitatively corresponds
to the change of the PDI from 0.224 to 0.076 which was observed by dynamic light

scattering.

Table 13: Conditions for and results of the preparation of nanoparticles from
dextran 2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetates (10a-h) via dialysis; water
mixable organic solvent: N, N-dimethylacetamide; concentration of polymer solution:
4mg/mL.

NP properties®

No. DS Z-average PDI
[nm]

10a 0.12 _ ]
10b 0.25 - -
10c 0.38 456  0.224
10d 047 314 0.135
10e 071 238  0.112
10f 090 213 0.098
10g 145 198  0.075
10h 201 150  0.076

& Mean values of whole sample determined by dynamic light scattering using cum-
mulants method assuming spherical particle shape.
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Figure 28: SEM images from nanoparticles obtained by dialysis of dextran [(4-
methyl-2-oxo-2H-chromen-7-yl)oxy|acetates with a DS of a) 0.38 (10c) and b) 2.01
(10h).
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The 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate moieties, which were linked to
different polysaccharides during the work reported in this thesis (see chapter[)), are
typical coumarin-type chromophores. As pointed out by Trenor et al., the coumarin
family attracts an increasing interest for the application in polymeric materials
due to its intriguing photochemical and -physical properties. 4 In particular, the
fluorescence properties and the reversible photodimerization of coumarins provide
the basis for novel applications including light harvesting and photo-cross-linkable
tissue scaffolds. The light-induced processes of coumarins are summarized in Fig.[29
As a result of irradiation (usually) with UV-light the excited singlet state is formed.
The energy gained can be released either radiatively via fluorescence and after
inter-system-crossing by phosphorescence or is consumed by a 27427 cycloaddition
reaction of the excited coumarin with a further ground state molecule.

As shown in Fig.[30] the photodimerization leads to four different dimers depending
on the light intensity, the solvent, and the coumarin concentration. ™ The structures
obtained are termed for their stereo chemistry as syn-/anti- and head to head/head

to tail dimers. The syn-/anti- nomenclature refers to the position of the former

h-v"
(Phosphorescence)
h-v ISC
C(S0) - 'C*(S1)——=3C*(T1)
h-v'
F
(Fluorescence) +C(S0) C(50)
syn dimers syn dimers

Figure 29: Schematic presentation of the light-induced processes of coumarin-type
chromophores; C: coumarin in ground state; C*: coumarin in exited state; S: singlet
state, T: triplet state, ISC: inter-system-crossing, adapted from Trenor et al. 8
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coumarin moieties relative to the plane of the formed cyclobutane ring (same or
opposite side) and the term head to head/head to tail- refers to their positions
relative to each other. While the syn-adducts are formed from the excited singlet
state (S1) the anti-dimers are obtained from the triplet state (T1). Therefore, the
formation of syn-dimers is preferred in polar solvents, since the excited singlet-state
dipole moment is stabilized. ™! On the contrary, the use of nonpolar solvents or
the addition of photosensitizers such as benzophenone lead predominately to anti-
photodimers. F92193] Tpy chlorinated solvents the lifetime of S1 is reduced by the heavy
atom effect resulting in an increase of the relative concentration of T1 and thus also
to a preferred formation of the anti-dimers. ¥ In solution the formation of the head
to head or the head to tail structure depends mainly on the concentration of the
chromophores while in solid state their alignment is of importance. 195!

The reversibility of the photodimerization of coumarins was discovered by Schenck

et al. in the late 1960s™ . However, the photochemical cleavage of the cyclobutane

Figure 30: Schematic presentation of the 27+27 cycloaddition of coumarin and
the resulting different isomers; a) syn —head to head —dimer; b) anti- head to head —
dimer; ¢) syn —head to tail —dimer; d) anti—head to tail —dimer.
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ring has not been studied as extensive as the dimerization reaction, since the shorter
wavelength required results in different problems. Namely the photodegradation
of the phenyl ring or the cleavage of the internal ester may occur. Therefore,
recent attempts focus on the cycloreversion of the coumarin dimers by two photon
absorption. 19l

The following sections describe the photochemical and photophysical behavior
of photoactive polysaccharide derivatives as well in solution as in nano-particulate
systems. Moreover, the insights into the morphology of the nanoparticles, provided

by fluorescence measurements, will be emphasized.

7.1. Photochemical and photophysical behavior of

photoactive polysaccharide derivatives in solution

The photochemical response of the cellulose-, dextran- and pullulan 2-[(4-methyl-2-
oxo-2 H-chromen-7-yl)oxy| acetates (9-11), the mixed 2-|(4-methyl-2-ox0-2 H-chrom-
en-7-yl)oxy|acetic acid- sulfuric acid half esters of dextran and pullulan (12-13), and
the mixed 2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxylacetic acid- (3-carboxypropyl)tri-
methylammonium chloride esters of cellulose (14) was studied by means of UV-Vis
spectroscopy. In case of 9-11 the perpropionylated derivatives were used in order to
provide solubility in solvents, which are transparent for UV light with A\ <300 nm
(e.g. acetonitrile). Since the photochemical behavior of 9-11, 12-13, and 14 is very
similar, one representative example will be discussed in the following.

Figure[31] shows the results of the UV-Vis spectroscopic investigation of the pho-
todimerization of the perpropionylated sample 10e. Before irradiation the spectrum
(Fig.[31h 0sec) shows the typical m — 7* 1B transition below 250 nm, the 7 — 7* 1L,
transition as a shoulder at 290 nm, and the 7 — 7* ' L; transition with a maximum
at 316 nm. ™7 Upon irradiation with UV-light (A=333nm) the absorption at 316 nm
decreases indicating the 2727 cycloaddition of the coumarin. Simultaneously the
absorption below 256 nm increases as can be noticed from the differential spectra
(Fig.). The isosbestic point at 256 nm indicates the uniformity of the reaction.
The kinetic of the photoreaction were studied by analyzing the time dependency of
the change of the absorption maximum at 316 nm (Fig.[31k). The graphical plot ac-
cording to k-t = % — ALO (Fig.) proves a second-order reaction kinetic as expected
for a bimolecular dimerization. Summing up the results obtained, it can be concluded

that the photochemical dimerization of the 2-|(4-methyl-2-ox0-2 H-chromen-7-yl)oxy]|
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acetate moieties linked to polysaccharides takes place very efficiently and can be
described very well.

The photocycloreversion of the dimers formed during the irradiation at 333 nm was
studied as well. UV-spectroscopy reveals that the initial coumarine chromophores
are recovered by the irradiation with UV light with a wavelength of 254 nm. Exactly
the reverse effects shown in Fig.[3Ip& b occur and the isosbestic point appears also
at 256 nm. However, the complete cycloreversion could not be proved since the light

sources available for the required wavelength provide not enough intensity.
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Figure 31 : Results of the UV-Vis spectroscopic investigation of the photodimer-

ization of the perpropionylated dextran 2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy]|

acetate 10e (DSp,, 0.71): a) UV-Vis spectra measured after different irradiation

times; b) differential spectra obtained from a) (same caption); ¢ time dependency

of the change of the absorption maximum at 316 nm; d) graphical analysis of ¢)
11

according to second-order reaction kinetics (k -t = 5 — A—O)

Preliminary experiments about the photocontrol of solution properties were carried
out by means of viscosity measurements. For this purpose, the reduced viscosity

of several solutions with different concentrations of 10e in DMA was determined
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before and after irradiation. As shown in Fig. the reduced viscosity (7),eq4) of the
unirradiated samples increases linearly until the critical overlap concentration (c*) is
reached. At ¢* (9.9 mg/mL) the slope of the increase becomes higher. In case of
the irradiated samples two different effects can be noticed in the concentration ranges
below and above c¢*. The viscosity of the solutions with a concentration above c¢*
increases drastically and above 14 mg/mL precipitation is observed. Interestingly, the

viscosity of the solutions with a concentration below ¢* decreases upon irradiation.
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Figure 32: Dependency of the reduced viscosity (7,e¢) on the concentration of
dextran 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate 10e in DMA (A) and
viscosity of the same samples after irradiation for 2h at 333 nm (m)

Keeping in mind that above ¢* there are frequent encounters between different
polymer chains and moreover entanglements might be present, the increase of the
viscosity and the precipitation upon irradiation of the solutions with ¢, > c¢* can
be understood intuitively as an intermolecular crosslinking. For the decrease of the
viscosity below ¢* it is difficult to give a definitive interpretation. It can be supposed
that the photodimerization of the [(4-methyl-2-oxo-2H-chromen-7-yl)oxy]| acetate
moieties predominantly takes place within one polymer chain at this concentration.
This may lead to a more compact polymer coil and thus a decrease of 7,.4. However,
a determination of the radius of gyration, e.g., via the Fox-Flory theory, seems not
reasonable since both plots tend to the same intrinsic viscosity. Therefore, additional
informations for example the molar mass determined by static light scattering are
needed for a more detailed understanding of the photochemical behavior of the

photoactive polysaccharide derivatives in solution.
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7. Photochemical and photophysical behavior

7.2. Light absorption and fluorescence for the
characterization of photoactive polysaccharide based

nanoparticles

The photophysical and photochemical characteristics of the particle suspensions
obtained via dialysis from dextran 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetates
10d (DS 0.47), 10f (DS 0.90), 10g (DS 1.45), and 10h (DS 2.01), were studied by
means of absorption- and fluorescence spectroscopy. The extinction (absorption -+
scattering) spectra were measured by placing the sample cuvette at the beam entrance
of an integrating sphere. This setup reduces the effects of scattering of light by the
nanoparticles significantly and thus the measured spectra are referred as absorption
spectra, 19l even though this is not the absorption in the physical correct sense.
The particle suspensions were adjusted to contain approximately equal amounts of
the polysaccharide derivatives by diluting them to 2% (v/v) and thus making it
possible to compare the absorbance values between different particle samples. The
absorbance spectra of the particles shown in Fig.[33p display the 7 — 7* transitions,
which are typical for 7-alkoxy coumarins (see above). The absorbance increases
with increasing DS, which is reasonable since there are more 2-|(4-methyl-2-oxo-2H-
chromen-7-yl)oxy| acetate moieties for the same amount of polymer. The absorption
maximum wavelength is the same (~320nm) for the particles from 10d, 10f and
10g and is slightly blue-shifted (317 nm) for particles obtained from 10h.

The fluorescence emission spectrum with a maximum at 399 nm of the particles
obtained from 10h is shown in Fig.[33p. The spectra of the particles obtained from
the derivatives with different DS are qualitatively similar. Nevertheless, a comparison
of the fluorescence intensities of different particle samples was not considered reliable,
since the different particles sizes and distributions (see section[6.2)) will cause different
scattering characteristics. The fluorescence excitation spectra of particles prepared
from 10d and 10h have a maximum at 320 and 317 nm, respectively. A comparison
of the absorption- and fluorescence excitation spectra indicates that the setup with
the integrating sphere produces precise results in the case of the smallest particles,
but as the particle size increases the scattering causes minor differences between the

absorption and fluorescence excitation spectra.

As pointed out, the fluorescence spectra of the different particle suspensions could
not give a reliable comparison of fluorescence efficiencies of the particles with varying

DS because of their different scattering properties. Therefore, the fluorescence decays
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polysaccharide based nanoparticles
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Figure 33: a) Absorption spectra of diluted nanoparticle suspensions (2 vol-%)
obtained via dialysis from dextran 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetates
10d (DS 0.47, solid line), 10f (DS 0.90, dash), 10g (DS 1.40 dot-dash), and 10h (DS
2.01, dot); b) fluorescence emission- (excitation wavelength 320 nm) and excitation
spectra (monitoring wavelength 400 nm) of nanoparticles from 10h.

were measured and as can be noticed from the direct comparison of the particles
prepared from 10d and 10h (Fig.), the decay becomes faster as the DS increases.

An optimal fit (minimized x?) of the decays according to
I(t) = ag+ Y a;e"/™ (7.1)
i=1

requires a 3-exponential model and the average fluorescence lifetime (7,,,) was

calculated as: ;

Tavg = (Z am)/(z a;) (7.2)

i=1 i=1
As shown in Fig.34b&c, the average fluorescence lifetime decreases moderately from
2.5 to 1.5 ns with increasing DS (0.47 to 2.01) or decreasing particle size (314 to
131nm).

Two factors are known from literature that can cause a severe decline in the
fluorescence quantum yield (or lifetime) of 7-alkoxy coumarins: aggregation in solid
state and less polar environment compared to water. B9 201 Sipce dextran is a
very hydrophilic polysaccharide, possessing three hydroxyl groups per repeating
unit, some relatively polar domains might be provided by the polymer backbone,
especially in the particles with low DS. The modification of the hydroxyl groups

with the hydrophobic chromophores decreases the polarity of the resulting derivative
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Figure 34: a) Fluorescence decay curves and their 3-exponential fits (I(t) =

3
aop + Y a;exp(—t/7;)) of particles obtained via dialysis from dextran 2-[(4-methyl-2-
i=1
oxo-2 H-chromen-7-yl)oxy| acetates 10d (DS 0.47, triangles, red line) and 10h (DS
2.01, squares, blue line), instrumental response shown as dotted line; b) average
3 3
fluorescence lifetime (740 = (> @;7;)/(D_ ai)) as function of the degree of substitution
i=1

i=1
(DS) and c) of particle diameter.

and increases the concentration of coumarin moieties. Thus a decrease of 7-alkoxy
coumarin fluorescence lifetime with increasing DS of the dextran derivative seems
reasonable. However, it is important to note that a high increase of the coumarin
DS, from 0.47 to 2.01 does not decrease the fluorescence lifetime excessively, which
indicates that a high amount of coumarins can be incorporated in the particles
without the loss of fluorescent properties. Moreover, it needs to be emphasized that
the average fluorescence lifetimes determined in case of the dextran 2-[(4-methyl-2-

oxo0-2 H-chromen-7-yl)oxy| acetate nanoparticles are in the range of the lifetime of
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polysaccharide based nanoparticles

the low molecular weight model compound 7-methoxy-4-methyl-2 H-chromen-2-one

20 in water (7 ~1.8ns).

The 3-exponential model used for the fit of the fluorescence decays is useful in
obtaining the average fluorescence lifetime, but assigning three separate fluorescence
lifetimes in a physically significant way is difficult. To get more information on the
nature of the emitting coumarin species in the particles and more detailed information
on the particle polarity and structure decay associated spectra from the particle
suspensions obtained from 10h was established by measuring the intensity decay
across the whole emission spectrum. It turned out clearly that the fluorescence

decays I(\,t) are not monoexponential. Therefore, different fits according to

n

I(At) =) a(N)el =™ (7.3)
were tested with respect to two criteria: fit quality in terms of weighted mean
square deviation (x?) and the meaningfulness of the fit. The values of x* should be
as close to one as possible and here values <1.2 were considered acceptable. The
two-exponential fit results in two components with fluorescence lifetimes of 1.4 and
4.4ns (Fig.3Bh), but this fit is of poor quality (Fig.[35d). The fit quality is improved
by adding a third exponential, and a further increase in the number of exponentials
did not improve the fit quality significantly. In the case of the three-exponential
fit, the spectra of the components with shorter lifetimes (<0.32 and 1.6 ns) have
very similar shapes. In addition, though the polymer and particle environment is
expected to alter the fluorescence lifetime of the coumarin molecules, three distinct
lifetimes (or environments) are difficult to define. A more reasonable assumption is
that the two shorter components obtained from the three-exponential fit are actually
presenting the same fluorescent species, which has a distributed lifetime. Therefore,

~t/77 was used to describe a lifetime distribution.?% In

a stretched exponential, e
this model the stretching parameter [ estimates the heterogeneity of the environment
of the fluorophore. The model returns to exponential when =1, and with decreasing
values of 3 the lifetime distribution becomes broader. Fitting the data only with
stretched exponential results in a very poor fit quality, but a combination of a
stretched exponential decay for the shorter lifetime and an exponential decay for the

longer lifetime according to

I(t) = ay - e gy o) (7.4)
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yields almost the same fit quality as in case of the 3-exponential model (Fig.).
Attempts to include a distribution in the longer lifetime did not result in significant
improvements of the fit and thus were omitted. The resulting decay associated
spectra (Fig.) reveal two components with lifetimes of 1.1ns (5 = 0.77) and
4.7ns. Since the spectra of the two components have different shapes two different
fluorescent species are confirmed in the particles, or in other words, the 2-((4-

methyl-2-oxo-2 H-chromen-7-yl)oxy) acetate chromophores are located in two different

microenvironments.
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Figure 35: Decay associated fluorescence spectra of particles obtained via dialysis
from dextran 2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate 10h (DS 2.01): data
analysis via a) two-exponential fit, b) three-exponential fit, and ¢) two-exponential
fit, where the shorter component is fitted with a stretched exponential; d) weighted
mean square deviation of the fits presented in a)-c).
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For a numerical analysis the distribution of the lifetime was be calculated from the
rate probability density function and its asymptotic form obtained by the saddle-point

method: 2031

aT a —a
d(k) = (kr) 5] lm k7
V2rk (7.5)
To
with a = and 7= ——
1-5 Bl —p)a

After the rate distribution is obtained, it can be converted to the lifetime distribution
by taking the inverse of the rate. The lifetime distribution calculated using the values
7o=1.1ns and §=0.77 is shown in Fig.[36] The distribution of the 4.7 ns lifetime
presented is calculated by approximating the distribution with a Gaussian a band
with width of 0.2 ns, which is taken from the error of the fitted lifetime.

5r

Relative contribution [%o]

7 [ns]

Figure 36 : Fluorescence lifetime distribution of particles obtained via dialysis from
dextran 2-[(4-methyl-2-oxo0-2 H-chromen-7-yl)oxy| acetate 10h (DS 2.01) calculated
on basis of two-exponential fit, where the shorter component is fitted with a stretched
exponential.

The area under the curves in Fig.[35c and Fig.[36] are in good agreement and
amounting the component with a lifetime of 1.1 ns to &84% of the total intensity.
Keeping in mind the lifetime of the low molecular weight model compound 20 to be
~1.8ns in water and ~0.3 ns in DMSO it can be concluded that this fluorophores face
a lower polarity compared to water, but yet a highly polar environment. Actually,
with the distribution taken into account, the 1.1 ns component presents coumarins
in a range of environments, varying from waterlike to relatively less polar. This

indicates that water is penetrating inside the particles which are assumed to be
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non-polar. The spectrum of the component with the longer lifetime (4.7ns) is
slightly red-shifted compared to that of the 1.1 ns component. As known from studies
of 20 an increase in polarity of the solvent yields a red-shift of the fluorescence.
Another possible reason for red-shifted fluorescence would be excimer emission,
which has been reported for coumarin derivatives linked to polymers and in cellulose
based host-guest systems. 224205 However, a broad excimer emission band would be
expected to appear at wavelengths longer than 420 nm. Both the longer lifetime and
the red-shift of the spectrum thus indicate that the 4.7 ns component belongs to
coumarins in an environment of higher polarity compared to the ones with 1.1ns
lifetime. Unexpectedly, the lifetime of 4.7 ns exceeds the value measured for 20 in
water and thus can need to be assigned to the chromophores located at the particle
surface, which possesses a negative surface charge as indicated by the negative zeta
(¢) potential.

Summing up the fluorescence measurements described above it is possible to draw
a tentative picture the nanoparticles prepared via dialysis from dextran 2-[(4-methyl-
2-0x0-2 H-chromen-7-yl)oxy| acetate 10h. First it can be concluded from the decay
associated spectra that the particles possess two domains with a medium (distributed)-
and a very high polarity. From the comparison lifetimes of the fluorescent species
located in these domains with a low molecular weight model it turned out that the
chromophores at the surface face a polarity, which is higher than water. This is
in accordance with the model of negative charged particle suggested by a negative
¢ potential. B7208 The shorter lifetime possess a distribution indicating that the
corresponding chromophores are located in environment of a polarity varying form
relatively unpolar to waterlike. This finding suggests that water is penetrating
into the particle interior. Therefore, the simple model of a hydrophilic shell and a

hydrophobic core suggested by previous studies need to be reconsidered. ¥

Beside the investigation of the particle morphology, the photocrosslinking of
the 2-((4-methyl-2-oxo-2 H-chromen-7-yl)oxy) acetate moieties in the particles was
studied by fluorescence spectroscopy. Fig.[37] shows the fluorescence spectra of
particles obtained via dialysis from dextran 2-[(4-methyl-2-oxo0-2 H-chromen-7-yl)oxy]|
acetate 10h (DS 2.01) before (solid line) and after 300 sec of illumination at 333 nm
(dashed line). The decrease of the fluorescence proves the reaction of the fluorescent
coumarine moieties to the non-fluorescent dimers. Moreover a blue-shift of 13 nm of
the fluorescence band is observed, which indicates that the coumarine moieties in the

polar domains of the particles (proposed to be located at the surface) are preferably
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cross linked. Interestingly, the particle properties, which are accessible by dynamic

light scattering (size and (-potential) remain constant during the irradiation.

200 r

160 - 0'sec
120 —-—---300sec
= i

T
—_

80 |

40 |

0
340 400 460 520 580
A [nm]

Figure 37: Fluorescence spectra (\.,=320nm) of particles obtained via dialysis
from dextran 2-|(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetate 10h (DS 2.01) before
(solid line) and after 300 sec of illumination at 333 nm (dashed line).
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8. Summary

In this work it was illustrated how light can be applied as probe for the analytics of
the structure of complex polysaccharide derivatives and how to implement photoac-
tivity to polysaccharides by chemical modification. The photochemistry of the new
derivatives was studied in the dissolved state as well as in nanoparticulate systems.
Moreover, insights in the morphology of nanoparticles prepared from hydrophobic
polysaccharide derivatives was gained.

As shown for aminocellulose sulfates, a novel class of zwitterionic polymers, UV-Vis
spectroscopy is a valuable tool to gain the degree of substitution as an important
structural parameter of novel multifunctional polysaccharide derivatives. It was
demonstrated that compared to other methods, UV-Vis spectroscopy is a much
faster method and lower DS values can be accurately determined if prerequisites
like solubility in appropriate solvents are fulfilled. Combining UV-Vis spectroscopy
with other methods including NMR- and FTIR spectroscopy not only the success of
functionalization and the presence of the particular structural entities in new cellulose
derivatives can be proved but also quantitative information about the constitution
of the polymeric repeating units can be obtained.

In order to implement photoactivity to polysaccharides, highly engineered pho-
toactive polysaccharide derivatives were synthesized applying modern esterification
techniques. Namely cellulose, dextran and pullulan were functionalized with a flu-
orescent photocrosslinkable coumarin-type chromophore via the activation of the
carboxylic acid with N, N-carbonyldiimidazole (CDI). Moreover, ionic functionalities
were linked to the polymer via the introduction of sulfuric acid half esters or the
esterification with a cationic carboxylic acid derivative. The reactions reported
demonstrate how to obtain highly functionalized photoactive polysaccharide deriva-
tives and how to prepare multifunctional derivatives thereof. It is important to
emphasize that the reaction conditions applied for the second functionalization pre-
serve the photochemical moieties. The structural characterization of the products
obtained benefit from the experiences gained in case of the aminocellulose sulfates
and thus, e.g., the influence of the polysaccharide backbone on the functionalization

pattern with the specific chromophore was established.
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8. Summary

The derivatives were applied for the preparation of nano-scaled particles. First
different methods for the preparation of nanoparticles were evaluated applying
conventional cellulose esters. By emulsification-evaporation very small and uniformly
distributed particles can be obtained very fast and with an excellent reproducibility.
However, a series of formulation parameters need to be optimized and the required
ultrasonic- as well as the thermal treatment might have undesired side effects on the
polymeric structure. The prerequisite for the application of the low (mechanical)
energy method of solvent displacement via dropping technique or dialysis (requires
also low thermal energy) is the knowledge of critical overlap concentration. Compared
to emulsification-evaporation, the properties of the particles obtained by solvent
displacement are less dependent on the formulation parameters but on the hydrophilic-
hydrophobic balance of the particular polymer applied. As a result of the evaluation
of the different methods, dialysis was chosen as simple method for the preparation
of spherical nanoparticles from the photoactive polysaccharide esters. The particle
properties were studied via dynamic light scattering and their dependency on the
degree of substitution was established.

The 27+27 cycloaddition and the corresponding cycloreversion of the coumarin
moieties linked to the polysaccharide were shown in solution via UV-Vis spectroscopy.
Moreover, it was demonstrated that the solution properties, namely the viscosity,
can be controlled by this photodimerization although it was not possible to give a
definitive explanation of the effects observed.

The environment depending fluorescence of the coumarin moieties was applied
to study the properties of the nanoparticles prepared from the photoactive polysac-
charide derivatives. From the results of time correlated single photon counting
measurements a tentative picture of the particles was drawn. As a result the simple
model of a hydrophilic shell and a hydrophobic core suggested by previous studies
needs to be extended. In this regard the most important finding is penetration of
water into the core of the particles that was believed to be very hydrophobic up to
now.

Moreover, fluorescence measurements reveal that the photodimerization of the
coumarin moieties described above takes place in the nanoparticles as well. It turned
out that the coumarine moieties located at the surface of the particle are preferably

cross linked.
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9. Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurde gezeigt wie Licht einerseits als Sonde
fiir die Charakterisierung der Struktur komplexer Polysaccharidderivate genutzt
werden kann und wie andererseits photoaktive Polysaccharidderivate durch chemische
Modifizierung erhalten werden kénnen. Die Photochemie der neuen Derivate wurde
sowohl in Losung als auch in Nanoparikeln untersucht. Dariiber hinaus wurden neue
Erkenntnisse iiber die Morphologie von Nanopartikeln gewonnen, die aus hydrophoben
Polysaccharidderivaten hergestellt werden konnen.

Am Beispiel der Aminocellulosesulfate, einer neuen Klasse von zwitterionischen
Polymeren, konnte gezeigt werden, dass sich die UV-Vis Spektroskopie hervor-
ragend zur Bestimmung des durchschnittlichen Substitutionsgrades als wichtigen
strukturellen Parameter neuer multifunktionaler Polysaccharidderivate eignet. Die
UV-Vis Spektroskopiese ist unter bestimmten Voraussetzungen, wie der Loslichkeit
der Derivate in geeigneten Losemitteln erheblich schneller und erlaubt die genaue
Bestimmung sehr viel kleinerer DS Werte erlaubt. Die Kombination der UV-Vis
Spektroskopie mit anderen Methoden wie NMR- oder FTIR Spektroskopie erlaubt es
nicht nur den Erfolg einer Funktionalisierung und die Anwesenheit der entsprechenden
Strukturen nachzuweisen, sondern liefert auch Informationen iiber die Konstitution
der polymeren Wiederholungseinheiten.

Die Synthese photoaktiver Polysaccharidderivate wurde durch die Anwendung
moderner Methoden zur Veresterung von Polysacchariden verwirklicht. So wurde
die Funktionalisierung von Cellulose, Dextran und Pullulan mit fluoreszenten pho-
tovernetzbaren Cumarinchromophoren iiber die Aktivierung der entsprechenden
Carbonséure mit N N-Carbonyldiimidazol realisiert. Dariiber hinaus wurden ionische
Produkte durch die Einfiihrung von Schwefelsdurehalbestern oder die Veresterung
mit kationischen Carbonsdurederivaten synthetisiert. Die beschriebenen Reaktionen
zeigen wie hochfunktionalisierte photoaktive Polysaccharidderivate und davon ausge-
hend multifunktionelle Polymere erhalten werden kénnen. In diesem Zusammenhang
ist die Erhaltung der Photoaktivitdt bei der Einfiihrung weiterer Funktionalitdten
besonderes hervorzuheben. Die Strukturcharakterisierung dieser Derivate erfolgte

auf Basis der Erfahrungen, die im Fall der Aminocellulosesulfate gewonnen werden
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konnten. So war es beispielsweise moglich den Einfluss des Polymerriickgrates auf

die Funktionalisierung und die Substituentenverteilung zu ermitteln.

In der Folge wurde die Eignung der gewonnen hydrophoben Derivate fiir die Pra-
paration von Nanopartikeln untersucht. Dazu wurden im ersten Schritt verschiedene
Methoden zur Herstellung von Nanopartikeln aus konventionellen Celluloseestern
erprobt. Durch die Erzeugung einer Nanoemulsion und das anschliefende Abdampfen
des organischen Losemittels konnen sehr schnell und mit guter Reproduzierbarkeit
kleine einheitliche Partikel erhalten werden. Allerdings miissen zahlreiche Parameter
optimiert werden und die Notwendigkeit des Eintrags grofer mechanischer Energien
(Ultraschall) wihrend der Praparation der Nanoemulsion bzw. die thermische Belas-
tung wahrend des Entfernens des Losungsmittels konnen zu unerwiinschten Effekten
fiihren. Diese Nachteile konnen durch die alternative Moglichkeit des Losemittelaus-
tausches (Eintropfen oder Dialyse) zur Herstellung von Nanopartikeln weitgehend
vermieden werden. Allerdings erfordert die Anwendung dieser Methoden genaue
Kenntnisse iiber die Polymereigenschaften insbesondere muss die kritische Uber-
lappungskonzentration bekannt sein. Dariiber hinaus hat die Balance zwischen
Hydrophobie und Hydrophilie des jeweiligen Derivats einen grofen Einfluss auf die
Eigenschaften der Nanopartikel, die durch Losemittelaustausch erhalten wurden. Fiir
die Praparation von Nanopartikeln aus den photoaktiven Polysaccharidderivaten
wurde aufgrund ihrer Einfachheit die Dialyse als Methode ausgewéhlt. Die Eigen-
schaften der erhaltenen Partikel und deren Abhéngigkeit vom Ausgangspolymer
wurden mit Hilfe von dynamischer Lichtstreuung und Rasterelektronenmikroskopie

untersucht.

Die photochemische 27427 Cycloaddition und die entsprechende Cycloreversion
der polysaccharidgebundenen Cumarineinheiten wurde in Losung mit Hilfe der UV-
Vis Spektroskopie untersucht. Dariiber hinaus wurde gezeigt wie die Viskositét der
Losung iiber die Photodimerisierung gesteuert werden kann. Eine abschliefsende

Erklarung fiir alle beobachteten Effekte liegt allerdings noch nicht vor.

Die Umgebungsabhéngigkeit der Fluoreszenz der polysaccharidgebundenen Cu-
marineinheiten wurde genutzt um die Eigenschaften der entsprechenden Nanopar-
tikel zu untersuchen. Die Resultate der Fluoreszenzlebensdauermessungen liefern
neue Informationen iiber die Morphologie der Nanopartikel und unterstreichen die
Notwendigkeit das einfache Modell von einem hydrophoben Kern und einer hy-

drophilen Hiille zu erweitern. Der wichtigste Befund in diesem Zusammenhang ist
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der Nachweis, dass Wasser auch in den bisher als sehr hydrophob beschriebenen Kern
eindringt.

Ebenfalls mit Hilfe von Fluoreszenzmessungen konnte gezeigt werden, dass die oben
beschriebene Photodimerisierung der Cumarineinheiten auch in den Nanopartikeln
stattfindet. Dabei wurde festgestellt, dass vorwiegend die Cumarineinheiten vernetzt

wurden, die an der Oberfliche der Partikel lokalisiert sind.
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Materials

Microcrystalline cellulose Avicel® PH 101 1 was purchased from Fluka (Neu-Ulm,
Germany). Determination of the intrinsic viscosity according to ISO 5351 and size-
exclusion chromatography of a carbanilated sample according to Terbojevich et al. 207
yield a degree of polymerization DP (ISO) of 264, DP (SEC) of 78 and DP, (SEC)
of 281. Dextran (Fluka) 6 produced by Leuconostoc mesenteroides strain no. NRRL
B-512(F) possesses a M,, of 54,400 g/mol and a M, of 34,960 g/mol. Pullulan
(Sigma) 7 produced by Aureobasidium pullulans possesses a M., of 137000 g/mol and
a M, of 71600 g/mol. Cellulose and LiCl (Merck, Darmstadt, Germany) were dried
for 6h at 105°C in vacuum over potassium hydroxide prior use. Methyl-6-O-tosyl-
a-D-glucopyranoside was purchased from Wako Chemical, Ltd. Other chemicals
were purchased from Sigma Aldrich (Deisenhofen, Germany) and were used without
further treatment. Deuterrated solvents for NMR spectroscopy were purchased from

Euriso-Top (Saint Aubin Cedex, France)

Measurements

NMR spectra were acquired on a Bruker Avance 250 MHz, Avance 400 MHz, and
Avance 600 MHz spectrometer with 16 scans for 'H-NMR (room temperature) and
up to 200,000 scans for *C-NMR (70 °C) applying 25 mg sample per mL for 'H-NMR
and 100 mg sample per mL for ¥C NMR studies.

FTIR spectra were recorded on a Nicolet AVATAR 370 DTGS spectrometer with
the KBr technique.

Elemental analyses were performed by CHNS 932 Analyzer (Leco, Germany) or an
Vario ELIIT (Elementaranalysensysteme, Hanau, Germany) and the halogen content
was determined by the procedure of Schoniger 298,

For UV-Vis spectroscopic determination of the DS a PerkinElmer A 10 UV-
Vis Spectrometer and quartz glass cuvettes were used. The UV-Vis spectroscopic

investigations of the photoreaction were carried out on Varian-Cary 5000 spectrometer
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Measurements

coupled with HBO 200 mercury, which was equipped with a high intensity concave
grating monochromator (Zeiss) to get monochromatic light. Other irradiation
experiments were carried out using a HBO 200 mercury lamp with a metal interference
filter (Zeiss 333nm) for UV light with wavelength 350-310 nm. Extinction spectra
of the aqueous particle suspensions were measured using a Perkin-Elmer 900

spectrophotometer equipped with an integrating sphere (PELA-1000).

The relative viscosities were determined with an automatic Lauda PVS 1/2 vis-
cometer equipped with a dilution Ubbelohde viscometer (capillary No. Ic, Schott
Instruments, Mainz, Germany) in a temperature-controlled water bath (Lauda E
200, Lauda-Ko6nigshofen, Germany) at 20 °C.

The diameter and polydispersity of the nanoparticles were determined by dynamic
light scattering using a Zetasizer Nano ZS (Malvern Instrument, Malvern, UK).
The suspensions were diluted with deionized, filtered water to a concentration of
about 0.005%. The mean particle size was approximated as the effective (z-average)
diameter and the width of the distribution as the polydispersity index (PDI) obtained

by the cumulants method assuming spherical shape.

For scanning electron microscopy (SEM) studies, one droplet nanoparticle sus-
pension on a mica surface was lyophilized and covered with gold or platinum. The
images were obtained with the SEM equipment LEO-1 450 VP (LEO, Oberkochen,
Germany) operating at 15kV or 8kV.

Fluorescence spectra of the aqueous nanoparticle suspensions were measured using
a Perkin-Elmer LS50B spectrofluorometer. A time-correlated single photon counting
(TCSPC) system consisting of a PicoHarp 300 controller and a PDL 800-B driver was
used for the time resolved fluorescence measurements. The excitation wavelength
was 340 nm from a pulsed diode laser head PLS-8-2-295. The fluorescence signal
was detected with a micro channel plate photomultiplier (Hamamatsu R2809U).
The time resolution of the instrument was approximately 320 ps (full width, half
maximum). The fluorescence decays were fitted to a multiexponential model. The
average fluorescence lifetime was calculated as 7,,, = (Xa;7;)/(Xa;). The decay
associated spectra were obtained by measuring the decay curve at each monitoring
wavelength with a constant data accumulation time and fitting the decays globally.
The amplitudes were corrected by taking into account the wavelength sensitivity of
the photomultiplier tube. The amplitudes at <390 nm may appear lower compared
to the actual values, because an optical filter with a sharp change in transmittance

at 380 nm was used for excluding the excitation light from the detector.
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Synthesis

Tosyl cellulose 2a-c and tosyl cellulose sulfates 3a-c

Tosyl cellulose (2) were prepared under homogeneous reaction conditions according
to Rahn et al.l™®l. Briefly, cellulose (1) was allowed to react with p-toluenesulfonyl
chloride and triethylamine as a base within 24 h at 8 °C in N,N-dimethylacetamide
(DMA)/LiCl, (4.3% cellulose content). Tosyl cellulose sulfates (TCS, 3) were prepared
under homogeneous reaction conditions as well. For this purpose 2 was allowed to

react with sulfur trioxide pyridine complex in DMA as solvent. 152

6-deoxy-6-(-4-aminoethyl)amino cellulose-2,3(6)-O-sulfate 4a-c, typical

example:

TCS 3a (15g, 43.75 mmol) was dissolved in 105 mL H,O to give a clear pale yellow
solution. The solution was refluxed under inert conditions and 1,2-diaminoethane
(DAE, 60 mL, 893 mmol) was added dropwise within 25 min. After 6h the reaction
mixture became a clear pale brown solution. The product was precipitated after
cooling to room temperature into 1.5 L acetone and washed 4 times in acetone (each
300 mL). Subsequently, the final product 4a was dried at 50°C under vacuum. Yield:
12 g, 90.6%; EA [%]: C 26.39, H 4.05, N 3.79, S 12.92; DS,z 0.41, DS, 0, DSqs
1.25; FTIR (KBr) 7[cm™|: 3440 v(-OH), 3240 v(NH,), 2947 v(CH,), 1468 v(NH,),
1237 v(SO,, sulfate), 1142- 1109 v(C-N primary and secondary), 800 v(S-O, sulfate).
BC-NMR (D,0) |[ppm|: § = 100.82 (C1), 83.37-72.50 (C2-C5), 66.59 (C6-OSO,),
48.73 (C6-N), 45.48 and 38.35 (C7, C8).

6-deoxy-6-(2-(bis-N’,N’-(2-aminoethyl)aminoethyl)) amino
cellulose-2,3(6)-O-sulfate 5a-c, typical example:

To a solution of TCS 3a (15 g, 43.75 mmol) in 105mL H,O 148 mL tris-(2-aminoethyl)
amine (TAEA, 989 mmol) were added dropwise. The reaction mixture was kept at
100 °C for 6 h under a nitrogen atmosphere. After cooling to room temperature, the
product was precipitated in acetone (1.5L) and washed 4 times with acetone (each
300mL). After filtration, the final product 5a was dried at 50°C under vacuum.
Yield: 11.8 g, 86%, EA [%]: C 27.99, H 4.28, N 5.75, S 11.46, DSp,pa 0.32, DSy,
0, DSq ¢ 1.21; FTIR (KBr) 7 [em!]: 3481 v(-OH), 3148 v(NH,), 2960 v(CH,), 1490
v(NH,), 1253 v(SO,, sulfate), 1141-1066 v(C-N primary, secondary and tertiary),
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800 v(S-0, sulfate), BBC-NMR. (D,O) |[ppm]: § = 100.40 (C1), 81.73-72.40 (C2-C5),
66.45 (C6-0S0,), 53.75- 48.92 (C8, C9), 45.46 (C6-N), 38.88-37.32 (C7, C10), 21.14
(C117).

2-[(4-Methyl-2-0x0-2H-chromen-7-yl)oxy]acetic acid methyl ester

To a solution of 2g (11.4 mmol) 4-methylumbelliferone in 50 mL of acetone 1.74 g
(11.4 mmol) methyl bromoacetate and 1.6 g (11.6 mmol) anhydrous potassium car-
bonate were added. The mixture was heated and kept at reflux for five hours.
Subsequently, the solids were removed by filtration and the solvent was removed
under reduced pressure. The pale yellow product was purified by recrystallization
from ca. 100 mL absolute ethanol and dried at 40 °C under vacuum yielding a white
solid. Yield: 2.54 g (10.23 mmol), 90%; m.p.: 158-160°C; EA |%]: calculated/found
C: 62.90/62.91 H: 4.83/4.81; FTIR (KBr) v[ecm*']: v(CH,,, ) 3091, 3071 (w),
V(CHyouptebona) 3021 (w), v(CH,yy) 2987, 2962, 2927 (w), v(C=04y,) 1765 (s),
V(C=Oppione) 1726 (s), (C=Opyyr) 1765 (5), U(C=Cypy) 1617 (5), v(C—0—Cpng)
1153 (s), 6(CH,,,,, ) 858, 853, 804 (m); 'H-NMR. (250 MHz CDCl,) |ppm]: § = 7.52
(1H, d, J3=8.8 Hz, Hoyyrom ), 6.90 (1H, dd, J3=8.8 Hz, J*=2.6 Hz, Hoyy.,10m ), 6.77 (1H,
d, J*=2.6 Hz, Heypom), 6-15 (1H, d, J*=1.2Hz, Hog qouiebond)s 4-68 (2H, s, Hegp ),
3.82 (3H, s, Hopsoster)s 2:39 (3H, d, J*=1.2Hz Hys); ¥C-NMR (63 MHz CDCl,)
[ppm|: § = 168.41 (C=0 ), 160.97 (C=0,,10ne), 160.54 (quart. C—0O,..), 155.04
(quart. C—Oy,4one)s 152.35 ((quart. Ce cps)s 125.8 (Cprom), 114.44 (quart. C
112.51/112.47 (Cgouple bond/ Carom)> 101.7 (C 65.21 (Cepa), 52.46 (Copgeester)s
18.64 (Caps)

ester
arom ) )

arom) )

2-[(4-Methyl-2-0x0-2H-chromen-7-yl)oxy]acetic acid (8)

To a suspension of 1.5g (6 mmol) 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy|acetic
acid methyl ester in 30 mL ethanol 2.5 mL sodium hydroxide solution was added
(10% w/w). The mixture was heated and kept at reflux for two hours. Subsequently,
the solvent was removed under reduced pressure and the residue was dissolved in
100 mL water. The crude product was isolated by adding aqueous HCI (2 M) until
no precipitation occurs. After recrystallization from ca. 100 mL absolute ethanol a
withe solid was obtained. Yield: 1.38¢g (5.9 mmol), 98.5%; m.p.: 208°C; EA [%]:
calculated /found C: 61.54/61.45 H: 4.27/4.23; FTIR (KBr) v [cm!|: v(O—H, )
3200-2500 (vs), ¥(CH,;qp.) 3090, 3070 (w), v(CHyquple bona) 3023 (W), ¥(CH,y 1) 2985,
2960, 2923 (w), v(C=0,.4) 1735 (s), v(C=0 1722 (s), ¥(C=0y,,) 1765 (s),

lactone )
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V(C=Cy,, ) 1608 (s), 5(CH,,,..) 853, 850, 802 (m); "H-NMR, (250 MHz DMSO-d6)
[ppm|: 0 = 7.69 (1H, d, J3=8.5Hz, Hogporom)s 6-97 (2H, m, J*=2.6 Hz, Heygyom)s 6.22
(1H, d, J*=1.2Hz, Hopy goubtebond)s 482 (2H, s, Hogo), 2.39 (3H, d, J*=1.2Hz Heys);
13C_NMR (63 MHz DMSO-d6) [ppm]: § = 160.67 (C=0,_.,), 160.79 (C=0
160.12 (quart. C—0Oe;), 154.55 (quart. C—O
(Corom)s 113.55 (quart. C
64.85 (Copy), 18.13 (Copps)

lactone) )

lactone)» 193.37 (quart. Cr ), 126.50
11229/11140 (Cdoublebond/camm)J 101.51 (Carom)a

arom>7

2-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy] acetates of cellulose (9), typical

example

Dry cellulose (1, 3g 18,5 mmol) was suspended in 90 mL of dry N, N-dimethylacet-
amide (DMA) and stirred at 130 °C for 1 h. After the slurry had been allowed to cool
to 100°C, 5.4 ¢ LiCl were added. By cooling to room temperature under stirring,
the cellulose dissolves completely. In a separate flask 2,16 g 2-[(4-methyl-2-oxo-2H-
chromen-7-yl)oxy| acetic acid (8, 9.25mmol) and 1.5g (9.25mmol) N,N-carbonyl-
diimidazole (CDI) were dissolved in 25 mLL DMA and kept at 70 °C until no gas
evolution occurs. Subsequently this solution was added to the cellulose solution
and the resulting mixture was allowed to react at 70 °C for 20 h under stirring. The
product was precipitated in 500 mL water, washed four times with 300 mL water and
once with 300 mL ethanol. After drying at 40 °C under vacuum, 4.21 g of a withe
solid were obtained. FTIR (KBr): v[cm | = 3600-2900 (s, OH), 1721 (vs, C=0),
1615 (vs, C=0), 1100 (vs, C-0); 'H-NMR (250 MHz, DMSO-d6): § [ppm| = 7.39,
6.76 (CH arom), 6.00 (CH lacton), 4.79 (CH, linkage), 2.16 (CHj;); 5.6-3.5 (CH AGU
and OH)

2-[(4-Methyl-2-0x0-2H-chromen-7-yl)oxy] acetates of dextran (10) and

pullulan (11), general procedure

To a solution of 0.5 g (3 mmol) dextran (6) or pullulan (7) in 15mL dry DMSO
0.84g (3 mmol) 2-[(4-methyl-2-oxo-2 H-chromen-7-yl)oxy| acetic acid (8) and 0.5g
(3mmol) CDI was added. The mixture heated was kept at 80°C for 20h under
stirring. Subsequently, the product precipitated in 200 mL ethanol and washed four
times with 150 mL ethanol. After drying at 40 °C under vacuum a withe solid were
obtained. Analytical values for typical sample 10c: IR (KBr): 3600-2900 (s, OH),
1721 (vs, C=0), 1615 (vs, C=0), 1100 (vs, C-0); 'H-NMR (250 MHz, DMSO-d6):

98



Synthesis

= 7.39, 6.76 (CH arom), 6.00 (CH lactone), 4.79 (CH, linkage), 2.16 (CH;); 5.6-3.5
(CH AGU and OH).

Perpropionylation, general procedure

To determine the DS of the polysaccharide esters by means of 'H-NMR spectroscopy,
perpropionylation was carried out. For this purpose 300 mg sample were allowed to
react in 5 mL pyridine with 5 mL propionic anhydride in the presence of a catalytic
amount of 4-( N,N-dimethylamino) pyridine at 80 °C for 20 h under stirring. The
product was isolated by precipitation in 100 mL ethanol and purified by washing three
times with 100 mL ethanol. The resulting solid was dried at 40 °C under vacuum. IR
(KBr): no v (OH).

Sulfation of 2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy] acetates of dextran
(12) and pullulan (13), general procedure

The polysaccharide esters 10 and 11 were disolved in N,N-dimethylformamide
(0.05g/ml). After adding 2-methyl-2-butene as a proton scavenger and SO;/DMF
complex, the solution was allowed to react for two hours at 30 °C under stirring. The
reaction mixture was neutralized with a saturated aqueous NaHCO; solution and
subsequently precipitated in ethanol. The product was purified via dialysis against
water through a cellulose membrane (Spectra/Por® ; MWCO = 3500 g/mol) and
isolated by lyophilization.

Mixed [(4-methyl-2-oxo-2H-chromen-7-yl)oxy] acetic acid-
(3-carboxypropyl)trimethylammonium chloride esters of cellulose (15),

typical example

The polysaccharide ester 9 (2 g) was dissolved in DMA /LiCl as described for cellulose.
In a separate flask 0.91 g (5 mmol) (3-carboxypropyl)trimethylammonium chloride
(14) and 0,81 g (5mmol) CDI were dissolved in 30 mL DMSO and kept at 70°C
until no gas evolution occurs. Subsequently this solution was added to the solution
of 9 in DMA/LiCl and the resulting mixture was stirred at 70°C for 20h. The
product was precipitated in 400 mL acetone, washed three times with 250 mL acetone
and two times with 250 mLi ethanol. For further purification, a dialysis against
water through a cellulose membrane (Spectra/Por®: MWCO = 3500 g/mol) was
carried out. Lyophilization yields 2.62 g of a withe solid. *H NMR. (400 MHz, D,O):
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d [ppm| = 8.22-7.30 (CH arom), 6.73 (CH lactone), 3.83, 3.07, 2.60 (CH, 4), 3.61
(CH,—N); 13C NMR (400 MHz, D,0): & [ppm| — 174.49, 173.35 (C=0), 127.10,
113.55, 111.78 (C arom), 66.16, 30.73, 18.54 (CH, 3CPTMA), 53.75 (CH,—N), 102.93
(AGU-C1), 100.93 (AGU-C1’), 79.29-60.89 (AGU-C2-C6)

Nanoparticle preparation methods

Emulsification-evaporation

In a typical example, to a solution of 25 mg cellulose ester in 1 mL dichloromethane
(CH,Cl,) 2mL of an aqueous solution of polyvinyl alcohol (PVA) (3% w/v, My,
= 13000-23000 g/mol) were added. Emulsification was carried out with a Digi-
tal Sonifier® 250, (Branson Ultrasonics Corporation, Danbury, Connecticut, USA)
equipped with a 102-C Converter unit, a 1/2" tapped disruptor horn, and a 1/8"
tapered microtip. Depending on the specific sample time of sonification and quantity
of energy was varied. The resulting emulsion was diluted with 10 mL of an aqueous
solution of PVA (0.3% w/v). The nanoparticle suspension was obtained by stirring
the samples at 30 °C until CH,Cl, was completely removed (proved by head space
GC). To remove an excess of PVA the particles were separated by centrifugation at

8000 rpm and redispersed in water. This procedure was repeated 4 times.

Solvent-displacement
Dialysis

As a typical example, a solution of 20mg of the cellulose ester in 5mL N,N-
dimethylacetamide was placed in a dialysis tube (Spectra/Por 3, molecular weight
cutoff: 3500 g/mol) of about 10 cm length. The filled tube was placed in 500 mL

water and water was renewed five times after at least 3 h.

Dropping Technique

As a typical example, 20mg of the cellulose ester was dissolved in 5mlL acetone.
Subsequently, 15 mL of distilled water were added dropwise to the polymer solution.
The resulting nanoparticle suspensions were stirred at 60 °C until acetone was

completely removed from the aqueous suspension.
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Back matter
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